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High-capacity aqueous imidazolium-ion batteries
enabled by MMZ-H"/H* co-intercalation in a near
neutral electrolytef

Haiping Yu,?® Rui Li,?° Zhihui Wang,© Bei Wang,?® Mengxiao Li,© Guoging Zhao,*
Xinyu Wang,?® Xiaorong Yan,® Yuxin Hao,?® Huige Ma,?® Jingru Liu,?® Mingjun Hu @ *<
and Jun Yang*®®

Rechargeable aqueous batteries are regarded as promising candidates for large-scale energy storage with
the advantages of cost-effectiveness, environmentally friendliness, and innate safety. However, to date,
most of the aqueous ion batteries that have been reported are equipped with metal cation charge
carriers and encounter either poor sustainability or low reaction activity. Here, we first reported an
aqueous imidazolium-ion battery with MMZ-H*/H* as co-intercalated ions. In detail, we configured an
almost neutral electrolyte with a wide electrochemical window of 2.66 V by adding an appropriate
amount of alkaline 1-methylimidazole (MMZ) to 0.5 M H,SO,4, and named it 50M-10S electrolyte. Due to
the strong binding energy between MMZ and H*, MMZ-H* as an entire unit can be inserted into or
extracted from the HATN-3CN (hexaazatrinaphthalene-2,8,14-tricarbonitrile) electrode. The MMZ-H*
and H* co-insertion increases the capacity by 40% compared to pure H* insertion in this proton battery
(287.6 mAh g~! in 50M-10S electrolyte vs. 206.8 mAh g~! in 0.5 M H,SO, electrolyte, 0.1 A g7}).
Theoretical calculations illustrated that the insertion of MMZ-H* can further activate the unreacted N
active sites due to their enhanced nucleophilicity derived from stronger electron-donating ability of
ionized nitrogen sites than the protonated one. Moreover, the assembled full batteries also exhibit ultra-
high specific capacity (266.6 mAh g%, 1 A g™%) and ultra-slow degradation (capacity retention of 97%,
1 A g% 1000 cycles). This research further enriches the library of inserted ions and will help to
understand and enhance proton storage in near-neutral electrolytes and build new battery models.

batteries may pose safety risks especially in extreme environ-
ments such as crash and needle puncture.’ Hence, it is neces-

Rechargeable batteries are attracting widespread attention due
to the increasing depletion of fossil fuels.”> Up to now, metal
ion batteries, especially Li-ion batteries (LIBs) with non-
aqueous electrolytes, have been applied in portable elec-
tronics and electric vehicles, for their high energy density and
satisfactory cycle life.>> However, lithium as a scarce resource in
nature limits the further development of LIBs.® Although
sodium-ion batteries (SIBs) and potassium-ion batteries (KIBs)
with earth-abundant elements as charge carriers are promising
candidates,”® the use of flammable electrolytes in these
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sary to explore aqueous energy storage devices with low cost and
high security.

Various aqueous batteries have emerged as a reliable alter-
native with high-level safety, outstanding rate performance, and
low cost.’®** Among them, non-metal ions, protons (H') and
ammonium (NH,") ions, are considered as promising energy
storage systems due to their sustainability.’ However, the
electrochemical window of aqueous electrolytes is limited by
water decomposition potentials (1.23 V). Although ammo-
nium salt electrolytes are less prone to the hydrogen evolution
reaction (HER) compared with strong acid electrolytes,* they
are commonly afflicted with low electrochemical reaction
activity, which gives rise to non-ideal electrode capacity. For
protonic electrolytes, other problems that are often mentioned
are the dissolution of electrode materials and corrosion of
battery packaging materials.'®'® Recently, water-in-salt (WIS)
electrolytes were also developed to widen the electrochemical
window by restraining the content of free water, but high
viscosity and cost stifled their development potential.>***
Similar to the WIS strategy, water-in-acid (WIA) electrolytes with
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Fig. 1 Scheme of the simplified electrochemical process.

