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of well-dispersed nanomaterials in K-ion batteriesy
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and Quanchao Zhuang*®

Potassium ion batteries (KIBs), the working mechanism of which is similar to that of lithium-ion batteries
(LIBs), have drawn much interest as power sources for large-scale grid energy storage because of their
low cost and abundant resources. In this paper, the feasibility of KMnFz as a cathode material for KIBs,
the optimization of synthesis conditions and the interface characteristics of the charge and discharge
process have been studied in detail. The study of interface characteristics is mainly done through the
non-destructive test of electrochemical impedance spectroscopy (EIS).

Introduction

Recently, 3d-transition-metal binary fluorides have been exten-
sively investigated as potential electrode materials."” The idea
to exploit fluorides as batteries arose from the intrinsic stability
of fluorinated materials and their ability to generate high levels
of electrochemical energy. However, in LIBs and sodium-ion
batteries (NIBs), transition metal binary fluorides could not be
used as cathodes against a pristine carbonaceous anode,
because of the lack of lithium or sodium for the current
carrier.>” In view of this, a lithium/sodium containing cathode
is more practical. The perovskite fluorides (AMF;, A = Li, Na,
etc.; B = Fe, Mn, Ni, Co, Cu, etc.),*” with the inherent three-
dimensional diffusion channels and a solid structure with
intersecting four-sided cavity chains,®® should be of great
importance in developing the next-generation Li/Na-ion
batteries with large capacity. In particular, large-scale
batteries are expected to become commercially viable with the
use of earth-abundant transition metals.

KIBs, which have a working mechanism similar to that of
LIBs, have drawn much interest as power sources for large-scale
grid energy storage because of their low cost and the abundance
of potassium resources.'** Since perovskite fluoride had been
proved to be a potential electrode material for LIBs and sodium
ion batteries (NIBs), this provided a reference for studying such
materials in KIBs. Due to its abundant reserves and environ-
mental friendliness, manganese-based materials have received
extensive attention as electrode materials for various types of
batteries such as LIBs," NIBs'*** and flow batteries.'®
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The key to the development of KIBs with excellent perfor-
mance is to design a reasonable cathode material micro-
structure to achieve the ideal K ion insertion/extraction. As the
cathode of KIBs, manganese-based fluoride electrode mate-
rials can overcome the shortcomings of manganese-based
oxide materials (K,3MnO, (ref. 17) and K, sMnO, (ref. 18))
that cannot reach a charging voltage higher than 4 v.*® Based
on the above analysis, this paper used a manganese-based
perovskite fluoride as the cathode material. Based on first-
principles calculations, the possibility of perovskite fluoride
KMnF; as a cathode for KIBs was predicted. To avoid the
limitations of common synthetic methods of fluoride (such as
high temperature, complicated procedures, and the use of
corrosive hydrofluoric acid, etc.).?>*' This paper used the co-
precipitation method to synthesize the target material. The
co-precipitation synthesis method had the characteristics of
mild conditions and simple operation steps, and no surfactant
or template agent is added during the synthesis process.
Electrochemical impedance spectroscopy (EIS) test was used
to confirm the formation process of SEI film and the main
factors affecting electrochemical performance.

Experimental section
Preparation of KMnF;

The perovskite fluoride KMnF; was synthesized based on the co-
precipitation method. 5 mmol manganese acetate was put into
the solvent to form solution, which was heated to a certain
temperature. 15 mmol KF was dissolved in the solvent and then
transferred to the dropping funnel. The KF solution was added
dropwise to the manganese acetate solution. After the addition
was complete, continue to stir for 30 minutes and settle over-
night. The resulting turbid liquid was collected by centrifugation,
and washed with a small amount of ethanol and water (volume
ratio 1 : 1), and then dried at 70 °C under vacuum for 12 h.
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Physical characterization

The structure characterization of synthesized KMnF; prepared
by co-precipitation method was analyzed by X-ray diffraction
(XRD, D8 Discover, Bruker). The morphology and structure of
cycled electrode samples were observed by transmission elec-
tron microscope (TEM, JEOL JSM-6700F, operated at 200 kV)
and scanning electron microscopy (SEM, Magellan 400L, FEI).
The element content is determined by inductively coupled
plasma atomic emission spectrometer (ICP-OES).

