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bility and high Co2+/3+ redox
utilization for FePO4-coated LiCo0.90Ti0.05PO4/
MWCNT nanocomposites for 5 V class lithium ion
batteries†

Naohisa Okita, ab Etsuro Iwama, *abc Yusuke Takami,a Shingo Abo,a Wako Naoi,cd

Patrick Rozier,bef Patrice Simon, bef McMahon Thomas Homer Reidbcg

and Katsuhiko Naoi *abc

Highly-dispersed 10 wt% FePO4 (FP)-coated LiCo0.90Ti0.05PO4 (LCTP) was successfully synthesized within

a multiwalled carbon nanotube matrix via our original ultracentrifugation process. 10 wt% FP-coated LCTP

sample showed a higher discharge capacity of 116 mA h g�1 together with stable cycle performance over

99% of capacity retention at the 100th cycle in high voltage. A combination of TEM, XRD, XPS, and XAFS

analyses suggests that (i) Ti4+-substitution increases the utilization of Co redox (capacity increase) in LCP

crystals by suppressing the Co3O4 formation and creating the vacancies in Co sites, and (ii) the FP-

coating brought about the Fe enrichment of the surface of LCTP which prevents an irreversible crystal

structure change and electrolyte decomposition during cycling, resulting in the stable cycle performance.
Introduction

In the ongoing quest to identify high-performance cathode
materials for lithium-ion batteries (LIBs), one particularly
promising candidate is LiCoPO4 (LCP), in which P–O covalent
bonding gives rise to a high redox potential of 4.8 V—signi-
cantly exceeding that of conventional materials such as LiNi1/
3Co1/3Mn1/3O2 (4.5 V), LiCoO2 (4.2 V), and LiFePO4 (3.5 V).1–3

Cathode materials with high reaction potential over 4.5 V are
able to deliver a specic energy density that can reach
800 W h kg�1.4 Among cathode materials with high redox
potential above 4.5 V, such as Li(Ni1/2Mn3/2)O4 (4.7 V) (ref. 5–7)
and LiNiPO4 (5.1 V),8 LCP has excellent thermal and structural
stability; Li(Ni1/2Mn3/2)O4 suffers capacity loss caused by
manganese dissolution into electrolyte and poses a risk of
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ignition due to release of oxygen; LiNiPO4 is plagued by
a decrease in capacity due to the formation of intrinsic lattice
defects as well as by the oxidation of electrolytes. LCP has a high
theoretical capacity of 167 mA h g�1 compared to that of the
conventional layered LiCoO2 of 137 mA h g�1 with less Co
weight fraction per formula unit. However, practical use of LCP
is hampered by the poor rate-cycling capability of the material,
which derives both from its inherently low electron conduc-
tivity9 (<10�9 S cm�1) and the poor Li+ diffusivity10 (<10�13 cm2

s�1) associated with the one-dimensional character of Li+

diffusion along b-axis-oriented diffusion paths. A further
impediment to practical use of LCP is the dramatic capacity
degradation the material exhibits upon charge/discharge
cycling, caused by electrolyte decomposition and structure
deterioration. Although a number of mechanisms have been
proposed to explain this phenomenon,11–14 and although several
studies using laboratory settings have used additives11,15–18 or
controlled voltage window19 to yield improved cycle life up to
500 cycles. The low cyclability of LCP has so far hampered its
use as a cathode material in LIBs. In our previous work,20 we
have shied this paradigm by demonstrating that a combina-
tion of novel fabrication techniques and modied operating
parameters can yield LCP-based materials, namely Fe-
substituted LCP (LiCo0.8Fe0.2PO4, LCFP), whose performance
lies in an entirely different regime from that of previous studies
and one much closer to what is required for practical applica-
tions. Indeed, our LCFP cells exhibited cycle life in excess of
5000 cycles with >85% capacity retention despite requiring no
additives of any kind. This improvement was the product of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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multiple factors: (i) the formation of an Fe-rich surface layer—
assisted by the fabrication step of ultracentrifugation (UC)—
that served to stabilize the crystal against lattice expansion
during high-voltage operation, (ii) the creation of vacancies at
Co sites in the crystal structure that enhance the Li+ diffusivity
in LCFP crystals and decrease its charge transfer resistance and
(iii) the restriction of the operating voltage range to ensure that
Fe remains oxidized at valence state 3+. Although each of these
factors was clearly identied in our previous work, the interre-
lations among them were le unexplored, as were optimal
recipes for material fabrication and device conguration.

