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Abstract:

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,, named as
50M-10S electrolyte. Due to the strong binding energy between MMZ and H*, the
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MMZ-H* as an entire unit can insert into or extract from HATN-3(No/D55C02677F
(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 g!). 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 model.

Keywords: near-neutral electrolyte, high capacity, organic electrode, aqueous

imidazolium-ion battery, MMZ-H* (de)insertion.

Introduction

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 electronics and
electric vehicles, for their high energy density and satisfactory cycle life.3-> 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,” 3 the use of flammable
electrolytes in these batteries may pose safety risks especially in extreme environments
such as crash and needle puncture.® Hence, it is necessary to explore aqueous energy
storage devices with low cost and high security.

Various aqueous batteries have emerged as a reliable alternative with high-level

safety, outstanding rate performance, and low cost.!!> Among them, non-metal ion,
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proton (H") and ammonium (NH*") ions, are considered as promising energypstoraiges/Ds5sco2677¢
systems due to their sustainability.'® However, the electrochemical window of aqueous
electrolytes is limited by water decomposition potentials (1.23 V).!” Although
ammonium 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.'® 1° 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.?% 2! Similar to the WIS strategy, water-in-acid (WIA)
electrolytes with high ionic conductivity have recently been reported. The MoO3
electrode exhibited a high reversible capacity and excellent cycling stability ina 9.5 M
H3PO, electrolyte, fully demonstrating the promising potential of the WIA electrolyte
for proton energy storage. However, the corrosiveness of high-concentration H3PO, to
metal components and the human body should still not be ignored.?? Besides, a water-

free electrolyte of H;PO4,/MeCN was proposed to inhibit hydrogen evolution reaction,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

but poor compatibility between H3;PO4 and MeCN results in unstable electrochemical

properties of proton battery.>* The ionic liquids electrolytes had also been widely

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

researched because of their chemical stability and easy synthesis.?* 2> Nevertheless, the

(cc)

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 electrochemical stability window while maintaining their non-
flammability.?® However, due to relatively weak electron-donating ability, most organic
solvents showed a very limited influence on proton activity and hydrogen evolution
side reaction of aqueous-organic hybrid electrolyte. Unlike previously reported organic
additives, 1-methylimidazole (MMZ) is a potent organic alkali (pKa=6.95), which can

show a strong interaction with proton and thus well regulate proton activity of hybrid
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electrolytes to inhibit hydrogen evolution and electrode corrosion. However, theimtense/pssco2677¢

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, may
better arousing the capacity of the electrode.?® Therefore, it is important to investigate
such an aqueous imidazolium-ion battery, not only helping to understand the unique
charge storage mechanism in such a proton-pump-like electrolyte, but also promoting
the battery performance.

Herein, we configured an electrolyte by an acid-alkali coordinated regulation
strategy. The almost neutral electrolyte was prepared by adding a small amount of
alkaline MMZ to 0.5 M H,SO,, named as M-S electrolytes. Compared to 0.5 M H,SOy,,
the optimized M-S electrolyte, S0M-10S with the molar ratio of MMZ to H,SO, 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 near-neutral pH value provided
a 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™), (Figure 1), which, to the best of our
knowledge, is the largest inserted cations reported to date for energy storage (Figure S1
and Table S1). A series of characterizations had verified the co-insertion of MMZ-H*
and H" during electrochemical reactions. The capacity of 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,, another near-neutral electrolyte (Figure S2).
The full batteries were assembled by using the MnO, as the cathode, the HATN-3CN
as the anode and 0.5 M MnSQO4+50M-10S as the electrolyte. The high capacity (266.6
mA h 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.
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Figure 1. Scheme of simplified electrochemical process.

Results and Discussion

Electrolyte design and discussion

Different ratio of MMZ was 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 displayed in Table S2. The electrochemical impedance spectroscopy
(EIS) was used to investigate the ionic conductivity of the electrolytes (Figure S3).3% 3!
Observably, the ionic conductivity of the 50M-10S electrolyte (254.4 mS cm!) was the
highest among all the electrolytes, even better than that of the 0.5 M H,SO4 (219.6 mS
cm), maybe attributed to the increased types and quantities of cations as well as rich
N sites on the MMZ for proton hopping.3> Specifically, the introduction of
methylimidazolium, as a weak base, can promote the secondary ionization 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., HSO4, SO4%), and improves the ionic migration rate. However, excessive

additions of MMZ would increase the resistance of ionic transport due to the enlarged
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solvation structure and the increased solution viscosity, resulting in a decreasefifi: i0nigo/055C02677¢

conductivity (Table S3 and S4).33- 34 A series of the linear sweep voltammetry (LSV)
curves of the electrolytes with different MMZ contents were measured and suggested
that the electrochemical window of 0.5 M H,SO4 was significantly broadened after
adding MMZ (Figure S4), but the extension rate gradually slowed down with increasing
the MMZ content. Hence, taking both the ionic conductivity and electrochemical
stability window into consideration, we selected this electrolyte with the molar ratio of
MMZ to H,SO4 50:10 as the research focus in the following studies.

