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26 Abstract The simultaneous intercalation of protons and Zn?* ions in aqueous electrolytes
28 presents a significant obstacle to the widespread adoption of aqueous zinc ion batteries
30 (AZIBs) for large-scale use, a challenge that has yet to be overcome. To address this, we
32 have developed a MnOz/tetramethylammonium (TMA) superstructure with an enlarged
34 interlayer spacing, designed specifically to control H*/Zn?* co-intercalation in AZIBs.
Within this superstructure, the pre-intercalated TMA™ ions work as spacers to stabilize the
37 layered structure of MnO> cathodes and expand the interlayer spacing substantially by 28%
39 to 0.92 nm. Evidence from in operando pH measurements, in operando synchrotron X-ray
41 diffraction, and X-ray absorption spectroscopy shows that the enlarged interlayer spacing
43 facilitates the diffusion and intercalation of Zn?* ions (which have a large ionic radius) into
45 the MnO; cathodes. This spacing also helps suppress the competing H* intercalation and
the formation of detrimental Zn4(OH)sSO4-5H20, thereby enhancing the structural stability
48 of MnO.. As a result, enhanced Zn?* storage properties, including excellent capacity and

50 long cycle stability, are achieved.
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Introduction

Recently, aqueous zinc ion batteries (AZIBs) with mildly acidic electrolytes are gaining
considerable attention for large-scale energy storage due to the high theoretical capacity of
the zinc metal anode, as well as their environmental friendliness, easy fabrication, and low
cost.1"* Meanwhile, manganese oxide (MnO) materials are particularly desirable for use
as cathodes for AZIBs due to their high working voltage, high specific capacity, abundance,
affordability, easy processing, and eco-friendliness.* Despite this, recent studies have
demonstrated that a significant amount of H*/Zn?* co-insertion occurs when MnO2
cathodes are cycled using inexpensive ZnSOq electrolytes, which are the electrolytes of
choice for large-scale energy storage applications.>® The intercalation of H* in mildly
acidic aqueous ZnSOg electrolytes (i.e. 2 M ZnSQOa, pH =~ 4) induces the formation of
Zn4(OH)eS0O4-xH20 (ZHS). This process leads to the formation of an insulating layer on
the electrode surface, which then detaches from the electrode during cycling, leading to
active material loss and eventual cell failure.}*® Moreover, because the concentration of
H* is much lower than that of Zn?" in the mildly acidic aqueous electrolytes, the
intercalation of H* promotes disassociation of water in electrolytes’?° and induces the
collapse of the MnO> host lattice during repeated cycling.?* Therefore, controlling the
H*/Zn?* co-intercalation in aqueous media is vital for developing high-performance
cathode materials in AZIBs.

Limited approaches have been reported to mitigate the detrimental H* intercalation and
enhance Zn?* intercalation in aqueous electrolytes.?? Important advances in this direction
include regulating water activity’®, tuning the zinc ion solvation structure!4, and
subfreezing the batteries?, etc. The interlayer spacing of MnO is expected to be a critical
factor in the competition between Zn?* and H* intercalation at the interface of MnO, due
to their distinct differences in ionic radius. Compared to H*, the ionic radius and atomic
weight of Zn?* are larger, resulting in slower kinetics for Zn?* intercalation.?%% To
effectively address the issue of low Zn?* diffusion and intercalation rates in MnO- cathodes,
it is essential to provide enough space to accommodate Zn?* and its solvation sheath
(approximately. 0.86 nm),?” a challenge that remains.

Herein, we demonstrate a MnO»/tetramethylammonium (TMA) superstructure (TMA-

MnOy) with an enlarged interlayer spacing as a stable cathode for AZIBs. In the
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superstructure, the pre-intercalated TMA cations act as spacers to stabilize the layered
structure of the MnO; and substantially expand the interlayer spacing to 0.92 nm, which
facilitates the diffusion of Zn?* in the MnO> cathode and increases the number of active
sites. In operando techniques including pH characterizations, synchrotron X-ray
diffraction and X-ray absorption spectroscopy (XAS) were performed to study the energy
storage mechanism of TMA-MnO; during cycling. These studies show that the enlarged
interlayer spacing can effectively enhance the intercalation of Zn?* and restrict the
competing H* intercalation, which helps suppress the concomitant deposition of ZHS and
improve the structure stability of MnO». As a result, the TMA-MnO: superstructure
cathode exhibits enhanced charge-discharge performance, including excellent capacity and
long cycle stability, holding great promise for the development of advanced cathode
materials in AZIBs.

