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A B S T R A C T

Aqueous zinc-ion batteries (AZIBs) have emerged as a promising alternative in the field of energy
storage due to their lower cost, enhanced safety, and environmental friendliness. However, the devel-
opment of efficient and stable cathode materials remains a significant challenge. In this work, the MnO
nanoflower network anchored on a two-dimensional lamellar carbon (MnO NN/LC) was synthesized via
metal-organic framework-derived method. The lamellar carbon serving as the 2D conductive matrix
facilitates faster ion diffusion and electron transfer, resulting in superior zinc storage performance. MnO
NN/LC displays larger reversible capacity, superior rate capability, and much higher cycling stability
compared to traditional bulky MnO/C (B-MnO/C) material. Especially, the MnO NN/LC demonstrates
long-term cycling stability with the retained capacity as high as 104.2 mA·h·g- 1 after 1400 cycles at
1 A·g- 1, presenting substantial enhancement over the capacity of 75.7 mA·h·g- 1 for B-MnO/C. Ex-situ
experiments indicate that MnO during the zinc ion storage is electrochemically oxidized into MnO2

species, and actually facilitates the intercalation/deintercalation of H+ and Zn2+. These findings un-
derscore the potential of the MnO NN/LC composite as a promising cathode material for AZIBs.
© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

The growing scarcity and overconsumption of traditional fossil
fuels have accelerated the development of alternative energy
technologies, particularly the battery systems for energy storage
[1—4]. Batteries play a crucial role in enhancing the reliability and
efficiency of renewable energy sources, such as solar and wind
power, by storing excess energy and releasing it as demand fluc-
tuates [5]. Ongoing innovations in battery technology have been
focusing on improvements in capacity, durability, and cost-
effectiveness [6]. Lithium-ion batteries as the currently most
popular device still face significant challenges, including resource
scarcity, flammability, and environmental pollution [7—9].
Consequently, it is important to develop novel battery technolo-
gies that address security and economic concerns [10].

Aqueous zinc-ion batteries (AZIBs) have emerged as a viable
alternative, offering a superior safety profile due to their use of a

water-based, non-flammable electrolyte. AZIBs also have extra
advantages with high theoretical capacity of zinc metal (approxi-
mately 820 mA·h·g- 1), low anode potential, as well as the abun-
dance of zinc and the cost- effectiveness [11—14]. The development
of high-performance cathode materials is paramount for
advancing AZIBs, as these materials largely determine the capacity,
operating voltage, and cycling stability by facilitating the revers-
ible insertion and extraction of Zn2+ ions [15,16]. A variety of
cathode materials have been explored for AIBs, in which
manganese-based oxides, such as MnO, Mn3O4, Mn2O3, and MnO2,
have gained particular attention due to their high operating
voltage, substantial capacity, low cost, and environmental friend-
liness [17—23]. Recent studies indicate that MnO possesses favor-
able performance in zinc storage through in-situ reversible
electrochemical oxidation and reduction process [20,21]. However,
some issues need resolved, such as significant volume expansion
during the repeated intercalation and deintercalation of Zn2+,
manganese dissolution during prolonged cycling, and sluggish
kinetics owing to low conductivity.

At present, considerable research efforts have focused on
mitigating these challenges through various strategies, including
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nanostructure tailoring, composites construction with conductive
materials, and interlayer engineering [19—23]. For instance, Zhu
et al. [15] employed an in-situ electrochemical method to activate
MnO, generating Mn defects during the charging process to create
a highly electrochemically active cathode for AZIBs. Similarly, Yu
et al. [22] reported the preparation of a nitrogen-doped MnO
cathode with abundant oxygen vacancies, which demonstrated
exceptional rate performance, cycling durability, and high energy
density for zinc ion storage. These advances have stimulated
further exploration of MnO-based cathodes by engineering their
structure and composition. Notably, the introduction of a two-
dimensional (2D) structure can offer unique advantages for facil-
itating efficient charge transfer and significantly shortening the
ion diffusion pathways within the solid electrode material, ulti-
mately leading to rapid ionic transport and enhanced kinetics
[24,25]. Therefore, integrating manganese oxide materials into a
2D structure represents a promising strategy for achieving high
performance for AZIBs. For example, Zhu et al. [25] synthesized 2D
MnO supported on carbon composite that effectively promoted
reaction dynamics and alleviated volume expansion during long-
term cycling, achieving large capacity retention after long term
cycles at 1.0 A·g- 1.