Electrochemical performance characterization

Constant current charge and discharge tests were performed by
using CR2025 coin cells. The electrochemical impedance spec-
troscopy test was tested with a three-electrode system. Pure
potassium metal foil was used as the counter electrode and
reference electrode and counter electrode. The frequency range
of the EIS test is 10° to 10> Hz.

Results and discussion
First-principles calculation of KMnF;

In this work, first-principles calculations are performed based
on density functional theory (DFT) and the possibility of cubic
KMnF; as a cathode for KIBs is predicted.

After complete geometric optimization, the lattice of cubic
KMnF; is 4.15 A, and that of cubic MnF; is 3.89 A, as shown in
Fig. S1.7 It shows that the volume of the electrode material has
a certain change during the charging and discharging process.
The electric potential can be calculated using the following
formula.

,_ _E(KMnF;) — E(MnF;) — nE(K)

nF
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In the formula, E(KMnF3) is the total energy of KMnF;; E(MnFs;)
is the energy of MnF;; E(K) is the energy of K crystal; F is the
Faraday constant; n is the number of K atoms in the redox
reaction, where n = 1. The calculated potential value is 4.22 V. It
can be seen that like most fluorides have a higher theoretical
potential, the theoretical potential of cubic KMnF; converted to
cubic MnF; is also higher than 4 V, which has inherent
advantages as a cathode material.

Optimization of synthesis conditions

The addition of different solvents plays different roles in the
synthesis process of the material, thereby changing the
morphology and structure of the product. The solvent plays the
role of changing the activation energy of the reaction during the
reaction process, thereby promoting or inhibiting the formation
of the product. Taking the common ethanol/water system as an
example, the adjustment of the solvent ratio plays a crucial role
in controlling the morphology of the product.?**?

In the co-precipitation system, from the perspective of the
solubility of the reactants and products and the economics,
distilled water is selected as the base solvent. The surface
tension of ethanol and water are quite different, and the coef-
ficient of surface tension of ethanol is about 1/3 of that of water,
so the addition of ethanol will significantly reduce the critical
size of nucleation. In order to observe the influence of different
solvents more intuitively, a comparative study was carried out
on pure distilled water and pure ethanol systems.

The TEM image and XRD image of the prepared KMnF; are
shown in Fig. 1. In the distilled water system, the particle size
formed is larger than 500 nm. It is mainly due to the large
surface tension of water, which has a large critical nucleation
size. In the ethanol system, the particle size of the formed
particles is significantly reduced, but the particle size is
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Fig. 1 TEM image of KMnF3z prepared by distilled water solvent and ethanol solvent systems ((a and b) distilled water solvent; (c—f) ethanol

solvent) and XRD image ().
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Fig.2 SEM images of KMnF3 prepared in mixed solvents with different proportions in potassium fluoride titration solution ((aand b) 1 : 1, (c and d)
water, (e and f) ethanol) and schematic diagram of the process when the titration solution with water as solvent (g) Schematic diagram of the

process when the solvent of KF titration is distilled water.

obviously uneven. Some particles have secondary agglomera-
tion, indicating that the particle nucleation and growth process
failed to achieve effective particle separation in this process.
The lower surface tension of ethanol is conducive to the
formation of smaller crystal nucleus, but it also increases the
nucleation rate. A large number of crystal nuclei formed in an
instant is difficult to achieve good dispersion. It can be seen that
a single solvent fails to obtain a product with good morpho-
logical characteristics, and it is necessary to adjust the ratio of
water and ethanol to form a mixed solvent.

Fig. S2t is an SEM image of KMnF; prepared in a mixed
solvent (water and ethanol) system with different proportions.
The addition of mixed solvents has a certain regulatory effect on
the morphology of the synthesis process. The surface tension of
the mixed solvent is moderate, and the size of the crystal
nucleus can be well controlled to avoid instantaneous genera-
tion of a large number of crystal nuclei, which is conducive to
the formation and dispersion of particles. When the ratio of
water to ethanol is 2 : 1 and 1 : 2, there is still a certain amount
of agglomeration, and good dispersion cannot be achieved.
When the volume ratio of water to ethanol is 1 : 1, the obtained
nanoparticles have a more uniform particle size and show
better dispersibility. Therefore, the ratio of water to solvent in
the mixed solvent is chosen to be 1: 1.