2. Experimental section
2.1. Materials

KMnOs (Analytical Reagent (AR), 99.5%), and H2SO4 (AR, 98%) were purchased
from Beijing Chemical Works. N(CH3)4Cl (99%) was purchased from Innochem. Super P
was obtained from Sigma-Aldrich. Polyvinylidene difluoride (PVDF) (Solef® 5130) was
purchased from Arkema. CH3OH (AR, 99.5%), CH3CH2OH (AR, 97%), ZnSO4-7H20 (AR,
99.7%), MnSQO4-H20 (AR, 99%), and N-Methyl-2-pyrrolidone (NMP) (AR, 99.9%) were
purchased from Aladdin. All chemicals and solvents were used as received.

2.2. Synthesis of materials

Synthesis of MnO2: A mixture of KMnO4 (0.75 mmol), H2SO4 (0.75 mmol), and
CH30H (15 mmol) was combined in 500 mL of water and stirred for 10 minutes. The
solution was then heated at 95°C for 1 hour, resulting in the formation of a MnO> nanosheet
suspension. The pristine MnO, material was isolated through centrifugation, followed by
multiple washes with deionized water and ethanol. It was subsequently dried at 60°C under
vacuum for 12 hours.

Synthesis of TMA-MnO:: To the aforementioned MnO, nanosheet suspension, a 0.5 M
solution of tetramethylammonium chloride (TMA, 50 mL) was added and stirred for 1 hour.

The precipitate was separated via centrifugation and washed repeatedly with deionized
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water and ethanol. The TMA-MnO; product was then dried at 60°C under vacuum for 12

hours.
2.3. Material Characterization

The X-ray diffraction (XRD) patterns of MnO> were collected using a Bruker D8
equipped with Cu Kea-radiation. The scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) analyses were performed on a Hitachi Regulus8100. A
JEM-2200FS from JEOL was used for transmission electron microscopy (TEM)
measurement. X-ray photoelectron spectroscopy (XPS) was recorded using a Thermo
Scientific NEXSA. Fourier-transform infrared spectroscopy (FTIR) was performed using
a VERTEX 80V. Thermogravimetric analysis (TGA) was measured with a STA 449F3
from NETZSCH in an air atmosphere. The in operando pH values were measured with a

Mettler Toledo-FE28 equipped with an Inlab microprobe.
2.4. Electrochemical Measurements

The 2032-type coin cells were assembled with MnO2/TMA-MnO- as the cathode, Zn
foil as the anode, and a 2 M ZnSO4 + 0.2 M MnSQO4 aqueous solution as the electrolyte.
The initial pH of the electrolyte was adjusted to around 5.1 using a trace amount of ZnO.
The cathodes were prepared by mixing the MnO2/TMA-MnO: (60 wt%), Super P (30 wt%),
and PVDF (10 wt%) with NMP to form a slurry, which was then cast on the titanium foil.
The mass loading of active materials was approximately 1.2 mg cm™2. The cyclic
voltammetry (CV) tests were performed on a Bio-Logic VSP multichannel electrochemical
workstation. The galvanostatic charge/discharge curves (GCD), cycling performance, and
galvanostatic intermittent titration technique (GITT) were measured using a LAND-2010
automatic battery tester. The three-electrode test was carried out with a carbon rod as the
counter electrode, Ag/AgCI as the reference electrode, and MnO2/TMA-MnO: as the
working electrode.