As shown in Figure 2a, the electrochemical stability window of 50M-10S
electrolyte could attain to 2.66 V (from -1.07 V to 1.59 V vs. Ag/AgCl), with an
extension of 0.71 V compared to 0.5 M H,SO,4 (mainly in the anodic regions). To
confirm the safety of aqueous-organic hybrid electrolyte, the combustion tests were
carried out and indicated that the SOM-10S electrolyte was non-inflammable (Figure
S5). Then the Fourier transform infrared (FTIR) spectra were performed to investigate
the solution structure of the S0M-10S electrolyte (Figure 2b). Pure H,O (gray line), H,O
spiked with MMZ (red line), and H,O spiked with H,SO, (blue line) served as controls
for the S0M-10S electrolyte (green line). The peaks at 1522 cm™ and 1108 cm™! were
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 SO4* 3. The
stretching and bending vibration of -CH3; in MMZ could be observed in 2600~3100 cm-
I'and 1300~1400 cm'.3> The presence of these characteristic peaks indicated that each
of raw materials was stabilized in the S50M-10S electrolyte. The Raman spectra
similarly confirmed the presence of these characteristic peaks (Figure S6). The typical
peaks at 3200~3700 cm™!' and 1550~1750 cm™! represented the stretching vibration of
HO-H and bending vibration of ~OH.3¢ The peak intensity of H,O of 50M-10S
electrolyte was the weakest, indicating that free water activity was limited by the
interaction among components. The 'H nuclear magnetic resonance ('H-NMR) spectra
of electrolytes also proved the same result (Figure 2¢, d). The 'H chemical shift in 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
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demonstrated that pyridinic N of MMZ captured H* from H,SO,. The electron-deficiento/psscoz677¢
characteristic of proton weakened the original electron cloud density of the imidazole

ring in MMZ, which ensured an increase in the '"H chemical shift of the MMZ in 50M-

108 electrolyte.

Molecular dynamics (MD) simulations were performed to analyze the solvation
structure of the SOM-10S electrolyte. As showed in Figure 2e, the snapshot of the SOM-
10S electrolyte consisted of 40 H,SO,4, 200 MMZ and 4320 H,0O molecules. To gain
deeper insights into the solvation characteristics, the radial distribution functions (RDFs)
were adopted, with the detailed results presented in Figure 2f. The H-N (MMZ), H-O
(SO4*) and H-O (H,0) were well identified in the first solvation layer. Significantly,
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 organic alkali MMZ
possessed powerful proton-binding capacity. By integrating the RDFs, the H*
coordination numbers of the S0M-10S electrolyte were gained in Figure 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 SO4*,

respectively. It indicated that even the modest addition of MMZ was sufficient to

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

change the H" solvation sheath, thereby reducing the solvation interaction between

water and H" (Figure 2h).3” Quantum chemistry calculations were performed to reap

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

the binding energy of several probable solvation structures of SOM-10S electrolyte.

(cc)

Among these configurations, the H"(2H,O-1MMZ-1SO,*) exhibits an interaction
energy of —236.37 kJ/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 (Figure S7 a). Especially, 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 (Figure S7 b).
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Figure 2. (a) Electrochemical stability window of 50M-10S electrolyte and 0.5 M
H,SO,4 measured by LSV. The FTIR spectra (b) and 'H NMR spectra (¢, d) of 50M-
10S electrolyte and control groups. (e) Snapshot of MD simulation box of 50M-10S
electrolyte. (f) The radial distribution function (RDFs) of the 50M-10S electrolyte for
the 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.

Electrochemical performances

The hexaazatrinaphthalene-2, 8, 14-tricarbonitrile (HATN-3CN) was used as a
model electrode material to testify the charge storage mechanism in such electrolytes.
The 'H-NMR and High-Resolution Mass Spectrometry (HRMS) of the HATN-3CN
were displayed in Figure S8 and Figure S9, respectively. The powder X-ray diffraction
(PXRD) tests indicate that HATN-3CN had good crystalline properties (Figure S10).
The fiber-rod structure of HATN-3CN could be observed in scanning electron
microscope (SEM) and transmission electron microscope (TEM) images (Figure S11).
The electrochemical performance of HATN-3CN in Swagelok cell was investigated
through taking HATN-3CN, activated carbon (AC), and Ag/AgCl as working, counter
and reference electrodes, respectively. The Nyquist plots of HATN-3CN electrode
showed that the semicircular diameters in those electrolytes were even less than that in
pure 0.5 M H,SO,4 when the molar ratio of MMZ to H,SO,4 was less than 62.5:10 (Figure

3a, b). It was well illustrated that the addition of a minor amount of MMZ could reduce
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the charge transfer resistance between electrolyte and electrode. Howewer, othes/psscoz677r
semicircular diameter increased upon a significant addition of MMZ. This is because
the addition of excess MMZ causes an increased viscosity of the electrolyte, and affects
the ion transport®®. Figure 3¢ and Figure S12 showed the rate performance of HATN-
3CN electrode in the electrolytes with different additions of MMZ under the 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,4 (206.8
mAh g1, 0.1 A g). According to the principle of solubility similarity, 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;O" ions approach the surface of the material, due to their poor
affinity, some ions may experience ineffective collisions, resulting in a decrease in the
overall delivery efficiency.’® The galvanostatic charge-discharge (GCD) curves of
HATN-3CN electrode in a series of M-S electrolytes were shown in Figure S13. The
rate specific capacities of HATN-3CN electrode were found to increase firstly and then
decrease with increasing the MMZ content, with the best result in SOM-10S electrolyte.
The cycling performances of HATN-3CN in 0.5 M H,SO,4 and 50M-10S electrolyte

