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ABSTRACT

The primary aim of this work is to demonstrate the influence of boron
doping on LiCoPO, (LCP) cathodes with a focus on conductivity and
interfacial processes. Pristine and B-doped LCP were synthesized via
a two-step solid-state method. XRD and SEM confirmed phase purity,
lattice distortion and reduced particle size in the doped sample.
Electrochemical impedance spectroscopy showed improved lithium-ion
diffusion, higher coulombic efficiency (to ~75% vs. ~65%) and moderate
capacity retention for the doped sample (~60 mAh-g™ after 20 cycles)
compared to pristine LCP. These findings highlight that boron doping
effectively enhances conductivity and mitigates interfacial limitations
of LCP, providing a promising, but still preliminary strategy for the

cathode materials; lithium-ion batteries

development of high-voltage LIBs cathodes.

1. Introduction

The rapid advancement of energy storage
technologies is essential to meet the growing
demand for efficient, sustainable power sources
[1-3]. Lithium-ion batteries (LIBs) have become the
dominant solution due to their high energy density,
long cycle life, and excellent electrochemical stability
[4, 5]. However, the widespread use of layered
oxide cathodes, such as LiCoO, (LCO), is challenged
by safety concerns, cost, and resource limitations
[5], prompting the search for alternative materials.
Olivine-types phosphates, LiIMPO, (M = Fe, Mn, Co,
Ni), have attracted significant attention due to their
strong structural framework, thermal stability, and
well-defined redox potentials [6-13]. LiCoPO, (LCP),
first reported by Amine et al. [13], operates at high
voltage 4.8 V vs. Li/Li* and has a theoretical capacity
of 167 mAh-g?! with high energy density (~800
Wh-kg™?) [14]. Phosphate-based cathodes provide
superior thermal safety due to strong P-O covalent
bonding [15-17]. However, LCP suffers from poor
electronic conductivity (~10° S-cm™), sluggish
lithium-ion diffusion, and electrolyte decomposition
at high voltages [18, 19].

To overcome these limitations, strategies such
as elemental doping are being explored. Boron
(B) doping has been shown to enhance electrical
conductivity, structural stability, and lithium-ion
diffusion [20, 21]. This study investigates how boron
incorporation affects the structural, morphological,
and interfacial electrochemistry of LCP, enhancing
conductivity and contributing to the development of
safer, higher-energy phosphate cathodes for next-
generation LIBs.

2. Materials and Methods

Pristineand B-doped LCP (LCP-B) were synthesized
using a two-step solid-state method. Stoichiometric
amounts of Li,CO;, NH,H,PO,, Co(NO;),-6H,0, and
H;BO; as the boron source in the case of LCP-B,
were first mixed in a planetary ball mill at 400 rpm
for 10 min. Planetary ball milling was employed to
ensure homogeneous mixing of precursors and
uniform distribution of boron at low doping levels,
which is difficult to achieve by manual grinding.
After drying at 60 °C, 11 wt.% sucrose was added
as a carbon source, followed by additional milling.
The mixture then underwent a two-step calcination
process in a tubular furnace in an argon atmosphere,
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with a temperature ramp from 350 to 550 °C at a
rate of 5°C/min for 5 h. After natural cooling, the
resulting powders were ground in an agate mortar.
The boron content in the doped sample was
approximately 2 wt.%, corresponding to x = 0.02
in LiCo,,B,PO,, defined by the precursor ratio used
during synthesis. In this work, a single optimized
boron-doped composition was investigated to
demonstrate the feasibility and preliminary effect of
boron incorporation.

3. Results and Discussion

LCP crystallizes in an orthorhombic olivine-
type structure (Pnma), where Co?* ions occupy
CoO, octahedra and P** resides in PO, tetrahedra,
forming a stable three-dimensional framework.
However, its low electronic and ionic conductivity
requires compositional adjustments for improved
performance. XRD analysis shows that both pristine
and B-doped samples retain the Pnma structure
without detectable secondary phases (Fig. 1a),
indicating high phase purity. The slight rightward shift
of the (311) diffraction peak observed for LCP-B (Fig.
1b) is consistent with lattice distortion associated
with boron incorporation, while peak broadening
and intensity variations suggest changes in crystallite
size and the presence of local structural defects.

