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ABSTRACT

Manganese-based cathode materials hold great promise for aqueous zinc-ion batteries (AZIBs) due to their high operating
voltage and low cost. Among these, manganese dioxide (MnO,) cathodes exhibit particularly promising electrochemical
characteristics but face critical challenges including insufficient electrical conductivity and rapid capacity fading. To address
these issues, manganese oxyhydroxide (MnOOH) and a-MnO, have been studied. MnOOH offers excellent cycling stability but
suffers from a relatively low specific capacity, whereas a-MnO, delivers high specific capacity but exhibits poor cycling stability.
A rationally designed MnOOH/a-MnO, composite was synthesized via a crystal phase transformation method, using §-MnO, as
the precursor. The composite features a unique nanowire and nanorod morphology and is employed as a cathode material for
AZIBs. It outperforms its individual components, achieving a high specific capacity of 233.4 mAh g™ after 750 cycles at 1 A g ™.
At an elevated current density of 2 A g™!, it maintains a stable specific capacity of 85.0 mAh g™* after 17,000 cycles. Compre-
hensive mechanistic investigations reveal that the zinc storage process involves the co-intercalation/extraction of Zn** and H*
ions, coupled with reversible MnO, dissolution and redeposition. These findings highlight the potential of MnOOH/a-MnO,
composites as high-performance cathode materials for AZIBs, effectively addressing the challenges of capacity limitation and
cycling stability.

1 | Introduction . . .
attractive for grid-scale stationary energy storage. Nevertheless,

Aqueous zinc-ion batteries (AZIBs) have emerged as a com- their widespread deployment remains hindered by limited
pelling energy storage technology owing to their intrinsic safety, cycling durability and inadequate rate capability, which fail to
cost effectiveness, and environmental benignity, rendering meet the demands of long-term operation under dynamic
them well suited for integration with renewable energy infra- charge-discharge conditions [4]. Such performance deficiencies
structures [1-3]. These attributes make AZIBs particularly are predominantly associated with the structural instability and
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sluggish reaction kinetics of cathode materials [5, 6]. Accord-
ingly, the rational design and development of high-performance
cathodes is pivotal to accelerating the practical implementation
of AZIBs [7-9].

Among the diverse cathode candidates for AZIBs, manganese-
based oxides have attracted substantial attention due to their
abundant resources, low cost, low toxicity, and favorable en-
vironmental compatibility [10-12]. In particular, MnO,-based
cathodes are widely investigated because of their high theoret-
ical specific capacities (308 mAh g™* for single-electron transfer
and up to 616 mAh g* for two-electron transfer) and relatively
high discharge plateaus (> 1.35V) [13]. The rich polymorphism
of MnO,, encompassing a-, 5-, y-, and &-type phases, further
expands its applicability as a cathode material [14-16].
These polymorphs differ in the spatial arrangement of [MnOg]
octahedra, forming either tunnel-type structures (a-, fS-,
y-MnO,) or layered frameworks (6-MnO,) [17-19]. Despite
these merits, MnO, cathodes suffer from several intrinsic
limitations, including low electronic conductivity, continuous
dissolution of manganese species into the electrolyte, and
irreversible structural deterioration during repeated cycling
[20-22]. These degradation phenomena are commonly linked to
the Jahn-Teller distortion of Mn>*, sluggish charge-transfer
kinetics, and Mn ion disproportionation reactions occurring
during electrochemical cycling [23-25]. Manganese oxyhydr-
oxide (MnOOH) has recently been identified as a thermo-
dynamically stable intermediate phase generated during
Zn**/H" insertion in Mn-based cathodes [26, 27]. Constructed
from [MnOg] octahedral units, MnOOH exhibits favorable
electron transport characteristics, high surface activity, and
abundant hydroxyl groups, which are conducive to electro-
chemical processes [28, 29]. Although MnOOH has traditionally
been regarded as a parasitic product associated with proton
insertion, accumulating evidence indicates that it can function
as an electrochemically active phase for energy storage [30].
Despite these advances, the fundamental electronic structure
advantages of MnOOH and its synergistic effects when com-
bined with MnO, remain poorly understood, limiting the
rational design of high-performance composite cathodes.

