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Lithium Difluoro(Oxalate)Borate-Induced Interphase for
High-Voltage LiFeq 15C0¢ 35PO,@C Cathode by Solid-State

Synthesis

Sreekumar Sreedeep, Subramanian Natarajan, Yun-Sung Lee,*

and Vanchiappan Aravindan*

Herein, the effect of lithium difluoro(oxalate)borate (LIDFOB) as an electrolyte additive
on the electrochemical performance of LiFey15C00g5sPO,@C (LFCP@C) cathode,
synthesized by a scalable solid-state synthesis method is reported. Galvanostatic
studies revealed better electrochemical performance among the LFCP@C (LiDFOB:
0.5-2 wt%) in a half-cell assembly compared to the LiFeg15C00 85PO, in the absence
of LIDFOB. Also, among the various concentrations of LiDFOB, the LFCP@C
(LIDFOB—1.5 wt%) and LFCP@C (LiDFOB—2 wt%) are optimized as suitable
candidates for further electrochemical studies owing to the high discharge capacities
of 116 and 118 mAh g . In addition, the electrochemical impedance studies (EIS)
exhibited an increase in the charge—transfer resistance (R) as the amount of LiDFOB
was increased, whereas a lower R value is observed in the absence of additive. In
addition, the diffusion coefficient calculation is calculated using the EIS data, which
shows a diffusion coefficient in the order of ~10~ ' cm? s~ ". However, as the amount
of LIDFOB is increased from 0 to 2 wt%, a decrease in the diffusion coefficient is

such as high energy density, high power
density, and low safety limits possessed
by LIBs have made it applied in a wide
range of applications, including portable
electronic devices and emission-free electric
vehicles (EVs).>™! Thus, to cope with these
current energy demands, enhancing the
energy density of LIBs is much more
important. Among the different compo-
nents of LIB, the cathode active material
plays a crucial role in enhancing the energy
density.>#?)

Conventional cathodes such as LiCoO,,
due to various setbacks such as high cost,
safety concerns, and low redox potential,
had motivated the search for an alternate
cathode. The olivine-structured LiMPO,

observed owing to the formation of a stable and thicker passivation layer.

1. Introduction

The rapid climatic changes caused due to global warming and the
overexploitation of fossil fuels are the major threats the modern
world is facing. The transition from primitive energy sources
such as coal and petroleum to eco-friendly and sustainable energy
technology is necessary to deal with these adverse conditions.!~!
Thus, the development of energy storage devices is gaining a lot
of importance. Among the various energy storage devices devel-
oped so far, lithium-ion batteries (LIBs) hold a superior position
compared to other conventional technologies. The properties
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(M: Mn, Fe, Co, and Ni), owing to its excel-
lent thermal stability, high specific capacity,
and high energy density, has emerged as
a promising cathode for LIBs.*'% Even
though the commercialization of LiFePO4 has been achieved,
the low redox potential of the Fe*™/*" couple (3.4 V vs Li) results
in a low (theoretical) energy density (580 Wh kg™") compared to
other members of this class.'"'? These setbacks of LiFePO, had
extended the research to other members of the olivine class,
especially LiCoPO, (LCP), owing to its high redox potential of
the Co>/** couple (4.8 V vs Li), the high theoretical energy den-
sity of 800 Whkg !, and excellent thermal stability due to strong
P—O covalent bond.l"” Although possessing all the characteris-
tics of an excellent cathode, the development of LiCoPO, has
been hindered by the low electronic as well as Li* ion conduc-
tivity and low coulombic efficiency. In addition, the decomposi-
tion of electrolytes at high potential will also cause a fast capacity
fading, which results in low cycle stability.®!

Of the various strategies that have been employed so far, the
methods such as carbon coating,"*! metal-ion doping,"*'” and
electrolyte optimization!®*#%*! are found to be more promising.
Carbon coating primarily focuses on enhancing electronic con-
ductivity and also improves discharge capacities. In addition, the
layer of carbon will prevent the contact of the electrolyte with lat-
tice, hence mitigating the unsatisfactory side reaction. However,
as the amount of added carbon is increased beyond a certain
limit, a higher value of electronic conductivity is still observed,
whereas it will block the reversible transfer of Li* ion
from LiCoPO,, hence reducing the Li™ ion conductivity.”®
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Figure 1. XRD pattern of LiFeq15C0035sPO4@C (LFCP@C), LiCoPO,@C
(LCP@C), and LiCoPO, (LCP).