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

were showed in Figure 3d. The capacity slowly decreased to 263.9 mAh g! with the
98.8% capacity retention in 50M-10S electrolyte (1 A g, 1000 cycles), which was

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

superior to that in 0.5 M H,SO, electrolyte (94.0% capacity retention, 1 A g-!, 1000

(cc)

cycles). The GCD curves in the 1%, 10%, 100, 500t and 1000t cycle were exhibited in
Figure S14 a and the cycle voltammetry (CV) curve after 1000 cycles was shown in
Figure S14 b. Almost constant peak shapes indicated good electrochemical 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 (Figure S15). 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 HATN-3CN electrode were
showed in Figure 3e and Figure S16 in several different M-S electrolytes. With growing

MMZ molar ratios, the area of the pair of redox peaks on the right side (corresponding
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to a higher potential) increased significantly and the potential disparity betweenthe twee/D5sco2677

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 configured 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 g') was obtained,
indicating that large-sized dimethylimidazolium (DMMZ) ions could be inserted into
the HATN-3CN electrode but with obvious polarization (Figure S17 a, b and c). In
addition, a 1-methyl-1,2,4-triazole (MTZ)-H,SO, electrolyte (pH=6.52) with a similar
pH value to the SOM-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 insert into or extract from electrodes in the MTZ-acid
electrolytes.!”-40 Under the same test conditions, the profile of CV curve for the HATN-
3CN electrode in MTZ-H,SO, electrolyte was similar to that in 0.5 M H,SO,, indicating
hydrogen ions are the dominant insertion ions in such an electrolyte (Figure S17d). The
two sets of experiments prove that large-sized DMMZ ions and small-sized hydrogen

ions can both inserted into HATN-3CN electrode but have markedly different reaction

dynamics.
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Figure 3. (a, b) Nyquist plots, (c) Rate performance (d) long-term cycling stability, (e)

CV curves of HATN-3CN electrode in a series of electrolytes.
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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 were shown in Figure 4a and different voltage points were
selected for ex situ measurements. As shown in Figure 4b, in the ex-situ FT-IR spectra,
the intensity of the -C=N- peak (1565 cm!) weakened during the charge process
whereas it was recovered during the opposite process.*! However, no visible change
was observed for the peaks of the .C=N group. This consequence illustrated that -C=N-
groups act as the active centers during the redox process rather than —C=N groups. The
similar result was observed in in-situ Raman spectra (Figure 4c). The peaks located at
1460 cm! were attributed to the absorption of -C-N- group.*? The change trend of
peak intensity of the -C-N- group was the opposite of -C=N- during the charging and
discharging process, which meant a good reversable 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 HATN-3CN electrode in different

voltage states. As shown in Figure 4d, the -C=N-C- peak was dominant at the pristine

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

state. Upon full discharge, the obvious enhancement of -C-N- peak (including -C-N-H
peak and -C-N-MMZ-H" peak) and the decrease of -C=N-C- peak indicated that

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

HATN-3CN electrode was reduced during the discharge process. With the insertion of

(cc)

MMZ-H" cations, an emerging -C-N-MMZ-H" peak appeared between -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 -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 involvement 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 charge storage mechanism of HATN-3CN electrode during

charge and discharge, the ex-situ "TH-NMR spectra were conducted. The H chemical
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shift values of pure HATN-3CN power and MMZ were first examined for references/pssco2677

As shown in Figure 4e, the 'H chemical shifts of pure HATN-3CN powder in 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 'H-NMR spectrum of 1-
methylimidazolium ion (Figure 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, (Figure S18). The 'H resonance signal of the 1-methylimidazolium
ion exhibited a progressive downfield shift with 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,4 content did not significantly change the
chemical shift of 1-methylimidazole, confirming full protonation of the imidazole
moiety. The invariant 6 value was therefore designated as the 'H chemical shifts of the
MMZ-H" ions. The evolution of 'H-NMR spectra of HATN-3CN electrodes in 50M-
10S electrolyte was shown in Figure 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 that 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 HATN-3CN electrode showed the same integrated
area. In view of high practical specific capacity of HATN-3CN electrode (287.6 mAh
g1 vs theoretical specific capacity of 350 mAh g), 82.2% of the active sites has been
utilized, and thus it was thought that in 50M-10S electrolyte, 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 rising of the potential, the peak
intensities of 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.*3 The ex situ 'H-NMR spectra of HATN-3CN
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electrodes in the 0.5 M H,SO, were showed in Figure S19 as control. In the: fullye/psscoze77¢
discharged state, only peak of H" was observed and it disappeared with charging,
suggesting that the HATN-3CN electrodes underwent mainly reversible insertion and

extraction of H* in the 0.5 M H,SO,.

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.
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Figure 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 imidazolium ion (MMZ/H,S0,4=1:2) (f). (g) Ex situ '"H-NMR
spectra. Note: the solvents used for the 'H-NMR spectra were DMSO-dg in ¢, fand g.