In this paper, we extend our work in several ways, clarifying
the mechanisms responsible for the improved performance of
our LCFP and exploiting this understanding to optimize mate-
rial design and fabrication, ultimately yielding cells with
improved performances. A key breakthrough enabling this
progress is an improved understanding of the distinct mecha-
nisms governing the relevant surface and bulk phenomena and
of their mutual interactions. The main novelties of this study is
the challenge to design the stable and high voltage LiCo0.90-
Ti0.05PO4 (LCTP) cathode material with FePO4(FP)-coating by
separately controlling the outer (FePO4-coating)21 and inner
(Ti4+-substitution of Co2+) parts of LCP nanoparticles. The
former with annealing process under air leads to the formation
of Fe-rich surface layer, which suppresses the degradation
reaction such as Li/Co cation mixing and electrolyte oxidative
decomposition and drastically improves cyclability of LCP
cathode materials. The latter leads to the creation of vacancies
which effectively increases the capacity of LCP cathode with an
increment of utilization of Co2+/3+ redox reaction. Our previous
work reported Fe3+-substituted LCP, i.e., LCFP, which success-
fully improves cyclability of LCP cathode material. However, the
synthesis of such LiCo0.8Fe0.2PO4 failed to control the behavior
of surface and inner core of LCP nanoparticles, and thus
sacriced the capacity of LCP with the cyclability improvement.
We believe that this work offers new strategies to improve
different electrochemical properties of LCP as well as other high
voltage cathode materials via separate control of surface/bulk
properties of nanoparticles. As replacements for the Fe
dopants, we consider doping with different elements and use X-
ray and neutron-diffraction analysis to study the effect of
dopant concentration on the formation of vacancies in the
crystal structure. We nd that among various tested elements
Ti4+ is the most effective dopant, and we suggest possible
explanations for this nding. Finally, this work results in
signicant of capacity improvement of the FP-coated LCTP
material (116 mA h g-active material�1, 87 mA h g-composite�1)
compared to that of raw LCFP (95 mA h g-active material�1, 67
mA h g-composite�1)20 as well as outstanding cycling stability.
Our ndings offer new strategies for improving cycle perfor-
mance without sacricing the capacity of LCP, paving the way
toward the realization of high voltage LIBs.

Results and discussion

In previous recent works,20–24 we showed that the design of an
FePO4-coating onto LiCoPO4 (FP-coated LCP) particles resulted
© 2022 The Author(s). Published by the Royal Society of Chemistry
in improved cyclability ascribed to the formation of a protective
Fe3+-rich surface layer onto LCP. The FP-coating also brought
about an improvement of Li diffusivity ascribed to partial
migration of Fe3+ in the LCP structure accompanying with
a formation of vacancies in M2 (Co2+) sites for charge
compensation. To further enhance the electrochemical prop-
erties of bulk LCP, we selected Ti4+ to prepare aliovalent-
substituted LCP (LiCo1�2xTixPO4) expecting that the 4+
valence state will allow the creation of more vacancies25–27 in the
bulk LCP crystal than using Fe3+. Among the various tested
samples with different dopant concentrations, the highest
discharge capacity of 102 mA h g�1 (normalized to LCTP weight)
and 71 mA h g�1 (composite weight, the carbon content were
calculated by thermogravimetric/differential thermal analyzer
(TG/DTA) as shown Fig. S1†) at the initial cycle was obtained for
x ¼ 5 at% of Ti doping (see Fig. S2 and S3†). We also found that
LCTP surpassed LCFP and LCP in terms of discharge capacity.
As shown in Fig. 1a–c and 1e, the capacity retention of such
LiCo0.90Ti0.05PO4 (LCTP) was 72% aer 100 cycles. This value is
better than uncoated LCP but fails to be as good as Fe-
substituted sample. Having identied LCTP as a material
offering high capacity but limited cycle performance, we
attempted to improve its cyclability by FP-coating. As shown in
Fig. 1d and e, FP-coating leads to a drastic improvement of the
capacity retention since no capacity decrease was observed over
100 cycles and even better capacity than un-coated LCTP
(116 mA h g�1 normalized to FP-coated LCTP weight and
87 mA h g�1 composite weight). We also performed the 1C-rate
cyclability tests for the FP-coated LCTP/MWCNT up to 500th

