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The sluggish de-solvation reaction kinetics of hydrated ions and the occurrence of undesired water
electrolysis on the electrode—electrolyte interface pose significant challenges to the practical
deployment of aqueous supercapacitors. Interestingly, biological ion channels exhibit remarkable abilities
to facilitate the de-solvation and low-energy transport of hydrated ions, and these are achieved through
their size-limited confinement effects and electrostatic interactions. Inspired by such transit mechanisms
of ion channels, we propose an interesting strategy to facilitate the rapid desolvation of electrode
surface ions with low-energy transport. This strategy utilizes the aperture confinement effect and charge
effect of biological ion channels to construct porous carbon electrodes. Concretely, we systematically
reveal the relationship between the aperture size of the carbon electrode and ion migration rate, thereby
obtaining the optimal channel radius (10 A). To verify the modulation mechanism of the charge effect,
four functional groups were sequentially incorporated into the carbon-based electrode, and it was
determined that the —COOH group exhibited the optimal effect for accelerating the ion migration
kinetics and restricting parasitic reactions. This modification destabilized the hydration shell of potassium

ions, decreasing their average coordination number (ACN) from 6.0 to 2.1, thereby enabling the
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establishment of a low-resistance ion transport pathway. Concurrently,
_ enhancement in potassium ion permeation while significantly inhibiting the HER. This bio-inspired
DOI: 10.1039/d55c04992) approach provides a new paradigm for designing high-performance aqueous energy storage systems

rsc.li/chemical-science through rational control of ion transport behavior on a molecular scale.

electrolyte interface. Second, the formation of ordered solvation
structures between metal cations and water molecules creates

Introduction

Aqueous supercapacitors (SCs) have emerged as a promising
energy storage technology due to their inherent safety,” low
cost,>* and high ionic conductivity of water-based
electrolytes.>” However, the practical application of these
devices is fundamentally limited by the narrow electrochemical
stability window (ESW) of aqueous systems,*® which arises from
two interrelated challenges.'>"* First, the thermodynamic water
decomposition potential of 1.23 V (theoretical) imposes a strict
upper voltage limit, beyond which solvated water molecules in
cation coordination spheres preferentially undergo reduction to
generate parasitic hydrogen evolution at the electrode—
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substantial hydration shells that increase the ionic radius and
interfacial charge transfer resistance, significantly impeding
mass transport kinetics while simultaneously promoting
undesirable side reactions. These solvation-mediated
phenomena, encompassing electrochemical instability and
sluggish ion transport, collectively constrain the energy density
and cycling stability of aqueous SCs, highlighting the critical
need for innovative engineering strategies to modulate inter-
facial stability and overcome these intrinsic limitations.">"*

To avoid the hydrogen evolution reaction (HER) of solven-
tising water molecules, numerous strategies have been
proposed, including the introduction of highly concentrated
ligands to form a competitive coordination mechanism with
solvated water molecules.**** Other reported strategies include
the establishment of a solid-liquid interface that serves as
a protective layer to prevent direct contact between water
molecules and the electrode,’*” and enhancing the HER
inertness of electrodes.'®" Notably, electrolyte engineering is
the most popular method to boost the cell voltage of aqueous
SCs, and a representative example is the water-in-salt
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electrolyte. In 2016, Suo et al. first reported the concept of the
water-in-salt electrolyte, which is composed of 21 m LiTFSI
solute salt and traces water solution.? In this scenario, water-
induced parasitic reactions are significantly restricted, thereby
boosting the cell voltage of aqueous lithium-ion batteries
(L1Bs).** However, the practical application of these electrolytes
is hindered by their high cost, elevated viscosity, and significant
mass transfer resistance. Thus, enhancing the cell voltage of
aqueous SCs through electrode optimization remains an effec-
tive strategy.*"*

For instance, Liu et al. proposed an artificial coating layer
consisting of NaX zeolite and NaOH-neutralized perfluoro
sulfonic acid polymer. Molecular sieve channels and ion
domains act together on molecular sieve components to repel
solvated water molecules near Na', thereby inhibiting solvated
water-induced side reactions.>* Moreover, Zhou et al. used
nitrogen (N)-doped graphene oxide (NGO) to construct an arti-
ficial interfacial film, which effectively suppressed the HER.**

Although designing electrode structures can effectively
induce ionic desolvation, the persistent presence of solvation
shells during ion transport across protective layers inevitably
introduces kinetic energy loss at the electrode interface. This
phenomenon hinders ion migration rates and also causes
undesirable energy dissipation, ultimately compromising the
high power density advantage of capacitors.