Theoretical calculations based on DFT were used to further comprehend the charge

storage process of the HATN-3CN electrode in the 5S0M-10S and 0.5 M H,SO,
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electrolytes. Due to cyan groups substitution-derived molecular asymmetry;othe1§o/p55C02677¢

active sites of HATN-3CN could be categorized into two groups, named as a and b
(Figure S20). The b site 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 (Figure S21). 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 positions cannot be well
optimized, Figure S22. Therefore, only small-sized H* was allowed to insert into
HATN-3CN electrode after three b sites was occupied by MMZ-H". Since the molar
content of MMZ is much higher than H* of 0.5 M H,SO,4 in 50M-10S electrolyte, the
vast majority of H* is trapped by MMZ. Thus, the direct insertion of free H in the S0M-
10S electrolyte are 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 galvanostatic intermittent titration
technique (GITT) and EIS. The GITT profiles of HATN-3CN electrode in SO0M-10S
electrolyte and 0.5 M H,SO, were shown in Figure S23 a. The ion diffusion coefficients
of HATN-3CN electrode in 50M-10S electrolyte was high enough (10-19-10)
compared with other reported aqueous electrolytes with various mass transfer ions,
although it was an order of magnitude lower than that in 0.5 M H,SO,4 (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 characterizations, it could
be seen that both MMZ-H" and H" were inserted into the HATN-3CN electrode in the
50M-10S electrolyte. If the H" is the free H" (or hydronium ion) from 50M-10S
electrolyte, the ion diffusion coefficients of region 4 corresponding to the (de)insertion
of H" will be higher than region 3 corresponding to extraction of MMZ-H?, yet the truth
was just the opposite (Figure S23 b). Furthermore, EIS of HATN-3CN at different

charge-discharge stages were shown in Figure S24, where region 1 and 4 corresponded


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02677f

Page 15 of 53 Chemical Science

View Article Online

to the (de)bonding of H* and the diffusion of MMZ-H" in HATN-3CN electrodel@and/pssco2677¢
region 2 and 3 corresponded to insertion/extraction of MMZ-H". 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 ion) in SOM-10S electrolyte.

DFT calculation was employed to gain the Gibbs free energy change of ion insertion
processes in two paths (Figure 5a). Path 1 calculated the energy change of free H*
binding to simulate the electrochemical reduction of HATN-3CN electrode in 0.5 M
H,S0O, electrolyte. Similarly, path 2 modeled the energy change of HATN-3CN during
the electrochemical reaction in S0M-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 it was more likely to realize
a six-electron reaction through path 2.46 The molecular electrostatic potential (MESP)
was adopted to identify the electrophilic and nucleophilic reaction-active sites (Figure
S25).47 As shown in Figure 5b, N-atoms of initial HATN-3CN with negative MESP

values (the blue region) exhibited higher electronegativity, and were attractive for

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

electrophilic cations (MMZ-H* or H"). However, during the ensuing electrochemical

reaction, the MESP results in the two reaction paths are not identical. In Figure 5c, due

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

to the electron-deficient nature of the H*, when the insertion of one H into the N sites

(cc)

of HATN-3CN, the nucleophilicity of the neighboring N sites decreased, resulting in a
lower reactivity of the unreacted N sites. However, in Figure 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 Figure 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.
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Figure 5. (a) The Gibbs free energy change at each coordination stage with different
ions. Calculation of MESP distribution of (b) HATN-3CN, (¢) HATN-3CN-3H" and
(d) HATN-3CN-3MMZ-H".

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 full
cell remains to be explored. MnO,, which is cost-effective and easy to synthesize, is
selected as the cathode. The -MnO, was synthesized by electrodeposition and
evaluated by XRD pattern (Figure S26 a). The SEM images and the energy dispersive
spectrometry (EDS) elemental mapping were shown in Figure S26 b. 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 (Figure S27 a). It indicates that in our proposed
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near-neutral electrolyte MnO, can show good electrochemical activity. XPS wag wsedo/pssco2677F
to analyze valence characters of MnO, electrode during the charging and discharge
process (Figure S27 b). The 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 MnQ, electrode were shown in Figure S27 c. The redox
potential of MnQO, electrode in the 0.5 M MnSO4+50M-10S electrolyte was lower than
that in H,SO, electrolyte, which was similar to that in Mn(Ac), electrolyte.*’
Specifically, the reduced electrode potential of MnO,/Mn?* was related to low H*
concentration and the reduced Gibbs free energy change. Because the Gibbs free energy
of MMZ-H" was lower than that of free H" in H,SO,, less energy was required to
accomplish the reaction (Equation 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 the near-neutral
electrolyte, H* and OH- were avoided to appear in the electrochemical equations.
Schematic illustration of full battery was shown in Figure 6a, during charging, Mn?*

was oxidized into MnO, accompanied by the formation of MMZ-H* (Equation 1).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Simultaneously, in the anode, MMZ-H" in the electrolyte were inserted to HATN-3CN

(Equation 2). Then H* formed by MMZ-H* desolvation were inserted into the electrode

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

(Equation 3). The process was reversed during discharging process.