high ionic conductivity have recently been reported. The MoOj;
electrode exhibited a high reversible capacity and excellent
cycling stability in a 9.5 M H3;PO, electrolyte, fully demon-
strating the promising potential of the WIA electrolyte for
proton energy storage. However, the corrosiveness of high-
concentration H3;PO, to metal components and the human
body should still not be ignored.” Besides, a water-free elec-
trolyte of H;PO,/MeCN was proposed to inhibit the hydrogen
evolution reaction, but poor compatibility between H;PO, and
MeCN results in unstable electrochemical properties of proton
batteries.”® The ionic liquid electrolytes had also been widely
researched because of their chemical stability and easy
synthesis.>*** Nevertheless, the low ion transport rate and high
cost limit their popularization.”® Solid electrolytes have the
prospect of commercialization, but the ion transfer efficiency
needs to be improved because of the poor interfacial wettability
between the electrolyte and the electrode.”” The addition of
organic solvents to aqueous electrolytes is regarded as a useful
strategy to broaden the electrochemical stability window while
maintaining their non-flammability.?® However, due to the
relatively weak electron-donating ability, most organic solvents
showed a very limited influence on proton activity and the
hydrogen evolution side reaction of aqueous-organic hybrid
electrolyte. Unlike previously reported organic additives, 1-
methylimidazole (MMZ) is a potent organic alkali (pK, = 6.95),
which can show a strong interaction with protons and thus well
regulate proton activity of hybrid electrolytes to inhibit
hydrogen evolution and electrode corrosion. However, the
intense interaction between MMZ and H' ions also suppresses
their dissociation and produces a large amount of MMZ-H"
cations in aqueous electrolytes. Compared to NH,", MMZ-H"
has a larger size but higher electrode wettability due to the fact
that MMZ reduces the interfacial energy between the electrode
material and the liquid electrolyte, better increasing the
capacity of the electrode.* Therefore, it is important to inves-
tigate such an aqueous imidazolium-ion battery, not only
helping to understand the unique charge storage mechanism in

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

such a proton-pump-like electrolyte, but also promoting the
battery performance.

Herein, we configured an electrolyte by an acid-alkali coor-
dinated regulation strategy. The almost neutral electrolyte was
prepared by adding a small amount of alkaline MMZ to 0.5 M
H,SO,, and named it M-S electrolyte. Compared to 0.5 M
H,S0,, the optimized M-S electrolyte, 50M-10S with a molar
ratio of MMZ to H,SO, of 5:1, had an 0.71 V wider operating
voltage window due to the entrance of MMZ into the solvation
sheath of H'. In addition, this electrolyte with a near-neutral pH
value provided the mildest chemical environment, and reduced
the chemical dissolution of the electrode materials. More
importantly, we found that MMZ could be inserted into the
HATN-3CN electrode after protonation (MMZ-H'), (Fig. 1),
which, to the best of our knowledge, is the largest inserted
cation reported to date for energy storage (Fig. S1 and Table
S1t). A series of characterization studies had verified the co-
insertion of MMZ-H' and H' during electrochemical reac-
tions. The capacity of the HATN-3CN electrode has been
increased by 40% compared to pure H' insertion (287.6 mAh
g ' in 50M-10S electrolyte vs. 206.8 mAh g~* in 0.5 M H,SO,
electrolyte, 0.1 A g "), and also far exceeded the capacity in 1 M
(NH,),SO,4, another near-neutral electrolyte (Fig. S2t). The full
batteries were assembled by using MnO, as the cathode, HATN-
3CN as the anode and 0.5 M MnSO, + 50M-10S as the electro-
lyte. High capacity (266.6 mAh g~*, 1 A g™ ') and excellent
capacity retention (97% capacity retention, 1 A g~ *, 1000 cycles)
were achieved. This work is expected to provide valuable
insights and impetus for the development of mild and effective
aqueous battery electrolytes.

Results and discussion

Electrolyte design and discussion

Different ratios of MMZ were added to 0.5 M H,SO, and fully
stirred to formulate the stable electrolytes. The detailed molar
ratios of each component and pH values of the electrolytes are
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displayed in Table S2.f Electrochemical impedance spectros-
copy (EIS) was used to investigate the ionic conductivity of the
electrolytes (Fig. S31).>**' Observably, the ionic conductivity of
the 50M-10S electrolyte (254.4 mS cm™ ") was the highest among
that of all the electrolytes, even better than that of 0.5 M H,SO,
(219.6 mS cm ™), which may be attributed to the increased types
and quantities of cations as well as abundant N sites on MMZ
for proton hopping.** Specifically, the introduction of methyl-
imidazolium, as a weak base, can promote the secondary ioni-
zation of HSO, and increase the ion number, further
enhancing the ionic conductivity. Meanwhile, the conjugated
imidazolium ring structure of methylimidazolium ions enables
the delocalization of the positive charge, which effectively
reduces the effective charge density of the cations, weakens the
electrostatic attraction between cations and anions (e.g., HSO, ™
and SO42’), and improves the ionic migration rate. However,
excessive additions of MMZ would increase the resistance of
ionic transport due to the enlarged solvation structure and the
increased solution viscosity, resulting in a decrease in ionic
conductivity (Tables S3 and S47).*** A series of linear sweep
voltammetry (LSV) curves of the electrolytes with different MMZ
contents were obtained and suggested that the electrochemical
window of 0.5 M H,SO, was significantly broadened after add-
ing MMZ (Fig. S41), but the extension rate gradually slowed
down on increasing the MMZ content. Hence, taking both the
ionic conductivity and electrochemical stability window into
consideration, we selected this electrolyte with a molar ratio of
MMZ to H,SO, of 50:10 as the research focus in the following
studies.