cycles with a 83% capacity retention as shown in Fig. 1f.
Comparison of charge/discharge curves for LCP and LCTP with
and without FP coating suggests that the surface protection of
LCP/LCTP particles plays an important role in the stabilization.
To go further in the understanding of the specic role of Ti4+

and FP-coating on the electrochemical performances of LCP, we
achieved a deep analysis of the materials.

X-ray diffraction (XRD) patterns of all three samples
(uncoated LCP, uncoated LCTP, and FP-coated LCTP) were
recorded and are reported in Fig. 2. All main diffraction peaks
can be indexed using an olivine-type structure (S.G. Pnma
LiCoPO4: JCPDS card no. 85-0002). Apart low-intensity peaks
assigned to multiwalled carbon nanotubes and Co3O4, no other
peaks were detected, indicating successful synthesis of crystal-
line LiCoPO4 as well as all other LCP derivatives synthesized in
this study. The evaluated ratios of Co3O4 in the different
samples (Table 1) show that the Ti-doping and FP-coating are
both effective to suppress the formation of Co3O4 phase. Elec-
trochemical performances of samples with different Ti content
show that 5% of Ti lead to optimal properties (see Fig. S2†) and
thus it was concluded that the 5% was the upper limit of Ti
concentration for the LCTP solid solution. Positions of some
Bragg peaks being shied by 5% Ti-substitution or FP-coating
(see Fig. S4†). Lattice parameters for the three samples were
rened from both XRD patterns (Table 1a) and neutron powder
diffraction patterns (NPD) (Table 1b). The rened lattice
parameters are consistent between two diffraction data and
show that the 0.05 Ti-substitution in LCP induces little changes
RSC Adv., 2022, 12, 26192–26200 | 26193
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Fig. 1 Charge discharge curves of (a) LCP, (b) LCTP, (c) LCFP and (d) FP-coated LCTP/MWCNT cathodes in 1 M LiPF6 in EC : PC : DMC (1 : 1 : 3 in
vol.) operated at CC–CV charge (0.2C-rate) and CC discharge (0.2C-rate). Confined operation voltage: 4.3–5.0 V vs. Li was applied as reported in
our previous works.20,21 Capacity plots against cycle number for a Li metal half-cell using composites at (e) a 0.2C-rate and (f) a 1C-rate.

Fig. 2 (a) X-ray diffraction patterns for the three composites: LCP, LCTP, and FP-coated LCTP/MWCNT composites. (b) Neutron diffraction
patterns for LCP, LCTP, and FP-coated LCTP/MWCNT composites. Grey area corresponds to the noise related to synchrotron measurements,
which was not taken into account for any fitting.

26194 | RSC Adv., 2022, 12, 26192–26200 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Lattice parameters refined using (a) X-ray and (b) neutron diffraction patterns for the three composites: LCP, LCTP, and FP-coated
LCTP/MWCNT. (c) The results of Rietveld refinement of neutron diffraction patterns for the three composites

(a) Lattice parameters calculated by XRD patterns

Sample Space group a/Å b/Å c/Å V/Å3 Rwp Rp Re S c2
Co3O4 ratio
calculated by XRD/wt%

LiCoPO4 Pnma 10.2023(7) 5.9219(4) 4.7001(3) 283.97(3) 5.89 4.36 3.21 1.83 3.36 9.9
LiCo0.9Ti0.05PO4 Pnma 10.1972(8) 5.9229(4) 4.7025(4) 284.02(4) 4.09 3.00 2.90 1.41 1.98 0.6
10 wt% FePO4-coated LiCo0.9Ti0.05PO4 Pnma 10.1877(4) 5.9192(3) 4.7036(2) 283.64(2) 4.73 3.43 2.89 1.64 2.68 0