Interestingly, we found that biological ion channels enable
the rapid transport and efficient desolvation of ions (e.g,
potassium ion channels can transport potassium ions at 10%/s),
and that the entire process is carried out with very low-energy
consumption (mass transfer). These two features of low-
energy desolvation and fast mass transfer are highly desirable
for designing efficient aqueous supercapacitors. After studying
a typical potassium channel of Streptomyces mycoides, we found
that the channel is composed of a selective filter with domain-
limiting and electrostatic effects, where the domain-limiting
effect is realized by the narrow size (0.4 nm), and the electro-
static effect is realized by the interaction of amino acid groups
with potassium ions (Fig. 1a). We speculate that it is the size-
limiting effects and electrostatic interactions that allow for
low-energy desolvation and rapid ion transport.

In a previous study, we prepared Meso-18C bionic electrodes.
Meso-18C effectively removes the solvated shells of ions. This
work focuses on the effective removal of the electrode material
for the solvated structure of ions and the inhibition of the
decomposition of water.”>” Previous work focused primarily on
enhancing the de-solvation behaviour through pore size-limited
domain effects and verified this approach, but did not thor-
oughly investigate the interactions between ions and charged
groups. Therefore, in this work, a large number of simulation
forms and methods were applied to monitor the transport
behaviour of ions in the pore channels. The unique mechanism
of interactions between ions and functional groups in the pore
channels was verified through multi-dimensional simulation,
combined with the electrochemical quartz crystal microbalance
(EQCM) technique.?® This work addresses the knowledge gaps
in theoretical studies on the influence of functional groups on
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ion transport behaviour under domain-limited conditions,
providing additional insights and ideas.>**

Inspired by the rapid ion transport and de-solvation mech-
anisms in biological ion channels, we investigated the interac-
tion between hydrated ions and functional groups under pore
size-limited conditions, as well as the ionic de-solvation
process (Fig. 1a). Through simulations, we identified the
optimal pore size for desolvation and the functional group with
the strongest desolvation effect. Subsequently, sub-nanometer-
scale ion channels were constructed on the electrode surface
using soft and hard templates, followed by carboxyl group
modification to align with the simulation results (Fig. 1b).>>*

Experimental analysis revealed that this approach reduced
the average coordination number (ACN) of water molecules
around potassium ions from 6.0 to 2.1, while a low-resistance
ion transport pathway was gradually formed within the
channel. Notably, this design not only significantly suppressed
the HER but also resulted in a fourfold increase in the number
of potassium ions entering the pore channel. Our work yields
more in-depth insights into how modified charged groups
influence ion transport behavior within nanoscale pores, while
offering novel perspectives on ion-charge interactions under
pore-confined conditions.

Results and discussion

First, the critical role of the aperture size of ion channels during
the de-solvation process was investigated.*® Ion channels of
different sizes (8 A, 9.6 A, 10 A, 12 A, 20 A, and 30 A) were
simulated, as shown in Fig. Sla. By comparing and analyzing
the number of K" entering the channel (Fig. S1b), the statistical
results showed that no K* entered the ion channel with a pore
size of 8 A; a higher number of potassium ions entered the ion
channels of 20 A and 30 A. Compared to the smaller pore sizes
of 9.6 A and 12 A, the number of K' entering the 10 A ion
channel was significantly higher.

To verify the de-solvation effect of the different pore sizes,
the ratio of the number of water molecules to K" was deter-
mined, and the results showed that the lowest water-to-
potassium ratio was exhibited by the 10 A ion channel, which
also showed the strongest de-solvation effect (Fig. S1c).*” Fig. S2
shows the effect of introducing functional groups on de-
solvation, based on pore size-dependent de-solvation in
biomimetic ion channels (10 A and 12 A), using the carbonyl
group with size 2 A as an example. The 12 A of the biomimetic
ion channel allowed the greatest number of potassium ions to
enter, and showed the lowest water-to-potassium ratio. There-
fore, the ion channel with a pore size of 10 A is expected to
provide the most optimal de-solvation performance among the
pore sizes studied after functional group modification.