2.5 In operando synchrotron-based experiments

A modified 2025-type coin cell was used with a 5-mm hole in the center of both the
cathode and anode. The mass loading of MnO; in the cathode was ~5.0 mg-cm™2. In
operando synchrotron diffraction was performed using synchrotron radiation (A=0.20734
A, 60 keV) at the P02.1 beamline PETRA, DESY in Hamburg. Current densities of 20 mA
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g for MnO; and 25 mA g* for TMA-MnO- were used for the first cycles between 1.8 V
and 0.8 V and also for in operando X-ray absorption spectroscopy (XAS) at the P65
beamline at PETRA. The Mn K-edge XAS spectra were recorded in quick-XAS (5
min/spectrum) mode in fluorescence geometry using a passivated implanted planar silicon
(PIPS) diode detector. The Mn K-edges for MnO. and TMA-MnO; were measured during
electrochemical cycling, and the energies were calibrated using a Mn foil as commonly
employed in XAS experiments. MnO2, Mn,Oz, and MnO were used as standard materials.
All the XAS data were collected at room temperature with a Si(111) double-crystal
monochromator, and all the XAS spectra were analyzed and processed utilizing the
DEMETER software package.
2.6 In operando pH measurement

The pH evolution on the cathode region was measured with an H-type cell, as shown in
Figure S6. The Zn anode and cathode with the same size of 2.5 cm x 3.5 cm were placed
at opposite sides of an H-cell. Then the 2 M ZnSO4 + 0.2 M MnSQO4 aqueous electrolyte
was added. The micro probe of the pH meter was then placed near to the cathode region.
In-situ pH tests were carried out with a current density of 100 mA g between 1.8 V and
0.8 V.

3. Results and Discussion

The TMA-MnO; material was prepared by a bottom-up self-assembly of MnO;
nanosheets and TMA cations, as illustrated in Figure la. The effect of TMA pre-
intercalation on the crystal structure and layer spacing was demonstrated by XRD (Figure
1b). The strongest reflections of pristine MnO> can be found at 12.3°, 24.8°, 36.6°, and
65.7°, which are indexed to the (001), (002), (110), and (020) planes of layered birnessite
MnOz (Ko.46Mn204-(H20)16, JCPDS: 01-080-1098) with C2/m symmetry and lattice
parameters of a=5.15 A, b =2.84 A ¢ =7.18 A, and $=100.76°. For TMA-MnO., the
corresponding reflections are located at 9.8°, 18.3°, 36.6°, and 65.7°. Notably, the Bragg
reflection 001 shifts from 12.3° to 9.8°, corresponding to an expansion of the interlayer
spacing in the c-axis direction from 0.72 nm to 0.92 nm, which indicates that TMA was

uniformly intercalated into the interlayer of MnO., forming a superstructure. The enlarged
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interlayer spacing enhances ionic conductivity and supports the (de)insertion of Zn?* ions,
further improving the storage capacity of MnO., as demonstrated in the subsequent sections.
Moreover, after TMA intercalation, the 110 and 020 reflections show no shift with respect
to pristine MnO>, indicating that the in-plane lattices of MnO, remain unchanged. The
morphology and interlayer spacing of both pristine MnO2 and TMA-MnO- were further
characterized by SEM and HRTEM (Figure S1). As indicated in Figure S2, the SEM
images of both TMA-MnO: and pristine MnO: exhibit a distinctive nano-flower
morphology, which is assembled from two-dimensional nanosheets. This nano-flower
structure is notable because it provides a high surface area and facilitates efficient ion
transport. As shown in Figure 1c, the measured interlayer spacing of TMA-MnO: in the
HRTEM image is 0.91 nm, which is 0.20 nm larger than that of pristine MnO> (0.71 nm).
Both spacing values align well with the XRD results, further validating the successful
intercalation of TMA into the interlayer of MnOz and the consequent enlargement of the
interlayer spacing. TGA and FTIR spectra were then carried out to further understand the
detailed structure of TMA-MnO>. As shown in the TGA curves (Figure le), the weight
loss before 200°C is attributed to the removal of physically absorbed water, while the
weight loss between 200 to 350°C results from the thermal decomposition of TMA and
structural water. Based on the different pyrolysis temperatures of the components, the
weight ratio of TMA in TMA-MnO: is identified as ~5.5%. The FTIR spectra for TMA,
pristine MnOz, and TMA-MnO- are shown in Figure 1f. The characteristic peak of Mn-O
stretching vibration is observed in both pristine MnO; (505 cm™) and TAM-MnO, (498
cm™Y). In addition, the characteristic vibration peaks?® of C4N at 948 cm™, CHs group at
1487 cm, and C-H at 2922 cm ! are found in TMA-MnO2, suggesting the existence of
TMA in the material. Furthermore, the elemental composition of TMA-MnO; was studied
by XPS and EDS. As shown in the XPS spectra (Figure 1g), besides Mn and O, the unique
N element from TMA is observed in TMA-MnO,. The N 1s XPS located at 401.83 eV
originates from the ammonium group in TMA. Both Mn 3s and Mn 2p XPS spectra indicate
a slight reduction in the Mn valence state induced by TMA™ intercalation (Figure S3a-b).
Meanwhile, the O 1s XPS spectra show a reduction in the crystalline water content in
TMA-MnO; (Figure S3c). The EDS mapping images show that N, Mn, and O elements
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are uniformly dispersed in the TMA-MnO2 nanosheets, indicating the homogeneous
distribution of TMA (Figure 1d).
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Figure 1. a), Schematic illustration of the preparation of TMA-MnO;; b), XRD patterns of
MnO, and TMA-MnO; (Cu Ka); ¢), HRTEM images of MnO, and TMA-MnO3; d), SEM
image and the corresponding EDS mapping of TMA-MnO;; e), TGA of the TMA-MnO,and
MnO.. The error estimates are provided based on the precision of one experiment; f), FTIR
spectra of TMA, MnO,, and TMA-MnO3; g), The XPS spectra of TMA-MnO; and the
corresponding high-resolution N 1s (inset).