Driven by this understanding, we propose that constructing an
integrated MnOOH/a-MnO, composite could be a strategic
solution (Figure 1A). This design leverages the complementary
properties of both components. a-MnO, provides a high-
capacity framework with stable tunnel structures, while the
introduced MnOOH phase acts as a host to stabilize Mn>* ions,
thereby suppressing the Jahn-Teller distortion and associated
disproportionation reactions. Moreover, MnOOH can serve as a
structural buffer to mitigate volumetric strain during cycling.
To validate this concept and guide the material design, density
functional theory (DFT) calculations were employed to probe
the electronic structures of MnOOH, a-MnO,, and their com-
posite (Figure 1B-F). The results reveal that the composite ex-
hibits a markedly enhanced density of states at the Fermi level
compared to its individual constituents, indicating a substantial
improvement in intrinsic electronic conductivity. Furthermore,
the calculated Zn®** and H™ migration energy barriers within
the composite are significantly lower, suggesting accelerated ion
diffusion kinetics.

To experimentally realize and synergistically exploit these pre-
dicted merits, we herein designed and synthesized a MnOOH/

a-MnO, composite via a crystal phase transformation strategy.
Using 6-MnO, as the precursor, a phase transformation to
a-MnO, was induced, accompanied by the partial conversion
of a-MnO, into MnOOH. The resulting composite exhibits
an integrated nanowire-nanorod architecture, effectively cou-
pling the fast charge-transfer kinetics and high stability of
MnOOH with the high capacity of a-MnO,. Consequently, the
MnOOH/a-MnO, cathode delivers a high reversible capacity of
233.4mAh g™ after 750 cycles at 1 A g~". More impressively, it
retains 85.0 mAh g_1 after 17,000 cycles at 2Ag_1, demon-
strating exceptional cycling stability and rate capability. These
results underscore the promise of MnOOH/a-MnO, composites
as advanced cathode materials for AZIBs and highlight their
potential for grid-scale energy storage applications.

2 | Results and Discussion

2.1 | Preparation of the MnOOH/a-MnO,
Composite

The synthetic route for the MnOOH/a-MnO, composite
involves a two-step hydrothermal process. In the initial step, a
6-MnO, precursor with a nanosheet-assembled, flower-like
morphology is obtained via a redox reaction between Mn**
and MnO,~ under hydrothermal conditions. Subsequently, this
8-MnO, precursor undergoes a secondary hydrothermal treat-
ment in the presence of MnSO,, during which a crystal phase
transformation is induced. Specifically, the layered §-MnO,
phase is converted into tunnel-structured a-MnO,, accompa-
nied by a pronounced morphological evolution from nano-
flowers to nanorods. Simultaneously, a portion of a-MnO, is
further reduced to lower-valence MnOOH, forming ultrathin
nanowires. By systematically varying the amount of MnSO,
added in the secondary hydrothermal step from 0.1 to 5 mmol,
a series of MnOOH/a-MnO, composites were successfully
synthesized, enabling optimization of the structural and elec-
trochemical properties.

2.2 | Structural and Morphological
Characterization

X-ray diffraction (XRD) was employed to investigate the crystal
structure of the as-prepared composite. As shown in Figure S1,
the diffraction pattern of the precursor is in good agreement
with that of §-MnO, (PDF #42-1317), confirming its successful
synthesis [31]. Figure 2A presents the XRD patterns of samples
obtained with different MnSO, dosages. When a small amount of
MnSO, (0.1 mmol, denoted as MnOOH/a-MnO,-0.1) is intro-
duced, the diffraction peaks remain characteristic of §-MnO,,
indicating negligible phase transformation. Upon increasing the
MnSO, content to 0.5mmol (MnOOH/a-MnO,-0.5), new dif-
fraction peaks emerge at 12.8°, 28.6°, and 37.6°, which can be
indexed to the (110), (310), and (211) planes of a-MnO,
(JCPDS No. 44-0141), evidencing a phase transition from &- to
a-MnO, [32]. Further increasing the MnSO, amount to 1 mmol
(MnOOH/a-MnO,-1) results in the appearance of an additional
peak at 26.3° corresponding to the (210) plane of MnOOH
(JCPDS No. 74-1632), confirming the coexistence of a-MnO, and
MnOOH phases. With continued increases in MnSO, dosage, no
significant changes in peak positions are observed. At an
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FIGURE 1 | (A) Schematic illustration of the preparation process for the MnOOH/a-MnO, composite via crystal phase transformation. Calculated
density of states (DOS) of (B) a-MnO,, (C) MnOOH, and (D) MnOOH/a-MnO, composite. (E) Zn>* diffusion barriers of a-MnO,, MnOOH, and
MnOOH/a-MnO, composite. Inset is Zn>* diffusion path of MNOOH/a-MnO, composite. (F) H' diffusion barriers of a-MnO,, MnOOH, and MnOOH/
a-MnO, composite. Inset is H* diffusion path of MnOOH/a-MnO, composite.