By introducing electronegative functional groups, we aim to
facilitate the detachment of cations from the solvation shell
through electrostatic interactions and synergistic hydrogen
bonding, where these groups act as donors and acceptors.
These specific interactions are designed to effectively mitigate
the de-solvation energy barrier, ultimately leading to a signifi-
cant enhancement in cation migration.*®* Therefore, several

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic structure of a bio-inspired channel. (a) De-solvation mechanism of a biological membrane. (b) Bio-inspired channels con-
structed based on the de-solvation mechanism of biological ion channels.

common electronegative functional groups (-NH,, -CO, -OH, -
COOH) were chosen for the construction of biomimetic ion
channels to study their effects on de-solvation. Molecular
dynamics (MD) simulations were used to visually explore the
effects of different functional group modifications on des-
olvation.*>* The constructed models are shown in Fig. 2a, and -
COOH is used as an example here.

Fig. 2b summarizes the adsorption energies between the
different functional groups and K' and H,0, and E,q(K') is
larger than E,4(H,O) on all functional group substrates. The -
CO functional group has the highest adsorption energy for K,
which reached 1.36 eV, followed by -COOH, which has an
adsorption energy of 1.34 eV for K'. Additionally, the highest
adsorption energy for H,O was exhibited by -COOH, which
reached 0.66 eV, indicating that it is favorable for inducing the
ions to de-solvate the solvated shells. These results indicate that
the introduction of carboxyl groups into the biomimetic ion
channel is expected to achieve desolvation by utilizing a variety
of interaction forces, such as electrostatic forces, hydrogen-
bonding forces, and van der Waals forces, and can effectively
improve the transport rate of K',444

Bio-inspired ion channels for mesoporous and microporous
carbon (MMC), MMC-NH,, MMC-CO, and MMC-OH were con-
structed, as shown in Fig. S3. In the solution region away from
the interface, K* usually forms a coordination compound with
six water molecules.”® However, once it enters the negative
region, the number of coordination sites with water molecules
significantly decreases. To quantify this phenomenon, the
radial distribution function (RDF) and the ACN of K'-O (H,0)
were counted. The models were divided into three regions along
the y-axis: 30-92 A (negative region), 208-270 A (positive region),

© 2025 The Author(s). Published by the Royal Society of Chemistry

and the solution region (rest). The statistical results show that
carboxyl-modified cations have the fewest surrounding water
molecules in the negative region. Furthermore, the CN integral
curve indicates that, in the anode region of the carboxyl-
modified ion channels, each cation contains an average of 2.6
fewer solvated water molecules (ligands) compared to the
unmodified channel.

The anode region facilitated the de-solvation of K* to some
extent by exploiting the pore domain confinement effect, and
the anode region also significantly enhanced the desolvation
through the synergistic effect of the pore domain confinement
and charge effects (Fig. S4).” As depicted in Fig. 2c, the first
solvation sheath of K" remained nearly unchanged in MMC-
NH, and MMC-OH, and there was little decrease in the number
of water molecules around the cation. However, the peaks in
MMC-COOH appeared to be significantly reduced, and the
number of water molecules around the potassium ions was
significantly reduced in the first and second solvation sheaths.
Because water molecules are proton donors for the HER,
a decrease in their number will directly lead to a decrease in
proton donors, thus reducing the frequency of the HER.*®

In addition, the number of K' in the channel and the water-
potassium ratio were determined to verify the de-solvation
effect (Fig. 2d). In the MMC, the number of incoming K" was
only 15.73, while the water-potassium ratio was as high as
110.29. In contrast, the highest number of incoming K' was
found in MMC-OH, which reached 44.65, followed by MMC-
COOH, which was 43.99, and the lowest water-potassium ratio
was found in MMC-COOH, which was only 35.26. The signifi-
cantly reduced number of water molecules in the channel and
a higher potassium ion concentration in the negative region of

Chem. Sci., 2025, 16, 16757-16769 | 16759
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Fig.2 Probing the effect of bionic ion channels modified with different functional groups on cation de-solvation. (a) Snapshots of an MD model
of biomimetic ion channels. (b) Adsorption energies of K* and H,O with different functional groups. (c) Number of potassium ions and water-
potassium ratio statistics in the negative channel. (d) Radial distribution function (RDF) within the negative channel. (e) ACN of cations within the
negative channel. (f) Distribution of the electrostatic potential values of different groups.