As shown in Fig. 2a, the electrochemical stability window of
50M-10S electrolyte could reach 2.66 V (from —1.07 V to 1.59 V
vs. Ag/AgCl), with an extension of 0.71 V compared to that of
0.5 M H,SO, (mainly in the anodic regions). To confirm the
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safety of aqueous-organic hybrid electrolyte, combustion tests
were carried out and indicated that the 50M-10S electrolyte was
non-inflammable (Fig. S51). Then the Fourier transform
infrared (FTIR) spectra were obtained to investigate the solution
structure of the 50M-10S electrolyte (Fig. 2b). Pure H,O (gray
line), H,O spiked with MMZ (red line), and H,O spiked with
H,S0, (blue line) served as controls for the 50M-10S electrolyte
(green line). The peaks at 1522 cm ™' and 1108 cm ™'
attributed to imidazole ring skeleton vibration and stretching
vibration.®* Peaks at 1050 cm™* and 1205 cm ™' correspond to
the O=S=0 stretching vibration of SO,.>*° The stretching and
bending vibration of -CH; in MMZ could be observed at 2600-
3100 ecm ™' and 1300-1400 cm ™ '.** The presence of these char-
acteristic peaks indicated that each of the raw materials was
stabilized in the 50M-10S electrolyte. The Raman spectra
similarly confirmed the presence of these characteristic peaks
(Fig. S61). The typical peaks at 3200-3700 cm ' and 1550-
1750 cm™ " represented the stretching vibration of HO-H and
bending vibration of ~-OH.?® The peak intensity of H,O of 50M-
10S electrolyte was the weakest, indicating that free water
activity was limited by the interaction among the components.
The 'H nuclear magnetic resonance (‘"H-NMR) spectra of elec-
trolytes also provided the same result (Fig. 2c and d). The 'H
chemical shifts at 7.52, 7.01 and 6.90 ppm represented the three
C-H on the imidazole ring of MMZ. However, their respective
movement to 7.94, 7.15 and 7.08 ppm in 50M-10S electrolyte
demonstrated that pyridinic N of MMZ captured H' from
H,S0,. The electron-deficient characteristics of protons weak-
ened the original electron cloud density of the imidazole ring in
MMZ, which ensured an increase in the 'H chemical shift of
MMZ in 50M-10S electrolyte.

Molecular dynamics (MD) simulations were performed to
analyze the solvation structure of the 50M-10S electrolyte. As
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Fig.2 (a) Electrochemical stability window of 50M—10S electrolyte and 0.5 M H,SO4 measured by LSV. The FTIR spectra (b) and *H NMR spectra
(c and d) of 50M-10S electrolyte and control groups. (e) Snapshot of the MD simulation box of 50M-10S electrolyte. (f) The radial distribution
functions (RDFs) of the 50M-10S electrolyte for H-O and H-N. (g) The coordination numbers of H-O and H-N of the 50M-10S electrolyte. (h)
Schematic illustration of the H* solvation structure in the 50M-10S electrolyte.
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shown in Fig. 2e, the snapshot of the 50M-10S electrolyte con-
sisted of 40 H,SO,4, 200 MMZ and 4320 H,0 molecules. To gain
deeper insights into the solvation characteristics, the radial
distribution functions (RDFs) were adopted, with the detailed
results presented in Fig. 2f. H-N (MMZ), H-O (SO,>") and H-O
(H,0) were well identified in the first solvation layer. Signifi-
cantly, although only a small amount of MMZ was added into
the 50M-10S electrolyte, the peak intensity of H-N (MMZ) was
the highest, indicating that organic alkali MMZ possessed
powerful proton-binding capacity. By integrating the RDFs, the
H' coordination numbers of the 50M-10S electrolyte were ob-
tained as shown in Fig. 2g. The average coordination number
around a single H" was about 3.83 in 50M-10S electrolyte, with
the contributions being 1.36 from MMZ, 2.11 from H,O, and
0.36 from SO,>", respectively. This indicated that even a modest
addition of MMZ was sufficient to change the H" solvation
sheath, thereby reducing the solvation interaction between
water and H" (Fig. 2h).” Quantum chemistry calculations were
performed to obtain the binding energy of several probable
solvation structures of 50M-10S electrolyte. Among these
configurations, 2H,0-1MMZ-1S0,>"-H" exhibits an interac-
tion energy of —236.37 k] mol™!, which corresponds to the
highest absolute value. This suggests that its structure is the
most stable, which is basically consistent with the solvation
structures obtained from MD simulations (Fig. S7at). Specifi-
cally, the high interaction energy of MMZ with H" indicated that
MMZ-H" as a whole was energetically favorable to be inserted
into/extracted from the electrodes (Fig. S7bt).