excessive MnSO,4 amount of 10 mmol (MnOOH/a-MnO,-10), the
diffraction pattern is dominated by MnOOH reflections, indi-
cating an almost complete conversion of a-MnO, into MnOOH.
These results clearly demonstrate that the MnOOH content in
the composite can be effectively regulated by controlling the
MnSO, concentration.

The MnOOH/a-MnO,-1 composite was selected as a repre-
sentative sample for further analysis. X-ray photoelectron
spectroscopy (XPS) was conducted to elucidate the surface
chemical states and bonding environments [33]. The survey
spectrum (Figure S2) confirms the presence of Mn and O ele-
ments. In the high-resolution Mn 2p spectrum (Figure 2B), the
peaks located at 642.1 and 653.9 eV correspond to Mn 2ps/, and

Mn 2p, ,, respectively. Deconvolution of the Mn 2p;,, and Mn
2p.,» peaks reveals contributions from both Mn** and Mn**,
indicating a mixed-valence state within the composite [34]. The
O 1s spectrum (Figure 2C) displays two distinct components at
529.7 and 531.3 eV, which are assigned to Mn—O and Mn—OH
bonds, respectively, further confirming the coexistence of MnO,
and MnOOH phases [35]. Comparative XPS analyses of the
control samples (Figure S3) show higher Mn—OH/Mn—O
ratios in MnOOH and higher Mn**/Mn>* ratios in a-MnO,,
whereas the MnOOH/a-MnO,-1 composite exhibits intermedi-
ate values, evidencing the successful integration of both phases.
Thermogravimetric analysis (TGA) was conducted to quantita-
tively determine the MnOOH content in the optimized

442

Interdisciplinary Materials, 2026

85UB017 SUOWILLIOD SAIERID 8 |eo!jdde sy} Aq pausenob a1e sap1e O 88N 4O S3|nJ o A%eiq1T 8UUO A3V UO (SUOIPUOD-PUR-SLLBY WD A3 | 1M Afe.q1pU1UO//STRY) SUORIPUOD PUe SWis | 34} 835 *[9202/90/60] UO Aiq18UljuO AB|IM BuIuDRURIL0D AG 87002 ZUWPY/Z00T OT/I0p/W0d A8 1M ARIq1euUC//SARY WOl papeojumod ‘€ ‘9202 ‘XTi7.9.2



(A)

C

MnOOH/a-MnO,-5

O

Mn 2p O1s

2 Theta (degree)

-
3 MnOOH/a-MnO -2 ; ’;
= s s
2 . . MnOOHI/a-MnO -1 > >
3 A MnOOH/a-Mn005| ‘@ a
] ¥ [} [}
vo_é - ) - MnOOH/a-MnO 0.1 g s E

| an ¥ 6'3“22 Mn** 2p;, Pz

| | 1].1 o P Au__l?’.

" | g il " S 2 2 A A A
10 20 30 40 50 60 70 80 640 644 648 652 656 528 529 530 531 532 533 534
Binding energy (eV) Binding energy (eV)

- d=0.694 nm
a-MnO,
10 nm

FIGURE 2 | (A)XRD patterns of MnOOH/a-MnO, composites with varying ratios. High-resolution XPS spectra for (B) Mn 2p and (C) O 1s in the
MnOOH/a-MnO,-1 composite. (D, E) SEM images of MnOOH/a-MnO,-1 composite. (F, G) Low-magnification and (H, I) high-magnification TEM

images of MnOOH/a-MnO,-1 composite.

MnOOH/a-MnO,-1 composite (Figure S4). Based on the weight
loss associated with the MnOOH to MnO, transformation at
approximately 350°C, the mass fraction of MnOOH in the
MnOOH/a-MnO,-1 composite is calculated to be ~65wt%,
which confirms that a substantial amount of MnOOH is suc-
cessfully integrated with a-MnO,.