Inspired by these advancements, we aim to design a MnO
nanoflower network anchored on a 2D lamellar carbon through a
metal-organic framework (MOF)-derived method [25,26]. The
resulting MnO NN/LC composite exhibits unique zinc ion storage
performance characterized by a larger reversible capacity,
enhanced cycling stability, and superior rate capability when
compared to the bulky MnO/C (B-MnO/C) composite. The 2D
lamellar carbon serves as a highly conductive matrix, while the
MnO flower-like network provides a robust framework that facil-
itates the diffusion of Zn2+ ions and charge transfer. Ex-situ
measurements disclose that MnO is electrochemically oxidized
into MnO2 species during the charge and discharge process, which
actually facilitates the intercalation/deintercalation of H+ and
Zn2+. The as-made MnO NN/LC composite demonstrates excellent
zinc storage properties, showcasing remarkable rate capability,
cycling stability, and improved electrochemical dynamics.

2. Experimental

2.1. Preparation of MnO NN/LC and B-MnO/C materials

All reagents were procured from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai) and utilized without further purification.
Initially, 5.5 mmol of sodium benzoate and 7.8 mmol of manganese
acetate tetrahydrate (Mn(CH3COO)2·4H2O) were added to a 100 ml
beaker containing 60 ml of N, N-dimethylformamide (DMF, 99.8%).
The resulting mixture was subjected to continuous stirring in a
water bath maintained at 26 ◦C for a duration of 12 h. Subse-
quently, 11 mmol of benzoic acid was introduced into the system,
and stirring was continued for an additional hour. Following this,
the mixture was transferred to a 100 ml Teflon-lined reactor and
placed in an oven set to 180 ◦C for 10 h. After cooling to room
temperature, the resultant white product was collected via
centrifugation and thoroughly washed three times with DMF and
absolute alcohol. The collected white precursor was then dried for
12 h in a vacuum oven at 80 ◦C.

In the subsequent step, the products were transferred to a
porcelain boat and subjected to heating from room temperature to
600 ◦C at a rate of 2 ◦C·min- 1 in a tube furnace under a nitrogen
atmosphere for 2 h. The resulting black product was again washed
three times with DMF and absolute alcohol, followed by drying at
80 ◦C for 12 h. The B-MnO/C sample was prepared as a control

using the same procedure, with the exception that sodium ben-
zoate was omitted from the reaction mixture.

2.2. Materials characterization

The phase structure and composition of the samples were
investigated using powder X-ray diffraction (XRD) with a Bruker D8
Advance diffractometer, employing Cu-Kα radiation
(λ = 0.15481 nm). X-ray photoelectron spectroscopy (XPS) was
performed using a Thermo Fisher Scientific ESCALAB 250Xi in-
strument with an Al Kα source, utilizing the C 1s peak at 284.6 eV as
a reference for analyzing the surface elemental states. Additionally,
laser confocal Raman spectroscopy was conducted using a Horiba
Scientific LabRAM HR Evolution system with 532 nm excitation to
assess the vibrational modes of the materials. The detailed micro-
structures of the samples were characterized using scanning elec-
tron microscopy (SEM) on a JEOL JSM-6700 and transmission
electron microscopy (TEM) using a JEOL JEM-2100. The surface area
and pore size of all materials were measured using the Brunauere-
Emmette-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods
by adsorption/desorption under nitrogen at 200 ◦C with a high-
performance adsorption analyzer (Micromeritics 3 Flex, Micro-
meritics Instrument Corporation, United States).

2.3. Electrochemical tests

The electrochemical performance of the samples was evaluated
using 2032 coin-type cells, with zinc foil serving as the anode. The
working electrode was constructed by dispersing a homogeneous
mixture comprising 70% (mass) active material, 20% (mass)
conductive carbon (Super P), and 10% (mass) polyvinylidene
fluoride (PVDF) into N-methylpyrrolidone (NMP). Each electrode
mass is almost the same with approximately 1.8 mg·cm- 2. This
slurry was subsequently coated onto titanium foil and dried at
60 ◦C to form the electrode.