Electrochemical performances

Hexaazatrinaphthalene-2,8,14-tricarbonitrile (HATN-3CN) was
used as a model electrode material to prove the charge storage
mechanism in such electrolytes. "H-NMR and High-Resolution
Mass Spectrometry (HRMS) of HATN-3CN are displayed in Fig.

View Article Online
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S8 and S9, respectively. The powder X-ray diffraction (PXRD)
tests indicate that HATN-3CN had good crystalline properties
(Fig. S107). The fiber-rod structure of HATN-3CN could be
observed in scanning electron microscope (SEM) and trans-
mission electron microscope (TEM) images (Fig. S111). The
electrochemical performance of HATN-3CN in a Swagelok cell
was investigated through taking HATN-3CN, activated carbon
(AC), and Ag/AgCl as the working, counter and reference elec-
trodes, respectively. The Nyquist plots of the HATN-3CN elec-
trode showed that the semicircular diameters in these
electrolytes were even less than that in pure 0.5 M H,SO, when
the molar ratio of MMZ to H,SO, was less than 62.5 : 10 (Fig. 3a
and b). It was well illustrated that the addition of a minor
amount of MMZ could reduce the charge transfer resistance
between electrolyte and the electrode. However, the semi-
circular diameter increased upon a significant addition of
MMZ. This is because the addition of excess MMZ leads to an
increased viscosity of the electrolyte, and affects ion transport.*®
Fig. 3c and S12t show the rate performance of the HATN-3CN
electrode in the electrolytes with different additions of MMZ
at current densities of 0.1-10 A g~ . The electrode in 50M-10S
electrolyte exhibited the optimal performance (287.6 mAh g,
0.1 A g™ '), far better than that in pure 0.5 M H,SO, (206.8 mAh
g™, 0.1 A g'). According to the principle of solubility simi-
larity, the MMZ ligand of H" (MMZ) may show stronger affinity
to the HATN-3CN molecules than H,O and thus better wet the
electrode, which will facilitate the (de)insertion dynamics of
ions. In contrast, when the H;0" ions approach the surface of
the material, due to their poor affinity, some ions may experi-
ence ineffective collisions, resulting in a decrease in the overall
delivery efficiency.* The galvanostatic charge-discharge (GCD)
curves of the HATN-3CN electrode in a series of M-S electrolytes
are shown in Fig. S13.f The rate specific capacities of the HATN-
3CN electrode were found to increase first and then decrease on
increasing the MMZ content, with the best result in 50M-10S
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(@ and b) Nyquist plots, (c) rate performance, (d) long-term cycling stability, and (e) CV curves of the HATN-3CN electrode in a series of
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electrolyte. The cycling performances of HATN-3CN in 0.5 M
H,SO, and 50M-10S electrolyte are shown in Fig. 3d. The
capacity slowly decreased to 263.9 mAh g~ " with 98.8% capacity
retention in 50M-10S electrolyte (1 A g~ ', 1000 cycles), which
was superior to that in 0.5 M H,SO, electrolyte (94.0% capacity
retention, 1 A g™, 1000 cycles). The GCD curves in the 1st, 10th,
100th, 500th and 1000th cycle are exhibited in Fig. S14at and
the cycle voltammetry (CV) curve after 1000 cycles is shown in
Fig. S14b.t Almost constant peak shapes indicated good elec-
trochemical stability of the HATN-3CN electrodes. The obvious
fiber-rod structure of HATN-3CN electrodes was clearly visible
in the SEM image after 1000 cycles, which also indicated the
favorable structural stability of the materials (Fig. S157). A series
of measurements were carried out to probe into the underlying
reasons for the enhanced capacity of HATN-3CN in 50M-10S
electrolyte. The CV curves of the HATN-3CN electrode are shown
in Fig. 3e and S167 in several different M-S electrolytes. With
growing MMZ molar ratios, the area of the pair of redox peaks
on the right side (corresponding to a higher potential) increased
significantly and the potential disparity between the two pairs of
redox peaks expanded dramatically. This apparent difference
prompted us to hypothesize that a new type of inserted ion
(MMZ-H") emerges beyond the H" due to the addition of MMZ
to 0.5 M H,SO,. Two sets of experiments were conducted to
confirm the availability of MMZ-H" insertion. First, we config-
ured the 1 M aqueous solution of 1,3-dimethylimidazolium
chloride (1 M DMMZC, pH = 8.23) as the electrolyte. The
obvious redox peaks for the HATN-3CN electrode could also be
observed and a high specific capacity of 191.1 mAh g*
(0.1 A g7") was obtained, indicating that large-sized dimethyli-
midazolium (DMMZ) ions could be inserted into the HATN-3CN
electrode but with obvious polarization (Fig. S17a-ct). In
addition, a 1-methyl-1,2,4-triazole (MTZ)-H,SO, electrolyte (pH
= 6.52) with a similar pH value to the 50M-10S electrolyte was
also configured. The MTZ molecule has a similar size to MMZ
but exhibited significantly lower basicity. According to previous
reports, only hydrogen ions can be inserted into or extracted
from electrodes in the MTZ-acid electrolytes.””* Under the
same test conditions, the profile of the CV curve for the HATN-
3CN electrode in MTZ-H,SO, electrolyte was similar to that in
0.5 M H,SO,, indicating that hydrogen ions are the dominant
insertion ions in such an electrolyte (Fig. S17d¥). The two sets of
experiments prove that large-sized DMMZ ions and small-sized
hydrogen ions can both be inserted into HATN-3CN electrode
but have markedly different reaction dynamics.