The morphological evolution from the §-MnO, precursor to the
composite was investigated by scanning electron microscopy
(SEM). As shown in Figure S5, the §-MnO, precursor consists
of nanoflower-like architectures assembled from ultrathin
nanosheets with diameters of several hundred nanometers.
After the secondary hydrothermal treatment, this morphol-
ogy transforms into an intertwined network of nanorods and
nanowires (Figure 2D,E). SEM images of pure a-MnO, and
MnOOH (Figure S6) reveal that a-MnO, predominantly
forms thicker nanorods, whereas MnOOH exhibits thinner,
wire-like morphologies. Statistical analysis of diameter dis-
tributions (Figure S7) indicates that the a-MnO, nanorods in
the composite have diameters ranging from 30 to 100 nm,
while the MnOOH nanowires are significantly thinner, with
diameters of 10-30 nm. Energy-dispersive X-ray spectroscopy
(EDX) mapping confirms a homogeneous distribution of Mn
and O throughout the composite (Figure S8). Transmission

electron microscopy (TEM) further corroborates the hybrid
nanorod-nanowire architecture of the MnOOH/a-MnO,-1
composite (Figure 2F,G). High-resolution TEM images reveal
lattice spacings of 0.694 nm for the nanorods, corresponding
to the (211) plane of a-MnO, (Figure 2H), and 0.321 nm for
the nanowires, attributable to the (210) plane of MnOOH
(Figure 2I).

2.3 | Zinc Storage Performance

To assess the zinc storage performance, MnOOH/a-MnO,-1
composite was used as the cathode material for AZIBs, while
pure a-MnO,, §-MnO,, and MnOOH electrodes were employed
as control groups. Figure 3A shows the cyclic voltammetry (CV)
curves of the four electrodes at a scan rate of 0.2mVs™". All
electrodes exhibit similar shapes, but the MnOOH/a-MnO,-1
electrode demonstrates a larger CV curve area compared to the
control groups, indicating superior electrochemical reactivity.
Moreover, two pairs of redox peaks observed in the CV curves
correspond to the insertion/extraction of H™ and Zn** [36-38].
The galvanostatic charge-discharge (GCD) curves at a current
density of 0.1Ag™" are shown in Figure 3B. The MnOOH/
a-MnO,-1 electrode achieves the highest discharge capacity of
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318.3 mAh g_l, which is higher than that of a-MnO,, §-MnO,,
and MnOOH electrodes. Furthermore, the MnOOH/a-MnO,-1
cathode exhibits a remarkably low voltage polarization, indi-
cating reduced energy barriers for Zn**/H™ ion insertion and
extraction. MnOOH has an open crystal structure that allows
for easier Zn** diffusion and the hydroxyl groups of MnOOH
can stabilize the transition state during ion insertion, thereby
lowering the energy barriers [39-41]. This advantage is also
reflected in the rate performance tests. As shown in Figure 3C,
the MnOOH/a-MnO,-1 electrode delivers the best rate
capability among all four electrodes, directly demonstrating
faster ion diffusion kinetics. Even at a current density of 5A g™,
the MnOOH/a-MnO,-1 electrode maintains a capacity of
98.6 mAh g_l, and when the current density is reduced back to
0.1Ag™", the capacity rebounds to 323.9mAhg™".

The cycling performance of the materials at a current density of
1Ag™ is shown in Figure 3D. The discharge capacities of all
four electrodes show an initial increase, reaching a maximum
value before gradually declining. However, the duration of this
process (i.e., the number of cycles) varies significantly among

the electrodes. The MnOOH/a-MnO,-1 electrode retains a
capacity of 233.4 mAh g™" after 750 cycles, which is far superior
to 6-MnO, (151.1mAhg™"), MnOOH (134.5mAhg™") and
a-MnO, (139.7 mAh g™"). And it retains a high specific capacity
of 85.0mAhg™" after demonstrating ultra-long 17,000 cycles
at a current density of 2A g™ (Figure 3E). The influence of
MnOOH content on electrochemical performance was fur-
ther investigated by varying the amount of MnSO, during
synthesis (Figure S9). The optimized sample, MnOOH/
a-MnO,-1, which contains ~65wt% MnOOH as determined
by TGA, exhibits the highest capacity and best cycling sta-
bility. Samples with lower MnOOH content suffer from faster
capacity decay due to insufficient stabilization of the a-MnO,
phase, whereas those with higher MnOOH content show
excellent stability but lower overall capacity. Moreover, the
optimized composite material (MnOOH/a-MnO,-1) demon-
strates superior capacity compared to recent manganese-
based materials (Figure S10).