The electrochemical performance of TMA-MnO. and MnO: cathodes in AZIBs was
studied with coin cells using a 2 M ZnSQO4 + 0.2 M MnSO4 aqueous electrolyte. The first
three CV curves were collected at a scan rate of 0.27 mV s (equivalent to 1 C) over the
voltage range of 0.8 V to 1.8 V (Figure 2a-b). Two pairs of redox peaks are observed for
both TMA-MnOz and MnO- in AZIBs, indicating that both materials undergo a two-step
electrochemical process. Irreversible processes are observed in the first cycle for both
cathodes. In subsequent cycles, the CV curves retain their shapes, demonstrating the good

reversibility of the redox reactions. Notably, compared to MnO2, TMA-MnO: shows a
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lower overpotential (0.292 V vs 0.330 V). Furthermore, the sharper oxidation peak and
high current response in TMA-MnO: compared to MnO: indicates a faster ion migration
rate within the TMA-MnO: structure. The pre-embedding of TMA* ions into the interlayers
of MnO: enhances the reaction kinetics by improving ion diffusion pathways. The
enhanced ion diffusion coefficient for the TMA-MnO; electrodes was further confirmed
by GITT (Figure S4). EIS spectra also imply that the TMA-MnO; electrode possesses a
lower interface charge transfer resistance (Figure S5). Figure 2c presents the rate
performance of the TMA-MnO; and MnOz cathodes. As the current density increases, the
specific capacity decreases for both cathodes. At a low current density of 0.05 A g, the
TMA-MnO; cathode exhibits an average capacity of 319 mAh g*. When the current
density increases to 3 A g1, a specific capacity of 136 mAh g is retained. In contrast, the
MnO; cathode only delivers an average capacity of 230 mAh gt at 0.05 A g and 129 mAh
glat3 A gl Note that TMA-MnO,shows a larger capacity decrease as the current density
increases. This might suggest that under high current density, the dominant inserted ion
type changes, resulting in a significant reduction in the capacity. A more detailed
discussion of the energy storage mechanism is presented in the following sections. GCD
tests were performed to investigate the cycling stability of the cells. As shown in Figure
2d, the TMA-MnO; cell exhibits a discharge capacity of 298 mAh gt at 0.5 A g, which
is 1.3 times larger than that of MnO2 (222 mAh g1). After 200 cycles, the specific capacity
for TMA-MnO:; can still reach 263 mAh g with 88% capacity retention, which is more
stable than that of MnO. (Figure 2e). In addition, the TMA-MnO- cell still performs
excellently at a high current density of 1 A g%, maintaining 205 mAh g after 500 cycles
(Figure 2f). In contrast, the capacity of MnO; quickly drops to 60 mAh g after 500 cycles.
TMA-MnO; exhibits higher capacity, better rate performance, and a more stable cycling