(b) Lattice parameters calculated by NPD patterns

Sample Space group a/Å b/Å c/Å V/Å3 Rwp Rp Re S c2

LiCoPO4 Pnma 10.202(1) 5.9233(7) 4.7006(4) 284.05(5) 4.54 3.44 1.91 2.37 5.63
LiCo0.9Ti0.05PO4 Pnma 10.192(1) 5.9220(6) 4.7021(3) 283.81(4) 4.97 3.66 1.39 3.58 12.82
10 wt% FePO4-coated LiCo0.9Ti0.05PO4 Pnma 10.1864(4) 5.9193(2) 4.7035(2) 283.61(2) 7.83 5.64 1.59 4.93 24.27

(c) Rietveld renement results of NPD patterns

Wyckoff x/a y/b z/c BIso Occupancy

LiCoPO4

M1 site (Li site) Li+ 4a 0 0 0 3.8(2) 1.00(2)
M2 site (Co site) Co2+ 4c 0.2749(3) 0.25 1.0048(9) 1.77(9) 1.00(1)

P 4c 0.0906(2) 0.25 0.4190(3) 0.64(3) 1
O� 4c 0.0991(1) 0.25 0.7480(3) 0.52(3) 1
O� 4c 0.4537(1) 0.25 0.2076(3) 0.92(3) 1
O� 8d 0.1667(1) 0.0485(1) 0.2837(2) 1.02(2) 1

Rwp ¼ 4.54, Rp ¼ 3.44, Re ¼ 1.91, S ¼ 2.37, c2 ¼ 5.63

LiCo0.9Ti0.05PO4

M1 site (Li site) Li+ 4a 0 0 0 4.0(1) 1.000(2)
M2 site (Co site) Co2+ 4c 0.2712(3) 0.25 1.0016(7) 1.58(7) 0.900(4)

Ti4+ 4c 0.2712(3) 0.25 1.0016(7) 1.58(7) 0.050(1)
P 4c 0.0902(1) 0.25 0.4212(2) 0.86(2) 1
O� 4c 0.09987(9) 0.25 0.7497(2) 0.73(2) 1
O� 4c 0.45428(8) 0.25 0.2040(2) 1.11(2) 1
O� 8d 0.16691(7) 0.0474(1) 0.2804(2) 1.34(2) 1

Rwp ¼ 4.97, Rp ¼ 3.66, Re ¼ 1.39, S ¼ 3.58, c2 ¼ 12.8

10 wt% FePO4-coated LiCo0.9Ti0.05PO4

M1 site (Li site) Li+ 4a 0 0 0 3.23(8) 1.000(3)
M2 site (Co site) Co2+ 4c 0.2761(1) 0.25 0.9922(3) 1.90(4) 0.794(1)

Ti4+ 4c 0.2761(1) 0.25 0.9922(3) 1.90(4) 0.0981(5)
Fe3+ 4c 0.2761(1) 0.25 0.9922(3) 1.90(4) 0.0273(6)
P 4c 0.2761(1) 0.25 0.4182(1) 0.86(1) 1
O� 4c 0.10012(5) 0.25 0.7469(1) 0.79(1) 1
O� 4c 0.45298(5) 0.25 0.2022(1) 0.86(1) 1
O� 8d 0.16708(4) 0.04686(6) 0.2813(9) 1.13(1) 1