MMC-COOH are favorable for enhancing the ion adsorption
and desorption processes. Indeed, according to the ACN results,
MMC reduced the average water molecule coordination number
from 6 to 4.7, demonstrating the de-solvation effect of the pore
size-limited region (Fig. 2e).

Under the synergistic effect of the pore size-limited domain
and the charge effect, the de-solvation performance of MMC-
NH, is suboptimal. Its coordination number is reduced by only
0.3. In contrast, MMC-COOH demonstrates the strongest de-
solvation performance. It reduced the average water molecule
coordination number of K from 6 to 2.1. This significantly

16760 | Chem. Sci., 2025, 16, 16757-16769

decreases the number of solvated water molecules in the
negative electrode region, thereby reducing the likelihood of the
HER through the reduction reaction between water molecules
and the electrode surface.*”**

Density functional theory (DFT) was applied for structural
optimization, and the results are summarized in Fig. 2f.*> The
largest negative electrostatic potential was exhibited by the
hydroxyl group (-OH), while the amino group (-NH,) exhibited
the smallest negative electrostatic potential, and the group with
negative electrostatic potential can interact with the cation to
compensate for the de-solvation energy barrier, thus facilitating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the desolvation and migration of the cation.** Then, the number
of hydrogen bonds formed by different functional groups with
water molecules was also confirmed. Both carbonyl (-CO) and
carboxyl (-COOH) groups can form hydrogen bonds with water
molecules, and the hydrogen bond between the carboxyl group
and water molecule (-COOH-H,O0) is shorter and more stable
than that of -CO, making it less prone to dissociation. There-
fore, -COOH is more conducive to interacting with water
molecules to achieve desolvation. The possibility of the release
of hydrogen as a result of the reduction reaction between water
molecules and the electrode surface is greatly decreased (Table
S1).

A typical ordered mesoporous silica (SBA-15) template
method was used to prepare mesoporous carbon at the nano-
meter scale, which was carboxylated to obtain MMC-COOH

View Article Online
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(Fig. 3a). Our calculation results were experimentally verified,
and the carboxyl functional group with the best dissolution
effect was used to synthesize carbon-based electrodes. MMC
and MMC-COOH were synthesized according to previous
studies.” To quantify the pore structure of the prepared
samples, nitrogen sorption-desorption tests were performed.
As shown in Fig. S5, these results show a narrow and approxi-
mately parallel hysteresis loop between relative pressures of
0.4-1.0, indicating that the material possesses typical micro-
porous properties. The pore size of the prepared MMC was
further quantified using non-local density functional theory
(NLDFT), and it was determined to be concentrated around
1 nm, as shown in Fig. 3b, which is consistent with the pore size
results from the simulation screening.
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Fig.3 Preparation and characterization of electrode materials. (a) Schematic diagram of the electrode material preparation process. (b) Pore size
distribution diagram. (c) TEM image of MMC. (d) TEM image of MMC-COOH. (e) FTIR spectrum of the O—H bond-bending vibration. (f) Localized
magnification of the FTIR spectrum. (g) Contact angle test plots of MMC and MMC-COOH.
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Although the disorder of the MMC-COOH samples slightly
increased during the modification process due to multiple
stirring and other reaction factors, the ordered micropore
structure remained consistent. This phenomenon was first
observed in the scanning electron microscopy (SEM) images
(Fig. Séa and b). Transmission electron microscopy (TEM)
images further confirmed the nanoporous morphology of MMC
and MMC-COOH (Fig. 3¢ and d). The morphological charac-
terization results proved that successful preparation of ordered
mesoporous carbon occurred, and the morphology was
unchanged after modification of the carboxyl groups. The cor-
responding energy dispersive X-ray spectroscopy (EDS)
elemental mapping of the TEM images showed the uniform
distribution of C and O in the MMC-COOH samples (Fig. S6c
and d), which proved that successful modification of the
carboxyl groups occurred.

The structure of MMC-COOH was characterized by Fourier
transform infrared (FTIR) spectroscopy, and the FTIR spectra at
3195 cm ™" confirmed the formation of O-H stretching vibra-
tions in MMC-COOH (Fig. 3e), with bending vibration peaks at
1204, 1402, 1622, and 1720 cm " (Fig. 3f), and the appearance of
these peaks indicates the presence of carboxyl groups in MMC-
COOH. In addition, the contact angle gradually decreased with
the introduction of carboxyl groups (Fig. 3g), and after 4 s, the
contact angle of MMC-COOH was 70°, which was much smaller
than that of MMC (110°), indicating that there was increased
wettability of the electrolyte at the interface of the negative
electrode.®® This phenomenon may be ascribed to the -COOH
group, which can promote the synergistic action of the
hydrogen bond acceptor and donor, and interact with water
molecules to achieve efficient desolvation through the forma-
tion of strong hydrogen bonds with H,O.