The observed peak shift is consistent with lattice
distortion associated with boron incorporation
into the LCP structure. Such distortion is likely
related to local structural perturbations induced
by boron incorporation rather than ideal long-
range substitution at a specific crystallographic
site. Despite these distortions, the retention of the
Pnma phase indicates that the overall olivine-type
framework remains structurally stable. Considering
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the small ionic radius and preferred coordination
environment of boron, its incorporation into the
LCP lattice may occur via multiple mechanisms. In
addition to possible defect-associated perturbations
near Co sites, alternative pathways such as partial
substitution of P>* within PO, tetrahedra or defect-
assisted incorporation involving interstitial boron
species, accompanied by charge compensation,
cannot be excluded. According to Shannon’s
effective ionic radii [24], Co* in octahedral
coordination has a radius of ~0.745 A, whereas B3*
and P** in tetrahedral coordination exhibit much
smaller radii (~0.11 A and ~0.17 A, respectively),
supporting the likelihood of local lattice distortion
rather than ideal long-range substitution.

The morphology of LCP and LCP-B were
investigated using SEM analysis. Pristine LCP (Fig.
2a) exhibited agglomerated, rounded particles with
sizes ranging from ~200-500 nm, featuring surface
voids that may hinder conductivity. At the same
time, such morphology can facilitate electrolyte
penetration and support lithium-ion transport. In
contrast, LCP-B (Fig. 2b) shows a finer and more
uniform distribution of smaller particles, with sizes
in the range of approximately 100-300 nm. The
reduced particle size and increased surface area
provide a larger number of active sites for lithium
intercalation and shorten lithium-ion diffusion
pathways. In combination with the observed
lattice distortion, these morphological features
are expected to contribute to improved ionic and
electronic transport, which is consistent with
the reduced charge-transfer resistance (R.) and
enhanced lithium-ion diffusion (D,,) observed in the
electrochemical measurements.

In the Raman spectra Fig. 3 (a) pristine LiCoPO,
exhibits the characteristic vibrational modes of the
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Fig. 1. XRD patterns of (a) pristine LCP and LCP-B, (b) enlarged view of the (311) plain.
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Fig. 2. SEM Images of (a) pristine LCP and (b) LCP-B synthesized via solid-state method.
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Fig. 3. Raman (a) and FTIR (b) spectra of pristine and B-doped LiCoPO, with H;BO; reference.

(PO,)* tetrahedra, with strong bands centered at
~950-960 cm™ (v, symmetric stretching) and ~1070-
1085 cm™ (v; antisymmetric stretching). Upon B
doping these bands become lightly broadened,
with small shifts on the order of a few cm™
(within experimental uncertainty) toward higher
wavenumbers, indicating local lattice distortions
and possible shortening of P-O bonds due to charge
compensation. Additional weak features appear
around 700-750 cm™, which can be attributed to
bending vibrations perturbed by the presence of B-0O
linkages. In the FTIR spectra Fig. 3 (b), both pristine
and B-doped samples show the typical absorption of
PO, groups in the regions ~1000-1100 cm™ (v;), 930-
950 cm™ (v,), 520-600 cm™ (v,), and 420-470 cm™
(v5). In LiCoPO,-B, slight changes in relative intensity
and a shoulder near ~880-890 cm™ are observed,
which overlap with the expected B-O stretching
vibrations. While weak due to the low B content,
these modifications provide complementary
evidence of boron incorporation.

The electrochemical performance of LCP-based
coin cells was assessed using cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) to evaluate

specific capacity and cycling stability. For each
composition, at least three coin cells were assembled
and tested under identical conditions, showing
reproducible electrochemical behavior. CV and GCD
measurements were conducted at room temperature
in a 3.0-5.5 V range with a scan rate of 0.1C (Fig. 4
a-b), revealed redox peaks corresponding to Co?*/Co**
transitions during lithium insertion and extraction.

Compared to pristine LCP, the LCP-B exhibited
sharper, more symmetric peaks with reduced
potential separation, indicating improved redox
reversibility and better Li* kinetics to boron-
induced lattice modifications. EIS results (Fig. 4 c-d)
demonstrates a lower initial R, slower resistance
growth, and more stable ion diffusion than pristine
LCP. While EIS reflects improvements in charge-
transfer and interfacial resistance, the delivered
capacity remains limited by electrolyte oxidation
and high-voltage interfacial side reactions, which do
not scale linearly with reductions in Re..

