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Abstract:

Supercapacitors have been playing an increasingly important role in energy storage
technology. Manganese dioxide (MnO) is regarded as the promising candidate
electrode material to address low energy density issue for supercapacitors due to.its
high theoretical capacitance and high natural abundance. However, MnO> suffers from
inferior cycling stability induced by irreversible structural degradation and Mn ions
dissolution during the charge and discharge process. Herein, the strengthening Mn-O
bonding strategy is proposed through F relacing O to suppress structure distortion/and
Mn ions dissolution. Theoretical calculations indicate that the electron.interaction
increases between Mn and O atoms owing to F incorporation, resulting in-strengthened
Mn-O bond. Meanwhile, the band gap and sodium ion adsorption energy are reduced,
which facilitated electron transfer and sodiumion adsorption. Experiments further
demonstrate that strengthened Mn-O bond'due to F introduction significantly enhances
cycle life of MnO: electrode materialsfrom capacity retention rate of 19.34% to 82.52%
after 20,000 cycles. Additionally, F-MnO. achieves ‘a higher special capacity of 414.6
F g at0.5 A g'! than that of 273 A g*! of MnOy as electrode material. This work reveals
the enhanced mechanism of ‘strengthening' Mn-O bond on cycle stability of MnO;
electrode materials, andprovides a methodical approach for constructing the ultra-long

cycle life manganese oxide electrode materials.
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1 Introduction

With the increasing consumption of fossil energy and the aggravated harm of
environmental pollution, it is necessary to develop renewable energy storage devices
with fast charge and discharge speed and high efficiency. Supercapacitors (SCs) have
been attracting much attention owing to their high power density and high safety and
playing an important role for developing electric vehicles, wearable devices and large-
scale energy storage [!l. In addition, supercapacitors are irreplaceable for short<time
power compensation when there are transient disturbances and sudden power changes
in the power grid, and stability regulation when there are frequency .and voltage
instabilities in wind power and solar energy generation. Although they can achieve
short-time power compensation when applied in electric vehicles and large-scale energy
storage systems, they still suffer from low energy density ¥!’As.an integral part of
modern energy storage devices, it is urgent to-improve theirenergy storage performance
for widespread applications. Constructing electrode " materials with excellent
electrochemical performance is the-key to achieve’a further breakthrough in next-
generation supercapacitors remaining high energy density and power density 1.

Intensive endeavors have been devoted to develop advanced cathode materials for
supercapacitors, including graphene; MXene, metal oxides, sulfides, carbides, etc. [*8],
Among them, manganese dioxide/(MnO>) has attracted considerable attention due to
its high theoretical capacitance~(1380 F g1), high natural abundance, low cost and
environmental friendliness, which is regarded as promising cathode material for
supercapacitors. However, MnO> suffers from inferior cycling stability induced by
irreversible structural evolution and Mn ions dissolution during the charge and
discharge process!®1%)

Recently, numerous methods have been employed to address these issues, including
defect © engineering, pre-embedding method, constructing new structure and
morphology and doping strategy !'!). Defect engineering involving in oxygen vacancies,
metal ion vacancies and double vacancies, as an effective technology to change the

intrinsic electronic structure of materials, provide more active sites to participate in the



charge/discharge process and increasing capacity for the electrode material 12l Pre-
embedding method is to prevent lattice changes through pre-inserting ions or molecules
as pillars and endow MnQO; with large interlayer spacing, resulting in fast diffusion
kinetics 3. Constructing distinctive morphology can increase the specific surface area
and facilitate ion transfer. Therefore, in order to enrich the morphology and structure of
MnO», various morphologies such as nanorods, nanowires, nanofibers, nanotubes,
nanobelts, nanosheets and nanoflowers have been developed. In addition,.hollow
structure, ultrathin structure, and 3D network structure are controlled to enhance energy
storage performance of MnO,. Doping strategy is regarded as an important strategy to
improve cycle stability and ion adsorption capability of MnO;. The metal and non-metal
elements doping can restrain the bond length, optimize electronic structure and enhance
orbital hybridization, thereby suppressing construct degradation and improving
capacity. Although the introduction of these modification ‘methods alleviates the
capacity attenuation during the cycling .process and effectively improves the
performance of MnO», severe capacity loss of MnO» during cycle process has not been
effectively solved, resulting in low cycle life of MnO,, which becomes a bottleneck
restricting practical application of MnOaz as the energy storage electrode material.