Rwp ¼ 7.83, Rp ¼ 5.64, Re ¼ 1.59, S ¼ 4.93, c2 ¼ 24.3

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 2
:1

9:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in the lattice parameters. In contrast to uncoated LCP and
LCTP, an evolution of lattice parameters for FP-coated sample is
observed with decreasing of the a and b parameters and
increasing of the c one. This indicates that Fe ions partially
dissolves into the LCTP bulk crystal structure coinciding with
the FP coating on the nanoparticle surface. Such assumption of
the Fe ions presence in the M2 sites was supported by the
combination of X-ray photoelectron spectroscopy (XPS) (Fig. 3)
and NPD analysis. From the XPS depth proles shown in
Fig. S5† in the original manuscript, the Fe ratio in the total ratio
© 2022 The Author(s). Published by the Royal Society of Chemistry
of transition metals (Fe + Co + Ti) aer 30 s Ar etching remained
28%, suggesting that the dissolution of Fe ions within the inner
part of LCTP nanoparticles. The NPD analysis conrmed the
substitution of Co2+ at M2 site with Fe3+ (Table 1c), as the sum
of rened site occupancies in M2 sites failed to reach 1.00 for
two LCTP samples. The fact that the vacancies lie in M2 (Co2+)
sites is consistent with previous reports.20,22,25–29 The highest
amount of vacancies is obtained for the FP-coated LCTP which
combines both effect of Ti4+ and Fe3+-substitution for Co2+,
leading to the highest exhibited capacity as observed in Fig. 1.
RSC Adv., 2022, 12, 26192–26200 | 26195
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Fig. 3 Consecutive XPSmeasurements with data acquisition at 5 s intervals during 0–30 s Ar ion etching. Atomic ratio of Co, Ti, and Fe calculated
from depth profiles (see Fig. S5†) for (a) LCTP and (b) FP-coated LCTP/MWCNT composites.
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However, for a higher content of Ti (10%), the capacity
decreases due to the formation of side products, such as
LiTi2(PO4)3 (see Fig. S2†). XPS analyses of Co 2p3/2, Ti 2p3/2, and
Fe 2p3/2 were performed on the LCTP particles with or without
FP coating, using Ar ion etching to track the change of the
composition from the surface into the bulk of the particles
(Fig. S5 and S6†). Fig. 3 shows the Co/Ti, Co/Fe, and Co/Ti/Fe
ratios calculated by integrating the areas under the Co 2p3/2,
Ti 2p3/2, and Fe 2p3/2 peaks. Examination of the results for LCTP
particles shows that the distribution of Co and Ti at the surface
(Co/Ti ¼ 88/12) only slightly differs from that in the bulk (Co/Ti
¼ 93/7). Differently, the FP-coating drastically changed the
surface composition, suggesting the successful formation of an
Fe3+-rich phase on the LCTP crystals, as we previously reported
for LCFP and FP-coated LCP.20,21