The specific capacity of the cell was determined
through GCD (Fig. 5 a-d) cycling. The areal mass
loading was 1.4 mg-cm™ for LCP and 1.5 mg-cm™ for
LCP-B.
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Fig. 4. Electrochemical characterization: CV curves of (a) LCP and (b) LCP-B; EIS after activation and 20 cycle for (c) LCP
and (d) LCP-B.
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Fig. 5. GCD curves and cycling stability profiles of (a, c) pristine LCP and (b, d) B-doped LCP (LCP-B) at a 0.1C rate.
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Capacity retention and coulombic efficiency were
analyzed to evaluate the degradation behavior of the
LCP cathode material during repeated cycles. The
B-doped sample showed higher discharge capacity
and improved stability over 20 cycles, with discharge
capacity decreased from ~58 mAh-g™* (1st cycle) to
~43 mAh-g (20th cycle), compared to a drop from
~40 mAh-g™ (1st cycle) and ~25 mAh-g™ (20th cycle)
in the undoped LCP. LCP-B also exhibited a more
stable coulombic efficiency of ~78-81%, compared
to ~70-74%. Obtained capacities are lower than
some literature reports [22, 23], but demonstrate
to enhance conductivity and interfacial behavior
in LCP. This is consistent with the EIS data, which
show a lower initial Ry, slower resistance growth,
and more stable ion diffusion, confirming improved
conductivity and interfacial stability upon boron
incorporation. The relatively low specific capacity
compared to the theoretical value is attributed to
the well-known kinetic limitations and interfacial
instability of LiCoPO, at high cutoff voltages, as
widely reported in the literature.

4. Conclusion

The optimal synthesis conditions for LCP-B
were identified as 550 °C for 5 h, ensuring a well-
crystallized material. Boron incorporation led to
improved conductivity and interfacial stability, as
evidenced by lower charge-transfer resistance and
more stable cycling, with ~50% higher capacity
retention after 20 cycles compared to pristine
LCP. These findings demonstrate that B-doping is
a promising but preliminary strategy that warrants
further optimization for high-voltage phosphate
cathodes.
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Bop-nerupoBaHHbIN LiCOPO, KaK BbICOKOBO/IbTHbIN KaTog, ANA IMTUIA-UOHHDBIX aKKYMYNATOPOB
A. Abunbxan?, B. Bonobyesa?", C. Tyrenbbaii’, [I. batbipbekynbi®, ®. CyntaHos?, H. YMmupos?, b. Tatbikaes'?

NabopaTopua cuctem xpaHeHus aHeprum, NLA, Nazarbayev University, np. Kaban6alt 6aTbipa, 53, AcTaHa, KasaxcTaH
ZMIHCTUTYT HOBbIX 3HEPreTUYEeCKMX TEXHONOMMIM U MmaTepuanos, np. Kabanbai 6atbipa, 53, ActaHa, KasaxcTtaH

AHHOTALMA

Lenbto gaHHOW paboTbl ABAAeTCA MCCNeLoBaHME BAUAHUA NermpoBaHMs H6OpPOM Ha KaToAHbIM MaTepuan
LiCoPO, (LCP) c akueHTOM Ha NpPOBOAMMOCTb U MeKdasHble npouecchbl. McxoaHbIM U nermpoBaHHbIn 6opom LCP
CUHTE3MpPOBaHbl ABYXCTAAUNHbIM TBePA0da3HbIM MeToa0M. MeToabl peHTreHo($ha30BOro aHaIn3a U 3/1IeKTPOHHOMN
MMUKpOCKONUK noateepamav GasoByto YACTOTY, UCKAXKEHME KPUCTANIMYECKON peLleTKU U yMeHblleHne pa3mepa
YyacTuy, B NermpoBaHHOM obpasue. INeKTPOXMMUYEeCKas MMNegaHCHaA CMeKTPOCKOMNWA MOoKasana yaydyleHue
ANddy3nm NUTUIR-MOHOB, NOBbILLIEHWE KYIOHOBCKOM 3bdeKTUBHOCTM (4,0 ~75% Nno cpaBHeHUIo ¢ ~65%) N ymepeHHoe
CoXpaHeHMe eMKOCTU ANA nernposaHHoro obpasua (~60 mA-4-r! nocne 20 UMKAOB) NO CPAaBHEHMUIO C UCXoAHbIM LCP.
MonyyeHHble pe3yibTaTbl NOKA3bIBAOT, YTO IeTMPOBaHME HOPOM 3P PEKTUBHO NOBBILLIAET MPOBOAMMOCTb U CHUXKAET
MmerkdasHble orpaHuyeHus B LCP, npeactaBnssa coboli nepcnekTUBHYO, HO NMOKa NpeABapuUTe/ibHYIO CTPATerno aaa
pa3paboTKM BbICOKOBOJIbTHbIX KaTOAHbIX MaTepPUanos ANA INTUN-UOHHbBIX aKKyMyIATOPOB.