The main reason for the capacity loss of MnO; is the synergy effect between
structural degradation and Mn dissolution !4, During the charge-discharge process, the
insertion and extraction <of/iens cause irreversible structural distortion, which
accelerates—severe manganese dissolution. Meanwhile, the rapid dissolution of
manganese «triggers irreversible structural degradation. Essentially, structural
degradation and Mn dissolution is relative to the Mn-O bonding. The weak bonding
between Mn and O is easily to be broken in the process of the insertion and extraction
of ions, resulting in Mn ions migrate and dissolve into the electrolyte. Consequently,
fragility of manganese-oxygen bond causes low cycle stability. Therefore, it can be
inferred that establishing the strong bonding between Mn ion and O ions is beneficial
to'achieve the ultra-long cycle life of MnO,.

In this report, we proposed a strategy to strengthen Mn-O bonding for enhancing



cycle stability of MnO; electrode materials. A feasible F doping approach was applied
to examine this strategy. DFT calculations indicated that Mn-O bond was strengthened
and the distance between Mn and O was reduced due to F incorporation, which is
beneficial to suppress structure distortion and Mn ion dissolution. Meanwhile, the band
gap and sodium adsorption energy were decreased, facilitating electrons transfer and
ion adsorption. Experiments further elucidated that cycle stability enhances and the
capacity retention increases from 19.34% to 82.52% after 20,000 cycles. Additionally,
a higher special capacity of 414.6 F g! at 0.5 A g'! than a special capacity of 273 A g’!
of MnO: as electrode material was achieved. The results demonstrated that high cycle
stability of MnO; electrode materials can be achieved through reinforcing Mn-O bond,
F-doping is a feasible method to strengthen Mn-O bonding.
2 Materials and methods
2.1 Materials and instruments

KMnOs, MnSOs and MnF> were! purchased from Guangdong Engineering
Technology Research, Shanghai Macklin Biochemical Technology Co., Ltd. and
Aladdin Reagent (Shanghai)«Co:. Ltd., respectively. Alcohol was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. N-methylpyrrolidone(NMP) and
Polyvinylidene fluoride (PVDF) were obtained in Aladdin (Shanghai) Biochemical
Technology Co., Ltd. Acetyleneblack was from Suzhou Jilongsheng Energy
Technology Co., Iitd.. Carbon paper was obtained from Beijing Jinglong Special
Carbon Technology Co.. Ltd."All above reagents were used directly without further

treatment or purification. Deionized water was obtained from purified water equipment

in the Lab.

All instruments used in experiments include: analytical balance( Mel04, Mettler),
magnetic stirrer (ZNCL-DLB140*140, Shanghai Biaohe Instrument Co.,Ltd.),
electrochemical workstation (Chi660E, Shanghai Chenhua Instrument Co.,Ltd.),
vacuum drying oven (DZF-6020, Shanghai Biaohe Instrument Co.,Ltd.), high speed
centrifuge (MG 1650, Meric Instrument Co., Ltd.), the scanning electron microscopy
(SEM, Zeiss GeminiSEM  360), high-resolution transmission electron
microscopy(HRTEM, FEI Talos F200x), X-ray photoelectron spectroscopy (XPS,
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Thermo Scientific ESCALAB 250Xi) , X-ray diffraction (XRD, Ultima IV).
2.2 Materials synthesis and electrodes preparation

Figure 1 shows the synthesis process of F doping MnO2(F-MnQO.) via one-step
hydrothermal method, and the fluorination process was carried out in hydrothermal
method. Initially, KMnO4 and MnSO4 were mixed at a molar ratio of 1:6, and MnF; as
the F source was added at a mass ratio of 5%. Secondly, the mixture was dissolved in
50 ml deionized water and stirred 1h, and then moved into a hydrothermal reactor. The
reaction temperature was controlled at 120-C for 12 hours. Finally, the reactants were
centrifugally filtered under room temperature, washed with deionized water and ethanol,
and the precipitate was dried for 12 hours and collected;. denoted -as F-MnO,. For

comparison, pure MnO; was synthesized under the'same method‘and'conditions.