(cc)

3Mn?* + 12MMZ + 6H,0 &3Mn0, + 12MMZ-H* + 6e~ 1
HATN-3CN + 3MMZ-H* + 3¢~ <HATN-3CN-3H-MMZ 2
HATN-3CN-3H-MMZ + 3MMZ-H* + 3e~«<3H-HATN-3CN-3H-MMZ + 3MMZ 3

The CV curves of the HATN-3CN//MnOQO, full cell was tested in a potential window
of 0-1.2 V, and the obvious reduction and oxidation peaks manifested that the predicted
redox reactions have occurred (Figure 6b). The rate performance of HATN-
3CN//MnO, was systematically evaluated at various current densities (Figure 6¢). The
full battery had a high specific capacity of 266.2 mA h g'at 1 A g! (based on the

anode mass). Even at a high current density of 10 A g!, the capacity still remained at
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185.8 mA h g'!. When the current density returned to 1 A g!, the specific eapaeitye/pssco2677F
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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//MnQO, full cell at various current densities were shown in
Figure 6d, and the results are consistent with those of the CV profiles. Figure 6e showed
the long cycle performance of HATN-3CN//MnO, full cell in 0.5 M MnSO4+50M-10S
electrolyte. The capacity of the full cell decayed very slowly in 0.5 M MnSO, + 50M-
108 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 MnSO4+50M-10S electrolyte. That
electrochemical performance is excellent compared to most reported aqueous ion
batteries (Table S5). The charge-discharge curves during the 15, 10, 100%™, 500t, and
1000™ cycles of the full cell were shown in Figure S28 in 0.5 M MnSO4+50M-10S
electrolyte, and the platform of 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 was displayed in Figure S29,
which remained bright and flat after cycling. Figure S30 presented the digital images
of coin cell components after being soaked in the S0M-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 the 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 high energy density of 128.0 Wh kg! at the power density of
480 W kg! and could light light-emitting diode (LED) screen at 25 °C (Figure 6f). The
HATN-3CN//MnO, pouch cell with high active substance loading still had a high
specific capacity of 208.4 mA h g'at 1 A g! (based on the anode mass) (Figure 6g).
The CV and GCD curves were similar to button cell batteries (Figure S31). The pouch
cell could light light-emitting diode (LED) screen after curling and folding (Figure 6h),

indicating the good application potential of 50M-10S electrolyte in aqueous
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imidazolium-ion battery. In brief, the cell with the near-neutral pH imidazelyde/psscozer7r

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

(cc)

electrolyte exhibits attractive electrochemical properties and promising applications.
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Figure 6. Electrochemical performance of HATN-3CN//MnQO, full battery. (a)
Schematic illustration of full battery. (b) CV curves at different scan rates from 0.2 to
1 mV/s, (c) Rate performance, (d) Charge-discharge curves, (¢) Cycling performance
at 1 A g'! and (f) Optical image of an LED screen powered by button-type battery. (g)
Cycling performance at 1 A g and (h) Optical image of an LED screen powered of

pouch cell.

Conclusion

In this work, we first reported the 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 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,SOy electrolyte, 0.1 A g'), which is comparable or
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superior to classic aqueous metal ion batteries, such as Zn?>", Na™ and K* battepies,onete/ps5sco2677¢

to mention the rate performance.*® 3% 5! 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, wide
voltage window and high ionic conductivity for aqueous batteries as well as opening an
avenue for the development 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 materials may bring new opportunities for
intercalation chemistry, the preparation of organic 2D materials, and development of

new-type ion batteries.
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1. Materials and Methods

1.1 Materials

Triquinoyl hydrate (99%) was purchased from Bidepharm. 3,4-Diaminobenzonitrile
(97%), 1,3-Dimethylimidazolium chloride (98%) and 1-methylimidazole (99%) were
obtained from Macklin. Manganese sulphate (98%) and 1-methyl-1,2.4-triazole (98%)
were purchased by Aladdin. Sulfuric acid (98%) was purchased from TCI Chemicals.
Glass fiber separator (GF/A, 4.7 cm) was obtained from Whatman. Ketjen black,
activated carbon and polyvinylidene difluoride (PVDF) were purchased from Canrd
Technology Co. Ltd. All the solvents were purchased from Aladdin and used as
received without further purification.

1.2 General methods

1H nuclear magnetic resonance (NMR) spectra were tested on a Bruker AVANCE
IIIHD500 (Bruker, Germany). Powder X-ray diffraction (PXRD) were recorded on a
Xpert3 Powder (PANalytical, Holland) with Cu Ka radiation (A = 1.5418A). High
resolution mass spectra (HRMS) were recorded with a LCMS-IT-TOF (Shimadzu,

Japan). Fourier transform infrared (FT-IR) spectra were performed on a Bruker

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

VERTEX80v (Bruker, Germany). Raman spectra were collected at Horiba LabRAM
HR Evolution (HORIBA Scientific, Japan) with a laser wavelength of 532 nm. The

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

scanning electron microscopy (SEM) characterizations were performed on a ZEISS

(cc)

Sigma 300 (ZEISS, Germany). Transmission electron microscope (TEM)
measurements were conducted using a JEM-F200 (JEOL, Japan). X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Fisher Scientific ESCALAB
Xi (Thermo, USA), The viscosities were performed on a Rheometer MCR 302 (Anton
Paar, Austria).