Metal-ion doping, mainly Fe doping, aims at improving the bulk
Li* ion conductivity in LiCoPO,. Kang et al.’” had shown using
various ab initio calculations and absorption spectroscopy studies
that the preferential occupation of Fe in the 4c site of Co will
suppress the antisite mixing of Li and Co in the 4a and 4c sites,
hence improving the cycle stability of LiCoPO,.

The optimization of electrolytes using additives is another
plausible approach that can be employed to improve the cycle
stability as well as the electrochemical performance of
LiCoPO,. The preferential decomposition of the additives prior
to the electrolytes results in the formation of a protective film/
passivation layer over the cathode, thereby suppressing the
decomposition of electrolytes at a higher potential and prevent-
ing the lattice from the parasitic side reactions of the electrolyte,
hence mitigating the issue of low cycle stability in LiCoPO,.>?"

www.entechnol.de
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Figure 3. a) Charge—discharge curve and b) capacity versus cycle number
plots of LiFeg15C0085PO,@C (LFCP@C) (LIDFOB: 2 wt%) at a current
density of T0mAg™".

Among the various additives that have been used so far, the use
of boron-based additives are gaining lots of attention. Lithium
difluoro(oxalate)borate (LiDFOB), owing to the formation of a sta-
ble solid electrolyte interphase (SEI), can be used as a suitable elec-
trolyte additive for LiCoPO,.["™ Meng et al.' showed that the
usage of LiDFOB as an additive in normal carbonate electrolytes

Figure 2. a,b) FE-SEM images of LiFeq15C0085POs@C (LFCP@C), and c—f) HR-TEM images of LiFep15C0055PO4@C (LFCP@C).
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had improved the initial discharge capacity to 138 mAh g~ with a
capacity retention of 69.4% after 40 cycles. In addition, the high
solubility of LiDFOB in carbonate electrolytes has made it more
attractive compared to other boron additives such as Lithium
bis(oxalato)borate. ")

Taking into consideration the various challenges associated
with LiCoPO,, here we are attempting to mitigate these setbacks
by combining the strategies of Fe doping along with electrolyte
optimization using LiDFOB as an additive. A scalable solid-state
approach has been employed for the synthesis of Fe-doped
LiCoPO,@C, i.e., LiFey15C0055PO,@C (LECP@C), and the
effect of different concentrations of LIDFOB on the electrochem-
ical performance of LiFe;15C00g5sPO4 has been investigated.
In addition, other studies such as electrochemical impedance
studies (EIS), in situ EIS, and diffusion coefficient studies have
been carried out to prove the formation of a stable and thicker
SEI layer due to the decomposition of LiDFOB.

2. Results and Discussion

The structural features of LFCP@C have been analyzed using a
powder X-ray diffraction (XRD). The XRD (Figure 1) pattern of
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the as-synthesized LFCP@C is in agreement with pristine LCP,
thereby crystallizing in an orthorhombic lattice with a Pnma
space group (ICDD No: 89-6192).'"3 The unit cell parameters
have been calculated as a =10.22 A, b=5.93 A, and c=4.69 A.
Also, the unit cell volume has been calculated from the refined
parameters as 284.94 A, In addition, the prominent diffraction
peaks at 26 values of 22.1, 26.5, 32, and 36.2 denote the planes
(210), (020), (220), and (002), respectively. However, no charac-
teristic peaks corresponding to Fe and carbon are not observed in
the spectra owing to their low content in the sample, and there is
secondary phase appeared. The Raman spectra (Figure S1,
Supporting Information) of LFCP@C exhibit peaks at 1,352
and 1,603 cm™?, corresponding to the D-band or the defective
band and G-band or the graphitic carbon. In addition, the degree
of disorderliness denoted by Ip/I has been calculated to be 0.97,
which indicates that the majority of carbon is present in the crys-
talline state.?®)