S deionized
,;/V) 2
F sources 3 water

- F’N,H
d o < Z stir,1h 120 C,12h fllter and wash
. d 12h
- s - r.\ hydrothermal ry
”‘i synthesis
KMnO, MnSO, B syn

Figure 1 The synthesis process of F-MnO»

Electrodes were prepared.by coating the slurry of prepared samples on the carbon
paper. The preparedactive material, acetylene black and PVDF were weighted at a ratio
of 8:1:1 and dissolved in 1. ml of NMP. Subsequently, the slurry was stirred until the
mixture was-completely dissolved. The well-stirred slurry was coated on the 1 cm?
carbon paper with a pipette. The carbon paper coated slurry was dried for 12 h at 60 °C
to evaporate the solvent in an oven. The resulting working electrode can be used for
electrochemical measurement.

2.3 Material characterization

The microstructure and morphology were characterized by SEM and HRTEM. F
incorporation and elemental distribution of the as-prepared samples were analyzed
through energy-dispersive X-ray spectroscopy (EDS) mapping images. XPS spectra

was performed to reveal the surface electronic structure and composition information



of the as-synthesized samples. The crystal structure is characterized by XRD patterns.
2.4 Electrochemical measurements

Electrochemical measurements were performed in a three-electrode system in 1.0 M
NaxSO4 aqueous electrolyte, as showed in Figure 2. The as-prepared electrode with
active materials was used as the working electrode, the Ag/AgCl electrode was taken
as the reference electrode, and the platinum electrode was acted as the counter electrode.
All electrodes were placed in electrolyte cell with Na;SO4 electrolyte...Cyclic
voltammetry (CV), galvanostatic charge discharge (GCD) .and. electrochemical
impedance spectroscopy (EIS) measurements were conducted within ‘a“potential
window of 0 to 1.0 V to evaluated the electrochemical properties of the electrode. The
electrochemical workstation CHI 660E was wused for above< electrochemical

measurements.

Plectrocheni®a!
m\-ks\a\'\un

Figure 2 Electrochemical measurement method

2.5 Computational details

Density functional ‘theory” (DFT) calculations were performed on different
theoretical models through VASP software. In the calculation process of this work, the
plane wave pseudopotential technique is adopted, and the PBE functional (Perdew-
Burke-Ernzerhof functional) in the generalized gradient approximation (GGA) was
used to’simulate the electron exchange correlation function. The ion and electron
interaction was calculated through the projection augmented wave (PAW)
pseudopotential. Meanwhile, a cut-off energy of 520 eV is set for plane wave expansion,
and-a20 A vacuum layer was added in the z-axis direction of each model to effectively
eliminate the interaction due to periodicity between adjacent images. The calculation

formula for adsorption energy is as follows:



Eaas = Etotar — Emateriat — Eion
Here, Eqairepresents the total energy of material adsorbing Na*, Ematerial is the energy

of material without adsorbing Na*, Eion describes the energy of Na'.

3 Results and Discussion
3.1 Proposed Strategy

To suppress Mn dissolution and structure distortion, it is desirable to restrict Mn ions
from leaving MnO; frame and control Mn-O bond to resist lattice distortion. Given that
enhancing the Mn-O bond energy through modulating electronic structure is probably
an effective strategy. The strong Mn-O bond is less prone-to breakage, thence
dramatically restricting Mn ion dissolution and resisting lattice distortion. Driven by
this inspiration, the method of F substituting for some O atoms:in MnO; lattice can be
applied to achieve strong Mn-O bond. Among possible dopantsfot MnO», F possesses
the highest electronegativity. It can be expected that the introduction of F can exhibit
considerable electronic interaction with~surrounding ions and improve the cycle
stability of MnOx. In addition, F ions.and O ions‘have similar ionic radius, which can
change the original lattice structure to a minimum extent.

