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Reversible Zn and Mn deposition in NiFeMn-LDH
cathodes for aqueous Zn—Mn batteries

Yuan Ge, © 2 Dong Pan,* Lin Li,?® Jiaxin Fan® and Wei Liu®

Introducing NiFeMn-Layered Double Hydroxide (LDH) as an innovative cathode material for Zn—-Mn
batteries, this study focuses on bolstering the electrochemical efficiency and stability of the system. We

explored the effect of varying Zn/Mn molar ratio in the electrolyte on the battery's electrochemical

performance and investigated the underlying reaction mechanism. Our results show that an electrolyte
Zn/Mn molar ratio of 4:1 achieves a balance between capacity and stability, with an areal capacity of
0.20 mA h cm™2 at a current of 0.2 mA and a capacity retention rate of 53.35% after 50 cycles. The
mechanism study reveals that during the initial charge—discharge cycle, NiFeMn—-COsz LDH transforms

into NiFeMn-SO, LDH, which then absorbs Zn?*, Mn?*, and SO,2~

ions to form a stable composite

substrate. This substrate enables the reversible deposition—dissolution of Mn ions, while Zn ions
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participate in the reaction continuously, with most Mn- and Zn-containing compounds depositing in an

amorphous phase. Although further optimization is needed, our findings provide valuable insights for
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1 Introduction

In energy storage, aqueous zinc ion batteries (AZIBs) have
garnered considerable attention due to their high theoretical
energy density, cost-efficiency, and inherent safety advantages,
which stem from the non-flammable nature of zinc and its
electrolytes.”> The Zn-MnO, battery system, utilizing the
abundant and cost-effective active material MnO,, holds
significant potential for developing high-energy density
batteries.> Despite these advantages, the operational longevity
of Zn-MnO, batteries has been challenged by MnO,'s dissolu-
tion, leading to a degradation of the cathode and a consequent
loss of capacity.®”®

Recently, researchers have tried to reverse the adverse effects
of MnO, dissolution by converting the dissolution/deposition
process of MnO,/Mn** into a part of the battery capacity.’**?
This discovery has spurred significant research efforts to opti-
mize substrate and electrolyte formulations and enhance the
cyclability of MnO,/Mn>** redox reactions through additive
incorporation."™® The substrate is a crucial site for the
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developing Zn—-Mn aqueous batteries, highlighting the potential of LDHs as cathode substrates and the
pivotal role of amorphous compounds in the reversible deposition—dissolution process.

reversible deposition reactions in batteries, significantly influ-
encing their performance. Currently, researchers have utilized
MnO,,**** Mg,MnO, nanowires,”® MnO,/carbon,*® MnO,/
MWCNT,” MnO,/CNT,**?* MnO,/carbon cloth,* carbon felt,*
graphite felt,* 3D carbon nanotube foam skeleton,* and porous
carbon* as Mn deposition substrates, achieving promising
results in the Zn-MnO, battery system. Layered double
hydroxides (LDH) such as NiCoFe-LDH, CoFe-LDH, NiFe-LDH,
and NiMnFe-LDH exhibit excellent electrochemical activity
and ion-adsorption capabilities,**® positioning them as prom-
ising candidates for the construction of substrate materials for
reversible zinc-manganese (Zn-Mn) deposition batteries The
capacity of the battery system primarily stems from the inter-
calation of Zn into MnO, and the reversible reaction between
MnO, and Mn>**. The transformation between solid MnO, and
aqueous Mn”" is beneficial for enhancing capacity. However,
issues such as excessive interphases during the reaction process
and difficulty controlling the reactant phases persist.

Inspired by this, we attempted to construct a Zn-Mn
reversible deposition battery system without MnO,. Here, we
proposed the use of NiFeMn-LDH as the cathode substrate for
Zn-Mn reversible deposition batteries and conducted a detailed
study of the battery’'s performance under electrolytes with
different Zn/Mn molar ratios, exploring the electrochemical
reaction mechanisms of Zn-Mn reversible deposition batteries.
The battery test results indicate that when the Zn/Mn molar
ratio is 4: 1, the Zn-Mn reversible deposition battery achieves
a good balance of capacity and cycling stability. At a current of

0.2 mA, the discharge areal capacity reaches 0.20 mA h cm 2,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with a capacity retention rate of 53.35% after 50 cycles. The
electrochemical reaction mechanism study reveals that during
the initial charge-discharge process, NiFeMn-CO; type LDH
transforms into NiFeMn-SO, type LDH. The LDH substrate
absorbs Zn, Mn, and SO,>” ions from the solution to form
a more stable composite substrate. Mn ions undergo deposi-
tion-dissolution reactions on the composite substrate, while Zn
ions participate in the reaction throughout the process, with
Mn- and Zn-containing compounds primarily depositing in an
amorphous phase.