life compared with recently reported Zn||[MnO; batteries (Table S1). 2942
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Figure 2. CV curves of a) TMA-MnO: and b) MnO; at 0.27 mV s; c¢), Rate performance
of the TMA-MnO_ and MnO:-, electrodes; d), GCD curves of TMA-MnO; and MnO; at 0.5
A g7%; Cycling performance of TMA-MnO, and MnO; at current densities of €) 0.5 A g
andf)1Ag™

In operando synchrotron diffraction was performed to illustrate the phase evolution of
TMA-MnO; and MnO: during the discharge/charge processes (Figure 3). For the MnO-
electrode, the synchrotron diffraction patterns show reflections at 1.67°, 4.85°, and 8.40°.
These reflections correspond to the (001), (110), and (020) crystal planes of MnO:
respectively, similar to what is typically observed in XRD spectra. For the TMA-MnO:
electrode, synchrotron diffraction patterns display reflections at 4.86° and 8.41°,
corresponding to the (110) and (020) crystal planes. Bragg reflections at 1.08°, 1.66°, 4.35°,
4.83°, 7.53°, and 8.37° are observed for both MnO2 and TMA-MnO: during discharging to
0.8 V. These reflections correspond to the formation of the Zn4(OH)sSO4-5H20 by-product

(ZHS, JCPDS No. 78-0246) with space group P/ and lattice parameters a = 8.354 A,
b=8.350 A, ¢=11.001 A, and « = 94.41°, = 82.95°, y= 119.93°. Especially, the 001
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reflection, with a large interplanar spacing of ~11 A, exhibits extremely high intensity at
the end of discharge, suggesting a preferential growth of ZHS byproduct along [001]
direction. After charging back to 1.8 V, the ZHS reflections completely disappear. Note
that the Bragg reflections of MnO. are well maintained throughout the initial
discharge/charge cycle, indicating the structural robustness. For both electrodes, no
reflections of spinel ZnMn2O4 or MNOOH can be observed, which indicates the good
structure stability of the MnO. and TMA-MnO; cathodes. Generally, the insertion of H*
into the cathode could increase the pH at the cathode region, resulting in ZHS
precipitation.'®!® Interestingly, the formation of ZHS appears later for TMA-MnO; than
for MnO- electrodes, suggesting that less H* is inserted into TMA-MnO> than into MnO-
during the first discharge. Moreover, a smaller amount of ZHS is formed on the TMA-
MnO: electrode than on the MnO- electrode at the fully discharged state of 0.8 V, as
concluded from the much lower intensity of the ZHS 001 reflection relative to the cathode

reflections (Figure 3c-d).
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Figure 3. In operando synchrotron diffraction patterns (A=0.20734 A, 60 keV) of a) MnO>
and b) TMA-MnO. electrodes for the 1st discharge and charge cycle. The marked
reflections in a) are from the test cells and do not shift for different states of charge and
discharge. The corresponding diffraction patterns for the fully discharged state (0.8 V) of
¢) MnO; and d) TMA-MnO..
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To further explore the ion intercalation mechanisms of MnO2 and TMA-MnOg, in
operando pH changes at the cathode interface-near region of AZIB using the 2 M ZnSO4
+ 0.2 M MnSO; electrolyte were measured (Figure 4a-b and S6). During the discharge
process, the pH value at the MnO: electrode surface increases gradually (Figure 4a),
indicating that H* ions insert into the cathode, thus leading to a decrease of the H*
concentration at the cathode interface-near region. Notably, a sudden drop of pH from 5.26
to 5.10 happens at the beginning of the charge, indicating some H* ions are extracted from
the discharged cathode. During the subsequent charging process, the pH value at the
cathode region decreases gradually, indicating the continuous H* release from the cathode.
Interestingly, a different pH change behavior is observed for the TMA-MnO; electrode. As
shown in Figure 4b, during the discharge process, the pH value at the TMA-MnO>
electrode region initially decreases, then increases. A sudden pH increase is observed at
the beginning of the charging process, suggesting that much fewer H* ions are released
from the cathode compared to the MnO:electrode. During the further charging process, the
pH value at the TMA-MnO: electrode region shows a decrease-increase-decrease pattern.
These fluctuations in pH value for TMA-MnO:> during the discharge and charge process
are probably related to the more competitive Zn?* (de)intercalation. Compared to the MnO2
electrode, the TMA-MnO: electrode exhibits a smaller total decrease in pH value during
the charging process, providing further evidence of reduced H* release from the TMA-
MnO; electrode.