Kniouesble cnosa: LiCoPO,, nermposaHune 60pom, BbICOKOBOIbTHbIE KaTOAHblE MaTepPUasbl, TMTUN-UOHHbIE aKKYMY-
NATopbI

BopmeH nerupnaeHreH LiCOPO, NUTUA-UOHALI aKKYMYNATOPAAPFa apHa/FaH Xofapbl KepHeyJi KaTog,
9. 9b6inxaH?, B. Bonobyesa'?, C. Tyrenbait’, [l. batbipbekynbil, ®. CyntaHos?, H. ©mipos?, b. TaTbiKaes'?

13Heprua cakTay Kyhenepi 3epTxaHacbl, AcTaHa YNTTbIK 3epTxaHacbl, Hazapbaes yHuBepcuteTi, KabaHbaih 6aTtbip AaH,,
53, ActaHa, KasakcTtaH
2)KaHa aHepreTnKanblK TEXHONOTUANAP MEH MaTepuanap UHCTUTYTbl, KabaHbaii 6aTbip AaH,., 53, AcTaHa, KasaKcTaH

AHOATNA

Byn »KyMbICTbIH, Herisri makcatbl — 60p KocnacbiHbiH, LiCOPO, (LCP) KaTog maTepuanpapbiHblH, KacueTTepiHe
9CepiH, acipece 3neKTPOTKI3riWTIK neH ¢asanap apasblk NpoLecTep TypFbiCbiHaH 3epTTey. bacTankbl xaHe 6op
KocbinfFaH LCP eKi caTbinbl KaTTbl Ppas3anblKk a4icneH cMHTe3gensi. PeHTreHaik dasanbik Tanaay KaHe 3NeKTPOHAbIK,
MUWKPOCKOMWA HITUXKeNepi nervpnieHreH yarige ¢asanoik Ta3anblKTblH, CaKTaAfaHblH, KPUCTanAblK TOPAbIH
bypMmanaHyblH aHe 6esleK enleMiHiH KilipeoiH KepceTTi. DNEeKTPOXUMUANBIK MMNEAaHCTbIK CNeKTPOoCKonus
JNIUTUIA NOHAAPbIHbIH, ANDDY3UACBIHbIH, }KaKCapFaHbIH, KyJIOHAbIK TUIMAINIKTIH apTKaHbIH (WamameH 75%, 6acTankKsl
yarigeri ~65% canbiCTbipfaHa) *KaHe CblAbIMAbINbIKTbIH, CaNbICTbipMabl TypAe cakTanyblH (~60 mA-carr?, 20
LUUKNLAH KeliH) KepceTTi. Byn HaTuxenep 6op KocnacbiHbiH LCP MaTepuanbliHAaFbl 31EKTPOTKI3TIWTIKTI apTTbipbIn,
daszanap apanbiK WeKTeynepai asanmTaTbiHbIH A21eNAeAi KoHe XKOofapbl KepHeyi NUTUA-UOHADBIK aKKYyMyAaTop
KaToATapblH A4aMbITy YLWiH NepcneKkTuBanbl, bipak ani ge bacTankbl AeHrenaeri Tacin eKeHiH KepceTea,.

TyiiiH ce3gep: LiCoPO,, bopmeH nernpney, *)Kofapbl KEPHEYNi KaToA maTepuangapbl, IMTUR-MOHAbI aKKYMynATOp1ap



