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This study presents an electrochemical comparison of Li||LiMn,.;Feo.sPO4 coin cells using two dif-
ferent polymers as binders: PVDF and the water-soluble binder NV-1A. The charge/discharge curves
obtained at a current rate of 0.05 C exhibit two well-defined plateaus at approximately 3.5 Vand 4.1V,
corresponding to the Fe**/Fe’* and Mn**/Mn** redox pairs, respectively. The capacity ratio of these
plateaus is about 7:3, which matches the Mn/Fe ratio in the pristine material. The specific capacity of
the coin cells with different binders falls within the range of 137-141 mAh-g™*, which is consistent
with the manufacturer’s specifications for the material. However, upon the first cycles, the coin cells
with NV-1A binder exhibit a slightly lower specific capacity. This is attributed to the possible forma-
tion of Li;PO, particles on the electrode surface, which leads to a decrease in specific capacity upon
the initial cycles but improves the overall stability upon prolonged cycling. The first-cycle coulombic
efficiency is 96.0 % for PVDF and 94% for NV-1A, increasing to 99.5% + 0.1 % upon further cycling
for both systems. Increasing the charge/discharge current density leads to a decrease in the specific
capacity of Li||LiMny.,Feo.;PO, electrodes. This decrease is more pronounced for PVDE At 0.5 C, the
specific capacity reaches 68 mAh-g™ for PVDF and 85 mAh-g™ for NV-1A. Cyclic stability tests reveal
that, despite the lower initial capacity of the NV-1A based coin cells, their capacity fade rate is only
0.1 % per cycle at 0.1 C, compared with 0.45 % for PVDE Consequently, after 75 cycles, the NV-1A
coin cells exhibit superior capacity retention. These findings are further discussed in the context of
electrode degradation mechanisms upon cycling.

Key words: polymer binder, water-soluble binder, lithium manganese ion phosphate, galvanoatatic
cycling, electrochemical impedance spectroscopy, capacity retention.
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INTRODUCTION.

The development of lithium-ion battery
(LIB) technologies is one of the key directions
of modern science [1], driven by their wide-
spread application in electric vehicles, energy
storage systems, and portable electronic de-
vices [2]. Particular attention has been paid
to olivine-structured cathode materials [3, 4],
especially LiMn Fe,_ PO, (LMFP) [5], which
combines the high thermal stability of LiFePO,
(LFP) with the elevated operating voltage
(~4.1 V) characteristic of LiMnPO, [6, 7]. Asa
result, LMFP provides a higher energy density
compared to conventional LFP (~3.4 V) with-
out a significant loss of safety [8, 9]. However,
LMFP exhibits intrinsically low electronic con-
ductivity (=107'°-107 S/cm) and slow lithium-
ion diffusion kinetics, which adversely affect its
rate capability and cycling stability [6, 9].

One of the effective approaches to im-
proving the electrochemical parameters of
LiMn Fe _ PO, is the optimization of electrode
composition, particularly through the selec-
tion of a suitable polymer binder. As an essen-
tial component of LIB electrodes, the polymer
binder mechanically holds together the active
material particles and conductive additives,
ensures adhesion to the current collector, and,
via electrolyte wetting, facilitates lithium-ion
transport to the cathode material. Improve-
ment of the adhesive and cohesive properties
of the binder positively affects the formation
of the solid electrolyte interphase (SEI) du-
ring the initial charge-discharge cycles, which
largely determines the overall resistance of
both the electrode and the battery.

Polyvinylidene fluoride (PVDF) is tradi-
tionally used as a cathode binder; however, its
processing requires the toxic organic solvent
N-methyl-2-pyrrolidone (NMP). This comp-
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licates manufacturing, increases production
costs, and raises environmental issues [10-12].
In recent years, the global trend has been to-
wards replacing PVDF with water-soluble
binders that are more cost-effective and en-
vironmentally friendly. Among them, poly-
acrylic acid (PAA)-based materials and their
derivatives have attracted considerable interest
[10-12], as they can reduce the internal resis-
tance of electrode composites. Nevertheless,
the rigid structure of PAA may lead to crack-
ing of the electrode layer during cycling due to
volume changes in the crystal lattice, resulting
in the loss of electrical contact between parti-
cles and delamination of the electrode coating
from the current collector.