Furthermore, a series of characterization methods were
performed to verify the assumption that MMZ-H" cations might
take part in the redox processes. The charge and discharge
curves are shown in Fig. 4a and different voltage points were
selected for ex situ measurements. As shown in Fig. 4b, in the ex
situ FT-IR spectra, the intensity of the -C=N- peak (1565 cm ")
weakened during the discharge process whereas it was recov-
ered during the charge process.* However, no visible change
was observed in the peaks of the -C=N group. This conse-
quence illustrated that -C=N- groups act as the active centers
during the redox process rather than -C=N groups. A similar
result was observed in in situ Raman spectra (Fig. 4c). The peaks

12336 | Chem. Sci,, 2025, 16, 12332-12342
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located at 1460 cm ™' were attributed to the absorption of the -
C-N- group.” The change trend of peak intensity of the -C-N-
group was the opposite of that of -C=N- during the charging
and discharging process, which meant a good reversible
conversion between the -C=N- and -C-N- groups.

Subsequently, the ex situ X-ray photoelectron spectra (XPS)
were used to explore the characteristics of carbon-nitrogen
bonding of the HATN-3CN electrode in different voltage states.
As shown in Fig. 4d, the -C=N-C- peak was dominant at the
pristine state. Upon full discharge, the obvious enhancement of
the -C-N- peak (including the -C-N-H peak and -C-N-MMZ-H"
peak) and the decrease of the -C=N-C- peak indicated that the
HATN-3CN electrode was reduced during the discharge process.
With the insertion of MMZ-H" cations, an emerging -C-N-MMZ-
H' peak appeared between the -C-N-H peak and -C=N- peak.
In addition, due to the electron-withdrawing effect of the proton,
a new -C=N-H' peak belonging to the protonated MMZ
appeared in the position with a higher binding energy than the -
C=N-C- peak. After full charging, the -C=N-C- peak became
dominant again, the -C-N- peak decreased, and the -C=N-H"
and -C-N-MMZ-H" peaks disappeared, indicating the involve-
ment of MMZ-H" as a whole in the charging and discharging
process. Besides, the peak of -C=N was almost constant
throughout the charging and discharging process.

To further figure out the charge storage mechanism of the
HATN-3CN electrode during charge and discharge, the ex situ
'H-NMR spectra were obtained. The H chemical shift values of
pure HATN-3CN powder and MMZ were first examined for
reference. As shown in Fig. 4e, the "H chemical shifts of pure
HATN-3CN powder at 9.2, 8.7 and 8.4 ppm were labeled as h, i
and j, respectively. Similarly, m (9.03 ppm), n (7.69 ppm), o (7.66
ppm) and p (3.88 ppm) were marked in the "H-NMR spectrum of
the 1-methylimidazolium ion (Fig. 4f). Note that to obtain the
"H chemical shifts of the 1-methylimidazolium ion, we tested
a series of M-S solutions with different molar ratios of MMZ to
H,SO, (Fig. S181). The 'H resonance signal of the 1-methyl-
imidazolium ion exhibited a progressive downfield shift on
increasing the molar ratio of H,SO,. Once the molar ratio
between MMZ and H,SO, reached 1:2, the system attained
a state of equilibrium. Subsequent increases in H,SO, content
did not significantly change the chemical shift of 1-methyl-
imidazole, confirming full protonation of the imidazole moiety.
The invariant ¢ value was therefore denoted as the "H chemical
shifts of the MMZ-H" ions. The evolution of "H-NMR spectra of
HATN-3CN electrodes in 50M-10S electrolyte is shown in Fig. 4g
during charging and discharging. In the initial state, three
peaks belonging to HATN-3CN are clearly observed in the
spectrum. When the electrode was discharged to —0.25 V, the
extra peaks of m, n, o, p, and MMZ-H' appeared and the
intensities increased gradually with the enhanced discharge
depth, indicating the insertion of MMZ-H'. The peaks of MMZ-
H" and H' were both observed in the full discharge state.
Moreover, the coordinated H" of the inserted MMZ-H" ions and
the inserted H' ions in the HATN-3CN electrode showed the
same integrated area. In view of high practical specific capacity
of the HATN-3CN electrode (287.6 mAh g~ vs. theoretical
specific capacity of 350 mAh g™ '), 82.2% of the active sites has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Energy storage mechanism of HATN-3CN in 50M-10S electrolyte. (a) Indication of different charge and discharge states. (b) Ex situ FT-IR
spectra. (c) In situ Raman spectra. (d) Ex situ XPS spectra of N 1s. *H-NMR spectra of pure HATN-3CN powder (e) and the imidazolium ion (MMZ/
H,S04 = 1:2) (f). (g) Ex situ *H-NMR spectra. Note: the solvents used for the *H-NMR spectra were DMSO-dg in e—g.