Although the capacity and stability of the Zn-Mn aqueous
battery constructed in this study still require further optimiza-
tion, we have provided new insights and knowledge for Zn-Mn
aqueous batteries: proposing the use of LDH as the cathode
substrate to aid the Zn-Mn aqueous battery system, and
discovering that the Zn-Mn reversible deposition-dissolution
reaction is mainly accomplished through the deposition—-
dissolution of Mn- and Zn-containing amorphous compounds.

2 Experiment

2.1 Materials and synthesis

Nickel acetate (NiC,HgO4-4H,0, =99.9%), ferric chloride
(FeCl;3-6H,0, =99.9%), and manganese acetate (MnC,H¢O,-
-4H,0, =99.9%) were procured from Sigma-Aldrich. Urea
(CO(NH,),, =99.9%) and sodium citrate (NazCeHs0;-2H,0,
=99.9%) were also sourced from Sigma-Aldrich. All chemicals
used in this study were not subjected to further purification
processes.

Initially, a mixed solution was prepared by adding 0.5493 g of
NiC,H0,-4H,0, 0.1718 g of FeCl;-6H,0, 0.1650 g of MnC,-
H¢0,-4H,0, 0.6000 g of CO(NH,), (urea), and 0.0257 g of Nas-
Ce¢H50;-2H,0 into a 100 mL beaker. Subsequently, 60 mL of
deionized water was added to the beaker, and the mixed solu-
tion was stirred at room temperature for one hour. The mixed
solution was then transferred to a 100 mL reaction vessel and
subjected to a reaction in an oven maintained at 160 °C for 24
hours. After cooling to room temperature, the product was
washed with deionized water and centrifuged to separate the
solid components, a process repeated three times. The resulting
solid was dried in a vacuum oven at 80 °C for 10 hours. The
dried NiFeMn-LDH was then ground into a fine powder for
further characterization and electrochemical testing.

2.2 Materials characterization

Materials characterization of LDH was conducted using Rigaku
SmartLab SE to confirm phase and crystallinity, ZEISS Sigma
300 SEM-EDS for morphology and elemental mapping, and
Thermo Scientific K-Alpha XPS for surface chemistry analysis.
Utilizing X-ray Diffraction (XRD) to assess the phase and
crystallinity of the samples under the following specific condi-
tions: conducted on a Rigaku SmartLab SE with CuKa radiation
at 0.15418 nm, scanning from 5° to 90° at 10° min~". The X-ray
tube operated at 40 kV and 30 mA, with a high-speed scintilla-
tion detector for efficient data capture. Samples were prepared
as fine powders for uniform measurement on a standard
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holder. Data analysis was facilitated by the instrument's soft-
ware after collection at room temperature in a stable
environment.

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) were conducted on a ZEISS Sigma
300 SEM-EDS system to elucidate the samples’ detailed
morphology and elemental composition. The Scanning Electron
Microscope (SEM), featuring a Schottky field-emission electron
gun, provides high-resolution imaging with a resolution of
1.00 nm at 15.0 kV and 1.60 nm at 1.0 kV. The electron optics
feature a non-crossing beam path within the column, ensuring
minimal distortion. The SEM's acceleration voltage is tunable
from 0.02 to 30.0 kV in 10.0 V steps, accompanied by a probe
current stability superior to 0.2% per hour across a range from
3.0 pA to 20.0 nA. The magnification range is extensive, span-
ning from 12x to an impressive 2 000 000x. The objective lens
combines electromagnetic and electrostatic lenses, providing
superior image quality. The detectors include an in-lens and an
ETSE (Everhart-Thornley Secondary Electron) secondary elec-
tron detector, along with an EDS spectrometer for elemental
analysis. The EDS analysis is performed at a working distance of
8.5 mm, which can be adjusted according to the specific
requirements of the sample. The sample chamber dimensions
are 365 mm X 275 mm, and the sample stage has precise
movement capabilities with X, Y, and Z travels of 125 mm, 125
mm, and 50 mm, respectively, and a T tilt range from —10° to
90° with a full 360° (R) rotation for comprehensive sample
orientation. The image acquisition system can capture high-
resolution images up to 32k x 24k pixels.