Based on the aforesaid analysis, it can be concluded that
modification of the carboxyl groups on MMC successfully
occurred, and then MD simulations were applied to investigate
the effects of this modification strategy on the ion migration
process. The effect of the modified functionalized groups on the
water distribution is shown in Fig. 4a.*® It was found that the
water molecules in the electrical double-layer (EDL) entered the
biomimetic ion channel under the voltage drive, and the
number density distribution of the water molecules in the
MMC-COOH showed a gradual decreasing tendency, which was
much lower than that of the water molecules in the MMC.

The quantity density distribution of K" in MMC and MMC-
COOH was determined to be 0.022 (Fig. 4b), which was much
higher than that of MMC, at 0.006. This is because electroneg-
ative groups attract cations via electrostatic and hydrogen-bond
interactions.®® It was further demonstrated that the carboxyl
group enhanced the migration kinetics of K" at the interface,
and the accumulation of K" at the electrode interface was ex-
pected to enhance the adsorption and desorption at the inter-
face, thus improving the overall energy density and power
density of the SC. Fig. 4c exhibits the de-solvation process and
K" migration behavior of MMC-COOH upon ion adsorption.
The introduction of carboxyl groups into MMC effectively de-
solvates the solvated water molecules and prevents the entry
of free water molecules by adsorbing and immobilizing solvated

16762 | Chem. Sci,, 2025, 16, 16757-16769
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water molecules through electrostatic and hydrogen-bonding
interactions.

In addition, EQCM is an effective operational technique for
monitoring the ion flux at the polarized electrode interface.
Fig. S7a and c display the cycling reversibility of the MMC-
COOH and MMC materials, with satisfactory reversibility for
both materials. In the current profile variation plots (Fig. S7b
and d), these two materials exhibit a clear difference in the
current peaks. The MMC-COOH material exhibits larger current
fluctuations and higher peaks. This suggests that modification
of this group enhances the kinetic rate of the electrochemical
reaction at the electrode, promotes the adsorption and
desorption of more ions, and consequently demonstrates
a larger peak current and a larger closure area. In contrast, the
MMC materials demonstrated smaller current fluctuations and
lower peaks, indicating a relatively slow dynamic response.

To further investigate the ion dehydration mechanism
during cation adsorption, the electrode mass change (Am) and
cumulative charge (AQ) induced by electrochemical ion
adsorption/desorption in carbon electrodes were calculated
according to the Sauerbrey equation, and Am — AQ plots were
linearly fitted (Fig. 4d).>* These results show that Am increases
for both materials with the accumulation of cathodic charge,
indicating the existence of a cation adsorption mechanism on
the electrode surface.

The changes in the solvation shell of hydrated ions were
further investigated by quartz crystal microbalance (QCM) and
cyclic voltammetry (CV). Calculated according to CV and quality
change (Fig. 4e and S7e), and notably, when compared with the
QCM curve of MMC, the QCM curve of MMC-COOH depicts an
abnormal increase between —0.2 V and 0.2 V, which is due to
the stripping of solvated water molecules upon entering the ion
channel,®> whereas an abnormal decrease located between
—0.5 Vand —0.3 V indicates that some solvated water molecules
interact with the carboxyl groups and remain in the ion
channel. Fig. 4f shows the evolution of the solvated shell during
the desorption of K from the MMC-COOH surface. When K"
undergoes voltage-driven desorption behavior, some solvated
water molecules interact with the groups to form strong
hydrogen bonds. This process significantly affects the distri-
bution of interfacial water molecules and their activity, reduces
the interaction of K" with water molecules during transport, and
lowers the resistance to ion migration.