been utilized, and thus it was thought that in 50M-10S elec-
trolyte, three MMZ-H" ions and three H' ions could be inserted
into one HATN-3CN molecule simultaneously. Conversely, in
the charge process, along with the increase in the potential, the
peak intensities of m, n, o, p, MMZ-H" and H' decreased
gradually. When charged to 0.2 V, the peaks of MMZ-H" and H'
both disappeared and HATN-3CN turned back to its initial state.
The increased electromagnetic shielding effect from the
electron-rich reduced state intermediate of HATN-3CN was
responsible for a decrease in the chemical shift values of h, i,
and j.** The ex situ "H-NMR spectra of HATN-3CN electrodes in
0.5 M H,SO, are shown in Fig. S197 as the control. In the fully
discharged state, only a peak of H" was observed and it dis-
appeared with charging, suggesting that the HATN-3CN elec-
trodes underwent mainly reversible insertion and extraction of
H" in 0.5 M H,SO,.

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

Theoretical calculations based on DFT were used to further
comprehend the charge storage process of the HATN-3CN
electrode in the 50M-10S and 0.5 M H,SO, electrolytes. Due
to cyan group substitution-derived molecular asymmetry, the N
active sites of HATN-3CN could be categorized into two groups,
named a and b (Fig. S20t). The N active sites belonging to group
b had the priority of reaction, based on the adsorption energy
calculations. To investigate the type of inserted ions, the energy
for the insertion of H' derived from the desolvation of MMZ-H"
and the energy for the insertion of MMZ-H" were calculated,
respectively (Fig. S217). The results showed that the insertion of
MMZ-H" required lower energy, so the HATN-3CN electrode was
dominated by the insertion of MMZ-H" at the beginning of the
discharge. Then, with MMZ-H"' occupying all b sites, it was no
longer possible to insert MMZ-H" due to strong steric hindrance
(the structure with two MMZ-H' inserted in adjacent N
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positions cannot be well optimized, Fig. S22+). Therefore, only
small-sized H" was allowed to be inserted into the HATN-3CN
electrode after three b sites were occupied by MMZ-H". Since
the molar content of MMZ is much higher than H' of 0.5 M
H,S0, in 50M-10S electrolyte, the vast majority of H' is trapped
by MMZ. Thus, the direct insertion of free H' in the 50M-10S
electrolyte is excluded from consideration and H' can only be
sourced from MMZ-H" desolvation. The ion diffusion process in
the HATN-3CN electrode during charging and discharging was
further explored using the galvanostatic intermittent titration
technique (GITT) and EIS. The GITT profiles of the HATN-3CN
electrode in 50M-10S electrolyte and 0.5 M H,SO, are shown
in Fig. S23a.t The ion diffusion coefficients of the HATN-3CN
electrode in 50M-10S electrolyte were high enough (107"°-
10~°) compared with that of other reported aqueous electrolytes
with various mass transfer ions, although it was an order of
magnitude lower than that in 0.5 M H,S0, (10 °-10"%). The
faster transport of H' than MMZ-H' ions may be due to its
smaller size and lower hopping energy barrier in the electrode.*
From the previous characterization studies, it could be seen that
both MMZ-H" and H" were inserted into the HATN-3CN elec-
trode in the 50M-10S electrolyte. If the H' is the free H' (or
hydronium ions) from 50M-10S electrolyte, the ion diffusion
coefficients in region 4 corresponding to the (de)insertion of H"
will be higher than that in region 3 corresponding to extraction
of MMZ-H', yet the truth was just the opposite (Fig. S23b¥).
Furthermore, EIS of HATN-3CN at different charge-discharge
stages are shown in Fig. S24,f where region 1 and 4
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corresponded to the (de)bonding of H' and the diffusion of
MMZ-H' in the HATN-3CN electrode and region 2 and 3 corre-
sponded to insertion/extraction of MMZ-H'. A similar charge
transfer resistance and ion diffusion resistance were observed
in different regions, further suggesting that inserted H' is
derived from the (de)solvation of MMZ-H" rather than free H"
(or hydronium ions) in 50M-10S electrolyte.