X-ray photoelectron spectroscopy (XPS) was performed on
a Thermo Scientific K-Alpha XPS system to investigate the
samples’ elemental and chemical state composition. Using an
AlKo X-ray source with a photon energy (hv) of 1486.60 eV, the
system was operated at a working voltage of 12.0 kV and a fila-
ment current of 6.0 mA. The analysis chamber maintained
a higher vacuum level than 5.0 x 10~7 mBar to ensure a clean
and contamination-free environment. The analysis utilized
a focused X-ray spot size of 400 pm for precise surface analysis.
For obtaining the full survey spectrum, a pass energy of 100.0 eV
and a step size of 1.0 eV were utilized, whereas high-resolution
narrow scans were performed with a pass energy of 50.0 eV and
a step size of 0.1 eV. The system was equipped with charge
neutralization to mitigate sample charging during data
collection.

2.3 Electrochemical performance

The electrochemical performance of Zn-Mn batteries utilizing
LDH substrates with varying Zn to Mn molar ratios was assessed
via 2032 button cells. The LDH powder was homogeneously
mixed with polyvinylidene fluoride (PVDF) as a binder and
super P carbon black as a conductive agent in an 8:1: 1 weight
ratio to form a slurry, subsequently applied onto a graphite foil
current collector. The 2032 button cells were assembled with
the LDH-based electrode as the working electrode, a zinc metal
foil as the counter electrode, and a glass fiber separator soaked
in a mixed electrolyte containing varying Zn/Mn molar ratios of
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zinc sulfate and magnesium sulfate. Galvanostatic charge-
discharge tests and cyclic voltammetry (CV) were conducted
using a LANDHE CT3002A electrical battery testing system and
Princeton electrochemical workstation PARSTAT 4000A to
assess the electrochemical performance of the LDH-based Zn-
Mn battery system.

3. Results and discussion

The phase structure of the synthesized LDH was examined
using X-ray diffraction (XRD) technology. As depicted in Fig. 1,
diffraction peaks are observed at 11.22°, 22.64°, 33.38°, 34.22°,
38.60°, 45.87°, 59.66°, 61.11°, and 64.88° in the XRD pattern of
the product. These peaks correspond to the (003), (006), (101),
(012), (015), (018), (110), (113), and (116) crystal planes of
Nig 75F€0.25(CO3)0.125(0OH), - 0.38H,0  (PDF-040-0215), respec-
tively.*”*® This indicates that the synthesized product possesses
a structure analogous to that of NigsFeq25(CO3)o.125(-
OH),-0.38H,0. The microstructural analysis of the synthesized
LDH was conducted using Scanning Electron Microscope (SEM)
and Energy Dispersion Spectrum (EDS) to elucidate the
morphology and element distribution. In Fig. 2, the LDH
particles exhibit a diameter of approximately 10 microns, which
are constituted by numerous flake-like subunits measuring
around 1 micron in size. In the Zn-Mn deposition-type battery
system, the basal plane formed by stacking LDH (Layered
Double Hydroxides) flake-like structures offers favourable ionic
diffusion pathways and deposition sites for the reversible
deposition of Zn and Mn ions. To further probe the elemental
composition of the LDH, Energy Dispersion Spectrum (EDS)
was employed. The EDS spectrum, as shown in Fig. 2, confirms
the presence of carbon (C), manganese (Mn), iron (Fe), nickel
(Ni), and oxygen (O) within the LDH structure. Concurrently, the
distribution of the five elements above exhibits a strong corre-
lation, indicating that the synthesized LDH are of the (Ni, Mn)
Fe-LDH composition, with carbonate anions intercalated within
the layers of the LDH structure.

(003)

Intensity (a.u.)