To determine the effect of Ti-substitution and FP-coating on
the redox state of Co and Fe, in situ X-ray adsorption ne
structure (XAFS) measurements were conducted for the three
different samples at 1st and 50th cycle. The X-ray absorption
near edge structure (XANES) spectra of Co, Fe and Ti K-edge for
the LCP and LCTP composites with or without FP-coating are
shown in Fig. S7.† Beside the analysis showing that Ti remains
in +4 valence state, the valence states of Co and Fe in the
composite are determined by deconvolving the spectra using
the contributions of Co2+, Co3+, Fe2+ and Fe3+. As shown in
Table 2, different Co valence states are determined for the three
as-prepared electrodes, where those in LCTP samples corre-
sponds to Co ¼ +2 regardless of FP-coating, while LCP sample
show Co ¼ +2.13. The difference of Co valence states between
uncoated LCP and LCTP, which equals to 0.13, cannot be simply
explained by the different amounts of Co3O4 (average valence
state Co ¼ +2.66) impurity crystalline phase evaluated from the
XRD patterns tting (10%, see Table 2). Such difference may be
related to the accuracy of the method or the presence of
amorphous Co oxides. Although the explanation of such
difference is still unspecied, the role of Ti4+ and generated
vacancies can be suggested to favor the stabilization of Co in
26196 | RSC Adv., 2022, 12, 26192–26200
electrochemically active +2 valence state leading to increased
capacity compared to undoped LCP sample which contains
some electrochemically inactive Co3O4. During the rst cycle, at
the charged state, the Co valence state increases, and reaches
much higher value for FP-coated sample (+2.82) compared to
uncoated one (+2.66), which is well consistent with the
increased capacity measured and with the obtained galvano-
static intermittent titration technique plots (Fig. S8†). The
comparison of the Co valence state at charged state along cycles
shows that aer 50 cycles the numbers for the FP-coated LCTP
remained almost same while those for uncoated ones clearly
decreased, being in good agreement with already discussed
capacity retention capabilities. Ex situ XRD analysis (Fig. S9†)
supports such stability of FP-coated samples indicating that the
unit cell volume for coated samples remains constant aer 50
cycles, while the one for uncoated samples increases (Table
S1†). This increase can be explained in light of reported data by
the existence of a progressive cation mixing in uncoated LCP or
LCTP crystals, accompanied by the decay of crystal structure.
This explanation is supported by the HRTEM images of the
sample aer cycling (Fig. 4). HRTEM images observed on three
composites indicated that all composites contain nanocrystals
of ca. 100 nm highly dispersed within the MWCNT matrix (Fig.
4a–c). Magnied images for the LCP/MWCNT and LCTP/
MWCNT composites showed a highly crystalline bulk part of
LCP or LCTP surrounded by amorphous phase (Fig. 4d–f). The
crystalline bulk part of LCP and LCTP showed clear lattice
fringes with interplanar lattice distances of 4.3 and 3.5 Å cor-
responding to the (101) and (111) planes of the olivine structure,
respectively. The interplanar lattice distance of FP-coated LCTP
observed in Fig. 4f is 5.1 Å, which well agreed with the (200)
plane of the olivine structure, indicating the successful FP-
coating and partial dissolution of Fe3+ into the LCTP crystal-
line. Aer 50 cycles, the lattice fringes for the LCP and LCTP
without FP-coating disappeared, indicating the crystal struc-
tural decay (Fig. 4g and h). In the other hand, the lattice fringes
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Formal valence number of Co and Fe evaluated from XAFS spectra for the half-cells consisting of Li/1 M LiPF6 EC : PC : DMC(1 : 1 : 3 in
vol.)/(LCTP/MWCNT composite) at 1st and 50th cycles

Sample Cycle no.

Co valence state Fe valence state Equivalent
Co3O4 ratio
calculated by
XAFSa/wt%OCV/discharge State

Charge
state

Change in Co
valence state

OCV/discharge
State

Charge
state

LCP/MWCNT 1st +2.13 +2.66 0.53 — — 19.7
50th +2.13 +2.47 0.34 — — —

LCTP/MWCNT 1st +2.00 +2.67 0.66 — — 0
50th +2.03 +2.57 0.54 — — —

10 wt% FP-coated LCTP/MWCNT 1st +2.00 +2.82 0.82 +2.74 +3.06 0
50th +2.00 +2.81 0.81 +2.93 +2.98 —

a This ratio is equivalent for Co3O4 calculated by valence number of Co.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 2
:1

9:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
for the FP-coated LCTP samples remained clearly visible, which
well agrees with its excellent cyclability (Fig. 4i).

As initially shown in this manuscript, the Ti4+-substitution
increased the capacity and the utilization of Co2+/Co3+ in LCP,
but did not improve its cycling performance (Fig. 1e). Upon
cycling, LCTP suffers both structural degradation (Li–Co cation
mixing) and SEI accumulation on the particle surface due to the
electrolyte decomposition, as evidenced by in XRD patterns
Fig. 4 Lower-magnification (10 000�) higher-resolution TEM images
samples; pristine LCP/MWCNT (a), (d), pristine LCTP/MWCNT (b), (e), pris
after 50 cycles LCTP/MWCNT (h), and after 50 cycles FP-coated LCTP/M

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. S9†) and TEM images (Fig. 4). It was the FP-coating to
LCTP/MWCNT which improved the cycling performance of
LCTP/MWCNT. The FP-coating brought about both the forma-
tion of Fe3+-rich surface on LCP particles, resulted in the
suppression of electrolyte decomposition and subsequent
cationmixing. Combining the XAFS analysis with XPS and TEM,
the surface Fe3+ enrichment brings about the stability
enhancement of the delithiated phase, leading to excellent long
(a–c) and magnified (400 000�) HRTEM images (d–i) for different
tine FP-coated LCTP/MWCNT (c), (f), after 50 cycles LCP/MWCNT (g),
WCNT (i).
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term cyclability, while Ti4+-substitution contributes to the
higher utilization of Co in LCTP crystals.
Conclusion