DFT calculation was employed to obtain the Gibbs free
energy change of ion insertion processes in two paths (Fig. 5a).
Path 1 calculated the energy change of free H" binding to
simulate the electrochemical reduction of the HATN-3CN elec-
trode in 0.5 M H,SO, electrolyte. Similarly, path 2 modeled the
energy change of HATN-3CN during the electrochemical reac-
tion in 50M-10S electrolyte. Normally, the more negative the
Gibbs free energy, the more probable the reaction is to proceed
spontaneously.* It was clear that the Gibbs free energies for the
last three steps barely changed in path 1, while in path 2 they
were significantly reduced, suggesting that a six-electron reac-
tion was more to occur through path 2.*® The molecular elec-
trostatic potential (MESP) was adopted to identify the
electrophilic and nucleophilic reaction-active sites (Fig. S257).*
As shown in Fig. 5b, N-atoms of initial HATN-3CN with negative
MESP values (the blue region) exhibited higher electronega-
tivity, and were attractive for electrophilic cations (MMZ-H"® or
H"). However, during the ensuing electrochemical reaction, the
MESP results in the two reaction paths are not identical. As
shown in Fig. 5¢c, due to the electron-deficient nature of the H",
with the insertion of one H' into the N sites of HATN-3CN, the

Gibbs free energy (eV)

ESP (kcal/mol) T
-25

Fig.5
HATN-3CN-3H" and (d) HATN-3CN-3MMZ-H".
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] |
0.1

S

(a) The Gibbs free energy change at each coordination stage with different ions. Calculation of the MESP distribution of (b) HATN-3CN, (c)
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nucleophilicity of the neighboring N sites decreased, resulting
in a lower reactivity of the unreacted N sites. However, as shown
in Fig. 5d, the electron cloud density of the unreacted N active
sites of HATN-3CN was significantly higher than that with the
insertion of three H' because of the stronger electron-donating
ability of nitrogen anions combining with MMZ-H" cations.
This explains the almost unchanged Gibbs free energy in last
three steps of path 1, and a significant decrease in Gibbs free
energy in path 2 in Fig. 5a. Given the above results, both theory
and practice have demonstrated that the involvement of MMZ-
H' enhances the utilization of the active sites of HATN-3CN
electrodes and thus boosts the capacity.

Electrochemical performance of the full cells

Based on the above results, it has been confirmed that the
insertion of MMZ-H' could enhance the capacity of the HATN-
3CN electrode; however, the performance of the full cell
remains to be explored. MnO,, which is cost-effective and easy
to synthesize, is selected as the cathode. &MnO, was
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synthesized by electrodeposition and evaluated by using the
XRD pattern (Fig. S26at). The SEM images and the energy
dispersive spectrometry (EDS) elemental mapping are shown in
Fig. S26b.t It can be seen that MnO, is uniformly deposited on
the surface of the carbon fibers with a homogeneous elemental
distribution. The charge-discharge curve of the manganese
dioxide electrode revealed a distinct discharge plateau (Fig.-
S27at). This indicates that in our proposed near-neutral elec-
trolyte MnO, can show good electrochemical activity. XPS was
used to analyze valence characters of the MnO, electrode during
the charging and discharge process (Fig. S27bt). Mn>* was
dominant in Mn 2p spin-orbit peaks after full discharge, which
illustrated that a two-electron transfer of manganese was the
dominant reaction.”® The CV curves of the MnO, electrode are
shown in Fig. S27c.t The redox potential of the MnO, electrode
in the 0.5 M MnSO, + 50M-10S electrolyte was lower than that in
H,S0, electrolyte, and was similar to that in Mn(Ac), electro-
Iyte.*® Specifically, the reduced electrode potential of MnO,/
Mn”" was related to low H' concentration and the reduced
Gibbs free energy change. Because of the lower Gibbs free
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energy of MMZ-H' formation compared to the solvated H' in
H,S0,, less energy was required to accomplish the reaction (eqn
(1)), and therefore the electrode potential of MnO,/Mn”>" in
50M-10S electrolyte was decreased.

Next, a full cell was assembled by using HATN-3CN as the
anode, MnO, as the cathode and 0.5 M MnSO, + 50M-10S as the
electrolyte. Considering that 0.5 M MnSO, + 50M-10S eletrolyte
is near-neutral, H" and OH~ were avoided to appear in the
electrochemical equations. A schematic illustration of a full
battery is shown in Fig. 6a, and during charging, Mn>" was
oxidized into MnO, accompanied by the formation of MMZ-H"
(egn (1)). Simultaneously, in the anode, MMZ-H" in the elec-
trolyte were inserted into HATN-3CN (eqn (2)). Then H' formed
by MMZ-H" desolvation were inserted into the electrode (eqn
(3))- The process was reversed during the discharging process.