‘ PDF#040-0215

10 20 30 40 50 60 70 80
2 theta (degree)

Fig.1 XRD characterization of synthesized layered double hydroxides.
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The surface chemical composition and electronic states of
the synthesized LDH were investigated using X-ray photoelec-
tron spectroscopy. The XPS high-resolution spectrum of Mn 2p,
Fe 2p, Ni 2p, C 1s, and O 1s regions are depicted in Fig. 3. The Ni
2p high-resolution XPS spectrum (Fig. 3(a)) exhibits peaks from
850 to 880 eV, with the Ni 2p;, main peak at 855.48 eV and
a satellite peak at 861.48 eV, both characteristic of Ni(u).**™** The
Ni 2p,, peak at 873.18 eV and the observed spin-orbit splitting
confirm the presence of divalent nickel in the sample. The Fe 2p
XPS high-resolution spectrum (Fig. 3(b)) shows a main Fe 2p;/,
peak at 712.55 eV, alongside a Fe 2p,,, peak at 725.48 eV, both
characteristic of Fe(u).*®**** The absence of a satellite peak
suggests a minimal presence of Fe(u), indicating that the
sample primarily comprises trivalent iron, which is essential for
its physicochemical properties. The XPS peaks of Mn 2p;,
(Fig. 3(c)) can be deconvoluted into three distinct peaks at
638.38 €V, 643.38 eV, and 648.75 eV, corresponding to Mn(u),
Mn(m), and Mn(w), respectively, with Mn(m) being the
predominant species.****** In the C 1s XPS high-resolution
spectrum (Fig. 3(d)), three peaks are observed at 284.48 eV,
286.18 €V, and 288.46 eV, corresponding to C-C, C-O-H, and
C=0 (carbonate group) respectively,***” which indicates that
the intercalated anions in the synthesized LDH are primarily
carbonates, consistent with the scanning electron microscopy-
energy dispersion spectrum analysis (SEM-EDS) findings. The
O 1s high-resolution XPS spectrum (Fig. 3(e)) features four
peaks at binding energy of 529 to 533 eV, which can be attrib-
uted to M-O-M (M = Ni, Fe, Mn), M-O-H, O-H, and O-C within
the hydroxide layers of the LDH.**** The faint peak observed at
a binding energy of 192.28 eV in the Cl 2p high-resolution XPS
spectrum (Fig. 3(f)) suggests the presence of a minor amount of
Cl™ within the layered structure of the LDH.*® However, due to
the low concentration of Cl~, it remains undetected in the EDS
analysis.

In the following, we utilize synthetically prepared layered
double hydroxides (LDH) as the cathode substrate for a Zn-Mn
reversible deposition battery, with zinc sheets serving as the
anode and an electrolyte composed of a mixture of zinc sulfate
and manganese sulfate in varying proportions. Button cells are
assembled, and their charge-discharge performance is tested,
as depicted in Fig. 4.

As depicted in Fig. 4(a), with a Zn to Mn molar ratio of 1: 0 in
the electrolyte, the areal capacity of the battery reaches
0.04 mA h em ™2, suggesting that a Zn-Mn reversible deposition
battery cannot be formed in the absence of Mn in the electro-
Iyte, and the minimal capacity may originate from the slight
intercalation of Zn into the LDH.'»*' In Fig. 4(b), when the
molar ratio of Zn to Mn in the electrolyte is 1:1, the first
discharge areal capacity of the battery reaches 0.56 mA h ecm 2.
Given the ionic radii of Zn*>* (0.074 nm) and Mn** (0.085 nm)
and the minimal capacity observed in Fig. 3(a), it is apparent
that the battery's capacity is predominantly attributed to the
reversible deposition of Zn and Mn, rather than their reversible
intercalation/deintercalation. Additionally, three distinct
discharge platforms are observable on the discharge curve, at
1.53 V, 1.35 V, and 1.12 V, corresponding to the stepwise

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM-EDS characterization of synthesized layered double hydroxides.