To overcome these limitations, PAA is of-
ten modified with various monomers, particu-
larly nitrogen-containing compounds, which
improve adhesion through the formation of
covalent bonds at the polymer-substrate in-
terface [13] and enhance the flexibility of the
material [14-17]. One such binder is NV-1A,
a commercial water-soluble polymer based on
polyacrylic acid modified with various mono-
mers, including nitrogen-containing species,
to improve its adhesive, cohesive, and mechan-
ical properties.

Despite the considerable number of studies
devoted to the synthesis and electrochemical
performance of LMFP, the influence of poly-
mer binders on the structural and electro-
chemical characteristics of LMFP cathodes re-
mains insufficiently explored. Most recent in-
vestigations have focused on anode materials,
whereas issues related to cathode microstruc-
ture formation, cycling stability, and adhesion
properties remain largely unresolved [11, 18].

The aim of this work is to investigate the
effect of binder type on the electrochemical

ISSN 2708-129X. YKp. xiM. XypH., 2026



0.V. Potapenko, H.V. Potapenko, V.0. Oliinyk, V.A. Sirosh, Changji Zhou, Chee Sien Wong, Changbo Yu, Chenchun Zhang

UCJ Nz 5/ Vol. 92

properties of LiMn Fe ,PO, cathode mate-
rial. The combination of lithium manganese
iron phosphate (LMFP) cathode material with
a water-based polyacrylic acid (PAA) binder
is a significant advancement in lithium-ion
battery technology, offering novelty in i) en-
vironmental sustainability and manufacturing
safety; (ii) superior electrochemical perfor-
mance (PAA binders exhibit exceptional elec-
trochemical properties that address key limi-
tations of conventional binder systems); (iii)
addressing LMFP-specific challenges (LMFP
is a promising high-energy-density cathode
material, but it suffers from manganese disso-
lution during charge-discharge cycles, which
degrades battery life and storage performance.
The novelty of PAA-based aqueous binders lies
in their ability to mitigate this issue); (iv) supe-
rior adhesion and mechanical properties (the
carboxyl-rich structure of PAA enables strong
hydrogen bonding and covalent interactions
with active material surfaces, providing excel-
lent adhesion that maintains electrode integri-
ty during volume changes. This is particularly
valuable for LMFP cathodes, where structural
stability is critical for long-term performance.
Unlike conventional binders that rely on weak
van der Waals forces, PAA offers robust me-
chanical properties essential for high-voltage
operation); (v) cost-effectiveness and process
compatibility (water-based PAA binders offer
lower material costs and simplified manufac-
turing processes compared to NMP-based sys-
tems).

Thus, taking into account the above, the
purpose of this work was to perform a com-
parative analysis of cycling performance and
electrochemical impedance spectroscopy
(EIS) data with two different binders. Based
on the obtained results, the advantages of use
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the water-soluble NV-1A binder were evalua-
ted, and possible explanations for the observed
structural changes in the electrode material
were proposed.

EXPERIMENT AND DISCUSSION OF THE
RESULTS.

Commercial LiMn_Fe PO, sample (“Qi-
quling Electrochemistry”, Guangzhou, China)
has been used as the cathode material.

Electrochemical tests have been per-
formed in sample Li||LiMn_Fe PO, cells on
a Neware potentiostat/galvanostat (Shenzhen,
Guandong, China). Working electrodes have
consisted of 90 wt. % of the studied material,
5 wt. % of a conductive additive (soot) and
5 wt. % of binders (poly (vinyliden) difluo-
ride and NV-1A (“Zhejiang Casnovo New
Materials Co Ltd”)). A 50 um layer of the
slurry was applied onto aluminum foil with
a doctor blade and then dried at 100-120 °C
18-21 h under a vacuum. The mass loading
of LiMn Fe PO, in a dried electrode was
6.5-9 mg-cm™. To increase the cathode density
and improve the electrical contact between the
active material particles and the conductive ad-
ditive, the electrodes were pressed at a pressure
of 190 MPa. This process reduced the electrode
thickness from 65-66 to 50-52 um. Coin cells
were assembled in 2032 cases with Celgard
2500 separators and an electrolyte containing
the 1 M solution of LiPF_ in a mixture of ethy-
lene carbonate and dimethyl carbonate taken
in the 1:1 mass ratio. The reference and coun-
ter electrode were made of lithium metal. Gal-
vanostatic tests have been performed within
the voltage range of 2.0-4.5 V at the different
current rates (0.05-1C). As noticed above, the
theoretical specific capacity of the compound
studied, Li||LiMn ,Fe PO, is 170 mAh/g,
therefore, 1C = 170 mAh-g™".
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Impedance measurements were performed
using an AUTOLAB electrochemical worksta-
tion (Netherlands) by applying a harmonic per-
turbation signal with an amplitude of 5 mV over
the frequency range from 1 MHz to 10 mHz.
The obtained spectra were processed using
Nova 2.1 software. To approach the equilibrium
state of the electrochemical cells, each spectrum
was recorded after a relaxation period of no less
than 2 h. All measurements were carried out
at room temperature (25 °C), with the electro-
chemical cells maintained in a discharged state.