Accordingly, F element was chosen and introduced into the crystal lattice to construct
the strong Mn-O bonding between -Mn and other coordinating atoms. The schematic
illustration of the strategy is showed in Figure 3. Through the strong electronic
interaction between the F element and other elements, the bond energy was enhanced
to stabilize manganese ions. in the structure and prevent the dissolution of Mn ions.
Meanwhile, . the bond length was controlled to suppress structural distortion.
Consequently, the cycling stability of MnO» during the charge and discharge cycles was
achieved. Moreover, it is found that MnF; is usually applied as glue, which reflects the
strong stability between Mn and F. Hence, we chose MnF: as F source to effectively
realize the F doping. In brief, the strengthened Mn-O bond strategy was proposed, based
on the principle, F was applied to replace O in lattice to achieve enhanced Mn-O bond

through modulating electrons structure.
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Figure 3 Schematic illustration of the strategy
3.2 Bond strength and structural stability

Guided by the proposed strategy, density functional theory. (DFT) calculations were
performed to predict and ascertain the role of F incorporation on the Mn-O bonding and
structural stability. The model used for DFT calculations is showed in Figure 4a. Firstly,
electron localization Function (ELF) was calculated to analyze electron localization
distribution, the blue domain represents low-electron localization while red indicates
high electron localization (Figure 4b). It can be seen.that the substitution of F for O
increases the electron delocalization”surrounding F atom and exhibits nearly free
electron distribution. Meanwhile, the ELF value. of the red area for O atom indicates
the higher localized electron distribution than that of MnO; without F doping and
stronger electron interaction between Mn and O atoms, leading to stronger Mn-O
bonding.

Crystal Orbital Hamilton Population (COHP) calculation was applied to provide the
bond properties and structural stability through analyzing the chemical bond and
electronic structure interaction (Figure 4c¢). The COHP curve shows the chemical bond
strength between different atoms 131, The positive value represents a bonding state, and
a‘negative value represents an antibonding state, respectively. The calculated COHP
profile below the Fermi level indicates a reduction of antibonding occupied state for F-
MnQO, compare to MnO», which elucidates the enhanced Mn-O interactions. The further
integral COHP (ICOHP) for Mn)-O(10) was calculated to quantitively confirm the Mn-
O bonding strength, as shown in Figure 4d. The heightened bond strength was obtained

in F-MnO», which can be demonstrated by the reduced distance between Mn and O
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from 1.97 A in MnOx to 1.91 A after F introduction. Consequently, the lattice distortion
of MnO:, is suppressed, which is conductive to the stability of materials (insets of Figure
4d). In conclusion, F incorporation can enhance the Mn-O bond strength and inhibit the
bond length, thereby preventing lattice distortion and improve structure stability. It can
be expected that the partial substitution of F for O can suppress structural degradation
and Mn dissolution, subsequently improve electrochemical performance of material

during the charge and discharge process.

(]

6 —— Mno, 16} 1.5123
——F-Mn0O;
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o 04| @—2
Reduction in the

occupied state of the fFowweeeesids! 1.97A 1.91A
antibonding orbitals ’
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Figure 4 a) DFT-calculation model for MnO, b) Electron localization Function (ELF)
distribution of MnO- and F-MnO3, c) Crystal Orbital Hamilton Population (COHP) analysis of the
occupied state in MnO2 and F-MnQ,. d) ICOHP of MnO- and F-MnQO

3.3 Electronic structure and ion adsorption

To explore the mechanism of F doping on electrochemical performance of MnO-,
density -of states (DOS) and differential charge density of MnO2 and F-MnO> were
systematically calculated to depict electronic structure and ion adsorption capability.
Figure 5a depicted that total density of states of MnO> and F-MnO. It shows that the
band gap between conductivity band and valence band reduces from 1.487¢V of MnO»

to 0.314 eV of F-MnO», indicating easier jump for electrons from valence band to
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conductivity band. The reduction of band gad suggests that F introduction can enhance
the electrical transfer of MnO;. It can be illustrated from the orbital electron occupancy,
as showed in Figure 5b. the introduction F 2p orbital enhance the interaction between
the electrons in F 2p orbital and O 2p orbital, which leads to the shift of conductivity
band. Additionally, differential charge density elucidates the feature of charge transfer
(Figure 5c). The color of yellow and blue indicates an increase and a decrease in charge
in charge. Compared with MnO> model, it shows that charge accumulation in.F sites,
representing electron migration from Mn to F atoms, subsequently resulting in the
enhanced electron interaction between Mn and O, which reinforees Mn-O bond strength.
Besides, F introduction reduces the adsorption energy of sodium ions from -3.006eV to
-4.227eV, which is beneficial to enhance the adsotption capacity-of'sodium ions and
increase the capacity of electrode materials (Figure 5d), It ‘can-be concluded that F

introduction optimizes electron structure and-increases /ion adsoerption capability.