For the electrolyte, a mixed aqueous solution of 2 mol·L- 1 ZnSO4
and 0.1 mol·L- 1 MnSO4 was employed. Galvanostatic charge/
discharge (GCD) tests were conducted using a Neware battery testing
system, with the voltage range set between 0.8 and 1.8 V. Addition-
ally, cyclic voltammetry (CV) measurements were performed on a
CHI 760E electrochemical workstation, employing a scanning rate
varying from 0.1 to 2.0 mV·s- 1. Electrochemical impedance spec-
troscopy (EIS) was carried out over a frequency range of 105 to
10- 2 Hz, providing insights into the charge transfer resistance and
overall electrochemical dynamics of the assembled cells.

3. Results and Discussions

The MnO NN/LC composite was synthesized through a two-
step process. Initially, sodium benzoate was incorporated during
the preparation to regulate the formation of the 2D lamellar
structure of the Mn-MOF precursor. Such the structure was well
preserved upon calcination in a nitrogen atmosphere, resulting in
MnO interconnected nanoflowers network anchored on carbon
layers. For comparison, the B-MnO/C composite was synthesized
without the addition of sodium benzoate to elucidate the impact of
microstructure on zinc storage performance.

The crystal phases of both products were characterized using
XRD technique. As illustrated in Fig. 1(a), both samples exhibit
similar diffraction peaks. The broad peak at approximately 25◦

corresponds to carbon species, while the distinct diffraction peaks
at 34.9◦, 40.5◦, 58.7◦, 70.2◦, 73.8◦, and 87.8◦ can be attributed to the
MnO phase (JCPDS No. 07-0230) [27]. This observation confirms
the formation of the MnO/C composite. XPS was further employed
to analyze the surface chemical valence states of the MnO NN/LC
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composite. The Mn 2p spectra Fig. 1(b) reveal two peaks at 642.5
and 654.2 eV, corresponding to the 2p3/2 and 2p1/2 Mn2+ states in
MnO [24], respectively. In the high-resolution C 1s spectrum
Fig. 1(c), three peaks at 284.8, 285.8, and 289.3 eV are assigned
to C―C, C―O, and C═O bonding coming from the carbon support
[28], respectively. Additionally, the O 1s spectrum Fig. 1(d) is
divided into three peaks, which correspond to anhydrous man-
ganese oxides (Mn―O―Mn bond), defective oxygen, and hydroxyl
group sites (H―O―H bond) [29]. Collectively, these results affirm
the scalable fabrication of the MnO/C composite utilizing a MOF-
based approach.

SEM was employed to observe the morphological formation
and evolution for both the MnO NN/LC and B-MnO/C composites.
Fig. 2(a) depicts the microstructure of the bulky Mn-MOF pre-
cursor (B-Mn-MOF), characterized by a particle size primarily
ranging from 15 to 30 μm. This diamond cubic morphology was
well retained after calcinating the precursor Fig. 2(b). In contrast,
the introduction of sodium benzoate facilitated the formation of a
stacked lamellar structure in the L-Mn-MOF precursor Fig. 2(c).
The resulting MnO NN/LC composite, obtained after calcination,
also preserved the layered structure as shown in Fig. 2(d). By
careful observations, it can be found that a thin layer of a MnO
network with an interconnected porous structure anchored on the
carbon support. By comparison, sodium benzoate plays important
role for the formation of the 2D layered MOF precursor through

the synergistic effects of coordination competition and steric
hindrance. The benzoate ions dissociated from sodium benzoate
can compete with terephthalic acid for coordination sites with
manganese ions [30]. Meanwhile, the phenyl groups in the ben-
zoate ions introduce steric hindrance, inhibiting the axial growth
of MOF crystal nuclei and inducing preferential lateral growth of
the crystals, thereby promoting the formation of a 2D layered
structure [30].