The charge/discharge curves for
Li||LiMno.,Feo.sPO4 coin cells at 0.05C are
shown in Fig. 1. These curves exhibit two pairs
of well-defined plateaus at approximately 3.5 V
and 4.1 V, corresponding to the redox poten-
tials of the Fe**/Fe** and Mn**/Mn** couples,
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respectively, with the capacity ratio of these
plateaus being about 7/3, which is consis-
tent with the Mn/Fe ratio in the raw material.
The specific capacity of the coin cells with dif-
ferent binders varies slightly, ranging from 137
to 141 mAh-g™', which agrees with the manu-
facturer’s data sheet for the electrode material.
At the same time, a lower specific capacity is
observed during the initial cycles for the coin
cells containing the NV-1A binder. As a ten-
tative explanation and in accordance with Ref.
[19], this effect is attributed to the aqueous
processing technique, which promotes metal
leaching, leading to the formation of Li;PO,
particles on the electrode surface. Although
this layer improves the overall stability, it also
reduces the specific capacity during the early
stages of cycling.

140{ —_

120- e

100 4 g
o
= o
T B0
E N
o 60 4 o "]
40 4 @+ PVDF A
—a— NV-1A ®
204
0 T T
0.1 1

Current rate, C units

Fig. 1. Charge/discharge curves of the LMFP on the Ist cycle t 0.05C (a) and the change
in specific capacity depending on the density of the discharge current (in “C” units ) (b).

The coulombic efficiency obtained in the
first cycle for Li||LiMn,.;Feo.sPO4 coin cells is
96.0 % (+ 0.5 %) for the PVDF binder and 94 %
(£ 0.5 %) for NV-1A, respectively, and increa-
ses t0 99.5 % (£ 0.1 %) in the third cycle. An in-
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crease in the charge/discharge current density
leads to a regular decrease in specific capacity
(Fig. 1b). However, the decrease in specific ca-
pacity for Li||LiMn,.,Feo.;PO, with the PVDF
binder is more pronounced. Thus, at 0.5C, the
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specific capacity of Li||LiMno.,Feo.sPOy is 68
and 85 mAh-g™* for coin cells with PVDF and
NV-1A binders, respectively. This sharp drop
in specific capacity when using PVDF is at-
tributed to the higher cell resistance associated
with this binder material, as discussed below.
The cycling performance of

Li||LiMny.;Feo.sPO4 coin cells fabricated with
the two types of binders is shown in Fig. 2. Cyc-
les 1-35 reflect the variation in specific capa-
city upon cycling at different current densities
(from 0.05C to 0.5C). Reference cycles 36-40
demonstrate the capacity retention after po-

wer tests, reaching 98% and 93% for the PVDF
and NV 1A binders, respectively. Although cells
with NV 1A exhibited lower initial capacity,
their degradation at 0.1C (cycles 41-90) was
only 0.1% per cycle versus 0.45% for PVDE
Although cells with NV 1A exhibited lower ini-
tial capacity, their degradation at 0.1C (cycles
41-90) was only 0.1% per cycle versus 0.45% for
PVDE Consequently, the capacity retention of
the NV 1A-based cells exceeds that of PVDE-
based cells after 75 cycles (Fig. 2). To explain
this behavior, cell degradation was evaluated by
electrochemical impedance spectroscopy (EIS).
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Fig. 2. Capacity retention of the LMFP electrodes upon cycling.