O

——Mn 3d
—O02p

Density of states (eV)
Density of states (eV)

8 6 -4 -2 O 2 4 6 8
Eneray (eV)

Il Nat adsorption on MnO»
Il Nat adsorption on F-MnO,

Adsorption energy (eV)

Samples

Figure 5 a) Density of state for MnO; and F-MnO,. b) Partial density of states of F-
MnO> and MnO:. c) Electron density difference (EDD) diagram of F-MnO:. d) The

adsorption energies of Na™.
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3.4 Morphology and structures

To further demonstrate the prediction by the theoretical investigation, under
theoretical guidance, we synthesized F-MnO2 and MnO; via hydrothermal method, as
described in Figure 1. The SEM and HRTEM images of F-MnO> and MnO; samples
are showed in Figure 6. It can be seen that MnO; presents a nanoflower-like structure
composed of stacked nanosheets (Figure 6a,b), and HRTEM clearly showed the lattice
spacing is 0.619 nm corresponding to 101 plane(Figure 6.c). Compared with. MnO-
SEM images, F-MnO> exhibits the similar nanoflower-like structure(Figure6 d, ), the
difference is that the 0.624 nm lattice space after F doping is slightly larger than that of
MnO; (Figure 6f), possibly because of slightly larger Fonic radius. Furthermore, EDS
mapping images demonstrate that F are incorporated successfully and distributed
homogeneously (Figure 6 g-j). We can draw the following conclusion that MnO» and

F-MnO: were prepared successfully, and the nanoflower structure is well preserved

after F incorporation, which is beneficial to maintain the capacity performance of MnOa.

a - b S |
e N ' ’ b Lo

s 100nm 100nm 100nm
2 - e, [ . | G——

Figure 6 a), b) and ¢) SEM and HRTEM images of MnOs. d), e) and f) SEM and

HRTEM images of F-MnO». g-j) Elemental mapping images of F-MnOx.
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3.5 Chemical composition and crystal phase analysis

Figure 7a shows that the crystal structure of MnO2 and F- MnO, all the diffraction
peaks are indexed that of §-MnO> (PDF#80-1098) without any impurity diffraction
peaks, further confirming that crystal phase of MnO, is well preserved after F doing. Tn
comparison with MnO,, 001 diffraction peak appears weak and gradually shifts to
higher angles, suggesting that F doing leading to a slight lattice distortion: XPS was
employed to analyze the chemical composition of MnO; and F-MnO>, ‘as shown in
Figure 7b. It can be seen that the elements C, Mn, O are displayed.in.the full spectra of
MnO> and F-MnO; samples, and obvious peak of element Fis observed in the full

spectra of F-MnQO; samples, indicating successful F introduction.

a ; _ Mno2 b a —F-MnO»2
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Figure 7 a) XRD patterns of MnO2 and F-MnO> samples. b) XPS full spectra of MnO»
and F-MnO; samples.

The characteristic peak of F1s is divided to the peaks of the absorbed F ion (684.68
eV) and the diffraction peak-in F-Mn ['®], the fitted peaks area of two samples further
confirmed that the most of F ions are combined with Mn to form F-Mn bond, and hence
replace some of lattice oxygen (Figure 8a). Two diffraction peaks of Mn2p3» and Mn
2p1» appearin the Mn 2p spectrum plot, the fitting area ratio of Mn**/ Mn*" for F-MnO»
is 33.53%, higher than 26.85% for MnO>, indicating some Mn*" are reduces to Mn>"
due to Frintroduction into MnO: frame and lower the valence state of Mn ion (Figure
8b):Figure 8c shows that the lattice oxygen in F-MnO is less than that of MnO», the
fitting area ratio of Olattice/ Odefective 18 0.55 and 2.15 in F-MnO, and MnO; respectively,

implying that F are incorporated into the frame to replace lattice O. It is concluded that
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the expected F doping MnO, material of theoretical calculation is achieved successfully

via one-step hydrothermal method and appropriate F source.
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Figure 8 XPS spectra of a) Fls, b) Mn 2p, c¢) Ols
3.6 Electrochemical performance assessment