TEM was conducted to investigate the detailed structure of the
MnO NN/LC composite. As shown in Fig. 3(a)& (b), the transparent
framework implied the formation of one thin carbon sheet, where
a layer of flower-like network structures covered on the carbon
surface. From Fig. 3(b), it can be clearly found that there are some
scattered nanoflowers over the marginal region. From high-
resolution TEM (HRTEM) image Fig. 3(c), many ordered fringes
distinguished with a lattice spacing calculating to be 0.222 nm,
which aligns well with the (200) plane of MnO species [29]. EDS
analysis confirms the composition of the freshly synthesized MnO
NN/LC product, revealing an atomic ratio of Mn to O close to 1:1,
with a carbon content of 53.62% Fig. 3(d). Notably, the edge region
reveals that the 2D carbon support is not entirely smooth as dis-
played in Fig. 3(e), which exhibited large pits on the surface
alongside numerous scattered particles and several nanoflowers.
Element distribution mapping Fig. 3(f)—(i) indicates Mn and O
elements distributed through the whole surface particles, while

Fig. 1. (a) XRD pattern of MnO NN/LC and B-MnO/C materials, XPS data of (b) Mn 2p, (c) C 1s, and (d) O 1s for the MnO NN/LC.
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the C element mainly existed in the bottom·support. The surface
area and porous structure for both samples was characterized by
BET method. As shown in Fig. S1(a) & (b), both B-MnO/C and MnO
NN/LC exhibit typical type IV isotherms with H3 hysteresis loops
[31], indicating the presence of mesoporous structures within the
samples. BET results show that the specific surface area of MnO
NN/LC reaches 44.08 m2·g - 1, which is dramatically higher than
that of B-MnO/C. The corresponding pore size distribution curves
as given in Fig. S1 (c) & (d) further reveal that MnO NN/LC pos-
sesses the pores mainly distributed in the range of 3- 15 nm,
demonstrating a higher porosity compared to B-MnO/C. The high

specific surface area and rich mesopores of MnO NN/LC not only
facilitate electrolyte penetration within the electrode but also
provide rich active sites for redox reactions and enhance ion
diffusion kinetics, ultimately contributing to improved electro-
chemical performance [32].

This 2D nanosheet structure is expected to significantly
enhance the electron transfer, shorten the ion diffusion pathway,
and improve the electrochemical dynamics of the electrode ma-
terial. To evaluate the zinc storage properties of the two synthe-
sized cathode materials, the first cyclic voltammetry (CV) curves of
both electrodes at a scanning rate of 0.1 mV·s- 1 are presented in

Fig. 2. SEM images of the precursor (a) and corresponding B-MnO/C composite (b), the precursor (c) and corresponding MnO NN/LC composite (d).

Fig. 3. (a, b) TEM images, (c) HRTEM image, (d) EDS analysis, (e)-(i) element mapping images for MnO NN/LC composite.
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Fig. 4(a). The two CV curves exhibit similar shapes, indicating that
both the bulky and flower-like network MnO/C composites possess
analogous electrochemical behaviors concerning zinc ion storage.
However, the peak area and peak current intensity of the MnO NN/
LC composite are significantly greater than those of the B-MnO/C
composite, signifying its superior capacity and enhanced electro-
chemical storage capability [33]. Fig. 4(b) illustrates the first five CV
cycles for the MnO NN/LC electrode at a scanning rate of
0.2 mV·s- 1, where two distinct reduction peaks at approximately
1.24 and 1.39 V are observed, corresponding to the insertion of Zn2+

and H+ during the discharge process [34]. The oxidation peaks at
1.58 and 1.60 V are attributed to the ion release during the charging
process, consistent with the CV characteristics typically observed in
manganese-based oxides [25]. Moreover, the peak area and current
intensity of the CV curve for the first five cycles progressively in-
creases, reflecting the gradual activation of the charge storage ac-
tivity for the electrode materials, akin to previous reports [25].