The change in impedance spectra upon cy-
cling of Li||LiMn_ Fe PO, coin cells in 2032
case is shown in Fig. 3. Nyquist diagrams
present a noticeable transformation of the im-
pedance spectra from a “freshly assembled”
sample to a sample “after 40 cycles” Namely,
one semicircle of the spectrum, observed in
the frequency range from 1-10° to 20 Hz and
responsible for the process of charge transfer
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across the “electrode-electrolyte” interface,
transforms into two clearly visible semicircles
after 40 cycles. The first lies in the frequency
range of 1- 10° + 30 Hz, while the second ran-
ges from 30 to 0.5 Hz. These semicircles can be
correlated with charge transfer processes across
the “electrode-electrolyte” interface, where the
first semicircle corresponds to charge trans-
fer through the SEI formed on lithium metal
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(RI). This is evidenced by the coincidence of
the frequency range in the Bode diagrams of
the impedance spectra of a coin cell with va-
rying degrees of degradation, accompanied by
a slight shift of the maximum to the low-fre-
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Fig. 3. Nyquist diagrams, and Bode diagrams with varying degrees of degradation of the coin cell,
cathode composition: 90% - LMFP+ 5% - super P + 5% binder (a,b - PVDF; ¢,d - NV-1A).
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The appearance and transformation of this
arc can be observed upon cycling of the coin
cell, which is characteristic of the formation of
a high-resistance SEI film (probably due to the
formation of a poorly conductive layer on the
surface of the electrodes consisting of products
of the interaction of manganese ions with an
electrolyte at high potentials, for example
MnF, MnCO, [20] on the surface of the ca-
thode material (R2). In addition, the frequency
of the maximum of the second f _arc is in the
typical range for cathodic charge transfer in
lithium-ion batteries (usually 0.001-0.5 kHz).
SEI on lithium usually manifests itself at
higher frequencies (1-100 kHz), which is ob-
served in the impedance spectra [21, 22].

The equivalent circuit used in the fitting
of impedance spectra is shown in Fig. 4. The

R parameter in the equivalent circuit corre-
sponds to the resistance of the electrolyte in
the separator pores and is determined in the
frequency range of 1-0.1 MHz. It should be
noted that the R_values exhibit non-mono-
tonic dynamics upon cycling, which is typical
for lithium-ion cells and is associated with a
combination of physicochemical processes
(changes in wettability, contact resistances,
temperature fluctuations, etc.). However, the
absolute changes in R_do not exceed 0.7 Q,
which amounts to less than 1% of the total cell
resistance R , at low frequencies and does not
significantly affect the regularities discussed in
this work. Table 1 lists the calculated parame-
ters of the constituent elements and their va-
riation upon cycling of the LMFP cells.

Table 1.
EIS data for the electrodes with different types of binders.
Binder Parameter
State of the coin cell RS] Ohm |[R . Ohm Rz, Ohm Rd’ Ohm fmax, Hz| C ” uF setive, 2

PVDF as prepare 3.20 - - 103.50 - - -

after 40 cycles 2.90 226 368 492 4 108.00 5.41

after 90 cycles 3.50 480 936 1164 4 32.50 2.13
NV-1A as prepare 2.01 - - 12.57 - - -

after 40 cycles 2.71 6.85 34.19 38.49 150 27.56 1.38

after 90 cycles 2.47 5.00 15.28 19.25 150 69.40 3.47

" - The measurement error of the equivalent circuit parameters does not exceed 5%.

To estimate the double-layer capacitance
(C,) and to calculate the electrochemical-
ly active surface area (A ) of the electrode,
the parameters of the low-frequency arc were
employed. This arc corresponds to the charge
transfer process through the solid electrolyte
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interphase (SEI) formed on the cathode mate-
rial. The resistance R2 and the maximum fre-
quency f of this arc allow C, to be calculated
using the formula for a parallel RC circuit, un-
der the assumption that the low-frequency arc
is not significantly distorted by diffusion:
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Cu= 2; ’
f . R2
where f is the frequency at the apex of the
arc, corresponding to the maximum of the ima-
ginary component -Z” on the charge-transfer
semicircle.

The electrochemically active surface area
A, is related to the double-layer capacitance
by the following expression:

_Cu
act > (2)

S,

where S_is the specific double-layer capaci-
tance per unit of true surface area. For smooth
electrodes, this value typically lies in the range
of 10 - 40 uF/cm? and may be slightly higher

for porous or rough surfaces.