In conclusion, 10 wt% FP-coated LCTP sample showed a higher
discharge capacity of 116 mA h g�1 together with stable cycle
performance over 99% of capacity retention at 100th cycle. The
Fe3+-rich surface on LCP samples is formed during FP-coating
and prevents from irreversible crystal structure change and
electrolyte decomposition during cycling, resulting in stable
cycle performance. Further doping LCP with Ti4+ allows, by
charge compensation mechanism, for the creation of vacancies
in Co sites together with an unexpected stabilization of Co in 2+
valence state in the pristine material, which results in
improvement of the capacity. The combination of FP-coating
and Ti4+-substitution, leads to improved cycling stability with
higher capacity compared with LCP. Our ndings offer new
strategies for improving cycle performance without sacricing
the capacity of LCP, paving the way toward the realization of
high voltage Li-ion batteries.
Experimental
Materials

Co(CH3COO)2$4H2O (>99%, Wako Pure Chemicals), Fe(CH3-
COO)2 (>99%, Sigma-Aldrich Corp.), CH3COOLi (>98.0%, Wako
Pure Chemicals), Ti2(SO4)3 aq. (45% in H2SO4, Sigma-Aldrich),
and H3PO4 (>85.0%, Wako Pure Chemicals) were used to
prepare LiCoPO4 (LCP), LiCo1�2xTixPO4 (LCTP), and FePO4-
coated compounds. Citric acid (C6H8O7) (>99.5%, Sigma-
Aldrich Corp.) was used as a chelating agent. Multiwalled
carbon nanotubes (MWCNTs) with a specic surface area of 240
m2 g�1 were used for the preparation of carbon composite.
Distilled water (17 MU cm) was used a medium for the entire
preparation scheme.
Preparation of LCP/MWCNT and LCTP/MWCNT composites
under UC treatment

LCP/MWCNT composite was synthesized via UC treatment as
previously reported.20 Similar scheme of LCP was applied to
synthesize LCTP/MWCNT composite. First, two kinds of solu-
tions (solution A and B) were prepared. The solution A was
composed of 0.4000 g of MWCNT and 0.6714 g of H3PO4 (1.0 eq.
for LCTP) mixed in 50 ml of ultrapure water. The solution B was
composed of 1.3432 g of Co(CH3COO)2$4H2O (0.9 eq.), 0.1265 g
of Ti2(SO4)3 (0.05 eq.), 0.3994 g of CH3COOLi (1.0 eq.) and
1.1454 g of citric acid (1.0 eq.) dissolved in 20 ml of ultrapure
water. The solution A was subjected to the UC treatment at 80 �C
for 5 min before and aer the addition of the solution B. The
UC-treated sol was further dried at 130 �C under vacuum for
12 h. The obtained powder made of LCTP precursor and
MWCNT was pre-annealed at 350 �C in air for 1 h to remove
absorbed water and citric-acid-derived amorphous carbon, then
le to cool down to room temperature (RT). The pre-annealed
powder was then fast annealed at 650 �C under N2 ow (RT to
26198 | RSC Adv., 2022, 12, 26192–26200
650 �C in 3 min, dwell for 30 min, 20 min to cooling to RT) to
form the LCTP/MWCNT composite. The pristine LCTP/MWCNT
composite was further annealed at 350 �C for 3 h under air in
order to oxidize Ti3+ into Ti4+ and to obtain vacancy in LCTP
crystals without decomposing MWCNTs.
Preparation of FePO4-coated LCTP/MWCNT composite