To further confirm the promoted Zn?* insertion mechanism, the electrochemical
behaviors of the MnO2 and TMA-MnO: electrodes were compared in 0.2 M MnSO4
electrolytes with or without 2 M Zn?* using the three-electrode cells, as shown in Figure
4c. The TMA-MnNO:; electrode in the Zn?* containing electrolyte shows a larger discharge
capacity of 286 mAh g* at 0.1 A g* compared to MnO; (237 mAh g*), aligning with
observations from two-electrode coin cells (Figure 2c). In the electrolyte without Zn?*, the
discharge capacities of TMA-MnO, and MnO; decrease to 210 and 208 mAh g7,
respectively, indicating that H" insertion takes place. The TMA-MnO; and MnO; have
similar capacities with only H* insertion, demonstrating a larger amount of competitive
Zn?* insertion for TMA-MnO: in the Zn?*-containing electrolytes. To provide additional

insights, we conducted experiments utilizing a non-protonic electrolyte of 2 M ZnSO4 +
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0.2 M MnSOys in dimethyl sulfoxide (DMSO) (Figure S7). The discharge profiles of both
materials exhibited a single, continuous Zn?* insertion behavior. Remarkably, TMA-MnO:
demonstrated a higher discharge specific capacity of 246.2 mAh g* compared to MnO>
(190.1 mAh g!) under the same conditions, indicating a greater Zn?* insertion capacity in
TMA-MnO,. Furthermore, the enhanced Zn?" insertion is further verified by EDS
elemental mapping. The TMA-MnO; maintains its 2D morphology even after discharge
(Figure S8) and the distribution of Mn, O, and N elements remains uniform within the
sample, indicating the structural integrity and stability. The discharge electrode exhibits a
uniform distribution of Zn elements, indicating the insertion of Zn?*. Quantification from
EDS analysis suggests a higher Zn/Mn atomic ratio for TMA-MnO compared to MnO>
(Figure 4d and S9).
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Figure 4. In operando pH change at a) MnO2 and b) TMA-MnO: electrode interface-near
region for the 1% discharge and charge cycle; c), Discharge curves of MnO, and TMA-
MnO. electrode in 0.2 M MnSO. solution with and without 2 M ZnSQO. as electrolytes at
0.05 A g in a three-electrode cell with an Ag/AgCI electrode as reference and Pt metal
as counter electrode; d), The atomic ratios of Mn and Zn in the discharged MnO, and
TMA-MnO, electrode. The error estimates are provided based on the precision of one

experiment.
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Furthermore, in operando XAS was performed to reveal changes in the electronic
structure and coordination environment of the Mn redox centers during the electrochemical
processes (Figure 5 and S10). The Mn oxidation states were explored by X-ray absorption
near-edge structure (XANES) analysis. During the discharge process, the Mn K-edge and
pre-edge peaks shift towards lower energy, indicating a decrease in the average valence
state of Mn in TMA-MnO,. This is accompanied by a reduction in the intensity of the weak
pre-edge peak, which is attributed to the decreased probability of transitions from the 1s
into unoccupied 3d orbitals, partially allowed only due to electric quadrupole coupling
and/or 3d-4p orbital mixing within the distorted MnOs octahedral framework. Note that the
split in the pre-edge peaks arises from the separation of the degenerated 3d levels under an
octahedral crystal field.*® Two broad peaks of edge resonance (B) simultaneously move to
lower energy with a decrease of intensity, which is attributed to energy absorption by core
electrons.* During the following charge process, the Mn K-edge position shifts back to
higher energy, demonstrating the reversible reduction and oxidation of Mn. The Mn K-
edge XANES of the fresh and fully recharged electrodes are almost the same (Figure S11),
indicating the very good reversibility of structural and electronic changes during cycling.