3Mn*" + 12MMZ + 6H,0 < 3MnO, + 12MMZ-H* + 6e~ (1)

HATN-3CN + 3MMZ-H* + 3¢~ ©
HATN-3CN-3H-MMZ (2)

HATN-3CN-3H-MMZ + 3MMZ-H" + 3¢~ <
3H-HATN-3CN-3H-MMZ + 3MMZ  (3)

The CV curves of the HATN-3CN//MnQO,, full cell were ob-
tained in a potential window of 0-1.2 V, and the obvious
reduction and oxidation peaks manifested that the predicted
redox reactions have occurred (Fig. 6b). The rate performance of
HATN-3CN//MnO, was systematically evaluated at various
current densities (Fig. 6¢). The full battery had a high specific
capacity of 266.2 mAh g ' at 1 Ag~" (based on the anode mass).
Even at a high current density of 10 A g™, the capacity still
remained at 185.8 mAh g~ '. When the current density returned
to 1 A g ', the specific capacity recovered to its initial value.
These results clearly indicated that the HATN-3CN//MnO,
battery has fast ion transfer capability and good reversibility.
The charge-discharge curves of the HATN-3CN//MnO, full cell
at various current densities are shown in Fig. 6d, and the results
are consistent with those of the CV profiles. Fig. 6e shows the
long-term cycle performance of the HATN-3CN//MnO, full cell
in 0.5 M MnSO, + 50M-10S electrolyte. The capacity of the full
cell decayed very slowly in 0.5 M MnSO, + 50-10S electrolyte
during the cycles, and 97% capacity retention was observed
after 1000 cycles at 1 A g~ ". In addition, the coulombic efficiency
of the full cell remained at around 100% during the 1000 cycles
in 0.5 M MnSO, + 50M-10S electrolyte. This electrochemical
performance is excellent compared to that of most reported
aqueous ion batteries (Table S51). The charge-discharge curves
during the 1st, 10th, 100th, 500th, and 1000th cycles of the full
cell are shown in Fig. S28f in 0.5 M MnSO, + 50M-10S elec-
trolyte, and the platforms of the curves were distinct and
essentially remained unchanged, indicating an excellent cycling
stability. The digital image of battery cases after 1000 cycles in
0.5 M MnSO, + 50M-10S electrolyte is displayed in Fig. S29,f
which remained bright and flat after cycling. Fig. S301 presents
the digital images of coin cell components after being soaked in
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the 50M-10S electrolyte for 2 h. Notably, the color of 0.5 M
H,SO, solution changed from transparent to shallow green
while that of 50M-10S electrolyte remained unchanged. The
above results indicate that the addition of a small amount of
MMZ to sulfuric acid can reduce the corrosion of the electrolyte
on metallic components of button batteries, thus enhancing the
compatibility of proton batteries with conventional metal
package technology. The HATN-3CN//MnO, full cell had a high
energy density of 128.0 Wh kg™ " at a power density of 480 W
kg~ " and could light a light-emitting diode (LED) screen at 25 °C
(Fig. 6f). The HATN-3CN//MnO, pouch cell with high active
substance loading still had a high specific capacity of 208.4 mAh
g 'at1Ag " (based on the anode mass) (Fig. 6g). The CV and
GCD curves were similar to those of button cell batteries
(Fig. S311). The pouch cell could light a light-emitting diode
(LED) screen after curling and folding (Fig. 6h), indicating the
good application potential of 50M-10S electrolyte in aqueous
imidazolium-ion batteries. In brief, the cell with the near-
neutral pH imidazolyl electrolyte exhibits attractive electro-
chemical properties and promising applications.

Conclusion

In this work, we first reported an aqueous imidazolium-ion
battery with MMZ-H'/H" dual charge carriers. Due to the
insertion of MMZ-H", the utilization efficiency of the active site
of the HATN-3CN electrode was enhanced. The capacity has
been increased by 40% compared to pure H' transfer (287.6
mAh g~ ' in 50M-10S electrolyte vs. 206.8 mAh g~ ' in 0.5 M
H,S0, electrolyte, 0.1 A g™ "), which is comparable or superior to
that of classic aqueous metal ion batteries, such as Zn>*, Na*
and K batteries, not to mention the rate performance.**>*>! The
assembled MnO,//HATN-3CN full batteries with MMZ-based
neutral electrolyte show superior capacity and stability. These
results will shed light on the study of novel electrolyte with low
corrosion, a wide voltage window and high ionic conductivity
for aqueous batteries as well as open an avenue for the devel-
opment of sustainable batteries that do not rely on metal ions as
charge carriers. More interestingly, the insertion and extraction
of such large-size MMZ-H" cations in organic electrode mate-
rials may provide new opportunities for intercalation chemistry,
the preparation of organic 2D materials, and development of
new-type ion batteries.
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