1.3 Molecular dynamics (MD) simulations

Quantum chemistry calculations were first performed to optimize molecular
geometries of MMZ solvent molecule using the Gaussian 16 packagel!l at B3LYP/6-
311+G(d) level of theory. The atomic partial charges on these solvent molecules were
computed by fitting to the molecular electrostatic potential at atomic centers with the

Mpller-Plesset second-order perturbation method and the correlation-consistent
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polarized valence cc-pVTZ(-f) basis set. The atomistic force field parameters for all
ions and molecules are described by the AMBER format and are taken from previous
work.[?l The cross-interaction parameters between different atom types are obtained
from the Lorentz-Berthelot combination rule.

A modelling system consisting of 40 H,SO, ion pairs, 200 MMZ, and 4320 water
molecules was constructed. The SPC/E water model was adopted in the current work.
Atomistic simulations of this modelling system were performed using GROMACS
package with cubic periodic boundary conditions.3! The equations for the motion of all
atoms were integrated using a classic Verlet leapfrog integration algorithm with a time
step of 1.0 fs. A cutoff radius of 1.5 nm was set for short-range van der Waals
interactions and real-space electrostatic interactions. The particle-mesh Ewald (PME)
summation method with an interpolation order of 5 and a Fourier grid spacing of 0.12
nm was employed to handle long range electrostatic interactions in reciprocal space.
All simulation systems were first energetically minimized using a steepest descent
algorithm, and thereafter annealed gradually from 600 K to 300 K within 5 ns. All
annealed simulation systems were equilibrated in an isothermal-isobaric (NPT)
ensemble for 10 ns of physical time maintained using a Nosé-Hoover thermostat and a
Parrinello-Rahman barostat with time coupling constants of 0.5 and 0.3 ps, respectively,
to control the temperature at 300 K, and the pressure at 1 atm. Atomistic simulations
were further performed in a canonical ensemble (NVT) for 40 ns, and simulation
trajectories were recorded at an interval of 100 fs for further structural and dynamical
analysis, and to extract representative solvation structures.

1.4 Density functional theory (DFT) calculations

Density functional theory (DFT) calculations were carried out using Vienna Ab-
initio Simulation Package (VASP).[l The whole system contains a complete graphical
interface for setting up, running and analyzing VASP calculations. The projected
augmented wave (PAW) potential was employed to describe the core electrons, and the
calculations were performed within the framework of the generalized gradient
approximation (GGA), specifically using the Perdew-Burke-Ernzerh (PBE) functional

to calculate the exchange-correlation energy. °! The plane wave basis set was extended
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with a cut-off energy of 450 eV. A 1x1x1 Monkhorst Pack k-point grid was utilized for

structure optimizations and electronic structure calculations. The conjugate gradient

method was employed to fully optimize the positions of the system until all forces on

each atom were reduced to less than 0.02 eV/A. The energy convergence of the whole

self-consistent process was determined based on 107 eV. The gaussian smearing

broadening was set to 0.05 eV. 6! The Electrostatic potential (ESP) and molecular

structure were visualized using the VESTA.[" The structure of the MMZ, MMZ-H" and

diagram of two MMZ-H" insertions was optimized with gaussian 16.11 Geometric

optimizations were performed at B3LYP/6-31G(d,p) theoretical level®! with All with

Grimme’s dispersion correction of D3 version (Becke-Johnson damping).® The size of

the structure was calculated with Multiwfn.[19]

Table S1. The comparison between H;O", Li", Na*, K*, NH4", and Zn’"ions.l'!]

Characteristics | H;O™ Li* Na* K~ NH,* Zn?*
Cationtadius | 1 A 076 A | 1.02A 1.38 A 1.48 A 0.74 A
Hydrated radius | N/A 382A |358A 3.31A 3.31A 43 A
g ™
/ Y < MMZ
¢
\s ,l
l’ \‘
’
MMZ-H*

Figure S1. The ionic size of MMZ and MMZ-H".
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1.5 Calculation details
The theoretical specific capacity of HATN-3CN can be calculated according to the

equation as follow.

_ nF
Q= 3.6 M M

Where n is theoretical electron-transfer numbers of HATN-3CN, F is the Faraday

constant, and M is the equivalent molecular weight of HATN-3CN (459.42 g mol!).
Therefore, using Equation 1, the theoretical capacity of HATN-3CN is 350 mAh g

The ionic conductivity a series of electrolytes is calculated following the equations.

L
0=35 (2)

Where o refers to the ionic conductivity, L presents the thicknesses of the electrolyte,
S is the area of the electrodes, R obtained from the Nyquist plot is the internal resistance
of the electrolyte. Calculated values are summarised in Table S3.

Table S3. The ionic conductivity of a series of electrolytes at 25 "C.