The changes in the local structure of Mn during the electrochemical processes were
analyzed based on the phase uncorrected Fourier transform (FT) (k3-weighted) of the V K-
edge extended X-ray absorption fine structure (EXAFS). The initial TMA-MnO: electrode
shows peaks in the radial distribution centered at ~1.5 A and 2.5 A, corresponding to Mn-
O and Mn-Mn distances, respectively.*® During discharge, the FT amplitudes for both Mn-
O and Mn-Mn distances decrease, attributed to the local structure distortion resulting from
Jahn-Teller distortion associated with the reduction of the Mn oxidation state accompanied
by the insertion of ions.*®*” Compared to the EXAFS spectrum of MnO,, the amplitude
decrease in TMA-MnOz was much larger, indicating larger local structure distortions in
the TMA-MnO:; electrode. The FT peaks for MnO2 show no shift during discharge. In
contrast, the FT peak shift is observed for TMA-MnOz, probably due to more competitive
Zn?* intercalation.®*® At the fully discharged state, the two characteristic FT peaks are
preserved, suggesting the stable Mn-O network in TMA-MnO: during ions insertion.

During the following charging process, the amplitudes, and positions of the FT peaks for
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Mn-O and Mn-Mn bonds recover back to those of the fresh electrode (Figure 5d), further
indicating good reversibility of the TMA-MnO; electrode with robust structure.
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Figure 5. a), b) In operando Mn K-edge XANES spectra of TMA-MnO3; Phase uncorrected
Fourier transforms of Mn K-edge EXAFS (k3-weighted) of ¢), d) TMA-MnO: electrode and

e), f) MnO; electrode during the first discharge and charge cycle.

Conclusion

This study introduces the novel development of a MnOa/tetramethylammonium
superstructure (TMA-MnO>) as a cathode material for aqueous zinc-ion batteries (AZIBs).
The intercalation of TMA significantly expands the interlayer spacing of the MnO2 matrix,
facilitating the diffusion and preferential intercalation of Zn?* ions into the MnO; cathodes.
This structural modification has led to a marked improvement in electrochemical
performance, including a higher specific discharge capacity of 298 mAh g™ at 0.5 A g.
Additionally, the cathode maintains a high capacity retention rate, delivering 263 mAh g
after 200 cycles, corresponding to 88% capacity retention. Our innovative approach
leverages in operando analysis to demonstrate how the TMA-MnO; superstructure
effectively promotes Zn?* intercalation while simultaneously inhibiting competing H*
intercalation. This dual function not only enhances the battery's performance but also
mitigates the formation of the by-product zinc hydroxysulfate (ZHS), thereby enhancing
the structural stability of the MnO,. Compared to existing literature, our TMA-MnO>
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cathodes show significant improvements over traditional MnO; electrodes, which typically
exhibit lower Zn?* storage capacities and stability. For instance, Li et al. (ref 29) have
reported maximum capacities around 195 mAh gt at 0.3 A gt and rapid capacity fading to
113 mAh g* within 100 cycles for similar systems. Similarly, Xie et al. (ref 31) found
maximum capacities of around 150 mAh g* at 2.0 A g* with capacity fading to 80 mAh g
1 within 200 cycles. Our approach not only surpasses these metrics but also addresses
common challenges associated with ion co-intercalation. We envision further exploring the
underlying mechanisms of ion intercalation and transport within layered structures like
TMA-MnO,. We aim to synthesize and test other organic cation intercalated variants to
broaden the applicability of this strategy to other types of rechargeable batteries.
Additionally, scaling up this technology for commercial applications and optimizing the
synthesis process to enhance the eco-friendliness and cost-effectiveness of the production

are among our top priorities.
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