To analyze the electrochemical performance, electrochemical
impedance spectroscopy (EIS) was employed to estimate the
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ionic conductivity of the materials. As shown in Figure S11, the
impedance spectra were fitted to an equivalent circuit model.
The high-frequency semicircle represents the charge transfer
resistance (R.), while the slope of the low-frequency region
reflects the diffusion resistance. The MnOOH/a-MnO,-1 elec-
trode exhibits the smallest semicircle radius in the high-
frequency region and the steepest slope in the low-frequency
region, indicating significantly reduced charge transfer and ion
diffusion resistance, which aligns with its excellent rate capability
[42-44]. The Zn** ion diffusion coefficients of these samples
were measured and calculated using the galvanostatic intermit-
tent titration technique (GITT). As shown in Figure S12, the
Zn** diffusion coefficient of the MnOOH/a-MnO,-1 cathode is
an order of magnitude higher than those of the a-MnO,,
MnOOH and 6-MnO, electrodes, demonstrating faster ion dif-
fusion kinetics in MnOOH/a-MnO,-1.

Additionally, the ion transfer kinetics of the electrodes were
evaluated using CV tests at different scan rates (0.2-1mVs™")
(Figure 3F). The redox peak b-values of the MnOOH/a-MnO,-1
electrode, calculated using the equation i = a® (where a and b
are adjustable parameters, i is peak current and v is scan rate),
are shown in Figure 3G. A b-value close to 0.5 indicates that the
electrochemical process is primarily diffusion-controlled [45],
whereas a b-value close to 1 suggests that the process is domi-
nated by capacitive behavior [46]. The three redox peaks of the
MnOOH/a-MnO,-1 electrode exhibit b-values of 0.75, 0.52, and
0.57, respectively, indicating that the energy storage behavior of
the electrode is jointly controlled by diffusion and capacitive
effects. Furthermore, the proportion of capacitive contributions
at different scan rates was analyzed using the equation
i(V)=k1v+k2v1/ 2, where kv represents the capacitive effect
and k,v*/? represents the diffusion-controlled process [47]. As
shown in Figure 3H, the capacitive contribution of MnOOH/
a-MnO,-1 increases from 44.8% at 0.2mV s7! to 78.7% at
1.0mVs™, indicating that the zinc storage behavior of
MnOOH/a-MnO,-1 differs significantly depending on the scan
rate. At lower scan rates, the electrode primarily stores Zn**
through diffusion processes, whereas at higher scan rates, the
storage mechanism shifts to a pseudocapacitive process.

2.4 | Zinc Storage Mechanism Analysis

To further elucidate the zinc storage mechanism of the
MnOOH/a-MnO,-1 electrode, ex-situ XPS and XRD analyses
were conducted at different charge-discharge potentials during
the first two cycles. As shown in Figure S13, when the voltage
reached 0.8 V after the first discharge, the binding energy of Mn
2p shifted to lower values, indicating the reduction of Mn** to
Mn>*. As the charging voltage increased from 0.8 to 1.85V, the
Mn 2p binding energy shifted to higher values and then shifted
back during the second discharge. This reversible change in
manganese oxidation states supports the idea that Zn**/H*
insertion/extraction processes are occurring. Additionally,
during the discharge process, two peaks corresponding to
Zn 2psz;, (1022.2eV) and Zn 2p,,, (1044.9 eV) were observed,
confirming the successful insertion of Zn>* into the cathode. At
1.85V, while most Zn** had been extracted, some remained due
to strong interactions between Zn>* and the oxygen framework.

Ex-situ XRD analysis was also performed at different charge-
discharge states (Figure 4A,B). New diffraction peaks appear

at 26 =8.1° and 36.3° during the first discharge when the
electrode is discharged to 1.2V, with their intensities progres-
sively increasing throughout the discharge process. The dif-
fraction peak at 26 =8.1° corresponds to Zn,;SO4(OH)s-5H,0
(ZHS) (JCPDS No. 39-0688), indicating the insertion of H" ions
into the material. This H* insertion generates uncoordinated
OH™ ions in the electrolyte, which react with ZnSO, to form
ZHS on the electrode surface. Concurrently, the diffraction peak
at 26 = 27° corresponds to MnOOH (JCPDS No. 74-1632), with
its intensity increasing during discharge, indicating that
a-MnO, reacts with H to form MnOOH.