As depicted in Fig. 4g and h, the potential of the mean force
(PMF) was used to study the change in the magnitude of the free
energy during cation migration.>® The comparative results show
that with the adsorption and desorption processes, the water
molecules in MMC continued to accumulate, leading to
a gradual increase in the free energy of K'. In contrast, in MMC-
COOH, there is a large free energy at 0 ps for potassium ions due
to the removal of solvated water molecules aggregated at the
interface; at 2000 ps, the free energy of potassium ions tends to
zero. This phenomenon is due to the fact that many solvated
water molecules, driven by an electric field, reconfigure
hydrogen-bond networks, with most of them forming ion
channels with specific structures. This significantly reduces the
activity of solvated water molecules, compensates for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of desolvation on hydrogen bonding and kinetics. (a) H,O

number density within the ion channel. (b) K* number density within the

ion channel. (c) Schematic diagram of the K* adsorption process. (d) Am — AQ curves of MMC and MMC-COOH. (e) EQCM of MMC-COOH. (f)
Schematic diagram of the K* desorption process. (g) PMF of K* in MMC at different times. (h) PMF of K* in MMC-COOH at different times. (i)

Schematic diagram of K* superfluid transport.

dissolving energy barrier of K', improves the transport rate of
potassium ions, and contributes to the superfluid transport of
K" (Fig. 4i).%® This also implies that the electric field distribution
inside the electrode is uniform, and the entire system is in a low
energy and stable state, which supports efficient ion transport
and energy storage. Thus, the experimental and simulation
results validate the successful preparation of the biomimetic
ion channel and its potential to enhance electrochemical
performance.

In addition, ab initio molecular dynamics (AIMD) simulation
was used to study the behavior of hydrated ions at the inter-
face.”” As shown in Fig. S8, the solvation effect on MMC grad-
ually drives the hydrated K" away from the negative interface.
However, on the MMC-COOH substrate, the solvated shell of the
hydrated K’ is distorted and disrupted by the electrostatic
interactions of the carboxylate groups, and the contact between
K" and the negative electrode surface is induced, thereby
enhancing charge transfer. To investigate the interfacial
hydrogen-bonding behavior, the number of water molecules
and the total number of hydrogen bonds within the negative
electrode interface were counted (Fig. S9). Compared to MMC,
the number of water molecules in the ion channels modified

© 2025 The Author(s). Published by the Royal Society of Chemistry

with the different groups decreased, and the number of
hydrogen bonds should have shown a similar trend, although
this was not the case. The carbonyl and carboxyl groups formed
new hydrogen bonds with solvated water molecules, increasing
the overall number of hydrogen bonds.

The presence of -COOH resulted in the introduction of new
hydrogen bond donors and acceptors, leading to recombination
of the existing hydrogen-bond networks in a limited space
(Fig. 5a). The statistics of the numbers of strong and weak
hydrogen bonds are shown in Fig. 5b. The decrease in the
number of weak hydrogen bonds follows a trend that mirrors
the reduction in the number of water molecules at the negative
interface. Similarly, the trend of strong hydrogen bonds corre-
lates with the overall trend in the total number of hydrogen
bonds. This can be attributed to the fact that hydrogen bonds
between water molecules are generally weak, whereas those
formed between water molecules and radicals are stronger—
with the same mechanism explaining why hydrogen bonds
between water molecules and functional groups are stronger
than those between water molecules themselves.

Strong hydrogen bonds are conducive to the inhibition of the
activity of solvated water molecules and significantly reduce the

Chem. Sci., 2025, 16, 16757-16769 | 16763
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likelihood of water decomposition. The Raman test further
characterized the O-H bond between the water molecules, and
showed that the stronger peak at approximately 3230 cm™*
corresponded to the hydrogen bond in the water molecules.**
Fig. 5¢ shows that the intensity of the strong peak in MMC-
COOH was enhanced and blueshifted compared to that in
MMC, and the modification of the carboxyl group caused the
peak to shift from 3229 em ' to the high wavelength of
3244 cm ', This suggests that the O-H bond between water
molecules is a strong hydrogen bond, while the formation of
strong hydrogen bonds between water molecules and radicals is
beneficial for inhibiting the activity of solvated water molecules.
This indicates that the strength of the O-H bond between water
molecules has increased, and the activity of water molecules has
effectively been inhibited.

16764 | Chem. Sci,, 2025, 16, 16757-16769

The narrowing of the peak spread indicates that the O-H
bond in the water molecule is transformed into a hydrogen
bond between the water molecule and the carboxyl group. This
confirms that the modification of the carboxyl group realizes
the reconfiguration of the hydrogen-bonding network, and the
structure of the water molecule can be transformed from
a diversified hydrogen-bonding network to an arrangement
with greater homogeneity. This homogeneous hydrogen-
bonding network increases interfacial stability, reduces side
reactions, and promotes charge transfer, thereby significantly
enhancing the overall system stability.