Fig. 5(a) displays the first constant current charging-discharge
curves of the two synthesized electrodes at a current density of
0.2 A·g- 1. It is evident that the potential gap of the MnO NN/LC
electrode is narrower than that of the B-MnO/C electrode, sug-
gesting that the lamellar 2D carbon support effectively enhanced
the cycling reversibility and accelerated reaction kinetics, thus
alleviating the polarization [28]. To further investigate the advan-
tages of the 2D electrode structure, the rate performance of both
electrodes was assessed, as depicted in Fig. 5(b). At a current
density of 0.2 A·g- 1, the capacity of the MnO NN/LC electrode
increased from an initial value of 177.3 mA·h·g- 1 to
256.6 mA·h·g- 1, attributed to the gradual activation of the elec-
trode material. As the current density was incrementally increased
to 0.4, 0.6, 0.8, and 1.5 A·g- 1, the corresponding capacities at the
last cycle of each current density were 224.5, 171.6, 124.7, and
64.2 mA·h·g- 1, respectively. Upon restoring the current density to
0.2 A·g- 1, the MnO NN/LC electrode was able to regain a capacity
nearly equivalent to that observed at the initial current density. In
contrast, the capacities of the B-MnO/C electrode were significantly
lower, registering 162.6, 115.1, 59.1, 31.0, and 15.4 mA·h·g- 1 at the
10th, 20th, 30th, 40th, and 50th cycles, respectively. These results
underscore the structural advantages of the porous network MnO
architecture anchored on 2D lamellar carbon support, which pro-
vides a large specific surface area to ensure full contact with the
electrolyte as well as the fluent pathway for mass transfer, thereby
enhancing the electrochemical activity and facilitating rapid and
efficient insertion/desertion of Zn2+ ions.

The cycling stability of both electrodes was further assessed at
1.0 A·g- 1 over an extended period. As illustrated in Fig. 5(c), the
initial capacity of the MnO NN/LC electrode was 72.0 mA·h·g- 1,
which gradually increased to a peak value of 141.7 mA·h·g- 1 by
the 13th cycle, attributed to the activation process of the electrode.
In contrast, it required 96 cycles for the B-MnO/C electrode to
achieve its highest capacity of 91.2 mA·h·g- 1. Subsequently, both
electrodes exhibited a decline in capacity. After the 1400th cycle,
the remaining capacities were 104.2 mA·h·g- 1 for the MnO NN/LC
electrode and 75.7 mA·h·g- 1 for the B-MnO/C electrode. As shown
in Fig. 5(c), the capacity evolution of the MnO NN/LC electrode
exhibits a typical three stage activation process, which involves a
rapid capacity increase followed by the slight decrease, and then
gradually increasing and stabilizing process. This phenomenon
corresponds to three consecutive kinetic stages. The initial ca-
pacity rise is primarily attributed to the thorough wetting of the
electrode along with the increase in active surface area [35,36].
The subsequent rapid decay is closely related to the dissolution of
active Mn2+ and side reactions at the unstable electrode/electro-
lyte interface [37]. The following slow recovery signifies the sys-
tem entering a dynamic rebalancing process. On one hand, a dense
and stable interfacial film gradually forms on the surface, effec-
tively suppressing the ongoing Mn dissolution and side reactions.
On the other hand, the repeated Zn2+/H+ insertion/extraction in-
duces minor adaptive changes in the crystal structure, facilitating
ion transport kinetics [18]. Ultimately, after undergoing the
aforementioned dynamic adjustments, the electrode enters a
stable long-term cycling plateau. This process clearly reveals the
interfacial stabilization and electrochemical self-adaptive capa-
bilities resulting from the flexible 2D carbon layer support.

The TEM image of MnO NN/LC after long term cycles is given in
Fig. S2, which clearly shows that the nanoflower-like network
anchored on carbon sheets well preserved, demonstrates the highly
reversible dynamic phase transition during the repeated Zn
ion storage. Table S1 provides one comparison of the cycling
stability for some MnO-based cathodes as reported previously
[15,22,27,33,38—40], from which it is evident that the as-made MnO
NN/LC shows superior cycling stability. The superior capacity
retention, the robust architecture, and accelerated activation process
of the MnO NN/LC demonstrate its enhanced electrochemical stor-
age ability in terms of excellent rate performance and prolonged
cycle life, implying the potential application as one cathode in AZIBs.

To systematically elucidate the electrochemical dynamics of
the MnO NN/LC electrode, CV tests were conducted at varying

Fig. 4. (a) The first CV curves of MnO NN/LC and B-MnO/C electrodes at a scanning rate of 0.1 mV·s- 1, (b) the first five cycles for CV curves of MnO NN/LC electrode.
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scanning rates. As shown in Fig. 6(a), the CV curves maintained
similar shapes with increasing scan rates, while both cathodic and
anodic peaks exhibited broadening and shifts toward lower and
higher potential values, respectively. The relationship between
peak current (i) and scanning rate (v) can be described by Eq. (1)
[41].

i= a vb (1)