In case of FP-coating, another two kinds of solutions (solution C
and D) were prepared. The solution C was composed of 0.2500 g
of synthesized LCTP/MWCNT and 0.0183 g of H3PO4 (1.0 eq. for
FP) mixed in 10 ml of ultrapure water. The solution D was
composed of 0.0276 g of Fe(CH3COO)2 (0.05 eq.), 0.0107 g of
CH3COOLi (1.0 eq.) and 0.0306 g of citric acid (1.0 eq.) dissolved
in 10 ml of ultrapure water. Mixture of solution C and D were
then subjected to UC treatment at 80 �C for 5 min. The UC-
treated sol was further dried at 130 �C under vacuum for 12 h.
Then, same annealing process was applied to dried powder to
obtain FP-coated samples. The obtained powder was pre-
annealed at 350 �C in air for 1 h, then le to cool down to RT.
The pre-annealed powder was then fast annealed at 700 �C
under N2 ow (RT to 700 �C in 3 min, dwell for 5 min, 20 min to
cooling to RT). The pristine LFP-coated composite was further
annealed at 350 �C for 3 h under air in order to form FP-coated
samples.
Physicochemical characterizations of LCP/MWCNT, LCTP/
MWCNT, and FePO4-coated LCTP/MWCNT composites

Structure analysis on LCP/MWCNT, LCTP/MWCNT, and FP-
coated LCTP/MWCNT composites were performed by X-ray
diffraction [XRD, Smart-lab (Rigaku)] using Cu Ka radiation (l
¼ 1.54 Å). XRD patterns were recorded in the 10–90� 2q range at
a scan speed of 0.0033� s�1. Time-of-ight neutron powder
diffraction (NPD) measurements were performed at the iMA-
TERIA (BL20) facility of the Japan Photon Accelerator Research
Complex (J-PARC, Ibaraki, Japan) to obtain NPD patterns cor-
responding to 0.5–4.8 Å in d-spacing. The carbon contents of
composites were determined by thermogravimetric analysis
under a synthetic air (O2: 20%, N2: 80%) using a thermogravi-
metric/differential thermal analyzer (TG/DTA, Seiko Instru-
ments TG/DTA6300). X-ray photoelectron spectroscopy [XPS,
JPS-9200 (JEOL)] was carried out using Mg X-ray source. X-ray
adsorption ne structure (XAFS) measurements at the Co, Fe,
and Ti K-edges for composites were performed in transmission
mode at the beam line BL01 of the synchrotron radiation facility
SPring-8 (Hyogo, Japan). Laminate-type two-electrode cells were
assembled using lithium metal foil as a negative electrode and
composites as a positive electrode. The obtained XAFS spectra
were analyzed using the spectral tting soware REX2000
(Rigaku Corp.) to evaluate the ratio of Co and Fe species with
references at different oxidation states, such as Co2+ (LiCoPO4

bulk sample), Co3+ (Cobalt acetylacetonate), Fe2+ (LiFePO4 bulk
sample), Fe3+ (FePO4 bulk sample oxidized by the chemical
method using NO2BF4), Ti

3+ (Ti2O3), and Ti4+ (TiO2 rutile).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Electrochemical characterization of LCP/MWCNT, LCTP/
MWCNT, and FePO4-coated LCTP/MWCNT composites

Half-cells were assembled using a negative Li metal electrode,
a positive LCP/MWCNT, LCTP/MWCNT, and FP-coated LCTP/
MWCNT electrode in 2032 coin-type cells. The electrolyte was
a mixture of ethylene carbonate, propyl carbonate and dimethyl
carbonate (EC : PC : DMC ¼ 1 : 1 : 3) containing 1.0 M LiPF6.
Positive electrode was prepared by mixing 90 wt% of the
composite and 10 wt% of polyvinylidene diuoride in N-methyl
pyrrolidone. The mixture was coated on an etched-Al foil
(current collector) and dried at 80 �C in vacuum for 12 h. The
mass loading of the composite was 1.4 mg cm�2 on etched Al
current collector (1.54 cm2). Charge/discharge tests were per-
formed at constant-current constant-voltage mode between 4.3
and 5.0 V vs. Li+/Li at current density of 0.2C-rate, assuming that
1C-rate equals 167 mA g�1. The cut-off current density at the
constant-voltage (CC–CV) mode was 8.35 mA g�1 (0.05C). Before
charge–discharge tests, a pre-cycling was conducted at 0.1C in
the same potential range as charge–discharge tests.
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