Collectively, Fig. 5d illustrates the effect of MMC-COOH on
hydrogen evolution by design. This is further confirmed by the
linear sweep voltammetry (LSV) curve in Fig. 5e, where the
hydrogen precipitation onset potential of MMC was obtained as
1.19 V by LSV, and the delayed hydrogen evolution starting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential after the introduction of the carboxylate group was
1.71 V, which indicated that the modification of the carboxylate
group significantly increased the hydrolysis onset potential. The
Tafel curves exhibited in Fig. 5f show a Tafel slope of only 0.37
for MMC-COOH, while that of MMC is 0.58. There is a lower
Tafel slope and overpotential for MMC-COOH, and the lower
overpotential decreases the occurrence of side reactions and
increases the lifetime and stability of the electrode.

The higher hydrogen precipitation onset potential indicates
that the carboxylate group modification can effectively inhibit
the hydrogen precipitation reaction and increase the stability
and efficiency of the electrode. Dynamic monitoring of H,
evolution in the system was performed using iz situ differential
electrochemical mass spectrometry (DEMS) because it enabled
spontaneous gas evolution to be observed during the standby
cycle (Fig. 5g).*® Fig. 5h and i display the precipitation of
hydrogen from MMC and MMC-COOH during several electro-
chemical cycles. A clear hydrogen precipitation peak was
observed for MMC during charging and discharging, while the
hydrogen precipitation peak of MMC-COOH was weaker. This
phenomenon indicates that MMC-COOH effectively inhibited
hydrogen precipitation.

The effect of MMC-COOH on the performance of carbon wall
SCs was systematically investigated. First, DFT simulations were
used to analyze the electronic structure and charge distribution
of the modified carbonylated carbon walls (MMC-COOH). Their
structures are shown in Fig. S10a-c. Notably, the yellow region
indicates the charge aggregation region, and the blue region
indicates the charge dissipation region (Fig. S10d). Compared
with MMC, MMC has fewer charge aggregation regions and
a relatively dispersed charge distribution.

After the introduction of carboxyl groups (-COOH), charge
rearrangement occurs on the porous carbon surface, and the
carboxyl groups induce the formation of a significant electron
accumulation region around them, which increases the charge
density in this region (Fig. S10e and 6a). The long and complex
charge transfer pathways in porous carbon materials lead to low
charge transfer rates, while the carboxyl groups provide new
charge transfer pathways that facilitate the transfer of electrons
towards the carboxyl region, thus increasing the overall charge
transfer efficiency of the materials. The electron localization
density as a function of the plots of MMC vs. MMC-COOH again
confirms this phenomenon. As shown in Fig. S10f, the electron
density distribution on the MMC substrate is relatively uniform,
and no significant electron accumulation was observed. In
contrast, the introduced carboxyl group in MMC-COOH induces
a significant accumulation of electrons in its neighboring
region (red region).

The increase in electron localization density improves the
electronic conduction capability of the material, which can
enhance the overall electrochemical reaction rate. This charge
rearrangement phenomenon was also confirmed in the density
of states (DOS) (Fig. 6b), where MMC-COOH showed a higher
electronic DOS, suggesting increased electrical conductivity of
the modified carbon walls. The state densities of the elements
in MMC-COOH were further analyzed, as shown in Fig. S11a.
The carbon element in the carboxyl group contributes the most

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to the conductivity, followed by the oxygen element, and the
hydrogen element in the carboxyl group contributes almost
nothing to the conductivity. Based on the above results, the
porous carbon material modified with carboxyl groups (MMC-
COOH) showed higher electrical conductivity.

The impedance characteristics of the MMC and MMC-COOH
electrode materials were further analyzed by electrochemical
impedance spectroscopy (EIS) (Fig. 6¢). MMC-COOH is charac-
terized by a low contact resistance of 0.41 Q, which is signifi-
cantly lower than that of MMC (2.26 Q). Fig. 6d indicates that
the number density profile of potassium ions in MMC-COOH is
relatively smooth at different z-axis positions, showing high
number densities at certain positions, whereas the number
density distribution in MMC fluctuates considerably, showing
several peaks and troughs. The smooth profile of the number
density suggests that in MMC-COOH, the diffusion resistance of
potassium ions is reduced, enabling a more uniform distribu-
tion of K' across various positions. On the contrary, the
significant fluctuation in number density in MMC materials
indicates that the movement of potassium ions is subject to
greater resistance. Moreover, the MMC-COOH electrode
exhibited the electrochemical properties of lower charge trans-
fer resistance and diffusion impedance as compared to MMC,
which significantly increased the efficiency of charge transfer
and ion diffusion.