Here, a and b are adjustable parameters associated with the
scanning rates. The boundary values of parameter b range from 1.0
to 0.5. A b value of 0.5 indicates that the electrochemical reaction is
primarily governed by ion diffusion behavior, while a value of 1
points to reaction control by pseudo-capacitive behavior. The b
value is determined according to Eq. (2) [42]:

lg(i)= lg(a) + b lg(v) (2)

The correlation between lg(i) and lg(ν) is presented in Fig. 6(b).
The b values for peak I, II, and III are 0.51, 0.51, and 0.69, respec-
tively. It can be conclusive that the electrochemical charge/
discharge reactions in MnO NN/LC are mainly controlled by
diffusion behaviors. And the diffusion contribution ratio is evalu-
ated based on Eq. (3) [43].

i(v)= k1 v + k2 v1/2 (3)

Herein, k1v represents capacitive contribution, and k2v
1/2 rep-

resents diffusion contribution. The analysis for quantitative kinetic

data based on CV fitting has been provided as shown in Fig. 6(c). It
is clearly found that the specific peak currents of each redox
process at various scan rates exhibit a good linear relationship
with the square root of the scan rate (v1/2). This directly demon-
strates that the redox reactions are primarily diffusion-controlled,
in line with the diffusion-dominated kinetic mechanism described
by the Randles-Sevcik equation. Specifically, specific peak current
shows a linear increase in the anodic oxidation process (σa = 1.28)
with increasing v1/2, reflecting the diffusion-controlled nature of
the conversion from low to high valence Mn species (e.g. Mn2+ →

Mn3+/Mn4+) [18]. The two cathodic reduction processes exhibit
the slopes of σb = - 0.47 and σb = - 1.07, respectively, indicating
that the reduction from high to low valence Mn is also diffusion-
controlled, with peak currents varying linearly with v1/2 [44]. It
is conclusive that the redox reaction rates for MnO NN/LC material
within the tested potential range are predominantly governed by
the diffusion of ions at the electrode/electrolyte interface. The
differing slopes between the oxidation and reduction processes
further reveal an asymmetry in the kinetic behavior during the
electrochemical reactions.

It can be seen from Fig. 6(d) that the capacitive contribution
ratio increases from 34.35% to 51.75% with the increment of the
scanning rate from 0.4 to 2.0 mV·s- 1. The b values further disclose
that the electrochemical charge/discharge reactions are primarily
influenced by diffusion behaviors. The increasing capacitive
contribution ratio with scan rate suggests an enhancement in
electrochemical storage performance at elevated rates.

Fig. 5. (a) The first constant current charging-discharging curves at 0.2 A·g- 1, (b) Rate performances, (c) cycling performances of MnO NN/LC and B-MnO/C electrodes.

M. Li et al. / Chinese Journal of Chemical Engineering 95 (2026) 50—59 55



Electrochemical impedance spectroscopy (EIS) measurements
were conducted for both the MnO NN/LC and B-MnO/C electrodes,
with the corresponding Nyquist diagram presented in Fig. 7. As
observed in Fig. 7(a), the charge transfer resistance (Rct) of the
MnO NN/LC electrode (271.6 Ω) is significantly lower than that of
the B-MnO/C electrode (428.6 Ω). This pronounced reduction in
charge transfer resistance for the MnO NN/LC composite indicates
faster charge transfer rates [45]. The enhanced charge transfer rate
can be attributed to the diminished structural dimensions and the
advantages of the 2D layered support with the network MnO ar-
chitecture. Fig. 7(b) reveals that the fitting curve for the MnO NN/
LC electrode exhibits a smaller slope, indicative of superior ion
diffusion capability. Thus, the construction of a 2D conductive
matrix effectively accelerates charge transfer and ion diffusion
within the composite material [24].