reduction of Mn*" to Mn>* during the dissolution process, with
the charging process being the reverse deposition.?*3**
Comparing the first discharge areal capacities of the
batteries from Fig. 4(b)-(f) reveals that as the Zn/Mn molar ratio
in the electrolyte increases, the areal capacity of the battery
continually decreases. When the Zn/Mn molar ratio is 5: 1, the
first discharge areal capacity of the battery is only
0.18 mA h cm 2. An interesting phenomenon is also observed:
although the first discharge areal capacity reaches
0.56 mA h cm™? when the Zn/Mn molar ratio is 1:1, the
discharge areal capacity drops to 0.41 mA h ecm ™2 by the third
cycle. Conversely, a Zn/Mn molar ratio of 4 : 1 in the battery can
strike a balance between areal capacity and stability. Further
comparisons of the rate and cycling performance of the

batteries under different Zn/Mn molar ratio electrolytes will be
conducted better to observe the relationship between areal
capacity and stability.

In the subsequent experiments, we utilized synthetically
prepared layered double hydroxides (LDH) as the cathode
substrate for a Zn-Mn reversible deposition battery, with an
area of 1.54 cm” and an LDH loading of 2 mg. Zinc sheets were
employed as the anode, with an area of 2.00 cm?® and a thickness
of 0.4 mm. The electrolyte was a mixture of varying proportions
of zinc sulfate and manganese sulfate. Button cells were
assembled, and their rate performance and cycling stability
were tested. For the rate tests, the currents were set at 0.2 mA,
0.4 mA, 0.6 mA, 0.8 mA, 1.0 mA, and 1.2 mA, with each

Ni2p,, 85518V

—~
oo
N

Ni2p

~
o
~—~

Ni2p,,
§73.18¢V

Counts (a.u.)
Counts (a.u.)

"

FelZp,, 71255V

~
(e}
~—

Mn 2p,,

Fe2p,, s ag ey 2
2 643.38

72548 eV M 64335V

Mn®
63838 eV

Counts (a.u.)

" L

850 860 870 880 700 710
Binding energy (eV)

Binding energy (eV)

. . . . .
720 730 740 635 640 645 650 655 660
Binding energy (eV)

~
o
~
Q

C-C 28448V (e)

C-O-H
286.18 eV
C=0 28846 eV

Counts (a.u.)

M-O-M
52980V

M-O-H 53098 6V ols

Cl2p

19228 eV

0-H531.98 eV

Counts (a.u.)

0-C 532.81 eV

L s L

L

280 285 290 295 525 530
Binding energy (eV)

Binding energy (eV)

L L L L
535 540 190 195 200 205 210 215

Binding encrgy (cV)
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condition subjected to 5 cycles. The cycling tests were con-
ducted at a current of 0.2 mA over 50 cycles, as illustrated in

Fig. 5.

In Fig. 5(a), the battery exhibits an initial discharge areal
capacity of 0.04 mA h cm ™2 at a Zn/Mn molar ratio of 1: 0 in the
electrolyte, with a charge-discharge current of 0.2 mA. The areal
capacity approaches 0.01 mA h em™? during rate and cycling
tests. In Fig. 5(b), at an electrolyte Zn/Mn molar ratio of 1: 1 and
a charge-discharge current of 0.2 mA, the battery's initial
discharge areal capacity peaks at 0.56 mA h cm > With an
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back to 0.2 mA, the battery's discharge areal capacity partially
recovers to 0.30 mA h cm ™2, reflecting an area capacity retention
rate of 53.35%. After 50 cycles at this current, the discharge
areal capacity further diminishes to 0.06 mA h cm™?, with
a cumulative capacity retention rate of 20.69%. The battery's
coulombic efficiency exhibits notable fluctuations, suggesting
that at a 1:1 Zn/Mn molar ratio in the electrolyte, the initial
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Table 1 R and R of cells with varying Zn to Mn molar ratios in the
electrolyte

Zn to Mn molar

ratios in the electrolyte Rs/ohms R./ohms
1:0 5.27 4651
1:1 9.36 1428
2:1 9.94 1493
3:1 6.49 1798
4:1 4.82 2895
5:1 2.27 618

area capacity of the Zn-Mn reversible deposition battery is
relatively high, yet the reversibility is inadequate for sustainable
long-term cycling.®**°

Similar trends were observed in both rate and cycling tests of
batteries with other Zn/Mn molar ratio electrolytes. It was also

found that when the electrolyte's Zn/Mn molar ratio is 4 : 1, the
initial discharge areal capacity of the battery can reach
0.20 mA h ecm ™2 in Fig. 5(e). After 30 cycles of rate testing and 50
cycles of cycling testing, the areal capacity retention rate of the
battery was 53.35%, which is higher than that of batteries
assembled with electrolytes of other Zn/Mn ratios. Therefore,
for Zn-Mn reversible deposition batteries constructed with LDH
as the cathode substrate, the Zn to Mn molar ratio in the elec-
trolyte has a significant impact on the battery's reversibility, and
a Zn/Mn molar ratio of 4:1 may be an appropriate electrolyte
formulation.