Solution Conductivity Solution Conductivity
(mS cm!) (mS cm!)
0.5M H,S0,4 219.6 62.5M-10S 106.8
12.5M-10S 193.2 125M-10S 40.6
25M-10S 202.8 250M-10S 37.8
50M-10S 254.4 MMZ in H,O 4.3

1.6 Preparations of electrode materials

The HATN-3CN electrodes were prepared by mixing organic molecule with carbon
black (Ketjen Black) and binder (PVDF) in a mass ratio of 60:30:10 in N-
Methylpyrrolidone (NMP) solvent, and coating the slurry onto 12 mm diameter
hydrophilic carbon paper and drying at 65 °C under vacuum. The small organic
molecule mass load was around 1.5 mg cm2. The activated carbon (AC) membrane was
prepared using the same way with a mass ratio of 80:10:10. When preparing the HATN-

3CN electrodes for in situ and ex situ testing, the organic molecule, the Ketjen Black
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and PVDF were blended in a mass ratio of 80:10:10 in NMP solvent. After coating the
slurry onto 12 mm diameter hydrophilic carbon paper and drying at 65 °C under vacuum.
After charging and discharging to the corresponding potential, the HATN-3CN
electrodes were rinsed with water and ethanol repeatedly, followed by vacuum drying
for ex-situ characterization. It should be noted that ex situ "TH-NMR spectra were tested

by dissolving the HATN-3CN electrodes in methyl sulfoxide-d6 (DMSO-d;) reagent.

1.7 Electrochemical measurements

The half cells were assembled using Swagelok at three-electrode system using a
HATN-3CN work electrode, activated carbon counter electrode and KCl-saturated
Ag/AgCl ref. electrode, respectively. The full cells were tested at coin cells using
HATN-3CN anode and MnO, cathode with the voltage range of 0-1.2 V. The pouch
cell was designed and fabricated with HATN-3CN, MnQ,, glass microfiber and 0.5 M
MnSO4+50M-10S as anode, cathode, separator and electrolyte. Carbon cloth was
working as current collector (3 x 3 ¢cm) and tab at the same time. The loading mass of

HATN-3CN is 16.2 mg. The linear sweep voltammetry (LSV), cyclic voltammetry (CV)

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and electrochemical impedance spectroscopy (EIS) measurements were performed on

a CHI760e workstation. The EIS was tested with an AC amplitude of SmV over a

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

frequency ranging from 100 kHz to 0.1 Hz. The galvanostatic charge-discharge (GCD)

(cc)

tests were conducted on LAND-CT2001A battery testing instrument. The
Galvanostatic Intermittent Titration Technique (GITT) measurements were carried out

with a pulse of 2 min and a rest interval 5 min in a current density of 0.1 A g!.

2. Synthetic Procedures
2.1 Synthesis of Diquinoxalino[2,3-a:2°,3’,-c|]phenazine-2,8,14-tricarbonitrile
(HATN-3CN)
The HATN-3CN was synthesized by reference to the previously reported work.!!?]
'"H NMR (400 MHz, DMSO-dy): 6 9.21, 9.18, 8.77, 8.71, 8.69, 8.73, 8.42, 8.41. HR-
MS: m/z calculated for C27HIN9: 460.1; [M + H]" found: 460.10.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02677f

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

(cc)

Chemical Science Page 34 of 53
View Article Online
DOI: 10.1039/D5SC02677F

2.2 Preparation of 0.5 M H,SO4,-MMZ. electrolytes
Aqueous electrolytes were obtained by mixing MMZ solution in 0.5 M H,SO, with

stirring at room temperature. Electrolytes with different MMZ contents were shown in

the table S2.

Table S2. The composition of a series of 0.5 M H,SO4,-MMZ electrolytes.

MMZ 0.5M H,SO, mole ratio
name pH
mL mL (MMZ: H,SO,)
0.5M H,S0,4 0 2 0.19 0:100
12.5M-10S 0.1 2 0.24 12.5:10
25M-10S 0.2 2 2.13 25:10
37.5M-10S 0.3 2 6.94 37.5:10
50M-10S 0.4 2 7.46 50:10
62.5M-10S 0.5 2 7.79 62.5:10
125M-10S 1 2 7.87 125:10
250M-10S 2 2 8.13 250:10
MMZ in H,O 0.4 2 (H,0) 10.81 50:0

Table S4. The viscosity of a series of electrolytes at 25°C.

Solution MMZ | 12.5M- | 25M- | 37.5M- | 50M- | 62.5M- | 125M- | 250M-

in H,O 10S 10S 10S 10S 10S 10S 10S

Viscosity/mPa*s | 1.288 1.916 2.08 2172 | 2491 2.784 3.143 3.964



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02677f

Page 35 of 53

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:57:01 PM.

(cc)

Chemical Science

View Article Online
DOI: 10.1039/D5SC02677F

Current (mA/cm?)
o
=

S

5 |

—— 1M (NH,),S0, (b) !