To elucidate the reaction mechanism of the B-MnO/C com-
posite cathode during Zn2+ insertion/extraction, ex-situ Raman
spectroscopy characterization was performed for the galvanostatic
charge-discharge process. As shown in Fig. 7(c)& (d), the obtained
Raman spectra provide clear evidence of dynamic phase transi-
tions for the cathode material throughout the electrochemical
cycling. Upon charging to 1.6 V (State A), a well-defined charac-
teristic peak emerges at 644 cm- 1 in the Raman spectrum corre-
sponding to the symmetric stretching vibration of the Mn—O
bonds in MnO2, which clearly confirms the formation of Mn4+

species from the MnO2 phase [46]. As charging proceeds to 1.8 V

(State B), this characteristic peak exhibits a noticeable redshift to
634 cm- 1. This phenomenon reveals more profound structural
evolution under high-voltage charging. Firstly, Zn2+ from the
electrolyte pre-insert into the MnO2 layered structure, leading to
lattice expansion and increased interlayer spacing [47]. Secondly,
the co-insertion of hydronium ions (H3O+) or water molecules
from the aqueous electrolyte, promoting hydration with the
[MnO6] framework and forming a hydrated phase (such as δ-
MnO2) with enlarged interlayer spacing [48—50]. The synergistic
effect of these two processes results in fine adjustments of the
bond lengths and angles of the Mn—O bonds, which also causes the
continuous redshift of the characteristic Raman peak-a and im-
plies its structural instability under high voltage conditions. Dur-
ing the subsequent discharge process (from State B to D), the
intensity of the MnO2 characteristic peak at 634 cm- 1 dramatically
decreases, indicating the gradual reduction of Mn4+ species.
Concurrently, a new broad feature appears around 347 cm- 1,
corresponding to the characteristic vibration of rock-salt struc-
tured MnO [51,52]. As the discharge content increases (with
continued extraction of Zn2+), the MnO signal at 347 cm- 1 showed
monotonic enhancement.

Ex-XRD analysis has been performed to examine the phase
evolution and valence changes of the electrodes before and after
cycling. As shown in Fig. S3, upon charging the newly emerged
diffraction peak of 37.8◦ can be ascribed to the formation of
ZnxMnO2, while the diffraction peaks around 38.07◦ and 39.8◦

Fig. 6. (a) CV curves, (b) Simulation results of lg i vs. lg v, (c) linear-fitting curves of the major peak currents versus scanning rates, (d) capacitive contribution ratio of MnO NN/LC at
different scan rates.
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with the shoulder peaks can be assigned to the production of
MnO2 coupled with different crystalline state [32]. This observa-
tion indicated the MnO was oxidized to high-valence Mn3+/Mn4+

during charging process [52]. After discharging (extraction of
Zn2+/H+), the signal of ZnxMnO2 disappeared with only MnO2
residues, disclosing that the formed MnO2 has become the domi-
nant active species toward Zn storage as the same as the previous
report [52].

Given all that, the MnO NN/LC composite displays superior zinc
ion storage performance, characterized by a large reversible ca-
pacity and high long-term cycling stability. The 2D carbon support
can provide conductive in-plane matrix and thus facilitate
unblocked electronic conductivity, enabling rapid electron move-
ment through the percolating MnO network anchored on the
lamellar architecture to the current collector. The synergistic effect
of enhanced ionic diffusion perpendicular to the plane and effi-
cient electronic conduction within the plane collectively reduces
the overall internal impedance of the MnO electrode. This results
in superior rate capability, high power density, and improved

cycling stability, establishing these materials as highly promising
candidates for next-generation high-performance batteries.

4. Conclusions

The MnO nanoflower network on lamellar carbon composite,
fabricated by a metal-organic framework-derived protocol, rep-
resents a significant advancement in cathode materials for
aqueous zinc-ion batteries. Its unique 2D lamellar carbon support
not only provides a highly conductive matrix but also stabilizes the
MnO nanoflowers network, enabling enhanced zinc storage per-
formance characterized by superior rate capability, extended
cycling stability, and high reversible capacity. MnO underwent
reversible electrochemical oxidation to MnO2 species as well
improved the Zn ion storage performance. This study underscores
the scalable fabrication of the composite electrode incorporated
with carbon layer and its potential to address challenges in energy
storage technologies. Future research could explore the

Fig. 7. (a) Nyquist diagram of MnO NN/LC and B-MnO/C electrodes, and (b) the relationship between ω- 1/2 and - Z′ , (c) The GCD curve at 4th cycle at 0.2 A·g- 1, (d) ex situ Raman
spectra at the different charging/discharging states of B-MnO/C anode.
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optimization of synthesis techniques and the application of similar
composite structures to other battery systems.
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