To explore the effect of F incorporation on the eleectrochemical performance, the
sodium storage capabilities of the as prepared samples were evaluated using a three-
electrode system (Figure 2). The cyclic voltammetry (CV) tests were carried out to
examine the special capacities (Figure 9a). It.indicates that two samples presented
quasi-rectangular curves depicting pronounced capacitive behavior. Importantly, the
integral area of F-MnO> surpassed that'of MnO», indicating a larger sodium storage
capability, which is consistent with the theoretical prediction. Besides, the CV curve of
F-MnO: presents better reversibility compared to MnO>. The GCD curves and CV
curves at various scan rates further.confirm this conclusion (Figure 9b,c). The GCD
curve of F-MnO; presents more nearly ideal triangular feature than that of MnO»,, CV
curves at various/scan rates exhibit significantly symmetry feature, illustrating superior
reversible ion intercalation.and deintercalation capability during charge-discharge cycle.
The excellent reversibility is beneficial to cycle stability.

Figure 9d further confirms that the enhancement of cycle stability due to the F
introduction 'into MnQO;. It can be seen that MnO; presents a capacity retention rate of
19.34%. after 20,000 cycles at a current density of 10 Ag™, in comparison, F-MnO
achieves:significantly enhancement of 82.52% capacity retention rate without severe
capacity loss. We can draw a conclusion that the impressive cycle performance is
mainly owing to the enhanced Mn-O bonding strength, which suppress Mn dissolution

and structure collapse. The electrode images of the two samples after 20,000 cycles can
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manifest this conclusion (Figure 9e). It is observed that MnO; electrode material
resulted in obvious exfoliation after long cycle, in contrast, F-MnO; electrode material
well preserve integrity without obvious exfoliation.

Additionally, EIS tests were conducted to evaluate the charge transfer characteristic
of MnO; and F-MnO,, the results are showed in Figure 9f. In the high-frequency
domain, no obvious semicircular shapes are exhibited in the high-frequeney domain,
but the fitting charge transfer resistance Rct value indicates that the conductivity of F-
MnO; (Rct =4.544 Q) exceeds that of MnO: (Rct =5.631 Q), as predicted in theoretical
calculations. In addition, the higher linear slope of the F-MnOz in the low-frequency
area compare to that of MnO, suggests faster ion diffusion rate. Consequently, F

incorporation effectively improves the cycle stability, and enhance .conductivity and ion

charge transfer rates for MnO; as electrode materials.
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Figure'9 a) CVtest.in the potential window of 0 to 1.0 V at a scan rate of 5 mV s—1.b)
GCD curye tested in the potential window of 0 to 1.0 V at a scan rate of 5 mV s—1. ¢)
CV curves of F-MnO; at various scan rates. d) Cycle stability of MnO> and F-MnO; at
at‘acutrent density of 10 A g''. e) The images of MnO, and F-MnO> before and after
20000 cycles. f) Nyquist plots of MnO; and F-MnOa.

4 Conclusions

In conclusion, an effective strategy that strengthening Mn-O bonding to suppress
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structure degradation and Mn ion dissolution, improving cycle stability and enhancing
sodium ion adsorption capability for MnO> as electrodes, has been demonstrated
through F introduction into MnO,. DFT calculations indicate that F doping accelerates
electrons interaction between Mn and O atoms, hence enhances Mn-O bonding.
Meanwhile, F doping reduces the band gap between conductivity band and valence
band to provide convenience for electron transition, and lower the sodium adsorption
energy. Consequently, it is confirmed by the electrochemical experiments that the
strengthened Mn-O bonding enhances cycle stability of MnO,, the capacity retention
increases from 82.52% to 19.34% after 20,000 cycles. Additionally, the reduced band
gap and adsorption energy of F-MnQ; increase the conductivity and sodium adsorption
capability, achieve a higher special capacity of 414.6 F ¢! at 0.5 A ¢! than a special
capacity of 273 A g'! of MnO: as electrode material. This wotk reveals the mechanism
of strengthening Mn-O bond, and provides a-methodical approach for constructing the
ultra-long cycle life manganese oxide electrode materials.
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