The diffraction peak at 26 =36.3° corresponds to ZnMn,O,
(ZMO) (JCPDS No. 77-0470), indicating the insertion of Zn** into
the MnOOH/a-MnO,-1 structure. Zn** ions intercalate and un-
dergo electron exchange with Mn**, leading to the formation of
ZMO. During the subsequent charging process, the intensities of
ZHS and ZMO peaks gradually diminish, disappearing entirely
upon full charging to 1.85V, which indicates the extraction of
Zn** and H* ions from the cathode. However, the MnOOH peak
remains unchanged, demonstrating its structural stability. In
the second charge-discharge cycle, the reversible appearance and
disappearance of the diffraction peaks corresponding to ZHS and
ZMO confirm the high reversibility of Zn** and H" insertion/
extraction processes in the MnOOH/a-MnO,-1 electrode. More-
over, the diffraction peaks corresponding to the a-MnO, (211)
crystal plane at 26 = 37.5° and MnOOH remain stable through-
out the process, indicating minimal structural disruption of the
MnOOH/a-MnO, composite during cycling.

To assess morphological changes during cycling, SEM images of
the MnOOH/a-MnO,-1 electrode were obtained in fully
charged and discharged states during the first two cycles.
Figure 4C compares the morphology of electrode in its initial
state and at full discharge. When discharged to 0.8 V in the first
cycle, large hexagonal nanosheets appear on the electrode sur-
face, identified as ZHS based on the XRD pattern in Figure 4B.
These ZHS nanosheets vanish in the fully charged state
(Figure 4C;). A similar phenomenon was observed during
the second cycle (Figure 4C,4,Cs). However, after repeated cy-
cling, the rod surface becomes rougher compared to the initial
state, as shown in Figure 4Cs,Cs, suggesting that Zn** and H*
insertion/extraction processes are accompanied by the partial
dissolution and redeposition of MnO,, contributing to surface
structural changes.

For long-term cycling performance, the MnOOH/a-MnO,-1 was
assembled into a pouch cell. After 90 cycles, the cell retains a
capacity of 292.9mAhg™', demonstrating the potential of
MnOOH/a-MnO,-1 as a cathode material for large-scale appli-
cations (Figure 5A). As shown in Figure 5B, the specific capac-
ities at current densities of 0.1, 0.2, 0.5, and l.OAgf1 are 280.6,
275.1, 265.6, and 245.4 mAh gfl, respectively. Notably, when the
current density returns to 0.1Ag’1, the capacity recovers to
280.9mAh g™, highlighting the excellent rate capability and
capacity retention of the MnOOH/a-MnO,-1 electrode.

We further examined temperature tolerance by testing the
pouch cells under harsh thermal conditions. At 0°C, the
MnOOH/a-MnO,-1 composite maintained 99% of its initial
capacity after 220 cycles at a current density of 0.2A g™
(Figure 5C), evidencing pronounced low-temperature durabil-
ity. This level of stability at sub-ambient temperatures directly
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FIGURE 4 | (A) Charge-discharge curves of the MnOOH/a-MnO,-1 electrode during the first two cycles at a current density of 0.1 Ag™.
(B) Ex-situ XRD patterns of the MnOOH/a-MnO,-1 electrode at different charge-discharge states. (B;) Enlarged view of the Zn,SO,(OH)s-5H,0
(ZHS) crystal planes. (B,) Enlarged view of the a-MnO, (211) and ZnMn,0, (ZMO) crystal planes. (C) SEM images of the MnOOH/a-MnO,-1
electrode during the first two charge-discharge cycles: (C,) initial state; (C,) fully discharged to 0.8 V in the first cycle; (Cs) fully charged to 1.85V in
the first cycle; (C,) fully discharged to 0.8 V in the second cycle; (Cs) fully charged to 1.85V in the second cycle.

aligns with key practical requirements for deployment across
diverse environments. At 50°C, the cell retained 75% of its
capacity after 160 cycles at a high current density of 1Ag™"
(Figure S14), underscoring appreciable resilience under
elevated-temperature. In addition, we assessed pouch-cell per-
formance under more stringent, application-relevant parame-
ters, that is, high active-material loading, lean electrolyte, and a
low N/P ratio, which collectively support its practical promise
(Figure S15).