The field-emission scaaning electron microscopy (FE-SEM)
image (Figure 2a,b) of LFCP@C depicts a nonuniform size dis-
tribution among the particles, which occurs due to particle
agglomeration during carbon coating. The transmission electron
microscopy (TEM) image (Figure 2c—f) depicts the presence of a
semiuniform carbon coating on the surface of LFCP@C.
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Figure 4. Rate performance of a,c) LFCP@C (LiDFOB: 1.5wt%), and b,d) LFCP@C (LiDFOB: 2 wt%) at current densities of 10, 30, 50, 70, 100, and

200mAg™".
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In addition, the fringe width has been calculated from the TEM
image (Figure 2e) as 0.369 nm, which corresponds to the (011)
crystal plane. The selected area electron diffraction (SAED) pat-
tern (Figure 2f) further illustrates the formation of a crystalline
compound.

The electrochemical performance of LFCP@C at different
LiDFOB concentrations ranging from 0 to 2 wt% has been done
at a current density of 10 mA g~ within a potential window of
3.5-5.2V versus Li. The galvanostatic charge—discharge (GCD)
curves (Figure 3a) clearly illustrate the enhancement in the elec-
trochemical performance of LFCP@C upon the usage of
LiDFOB as an additive. This improvement in the electrochemical
performance of LFCP@C has been attributed to the formation of
a stable and robust SEI layer, thereby mitigating the irreversible
capacity loss and preventing the decomposition of electrolytes at
higher potential.l'®?2°31 Also, from the cycling profile, the
LFCP@C (LiIDFOB—1.5 wt%) and LECP@C (LiDFOB—2 wi%)
exhibit excellent discharge capacities of 113 and 116 mAhg™"
with a capacity retention of 79% and 81% after 23 cycles
(Figure 3b). However, a gradual capacity fading is observed from
the 24th cycle, which can be due to electrolyte decomposition
since the half-cells studied in a high elevated potential range with
a lower current rate. Adding to this, the rate performance
(Figure 4a—d, S2, Supporting Information) exhibits better
capacity retention for the LFCP@C (LiDFOB—1.5wt%) and
LFCP@C (LiDFOB—2wt%) at high current densities of
100 and 200 mA g~ compared to other LiDFOB concentrations.
Therefore, it can be concluded that the concentration of LiDFOB
in the range of 1.5-2 wt% is optimum to realize the better elec-
trochemical performance of LFCP@C. Along with it, the GCD of
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Figure 5. a) Charge—discharge and b) capacity versus cycle number plot of
LiFeg 15C00.85PO,@C (LFCP@C) (LiDFOB: 2 wt%) at temperatures rang-
ing from =10 to 10°C.
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the as-prepared compound has been done within the tempera-
ture range of —10 to 10 °C. The cycling profile (Figure 5a,b) sug-
gests that there is an enhancement in the electrochemical
performance of LECP@C (LiDFOB—2 wt%) at a higher temper-
ature of 10 °C, whereas electrochemical performance becomes
poor upon decreasing the temperature to —10 and 0 °C. The above
observation makes it clear that on lowering the temperature
to =10 °C, the freezing of electrolytes occurs, leading to a lower-
ing in the mobility of Li* ions. In contrast, as the temperature is
increased to 10°C, there is an enhancement in the mobility
of Li" ions, thereby resulting in a better electrochemical
performance.!"”!

In addition, the Nyquist plots (Figure 6b) of LFCP@C
(LiDFOB: 0-2 wt%) show the comparison of the charge—transfer
resistance (R) for the different concentrations of LIDFOB. From
the Nyquist plot, an increase in the R, value can be observed as
the concentration of LiDFOB has been increased from 0 to
2wit%, which can be accounted by the resistance offered to
Li* ion mobility due to the formation of a stable SEI layer.”
In addition, the in situ impedance study (Figure 7a—d) has been
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Figure 6. Plot showing a) cyclic voltammetry of LFCP@C (LiDFOB: 0-2 wt%)
at a scan rate of 0.1 mVs ™' and b) corresponding impedance curves.
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Figure 7. In situ impedance study of LFCP@C (LiDFOB: 2 wt%) corresponding to the a,b) st cycle c,d) 20th cycle charge—discharge. The open circuit

potential (OCV) of the cell is 2.8 V.

carried out to investigate the stability of the SEI layer as the
cycling progresses.>?) However, it can be observed from the
Nyquist plot that as the cycling progresses from the 1st to
20th cycle, there is not much rise in the R, value, which confirms
the formation of a stable SEI layer, thereby mitigating the irre-
versible Li* ion consumption.