To elucidate the electrochemical reaction mechanisms in
Zn-Mn reversible deposition batteries, CV and EIS were utilized
to evaluate button cells with a spectrum of Zn/Mn electrolyte
ratios, with findings detailed in Fig. 6.

Fig. 6(a) shows the absence of redox peaks within the voltage
range of 0.5 to 1.9 V when the electrolyte's Zn/Mn molar ratio is
1:0, suggesting that a Zn-Mn reversible deposition battery
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Fig.7 Ex situ X-ray diffraction (XRD) analysis of Zn—Mn batteries with an LDHs substrate and a Zn/Mn molar ratio of 4 : 1in the electrolyte under

different charge—discharge states.
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Fig. 8 Ex situ SEM morphology and elemental analysis of Zn—Mn batteries with an LDHs substrate and a Zn/Mn

electrolyte under different charge—discharge states.

cannot form without Mn ions,* corroborating the charge-
discharge outcomes in Fig. 4(a). As the Zn/Mn molar ratio in the
electrolyte increases from 1:1 to 5:1, distinct oxidation and
reduction peaks emerge near 1.6 Vand 1.3 V, respectively, in the
cyclic voltammetry curves, indicating the successful construc-
tion of the Zn-Mn reversible deposition battery. Simulta-
neously, as the electrolyte’s Zn/Mn molar ratio rises, the
oxidation peak potential shifts to lower voltages while the
reduction peak potential elevates, leading to a reduction in the
peak potential difference. This trend suggests that a higher Zn/
Mn molar ratio enhances the reversibility of the battery,™
potentially due to the multi-element composition of the elec-
trolyte and the facilitative effect of the LDH substrate, which will

35710 | RSC Adv, 2024, 14, 35704-35714

molar ratio of 4:1 in the

be further elucidated in the mechanistic
discussion.

Based on the EIS data presented in Fig. 6(b), an equivalent
circuit model for the electrode reaction was constructed and
fitted to determine the solution resistance (Rs) and charge
transfer resistance (R.), as detailed in Table 1.

Analysis of Table 1 reveals that at a Zn/Mn molar ratio of 1:
0 in the electrolyte, the battery exhibited an R, of 5.27 Q and an
R, of 4651 Q. There was an absence of Mn redox reactions on
the LDH surface, with charge transfer at the interface being
significantly impeded, which is consistent with the findings
depicted in Fig. 6(a). Upon increasing the Zn/Mn molar ratio to

1:1, the Ry decreased to 9.36 Q and the R to 1428 Q, indicating

subsequent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a marked reduction in the charge transfer impedance and the
onset of Mn redox reactions at the electrode surface, corrobo-
rating the redox peaks observed in Fig. 6(a). With an increment
in the Zn content within the electrolyte, the R; and R of the
battery exhibited a trend of initial increase followed by
a decrease. This behaviour is primarily attributed to the
formation of zinc-containing compounds with inferior
conductivity when the Zn/Mn molar ratio ranges from1:1to 4:
1, leading to an elevation in both Ry and R..* The reversible
deposition of Mn on the LDH surface was obstructed, a finding
supported by subsequent ex situ XRD and SEM-EDS analyses of
the battery. At a Zn/Mn molar ratio of 5:1 in the electrolyte,

a reduction in both Ry and R, was observed, likely due to the
formation of zinc and manganese compounds with enhanced
conductivity.”* However, the competitive deposition of excess
Zn directly diminished the redox activity of Mn on the LDH
surface, an effect that is visually reflected in the lower capacity
of mA h em™?, as illustrated in Fig. 4(f).