To further substantiate real-world operability, the pouch cell
was used to power a fan while being exposed to destructive
mechanical perturbations. As shown in Figure 5D-G, the cell
continuously drove the fan after hammering (Figure 5E),
penetration (Figure 5F), and shearing (Figure 5G). These results
demonstrate the mechanical robustness and operational
reliability of the MnOOH/a-MnO,-1 electrode under abusive
conditions, reinforcing its potential for practical energy-storage
applications.

3 | Conclusion

In conclusion, this work successfully synthesizes an MnOOH/
a-MnO, composite material with a blend of nanorods and na-
nowires using 5-MnO, nanoflowers as the precursor through a
crystal phase transformation method. By adjusting the MnSO,

concentration in the second hydrothermal process, the
composition ratio of the composite material can be controlled.
The material exhibits optimal performance when the MnSO,
concentration reaches 0.025mol L. The MnOOH/a-MnO,-1
cathode exhibits a specific capacity of 233.4 mAh g™ after 750
cycles at 1Ag™ It retains a high specific capacity of
85.0mAh g™! after 17,000 cycles at a current density of 2A g™
Finally, non-in situ characterization techniques reveal a
Zn®* and H™ intercalation/deintercalation mechanism in the
MnOOH/a-MnO,-1 electrode. As a result, the composite material
obtained through crystal phase transformation effectively en-
hances ion and charge transport dynamics in the cathode, sta-
bilizing its structure. This provides a significant reference value
and experimental evidence for developing high-performance
MnO, based aqueous zinc-ion battery cathode materials.

4 | Experimental Section
4.1 | Materials Preparation
4.1.1 | Synthesis of 6-MnO,

A homogeneous mixture of 0.1 mol L™" MnSO, and 0.13 mol
L™' KMnO, solutions (V/V=1:3) was prepared by ultra-
sonication and transferred to a 100 mL Teflon-lined autoclave.
The autoclave was heated at 160°C for 12 h. After cooling to
room temperature, the product was collected, washed with
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FIGURE 5 | (A) Cycling performance of MnOOH/a-MnO,-1 pouch cell at a current density of 0.2 A g™". (B) Rate performance of MnOOH/a-MnO,-1
pouch cell at various current densities. (C) Cycling performance of MnOOH/a-MnO,-1 pouch cell at 0°C. (D-G) Demonstration of MnOOH/a-MnO,-1
pouch cell powering a fan under mechanical stress tests, including (E) hammering, (F) cutting, and (G) perforation.

distilled water and anhydrous ethanol for several times, and
dried in a vacuum oven at 60°C.

4.1.2 | Synthesis of MnOOH/a-MnO, Composite

The obtained §-MnO, precursor was dispersed in 40mL of
MnSO, solution, with the concentration of MnSO, adjusted
between 0.0025and 0.125mol L™ (corresponding to 0.1 to
5mmol of MnSO,). The mixture was transferred to a 100 mL
autoclave, which was sealed and heated at 160°C for 6 h. After
cooling to room temperature, the product was collected and
washed several times with distilled water and anhydrous
ethanol, and finally dried in a vacuum oven at 60°C. A series of
MnOOH/a-MnO, composites with varying proportions were
successfully prepared and denoted as MnOOH/a-MnO,-X
(X represents the molar amount of MnSO, added).

4.1.3 | Synthesis of a-MnO,

The obtained 6-MnO, precursor was dispersed in 40 mL of
0.0125 mol L™' MnSO, (0.5 mmol of MnSO,). The mixture was
transferred to a 100 mL autoclave, which was sealed and heated
at 160°C for 6 h. After cooling to room temperature, the product
was collected and washed several times with distilled water and
anhydrous ethanol, and finally dried in a vacuum oven at 60°C.

4.1.4 | Synthesis of MnOOH

The obtained 6-MnO, precursor was dispersed in 40 mL of
0.25mol L™' MnSO, (10 mmol of MnSO,). The mixture was
transferred to a 100 mL autoclave, which was sealed and heated
at 160°C for 6 h. After cooling to room temperature, the product

was collected and washed several times with distilled water and
anhydrous ethanol, and finally dried in a vacuum oven at 60°C.