In the present work, a value of S_=20 uF/cm?
was adopted for calculations. This is a com-
monly accepted reference value for flat sur-
faces and is widely used in the literature (e.g.,
Moriguchi et al. [23] reported a value of 20 +
2 pF/cm? for ideal carbon surfaces). Similar
values have been reported by other authors. For
instance, Hang Shi estimated the specific dou-
ble-layer capacitance on the micropore surface
to be approximately 15-20 uF cm™ [24]. This
assumption was introduced for comparative
purposes to assess the relative changes in the
electrochemically accessible surface area upon
cycling within the same series of experiments.
It should be emphasized that the obtained A_,
values do not represent the absolute true sur-
face area, but rather provide an effective elect-
rochemically active surface area within the
framework of a smooth-electrode model.

The calculated A_, values reliably reflect the
relative changes in the surface area available
for electrochemical processes during cycling.
For the PVDEF-based electrodes, a decrease in
A__ from 5.41 cm? (after 40 cycles) to 2.13 cm?

(1)
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(after 90 cycles) was observed. This trend cor-
relates well with the increase in charge-trans-
fer resistance R2 and the corresponding drop
in capacity retention from 98% to 76%, respec-
tively. These findings suggest progressive sur-
face passivation and loss of active sites due to
the formation of a blocking interfacial layer.

In contrast, for the PAA-based electrodes,
a decrease and subsequent stabilization of the
charge-transfer resistance R2 was observed,
along with a steady increase in A . This in-
dicates an expansion of the electrochemically
active surface area, which may be attributed
to continuous electrolyte infiltration and/or
the development of microcracks without loss
of electrical contact between particles. The
capacity retention for the PAA-based samples
was found to be 92% and 80% after 40 and
90 cycles, respectively, further confirming the
superior performance of this binder compared
to PVDE

CONCLUSIONS.

A comparative study of the LiMn,.;Feo.sPO4
cathode material with two types of polymer
binders (conventional PVDF and water-so-
luble NV-1A (PAA-based)) reveals significant
differences in their electrochemical behavior
upon cycling.

1. The charge transfer resistance (Rct) for
the electrodes based on the NV-1A binder
remains practically unchanged upon cycling
(from 12.6 Q) as prepared to 15.3 Q) after 90 cyc-
les), whereas for the PVDF-based electrodes a
nearly 10-fold increase in RctRct is observed
(from 103.5 Q) to 936 Q) after 90 cycles). This
indicates a substantially higher stability of the
electrode/electrolyte interface when using the
water-soluble binder.

2. The use of the NV-1A binder results in
higher specific capacity of the material at C/2
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and higher rates, as well as lower capacity
loss upon cycling, compared to the standard
PVDF binder. These observations are consis-
tent with the impedance data and confirm
the better electrochemical performance of the
PAA-based system.

3. The calculated effective electrochemical-
ly active surface area (A ) for the NV-1A-based
electrodes shows an increasing trend upon cyc-
ling (from 1.38 cm? after 40 cycles to 3.47 cm?
after 90 cycles), whereas for the PVDF-based
electrodes a decrease is observed (from 5.41 to
2.13 cm?). The observed increase in A for the
PA A-based system may be tentatively attribut-
ed to progressive electrolyte infiltration and/or
the development of microcracks without loss
of electrical contact between particles, which
could lead to additional surface availability
for electrochemical reactions. However, di-
rect evidence for this hypothesis is not avail-
able within the scope of the present work, and
the obtained A _ values should be considered
as relative estimates rather than absolute sur-
face areas. In contrast, the decrease in A _ for
the PVDEF-based electrodes is consistent with
gradual blocking of the electrode surface by
the accumulation of electrolyte decomposition
products and/or manganese dissolution pro-
ducts (e.g., MnF,, MnCO3), leading to reduced
availability of active sites for lithium-ion inser-
tion and ultimately resulting in capacity decay
upon prolonged cycling.