In order to further optimize the reaction conditions of the co-
precipitation process, the solvent ratio of the KF additive was
also studied. The SEM images of KMnF; nanoparticles prepared
with different solvent ratios of the additive solution are shown
in Fig. 2a-f. When the solvent of the additive solution is
ethanol, the lower surface tension of ethanol can reduce the
critical size of nucleation and increase the nucleation rate
sharply, triggering particle agglomeration. When the solvent of

© 2021 The Author(s). Published by the Royal Society of Chemistry

the additive liquid is distilled water, the schematic diagram of
the process is shown in Fig. 2g. In the early stage of the titration
process, when the additive liquid is in contact with the
manganese acetate solution, the ethanol in the manganese
acetate solution can be diluted to help provide an appropriate
nucleation rate, and a controllable nucleation process will
occur. As the titration process progresses, part of the nucleation
process has been completed and then the growth process
begins. At this time, the nucleation and growth processes
coexist, and the process is complicated. With the continuous
dripping of the additive liquid, it will have a continuous and
slow inhibitory effect on the nucleation rate, which is extremely
beneficial to the production of uniformly dispersed particles.

In order to understand the effect of the addition speed of the
KF solution on the morphology of the prepared KMnF;, the
above-mentioned method of dropwise addition (1 drop per s)
was changed to rapid addition (5 drops per s). The XRD and
SEM analysis results of the sample synthesized by the rapid
dropping method are shown in Fig. S3.1 The XRD image shows
that the product of the rapid dropping method is also KMnF,
with a perovskite structure, and there is no impurity peak. The
TEM image manifest that the morphology of the product is
characterized by the interconnection and agglomeration of
small particles to form several large particles. This result shows
that the occurrence of the co-precipitation process is rapid, and
the rapid stirring and slow dripping process are necessary to
control the nucleation and growth process of particles.

In addition to the conditions that affect the co-precipitation
process mentioned above, temperature is also one of the
extremely important factors. In this experiment, three temper-
atures of 30 °C, 40 °C and 50 °C were selected for the conditional
experiment, and the TEM image obtained is shown in Fig. 3.

RSC Adv, 2021, 11, 30487-30494 | 30489
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The particle size of the particles obtained at 30 °C is about 100~
120 nm, and a small amount of particles exhibit irregular
morphology. It is presumed that the low temperature during the
synthesis process and the slower ion diffusion rate make it
impossible to complete the dispersion of all particles in a short
time. When the temperature rises to 40 °C, the ion diffusion
speed increases so that the dispersibility of the particles is
improved to a certain extent, and the particle size distribution is
uniform (about 100 nm). When the temperature rises to 50 °C,
due to the further increase of ion diffusion rate, the further
reduction of particle size leads to the exposure of highly active
sites on the surface and the increase of collision probability
between particles. These reasons all tend to cause partial
agglomeration of particles. In summary, the nanoparticles
prepared at 40 degrees have uniform particle size and good
dispersibility, and the mapping results show that the F, K and
Mn elements are uniformly distributed (Fig. 3j). The HRTEM
image of KMnF; synthesized at 40 °C is shown in Fig. S4.1 The
interplanar spacing corresponds to the (100) crystal plane of
KMnF;.

Based on the comparison of the synthesis conditions of
KMnF;, it can be concluded that the synthesis conditions
favorable to electrochemical performance are as follows. The
volume ratio of water to ethanol in the solvent of manganese
acetate solution is 1 : 1, the solvent of the potassium fluoride
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additive is distilled water, the titration rate is 1 drop per s, and
the reaction temperature is 40°. The purity of the material was
98.5-99.2% after parallel sample test and calculation (due to the
low solubility of KMnF; in water, it is necessary to dissolve it in
a large amount of distilled water, and then use the ICP-OES
method to determine the manganese ion content).

Electrochemical and interface performance test

Fig. S5 shows the charge and discharge curve of KMnF;
cathode when the current density is 40 mA g~ and the voltage
range is 4.2-1.2 Vvs. K'/K. It can be seen from the curve that the
initial charge and discharge capacity of KMnFj is relatively low,
70.5 and 47.6 mA h g~ ', respectively. The Coulomb efficiency in
the first cycle is relatively low, and the capacity retention rate of
the first few cycles is also relatively low. In order to explain the
rapid decline of charge and discharge capacity, the Mn content
in the electrolyte of the three-electrode glass electrolytic cell
system was tested by ICP-OES under different cycles. The test
results are shown in Fig. 4a. The change process of the SEI film
after charging and discharging is illustrated in conjunction with
Fig. 4b. After the first cycle of charge and discharge, the elec-
trode material KMnF; has a certain amount of Mn dissolved in
the electrolyte, but the dissolved amount is not high. The reason
may be that a relatively complete SEI film was formed during