The cyclic voltammetry (CV) (Figure 6a and S3, Supporting
Information) of LFCP@C (LiDFOB: 0-2 wt%) has been carried
out at a scan rate of 0.1 mV s~ to determine the electrochemical
reactions accompanying the redox process. From the CV, it can
be observed that LFCP@C (LiDFOB: 0-2 wt%) exhibits oxidation
peaks corresponding to Co®>*/Co?* redox couple at potentials of
5.07, 5, 5.17, 5.16, and 5.18 V versus Li. But it can be observed
from the CV that there is an enhancement in the polarization as
the concentration of LiDFOB is increased from 0.5 to 2 wt%,
whereas only slight polarization can be observed in the absence
of LiDFOB, which is consistent with the GCD plot.

The apparent Li* ion diffusion coefficient for LFCP@C
(LiDFOB: 0-2 wt%) has been determined using electrochemical

Energy Technol. 2023, 11, 2200988
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impedance spectroscopy (EIS). The evaluation of the diffusion
coefficient has been carried out from the low-frequency
Warburg region of the Nyquist plot. Now, the diffusion coeffi-
cient is determined using the formula

Dy, = R2T2//2A%n*F*C2,2 (1)

Of which Ris the universal gas constant (8.314 ] K™ 'mol ™), T
is the temperature, A is the electrode cross-sectional area, n is the
number of Li* ions involved in the redox reaction, F is the
Faraday constant (96 500 Cmol '), C is the concentration of
Li" ions, and 6, is the slope obtained from the plot of real imped-
ance and the reciprocal square root of the angular frequency, i.e.,
Z versus @~ '/* (Figure 5 and 6, Table 1).**>** Based on the cal-
culated values of diffusion coefficients (Table 2), it has been
observed that the LFCP@C (LiDFOB: 0-2 wt%) exhibits diffu-
sion coefficients in the order of ~10 2 cm?s™'. In addition,
as the amount of LiDFOB has increased from 0 to 2 wt%, the
value of the diffusion coefficient has decreased. This is consistent

© 2022 Wiley-VCH GmbH
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Table 1. Impedance parameters like )(2, R1, R2, and R3 values.

Additive composition Diffusion coefficient [cm?s™]

LCP@C 142 %107
LCP@C 1.61x10°™
LFCP@C (LiDFOB: 0 wt%) 2.42x10°1
LFCP@C (LiDFOB: 0.5 wt%) 212x107"
LFCP@C (LiDFOB: 1 wt%) 2.01x10°"
LFCP@C (LiDFOB: 1.5 wt%) 1.58 x 107"
LFCP@C (LiDFOB: 2 wt%) 115 x 107"

Table 2. Diffusion coefficient calculated from the impedance data for
LiFeg15Co0.55PO,@C (LiDFOB: 0-2 wt%).

LiDFOB concentration R1 R2 R3 X

LiDFOB-0 wt% 4.02 36.04 1.793 4.5
LiDFOB-0.5 wt% 34.48 44 11.65 5.2
LiDFOB-1 wt% 64.95 83.42 30.09 7.9
LiDFOB-1.5 wt% 3.71 21.36 58.43 9.6
LiDFOB-2 wt% 7.968 98.96 122.2 9.5

with the fact that a stable SEI layer has been formed due to the
decomposition of LiDFOB, and as the amount of LiDFOB is
increased from 0 to 2wt%, the as-formed SEI layer becomes
thicker, thereby ceasing the Li* ion mobility, which eventually
leads to a decrease in the Li* ion diffusion coefficient. Thus,
the calculation of the diffusion coefficient further illustrates
the fact that the use of LiDFOB as an additive improves the elec-
trochemical performance of LECP@C by the formation of a sta-
ble SEI layer compared to that of a normal electrolyte.