Overall, the water-soluble binder NV-1A
demonstrates clear advantages over the con-
ventional PVDF binder in terms of interfacial
stability and capacity retention, making it a
promising candidate for high-performance
LMFP cathodes. Further studies, including
post-cycling surface analysis (e.g., SEM, XPS,
or BET), are required to clarify the mechanism

https://ucj.org.ua

of the observed increase in the electrochemi-
cally active surface area.
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pisnux noniMmepis: PVDF Ta Bogopo3unHHO-
ro 3B’sa3ysaya NV-1A. Kpusi sapsamxanss/
pospAmKaHHA, oTpuMaHi 3a ctpymy 0.05 C,
OEMOHCTPYIOTh [jBa YiTKO BMPaXKeHI IIJIaTO
npn6mmsHo npu 3.5 B ta 4.1 B, sAxi Bigmosi-
IAI0Th OKWUCHO-BimHOBHMM mapam Fe’*/Fe®*
ta Mn**/Mn** Bignosigno. ChiBBigHOIIeH-
HSI €MHOCTENl LIMX IVIATO CTAaHOBUTH O/M3BKO
7:3, mo Bignosifiae cniBBigHOmeHHI0 Mn/Fe y
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BUXifITHOMY Martepiai. [InToma emHicTh Make-
TiB I'yJ3MKOBOTO TUIIY 3 Pi3HMMM Marepiasna-
MM-3B’I3yBa4aMyl 3HaXOAUThCA B MeXKax 137-
141 MAroz-T! Ta y3TOJPKY€EThCS 3 TACIIOPTHIU-
MU XapaKTepucTMKamy Mmatepiany. OfHaK Ha
NEPIIMX UMUKIAX MAKETU I'y[3MKOBOTO TUILY 3
NV-1A #eMOHCTPYIOTH [€Il0 HIDKYY IUTOMY
€MHICTDb. Ile MOB’A3aHO 3 MOXJIMBUM YTBO-
peHHAM 4acTuHOK Li;PO, Ha moBepxHi enekxr-
poja, o IpU3BOAUTDH O 3MEHIIEHHA IUTO-
MOI EMHOCTi Ha IIOYaTKOBMX IMKJIAX, ajie I0-
Kpalllye 3arajibHy CTabi/IbHICTb IIPY TPUBATIO-
My nukmoBaHHi. KynoHiBcbka edeKTuBHICTD
IIEepIIOro LMKy CTaHOBUTD 96.0 % g PVDEF
Ta 94 = 0,5 % msa NV-1A, 36inbiryounch 1o
99.5 = 0.1 % mpu mopganbUIOMy LMKITyBaHHI
11t 060X cucTeM. 30i/bIIeHHs TYCTUHY CTPY-
My 3apsAny/po3pAxy NpU3BOAUTH IO 3MEH-
HIEHHA OUTOMOI €MHOCTI LiMno.;Feo.3POy,
IpOTe I 3MEHIIEHHA € OiNbII BMpa>kKeHUM
mna PVDE: mpu 0.5 C eMHicTb CTaHOBUTH
68 mAron-r! mra PVDF ta 85 MArop-r! s
NV-1A. Bunpo6yBaHHA LMKITIYHOI CTabinb-
HOCTI IIOKa3aau, 10, He3Ba)Kal4y Ha HIDK-
4y II0YaTKOBY €MHICTb MaKeTiB I'YI3MKOBOTO
TUITy Ha OcHOBi NV-1A, mBuaKicTp merpapga-
uuka npu 0.1 C, toai sk gna PVDF et no-
KasHMK fopiBHIOE 0.45 %. Y pesynbraTi Iic-
14 75 UMKIIIB MakeTiB I'y3MKOBOIO TUIIY i3
NV-1A [eMOHCTPYIOTh Kpally CXOPOHHICTb
3apany. OTpuMaHi pe3ynbTaTy JOJaTKOBO 00-
TOBOPIOIOTBCA 3 TOYKM 30py MEXaHi3MiB Je-
Ipajiallil e/IEKTPOJIiB y IPOLECi IUKITYyBaHHA.

KmrodoBi crmoBa: momiMmepHmit 3B’A3yBay,
BOJOPO3YNMHHUII 3B’A3yBay, JIiTiii-MaHIraH-
3aizo-Qocdat, rapBaHOCTATUYHE IIVIK/TyBa-
HHA, €/IeKTPOXiMiYyHa iMIIEJaHCHA CIIEKTPO-
CKOIisl, 30epe>KeHH EMHOCTI.
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