g 3
& @ "
2 R 5

Fig. 3 a—i) TEM of KMnFs prepared at different temperatures ((@a-c) 30 °C, (d—f) 40 °C, (g—i) 50 °C); (j) mapping of KMnF3z prepared at 40 °C.
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(a) ICP-OES test results of manganese content of KMnFs electrode under different cycles. (b) Schematic illustration of the volume change

of KMnFs cathode during the charge/discharge process: the volume change of the electrode material after repeated charging and discharging
process causes the rupture of the interface SEI film, exposing part of the Mn ions to the electrolyte.

the standing process and the first cycle of charging and dis-
charging, which inhibited the dissolution of Mn to a certain
extent. As the charging and discharging continue, the volume
change of the K" extraction and embedding process causes the
SEI film to partially rupture. The Mn ions in the cracks not
covered by the SEI film on the particle surface are exposed to the
electrolyte, so that the dissolution of Mn in the electrolyte is
significantly increased. This may be the reason for the degra-
dation of the charge and discharge capacity. Although a higher
charge and discharge capacity has not been obtained, it shows
that the material can be charged and discharged at a higher
voltage. The voltage comparison with other manganese-based
electrode materials in the KIBs is shown in Table S1.f

Fig. S6af shows the XRD pattern of the KMnF; cathode
charged to different voltages for the first time. The different
charging voltages all show XRD patterns similar to the original
samples. The diffraction peak corresponding to KMnF; has no
obvious diffraction peak position shift and intensity change.
The XRD pattern after charging (Fig. S6bt) shows the change in
the valence state of manganese. The above all indicate that the
intercalation reaction of potassium occurs during the charging
process.

It shows that the intercalation reaction of K occurs during
the charging process. The following will study the interface
characteristics through the EIS to reflect the key factors
affecting the electrochemical performance of perovskite
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Fig.5 Nyquist plots of KMnFs electrode at various potentials during the initial charge and discharge process ((a—c) the initial charge process, (d—
f) the initial discharge process. The additional mark in (c) is the frequency value of the test point).
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fluoride, and provide a theoretical basis for the subsequent
improvement of electrochemical performance.

In order to study the electrode/electrolyte interface reaction
process and explain the phenomenon of charging and dis-
charging processes, the EIS of the KMnF; electrode was tested
and shown in Fig. S77 and 5. In the entire voltage range, the
Nyquist diagram consists of two parts, a semicircle in the high
frequency area (HFS) and a slope or arc in the low frequency
area (LFL/S). HFS can be attributed to the migration of K
through the SEI film covered by the active material. From the
electrochemical impedance spectroscopy study of different self-
discharge times shown in Fig. S7,} it can be seen that the SEI
film formation process occurs during the self-discharge
process, and a relatively stable SEI film is formed after 12
hours of self-discharge.

In order to verify the formation process of the SEI film, XPS
tests before and after etching were performed on the electrode
pads. Fig. S8t shows the XPS test results before and after the
electrode is etched after self-discharge (etching thickness is 5
nm). In the C 1s spectrum, the C-O and C=0 bond peaks are
significantly reduced after the self-discharged electrode is
etched, indicating that the SEI film has been formed at this
time, and the thickness of the SEI film is small, which is close to
the etched thickness.

Fig. 5 shows the Nyquist diagram during the first charge and
discharge in the voltage range of 4.2-1.2 V vs. K'/K. It can be
seen that HFS only slightly changes at the beginning of
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charging, but the trend of HFS increase in the later stage of the
charging process begins to increase (Fig. 5¢). During the dis-
charging process, as the discharging process progresses, the
change of HFS will be more obvious (Fig. 5d-f), it shows that the
SEI membrane is ruptured and regenerated obviously.