Current (mA)

o
[

—— 1 M (NH,),S0,

0.2

Potential (V vs Ag/AgCl)
&

1
Voltage (V vs. Ag/AgCl)

-10 0 10 20 30 40 50 60 70
Capacity (mAh/g)

0.2 0.0 0.2 04
Voltage (V vs. Ag/AgCl)

Figure S2. (a) The LSV curve and (b) CV curves (c) charge-discharge curve of

HATN-3CN electrode in 1 M (NHy4),SOy.
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Figure S5. Combustion process of 0.5 M H,SO,4 and S0M-10S electrolytes in 0-20

seconds.
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Figure S6. Raman spectra of contents in SOM-10S electrolyte.
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Figure S9. HR-MS mass spectroscopy of HATN-3CN.
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Figure S11. SEM images(a) and TEM images (b) of HATN-3CN power.
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Figure S15. SEM images of HATN-3CN electrode in (a) initial state and (b) after
1000 cycles.
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Note: MTZ-H,SO, electrolyte was obtained by mixing 1 mL of MTZ with 1 mL of H,O

and 0.2 mL of 0.5 M H,SO.,.
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Figure S18. (a) 'H-NMR spectra of different molar ratios of MMZ/H,SO,. The
solvents used for the 'TH-NMR spectra were DMSO-d.
Note: MMZ/H,SO, solutions were configured similarly to the M-S electrolyte. Taking
the IM-10S solution as an example, the solution was obtained by mixing 8 pL. of MMZ
with 2 mL of 0.5 M H,SO,, and the mol ratio of MMZ to H,SO4was 1:10. The chemical
shifts of the imidazolium ion’s four hydrogens (m, n, o, p likely the one labeled in figure

41) are shown from left to right in the figure S18.
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Figure S21. The energy calculation for different insertion methods.
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Figure S22. Structural optimization diagram of two MMZ-H" insertions.
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Figure S23. (a) GITT profiles of HATN-3CN electrode and (b) ion diffusion coefficients in

50M-10S electrolyte and 0.5 M H,SOy,.
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Figure S24. The EIS test of HATN-3CN electrode in SOM-10S electrolyte.
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Figure S26. Physical characterizations of MnQO,. (a) XRD pattern. (b) SEM images

and EDS elemental mapping images for MnO, in carbon fiber.
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Figure S27. (a) The charge-discharge curves and (b) XPS change during the charging

and discharge process and (¢) CV curves of MnO, electrode.
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Figure S28. The GCD curves of HATN-3CN of 1%, 10%, 100, 500® and 1000™ cycle

of full cell after 1000 cycles in 0.5 M MnSQy4 + 50M-10S electrolyte.
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After cycling . o

Figure S29. The digital image of battery cases after cycling in 0.5 M MnSQO,4 +50M-

108 electrolyte (top) and unused (bottom).

After2h

Figure S30. The digital image of components of 2032 coin cell soaked in different

circumstances.
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Figure S31. CV (a) and GCD curves (b) of HATN-3CN//MnO, pouch cell.

Note: The pouch cell was designed and fabricated with HATN-3CN, MnO,, glass
microfiber and 0.5M MnSO4+50M-10S as anode, cathode, separator and electrolyte.
Carbon cloth was working as current collector (3 x 3 cm) and tab at the same time. The

loading mass of HATN-3CN is 16.2 mg.
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Table S5. Comparison of recently reported proton battery electrolytes with full cell

g configuration.
.g Cycling stability
3 .
§ (specific
§ capacity/based on;
R Electrodes Electrolytes Ions type Reference
.3 current density;
-
§ é cycles; capacity
n s
o = .
g 5 retention)
a5
B E 0.5 M MnSO,
5 i MMZ-H" | 266.6mAh g~!/anode,
% 5 HATN-3CN//MnQO, in 50M-10S This work
S E &H* | 1Ag',1000,97 %
z 0 electrolyte
o2
g 8 2.0 M H,80, 203.4 mAh g /-,
S8 PTO//MnO, H* Ref.[13]
R +2.0 M MnSO, 3A g1, 400,88 %
85
58 2.0 M H,SO, 150 mAh g~'/anode,
g g PTO//MnO,@GF H;0* Ref.[14]
E @ +2.0 M MnSO, 2.5C, 5000, 80 %
Q
[}
gg 1.0 M H,S04 ~200 mAh g '/anode,
g £ MoO3@TiO,//MnO, H* Ref.[13]
8 = +1.0 M MnSOq4 10 A g1, 500, 80 %
8
< ALO // MnO2@CF 2 M H,BF, 145 mAh g'/anode,
g— H* Ref.l1]
+2M MnBF, 5A¢g!,300,80 %
g .
H;PO4 in 42 mAh g'!/cathode,
AC//VPO4F H* Ref.[17]
MeCN 0.2 A g, 300, 72%
1.0M 35 mAh g!/total mass,
PTCDI//Ni-APW NH,* Ref.l"]
(NH,),SO, 0.12 A g,1000, 67%
22 M KCF;S05 ~70 mAh g~'/cathode,
PTCDI/KVO K* Ref.l8]
WiSE 10 C, 20000, 77.3%
~125mAh g'/cathode,
Zn//PTD-1 2MZnSO, | H*&SO2* Ref.[19]
1 A gl, 4000, 82.5%
Zn//6CN- 2M 200 mAh g'!/cathode,
Zn**&H' Ref.[20]
HAT@MXene Zn(CF3S0;), 5A g, 5000, 90%
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180 mAh g'/-,
PAQS//Ni(OH). I0OMKOH | K'&H* Ref.21]
0.2 A gl 1350, 88%
119.6 mAh g''/ anode,
HPP-COF// CoNi-LDH 1 M NaOH Na* Ref.[?2]

30 A g1,10000, 70.6%
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