Fig. 7 presents the X-ray diffraction (XRD) analysis results of
the cathode in the battery with a Zn/Mn molar ratio of 4:1 in
the electrolyte under various states, including open-circuit,
charged to 1.9 V, discharged to 0.5 V, and recharged to 1.9 V.
In the open-circuit state, the cathode contains NiFeMn-COj3;
type (PDF No. 40-0125), NiFeMn-SO, type (PDF No. 36-0382)

- amorphous zinc and manganese-
containing compounds

2
®

NiFeMn-LDHs

G
o

®

.z-

.:C

H,0

Fig. 10 The schematic illustration of the mechanism for the Zn—Mn reversible deposition battery based on LDHs.
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layered double hydroxides (LDH),** as well as compounds con-
taining Zn and Mn, which indicates that the experimentally
synthesized NiFeMn-CO; type LDH, serving as the substrate for
the Zn-Mn reversible deposition battery, can absorb ions such
as SO,>7, Zn**, and Mn** from the electrolyte,”** forming
NiFeMn-SO, type LDH and compounds containing Zn and Mn
(PDF No. 11-0280 and PDF No. 18-0788). The compounds con-
taining Zn and Mn may exhibit a flaky structure, which will be
verified through subsequent microscopic morphology observa-
tion. When the battery is charged to 1.9 V, the NiFeMn-CO; type
LDH in the cathode disappears, while the NiFeMn-SO, type
LDH persist, and the diffraction peaks of the compounds con-
taining Zn and Mn become more intense and broader. Upon
discharging to 0.5 V, the phase composition of the cathode is
like that when charged to 1.9 V. When the battery is recharged
to 1.9 V, the phase composition of the cathode is comparable to
that after discharging to 0.5 V. These results suggest that in the
constructed Zn-Mn reversible deposition battery system, the
NiFeMn-CO; type LDH as the substrate absorbs SO,>~, Zn**,
and Mn** ions from the electrolyte to form more stable
NiFeMn-SO, type LDH and compounds containing Zn and Mn.
These substances collectively form the substrate and stably exist
throughout the subsequent charge-discharge processes, with
Zn and Mn ions undergoing reversible deposition in an amor-
phous structure on the new composite substrate.

To elucidate the reaction mechanisms of Zn-Mn reversible
deposition batteries, SEM-EDS analysis was applied to the
cathode with a Zn/Mn molar ratio of 4:1 in the electrolyte
under different operational states, including open-circuit,
charged to 1.9 V, discharged to 0.5 V, and recharged to 1.9 V,
as depicted in Fig. 8. At the open-circuit state, a flaky structure
was observed on the cathode, and EDS elemental analysis
revealed the presence of Zn, Mn, S, and O, suggesting the
possible formation of zinc and manganese alkaline sulfates.***°
Upon charging to 1.9 V, new spherical structures emerged on
the cathode. Comparing the EDS elemental analysis before and
after charging, a significant increase in Zn and Mn content was
observed, indicating that the deposition of Zn and Mn on the
cathode surface during charging is the primary source of the
battery's charging capacity.**** Additionally, a noticeable
decrease in Ni and Fe content was detected, suggesting that the
dissolution of Ni and Fe accompanies the transformation from
NiFeMn-CO; type LDH to NiFeMn-SO, type LDH.

When the battery was discharged to 0.5 V, several spherical
structures remained on the cathode, indicating that the newly
formed composite substrate was relatively stable. Moreover,
a pronounced flaky structure appeared, with corresponding
EDS elemental analysis showing a significant increase in S and
Zn, suggesting an increase in zinc alkaline sulfates.*® However,
a specific decrease in Mn content indicated that the manganese
alkaline sulfates formed during the charging process undergo
dissolution reactions. The extent of deposition and dissolution
is evidently not equivalent, which may cause the battery's
capacity to fade.*»* Upon recharging to 1.9 V, the prominent
flaky structure still existed, but with noticeable irregularities at
the edges, indicating that the dissolution of zinc alkaline
sulfates occurs, and the released Zn ions participate in the
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redeposition reactions with Mn ions. Compared to the state
after discharging to 0.5 V, the spherical structures were more
abundant upon recharging to 1.9 V, and the Mn content
increased again, indicating that the deposition reactions of Zn
and Mn are primarily concentrated on the spherical structures,
which are the previously mentioned composite substrates.