4.2 | Materials Characterization

Powder XRD measurements were performed using an
X'Pert Pro diffractometer (PANalytical) with Cu Ko radiation
(A=0.1541 nm) over a 26 of 5° to 80° at a scanning speed of 10°
min~'. The microstructures and compositions of the electrode
materials were analyzed by field-emission scanning electron
microscopy (FESEM, HITACHI Regulus 8100) and transmis-
sion electron microscopy (TEM, Tecnai G2 F30 S-Twin)
equipped with an energy-dispersive X-ray spectroscopy (EDX)
detector. X-ray photoelectron spectroscopy (XPS) was per-
formed with a Thermo Scientific K-Alpha spectrometer with a
monochromatic Al Ka source.

4.3 | Electrochemical Tests

The cathode slurry was prepared by mixing the active cathode
material, conductive carbon black, and polyvinylidene fluoride
(PVDF) in a mass ratio of 7:2:1. A suitable amount of N-methyl-
2-pyrrolidone (NMP) was added, and the mixture was ground
thoroughly to form a uniform slurry. The slurry was then evenly
coated onto carbon paper, which was dried in a vacuum oven at
60°C for 12h. The dried carbon paper was cut into 12mm
diameter discs, with an active material loading of approximately
1.2-1.6 mg cm™>. CR2032-type coin cells were assembled using
bare zinc foil as the anode, the prepared electrode discs as the
cathode, Whatman GF/D glass fiber as the separator, and a
mixed solution of 2mol L™ ZnSO, and 0.1 mol L™! MnSO, as
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the electrolyte. The electrochemical performance of the
assembled cells was evaluated using a Neware battery testing
system (CT-4008T-5V10mA-164, Shenzhen, China) and a CHI
760E electrochemical workstation (Shanghai, China).

4.4 | Determination of Kinetic Behavior

The pseudocapacitive contribution of the electrode material was
analyzed by fitting CV curves at various scan rates using the
following equations:

i=anb, @

logi = blogv + loga. 2

Here, i represents the peak current, v is the scan rate, and a and
b are adjustable parameters. A b value of 0.5 indicates diffusion-
controlled behavior, while a b value of 1 suggests surface
pseudocapacitance-controlled behavior. If b lies between 0.5
and 1, the electrode material exhibits a combination of diffusion
and capacitive effects.

4.5 | Calculation of Diffusion and Capacitive
Contributions
i =k + kkv'/? 3)
i/v”z = k1v1/2 + kz. (4)

Here, k;v represents the contribution from surface pseudoca-
pacitance, while k,»"/* represents the diffusion-controlled con-
tribution. k; and k, are adjustable parameters.

4.6 | Estimation of Ion Diffusion Coefficient

Using GITT, the diffusion coefficient (D) of ions in the battery
was calculated using the following equation:

2 2
Dy = & mpVin | AEs | (5)
nt\ MgS AE;

In this equation, 7 is the pulse duration for constant current,
mp, Vm, and Mg represent the mass, molar volume, and
molecular weight of the electrode material, respectively. S is the
contact area between the electrode material and the electrolyte.
AEjg denotes the change in steady-state voltage, while AE; is the
voltage change during a specific step.

4.7 | DFT Calculations

All DFT calculations were performed using the Vienna Ab-inito
Simulation Package (VASP) [48, 49]. The exchange-correlation
interactions were treated with the Perdew-Burke-Ernzerhof
(PBE) functional within the generalized gradient approximation
(GGA) [50, 51]. Ion-electron interactions were described
using the projector augmented wave (PAW) method [52].

A plane-wave cutoff energy of 450eV was employed for all
calculations. The Brillouin zone was sampled using a 1 X1 X1
I'-centered k-point mesh. Structural relaxations were performed
until the energy change was below 1.0 x 10">eV and the forces
on all atoms were less than 0.05eV A™. Van der Waals (vdW)
interactions were accounted for using the DFT-D3 correction
method [53]. The migration barriers for Zn** ions were subse-
quently determined using the climbing image nudged elastic
band (CI-NEB) method. Two distinct migration pathways were
investigated, with oxygen sites selected as the initial and final
positions because they exhibit stronger adsorption affinity for
H and Zn atoms, resulting in more stable configurations.
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