Calculations based on the PMF (Fig. 6e) showed that the
resistance of K* was abnormally high upon entering the aper-
ture, a phenomenon that can be attributed to the fact that
hydrated K" ions encounter great resistance because their
hydration shells are distorted and aggregated outside the
channel upon entering the biomimetic ion channel. However,
once inside the ion channel, the resistance faced by K' is
subsequently reduced due to the reduction in the number of
solvated water molecules and the compensation of the de-
solvation energy barrier of the hydrated K* by the carboxyl
group, which contributes to the rapid migration of the ions on
the electrode surface (Fig. S11b).*

The mean square displacement (MSD) results (Fig. 6f)
further indicate that the significant enhancement of the ionic
MSD of MMC-COOH improves the migration kinetics of the
ions, and these atomic-scale insights provide a guide for
studying the electrochemical kinetics of K* SCs at the electrode
interface. The experimental results fully demonstrated that
carboxyl group modification can effectively improve the
electrochemical performance of carbon-walled SCs. The charge-
discharge (GCD) curves of MMC and MMC-COOH showed
triangular shapes at a current density of 1 A g, further
demonstrating that these two materials are highly reversible
and have desirable capacitive properties for SC applications
(Fig. 6g).

The MMC-COOH electrode exhibited the highest specific
capacitance of 128 F g~ ' at the longest discharge time, while the
specific capacitance of MMC was only 49 F g~ . In addition, the
integration area of the CV curve is larger for MMC-COOH, which
is consistent with its superior capacity. Fig. 6h depicts the
decrease in capacitance with the increasing current density that
occurred. Even at a current density of 10 A g~', MMC-COOH
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maintained a specific capacitance of 98 F ¢~', which is much
higher than that of MMC at 1 A g~ '. Fig. 6i shows that the
capacitance of MMC and MMC-COOH at different current
densities decreases with increasing current density. At 10 A g™,
the specific capacitance of MMC is only 37 F g~ ', which is much
lower than that of MMC-COOH. This can be attributed to the
improved conductivity and ionic transport of MMC-COOH due
to the introduction of carboxyl groups on its surface, thus
enabling it to maintain a satisfactory electrochemical perfor-
mance at high current density. These results comparing the rate
performance of MMC and MMC-COOH at different current
densities show that MMC-COOH exhibits superior electro-
chemical properties at high current densities.

Finally, long cycle tests (under 5 A g~ ') of two samples are
demonstrated in Fig. S12, where MMC-COOH showed superior
cycle stability, demonstrating the long-term effectiveness of this

16766 | Chem. Sci., 2025, 16, 16757-16769

electrode material for ion-accelerated desolvation. Ultimately,
compared with other SCs (Fig. S13), our electrode demonstrates
superior performance in both multiplicity and capacity, owing
to the contributions of ion acceleration and desolvation, further
highlighting the outstanding results of the present work.

Conclusion

In this study, we address the key factor limiting the application
of aqueous SCs, ie., the solvation shell of interfacial ions, and
propose to achieve efficient ion desolvation during transport
through the construction of artificial ion channels. Our strategy
employs the synergistic combination of size confinement and
electrostatic effects to engineer porous carbon electrodes that
enable rapid ion desolvation with low-energy transport. Addi-
tionally, a high-speed ion channel is formed during the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption and desorption of K', which significantly boosts the
ion transport rate and compensates for the kinetic loss associ-
ated with ion desolvation.

This design reduces the hydration shell of potassium ions,
lowering their average coordination number from 6.0 to 2.1,
while simultaneously establishing a low-resistance ion
conduction pathway. The optimized electrode exhibits a four-
fold enhancement in potassium ion flux with significantly
inhibited hydrogen evolution. Compared to the existing ‘water-
in-salt’ electrolyte strategy, our method not only effectively
inhibits the HER but also enables rapid cation transport, over-
coming several limitations inherent in traditional approaches.
This study opens new research directions and development
opportunities to address solvent stability challenges in other
energy storage technologies, providing significant academic
and practical value.
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