Based on the above experimental results, the equivalent
circuit diagram of the KMnF; electrode impedance shown in
Fig. 6 is proposed, which is used to indicate the EIS of the
electrode during the charging and discharging process. In the
equivalent circuit, R represents ohmic resistance, Rgg; and R,
are SEI film resistance and charge transfer resistance, respec-
tively, and SEI film capacitance and electric double layer
capacitance are represented by constant phase angle elements
Qser and Qg respectively. Fig. 6b shows the comparison
between the test data of the EIS when discharged to 2.4 V and
the fitted data obtained through the Zview software. The test
data and the fitted data have good coincidence. The relevant
parameter values of the equivalent circuit obtained by the fitting
are shown in Table 1. The relative standard deviations of the
fitted parameter values are all less than 15%, indicating that the
circuit model selected here is basically consistent with the
actual situation, and the data obtained by the fitting is reliable.

Fig. 6¢c shows the Rgg; curve of the KMnF; electrode obtained
by Zview software during the initial charging and discharging
process. In the initial stage of charging, Rsg; remained basically
stable. From the high-voltage stage of charging to the subse-
quent discharging period, Rsg; exhibits an obvious alternating
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Fig. 6

(a) Equivalent circuit proposed for fitting EIS of KMnF3 electrode, (b) comparison of test data and fitting data of EIS when discharged to

2.4V, (c) variations of Rsg with the electrode potential in the initial charge and discharge process, (d) comparison of EIS when discharged to 4.0 V

in the first two cycles.
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Table 1 Parameters of EIS fitting circuit when KMnFs electrode is
discharged to 2.5V

Parameters Value Error Uncertainty%
Ry/Q 9.227 0.09729 1.054
Rspi/Q 131.0 1.765 1.348
Qsert 1.541 x 10°* 7.022 x 10°° 4.556
ser-Y 0.6846 5.856 x 10> 0.8554
SEI' t 0
Re/Q 3776 137.73 3.648
Qarn 3.111 x 103 3.207 x 10°° 1.031
QarYo 0.8500 6.944 x 1073 0.8168

increasing and decreasing trend. The above phenomenon is
usually attributed to the reversible formation and decomposi-
tion of the SEI film covering the cathode during charge and
discharge.** Since the SEI film covers the surface of the parti-
cles, the continuous formation and decomposition of the SEI
film may cause a large amount of Mn ions to directly contact the
electrolyte, which is not conducive to obtaining good cycle
performance. Fig. 6d shows the comparison of EIS when dis-
charged to 4.0 V in the first two cycles. Compared with the first
cycle, the HFS in the EIS of the second cycle increased signifi-
cantly, which is one of the reasons for the capacity degradation
during the cycle. In order to verify the influence of the different
morphologies of KMnF; (optimal conditions and fast titration
conditions) on the formation of SEI film and the dissolution of
Mn in the electrolyte, electrochemical impedance spectroscopy
was used to compare the SEI film, and ICP-OES was used to
measure the electrode material in the electrolyte after the
charge and discharge cycle (Fig. S9 and Table S2t). This shows
that the electrode material synthesized under the optimized
conditions has uniform particle size and good dispersibility,
which is conducive to the formation of a uniform SEI film, and
the uniform SEI film will not be repeatedly ruptured and
regenerated during repeated charging and discharging, thereby
preventing manganese ions.

LFL/S is related to the charge transfer process, and there is
no obvious tendency to bend and form an arc during the entire
charging process, which is mainly due to the high charge
transfer resistance.”” The charge transfer resistance is also an
important parameter that affects the electrochemical perfor-
mance of this fluoride material.

Conclusions

In this paper, the perovskite fluoride KMnF; is selected as the
cathode for KIBs. First, the feasibility of KMnFj; as a cathode for
KIBs is calculated using first principles. The calculation results
show that KMnF; has a theoretical potential higher than 4 V and
has inherent advantages as a cathode. Cubic KMnF; nano-
materials with uniform particle size distribution and about
100 nm were synthesized by a co-precipitation method. The
synthesis conditions were optimized and the formation mech-
anism of nanomaterials was speculated. The EIS test confirmed
the formation process of the SEI film and study the main factors
affecting the charge and discharge performance. On the one

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hand, the Rgg; exhibits an obvious alternating increase and
decrease trend, indicating that the SEI film is continuously
formed and decomposed during the charge and discharge
process, which makes the irreversible capacity increase. On the
other hand, the continuous formation and decomposition of
the SEI film will also cause the Mn ions in the electrode material
to directly contact the electrolyte, which is not conducive to
obtaining good cycle performance. In addition, the charge
transfer resistance may be an important parameter that affects
the electrochemical performance of this fluoride material.
Based on the above analysis, theoretical guidance is provided
for the improvement of the electrochemical performance of
such materials.
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