In summary, using NiFeMn-CO; type LDH as the cathode
substrate in Zn-Mn reversible deposition batteries, a composite
substrate containing NiFeMn-SO, type LDH and compounds of
Zn and Mn is formed on the cathode during the open-circuit
and initial charging processes. In the subsequent charge-
discharge processes, reversible deposition reactions of Zn and
Mn occur on the composite substrate, primarily involving the
deposition and dissolution of amorphous zinc and manganese
alkaline sulfates; the rates of deposition and dissolution reac-
tions for compounds containing Zn and Mn are not consistent.

Further insight into the reaction mechanisms of Zn-Mn
reversible deposition batteries is garnered through the analysis
of elemental property changes on the cathode surface at a Zn/
Mn molar ratio of 4:1 in the electrolyte during states of open-
circuit, charging to 1.9 V, discharging to 0.5 V, and recharging
to 1.9 V, as illustrated in Fig. 8.

Fig. 9(a) and (b) demonstrate that the binding energies of Ni
2pay Ni 2pys, Fe 2psp, and Fe 2p,,, peaks remain relatively
stable throughout the battery's charge-discharge cycle. None-
theless, a significant reduction in the corresponding peak
intensities is observed during the initial charge-discharge
phase. Upon recharging to 1.9 V, partial recovery of peak
intensities is observed, suggesting a dissolution and reforma-
tion process from NiFeMn-CO; to NiFeMn-SO, type LDH
during the initial charge-discharge cycle, which results in the
formation of a novel composite substrate. This finding is
consistent with the SEM-EDS analysis presented in Fig. 7.
Fig. 9(c) shows that in the open-circuit state, Mn primarily exists
in the divalent form within the cathode. During the initial
charge-discharge cycle followed by recharging, Mn undergoes
deposition and dissolution reactions. The deposition process
mainly involves the oxidation of divalent Mn to tetravalent Mn,
while the dissolution reaction represents the reduction of Mn.
Additionally, the broadened peaks at the binding energies of
654.4 eV for Mn 2p;/, and 642.6 eV for Mn 2p;/, indicate the
formation of compounds containing divalent, trivalent, and
tetravalent Mn during the oxidation process.**** Fig. 9(d)
confirms the presence of Zn in the cathode during the open-
circuit state, consistent with prior SEM-EDS analysis. Zn's
continued presence throughout the initial charge-discharge
and subsequent recharging cycles indicates its active role in the
Mn deposition and dissolution processes on the cathode. The
use of a selectively permeable separator is proposed to regulate
Zn's influence on cathode reactions.

Finally, integrating the results from the charge-discharge
performance, cycling stability, and electrochemical impedance
spectroscopy of the battery, along with the ex situ XRD, SEM-
EDS, and XPS analyses of the cathode, we propose a sche-
matic illustration of the Zn/Mn reversible deposition battery
with NiFeMn-LDH as the cathode substrate, as shown in Fig. 10.
When the Zn/Mn molar ratio in the mixed electrolyte is 4 : 1, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NiFeMn-LDH as the cathode substrate can induce Zn**, Mn*",
and SO,>” ions from the electrolyte to undergo reversible
dissolution-deposition reactions on its surface in the form of
an amorphous mixture. At this ratio, the battery's capacity and
cycling stability are well-balanced. This work provides signifi-
cant insights for the construction of MnO,-free Zn/Mn revers-
ible deposition batteries.

3 Conclusions

In this research, we developed a reversible dissolution-precip-
itation aqueous battery using NiFeMn-LDH as the cathode
material substrate. Through comprehensive electrochemical
and microstructural characterization, we explored the battery's
performance and the underlying reaction mechanisms. Results
indicate that ata Zn/Mn molar ratio of 4 : 1 in the electrolyte, the
battery maintains a balance between capacity and stability,
achieving an area capacity of 0.2 mA h cm™>. The battery's
capacity is primarily attributed to the reversible dissolution—
precipitation of amorphous zinc and manganese-containing
compounds, enabled by the NiFeMn-LDH substrate, which
offers numerous active sites for this process. Future work will
focus on electrolyte optimization to enhance the reversibility of
these reactions and improve the battery's cyclic stability.
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