3. Conclusion

The development of novel electrolyte additives is gaining a lot of
interest in the development of high-voltage cathodes, especially
LCP. Here, we successfully illustrated the effect of LIDFOB as an
additive on the electrochemical performance of LECP@C.
Among the various LiDFOB concentrations, the LFCP@C
(LiDFOB: 1.5wt%) and LFCP@C (LiDFOB: 2 wt%) have been
optimized for further electrochemical studies owing to the high
discharge capacities of 113 and 116 mAh g~'. As expected, the
Nyquist plot showed a large R value in the case of LECP@C
(LIDFOB: 2wt%) due to the formation of a stable SEI layer,
whereas a low value of R in the absence of LiDFOB suggests
that no SEI layer was formed. Further, the insitu impedance
study confirmed that a stable SEI layer had been formed owing
to the fact that there is not much change in R value between the
Nyquist plot of the 1st and 20th cycle. Apart from this, the diffu-
sion coefficient has been calculated from the Warburg region of
the Nyquist plot, which had shown a lowering in the Li* ion
mobility as the amount of LIDFOB is increased from 0 to 2 wt%.
This result further confirms that a stable SEI layer has been
formed, thereby providing resistance to the mobility of Li* ions.
Hence, it proves the superior electrochemical performance of

Energy Technol. 2023, 11, 2200988

2200988 (6 of 7)

www.entechnol.de

LFCP@C in the presence of LiDFOB as an additive. Thus, the
research on electrolyte additives must be extended to other class,
which includes phosphorus-, sulfur-, and carbonate-based addi-
tives, for achieving the commercialization of LCP.

4. Experimental Section

Synthesis: The preparation of LFCP@C was carried out by a solid-state
synthesis approach on a gram scale. All the precursors, including Li,CO;
(Sigma-Aldrich, >99%), (NH4),HPO,4 (Sigma-Aldrich, >98%), Co3;04
(Sigma-Aldrich), and Fe(CH;COOQ), (Sigma-Aldrich, >99.99%), were
mixed properly and were heated to a temperature of 800 °C at a ramp rate
of 5°Cmin~" in an open-air atmosphere. The obtained sample was ball-
milled in a planetary ball-miller (Retsch PM200, Germany) for a period of
2 h. Further, the ball-milled sample was subjected to the carbon coating in
which glucose (Sigma-Aldrich, >99.5%) was used as the carbon precursor.
Both LFCP@C and glucose were mixed properly, and the solution was
prepared in a weight ratio of 2:1. The solution was then subjected to heat-
ing to remove the water present, and the sample was obtained in a charred
form. The sample was then heated in an argon atmosphere to a tempera-
ture of 800°C at a ramp rate of 5°Cmin~". At last, the sample was
grounded well using a mortar and pestle into fine powder. The carbona-
ceous material present in the cathode is estimated to ~10 wt% through
thermogravimetric analysis (Figure S6, Supporting Information).

Preparation of Electrolyte: The electrolyte was prepared using 1 m LiPFg
dissolved in ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1
weight ratio, Lipaste, Tomiyama) by varying the concentration of LIDFOB
(Sigma-Aldrich) from 0 to 2 wt% inside an Ar-filled glovebox with an oxy-
gen level <0.I ppm. None of the salt or solvent used had been subjected to
any purification or pretreatment and had been used directly.

Electrochemical Characterization: The preparation of the electrode was
carried out by mixing 10 mg of LFCP@C, 2 mg of conductive additive
(acetylene black), and 2mg of binder [teflonized acetylene black-2
(TAB)] in a mortar and pestle using ethanol as a solvent into a freestanding
film and had been pressed on a 14 mm stainless steel mesh (Goodfellow,
UK), which will act as a current collector. Now, the electrode was dried
overnight in a vacuum oven at 75°C and was made into a half-cell in
an Ar-filled glove box using a glass microfiber separator (Whatman,
UK) against metallic lithium as the reference electrode in a CR2016 coin
cell. Now, further half-cell studies such as GCD, EIS, and CV were carried
out in a battery tester (Biologic, France).

Material Characterization: The structural analysis of LFCP@C was done
using XRD (Rigaku, Smart Lab 9 kW) at 0.5° min~" scan rate in a mono-
chromatic Cu-Ka radiation (A = 1.5414 A). The material composition of the
sample has also been determined using Raman spectral analysis. The HR-
TEM (TECNAI, Philips, the Netherlands, 200 keV) and FE-SEM (S-4700,
Hitachi, Japan) were carried out for the morphological as well as structural
analysis of the sample.
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