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Olivine-type LiFePOy, (LFP) is considered a promising cathode material for lithium-ion batteries (LIBs) owing
to its abundance, high specific capacity, and cycling performance. However, its poor electronic and ionic
transportation properties degrade the high rate capability, which limits its use in high-energy-density
LIBs for applications such as electric vehicles. Therefore, in this study, we propose a modification of the
anion configuration through nitrogen substitution using ion implantation to improve electronic and ionic
transport during lithiation/delithiation. We found that nitrogen substitution at the oxygen sites effectively
improved the electrochemical properties through surface modification and charge-transfer kinetics. In

iizzgﬁ% 123;&582;2?365520323 particular, the increased amount of nitrogen substitution at the surface regions resulted in reduced ionic
and electronic resistances. These modified characteristics led to a remarkable rate capability with a high
DOI: 10.1035/d3ra06242b capacity (128.2 mA h gf1 at 10C). We expect that these modified anion effects on the electrochemical

rsc.li/rsc-advances properties can be effective in the design of cathode materials for LIBs.
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Introduction

With the increasing impact of climate change, the demand for
electric vehicles and energy storage systems with reduced CO,
emissions is increasing. Lithium-ion batteries (LIBs) are
currently the dominant alternative to conventional fossil fuel-
powered devices. However, LIBs pose limitations in terms of
cost, safety, and cycle life.*® The cathode material is a key
component of LIBs that determines their performance; it also
constitutes more than 30% of the overall cost. Therefore, much
effort has focused on the cost-reduction of cathode materials.
Cathode materials are classified as layered lithium transition
metal oxides, spinel-type oxides, and polyanionic compounds.*®
Recently, the use of lithium iron phosphate (LiFePO,, LFP) in
polyanionic compounds has attracted much attention because
of its low cost, nontoxicity, and thermal stability. LFP has
a theoretical capacity of approximately 170 mA h g~ with an
operating voltage of ~3.5 V (vs. Li/Li") and a small volume
change during cycling that contributes to its long lifespan.®’
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However, LFP has critical drawbacks such as a low electronic
conductivity (107°-107'* S ecm ") and slow intrinsic Li-ion
diffusion (~10"'*-10""® cm® s™'), resulting in unsatisfying
battery performances, particularly under high C-rate condi-
tions.*® Surface coating, particle size reduction, and doping
have been widely explored to improve the electronic conduc-
tivity and ion diffusivity of LFP.'*"!

Cation doping (e.g., with Mg, Cr, Zn, Ni, or Co) to replace the
Fe sites in LFP has been intensively studied, and previous
results have shown significantly improved electrochemical
performances.”>** However, there are few reports on anion
doping at the O-site of LFP. Among the anionic elements,
including F, Cl, S, and N, research on F-doping is the most
widely conducted and can facilitate Li-ion diffusion in LFP,
resulting in an increase in the conductivity.®"” Nitrogen
dopants are well known to enhance the electronic conductivity.
Because of the different atomic valence orbitals of N and O, the
introduction of N into the sublattice results in a rearranged
electronic state, leading to improved electronic conductivity.'* N
also affects ionic transportation, and previous theoretical
studies have suggested that the energy barrier for Li transfer can
be reduced by strong Li adsorption by N surface active sites,
leading to improved ionic transportation.'*?' Moreover, the
replacement P-O bond by N substitution lead to increase the
activity of P, which resulting in improved electronic
conductivity.*>*

However, to the best of our knowledge, most studies on N
introduction into LFP have been conducted using theoretical
calculations, while experimental approaches are scarce. In this
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study, we employed plasma immersion ion implantation (PIII)
to introduce N into LFP. PIII is a surface modification technique
that extracts accelerated ions from the plasma by application of
a pulsed bias voltage of several kilovolts to the target and
implantation of a dopant into the electrode. It has the advan-
tages of being able to inject dopant ions at relatively low
temperatures and controlling the distribution and depth of the
injected ions by adjusting the applied bias voltage.

In this study, N-substituted LFP samples of different
concentrations were fabricated at bias voltages of 5 and 7 kv
using the PIII method (the fabricated samples are denoted as
LFP-N5 and LFP-N7, respectively). The structural and electro-
chemical properties were analyzed to verify the effects of N
implantation in the O sites of LFP. The electronic resistivity and
charge-transfer resistance of the N-substituted LFP electrodes
decreased with increasing N content. Moreover, the presence of
a higher amount of N in the surface regions resulted in signif-
icantly enhanced high-rate performance with a high capacity.
Thus, determining the effect of N substitution on the electro-
chemical properties provides useful information for the devel-
opment of a new strategy to overcome the performance
limitations of LFP cathodes.

Materials and methods
Nitrogen ion implantation

PIII was employed to implant N ions into commercially avail-
able LFP (RVCM-LFP, Rov Co., Ltd). The schematic illustration
of PIII equipment was shown in the Fig. 1. Initially, the base
pressure of the process chamber reached 2.0 x 10~° Torr to
remove residual oxygen and impurities inside the chamber.
Subsequently, pure nitrogen gas (N,, 99.999%) was flowed into
the chamber at a rate of 30 sccm, and the process pressure
increased to 2.0 x 107 Torr. To generate plasma, a radio
frequency (300 W) was applied to the ICP coil within the
chamber. To implant N ions into the LFP surface, a pulsed DC
voltage was applied at a frequency of 500 Hz and pulse width of
3.0 ps. The pulsed DC voltage was adjusted to 5 and 7 kV to
control the amount and depth of N ion implantation. The
process time was set to 60 s to minimize surface damage. The
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Fig. 1 Schematic illustration of experimental set up for PIIl.
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reasons for choosing this voltage range are as follows. Since the
power supply optimized to generate high voltage (maximum 100
kv), it showed unstable pulse wave form at below 3 kV. And the
higher voltage at 10 kV caused serious damage on the
electrodes. N ion-implanted LFP is denoted based on the
implantation ion energy as LFP (non-implanted LFP), LFP-N5 (5
kV nitrogen ion-implanted LFP), and LFP-N7 (7 kV nitrogen ion-
implanted LFP). Details of the PIII process conditions are
summarized in Table S1.}

Characterization

A Monte Carlo simulation program (TRIM-2013.00) was used to
predict the distribution of N ions within LFP. The target mate-
rial (LFP) was set to a density of 3.60 g cm >, and the total
number of N ions were set to 99999 ions. Field-emission
scanning electron microscopy (FE-SEM; SU8020, Hitachi) was
used to observe the microstructure of the fabricated LFP. X-ray
diffraction (XRD, ULTIMA4, Rigaku) was performed to confirm
that the crystalline phase changes depend on the implantation
energy. The resulting diffraction patterns were calculated by
Rietveld refinement using FullProf software. The elemental
chemical bonding states and nitrogen depth profiles were
measured using X-ray photoelectron spectroscopy (XPS, NEXSA,
Thermo Scientific). The sheet resistance of the electrodes was
measured using a four-point probe (CMT-SR1000N; AIT Co.,
Ltd) To measure sheet resistance, all electrodes were prepared
in adjusted thickness (60 um) and dimension (1.766 cm?).

Electrochemical characterization

The electrodes were fabricated using carbon black (RV-PMDB-1,
Rov Co., Ltd) as a conductive additive and polyvinylidene fluo-
ride as a binder. The slurry was mixed with the active material,
conductive additive, and binder in a 8:1:1 ratio, followed by
thorough dispersion using a planetary centrifugal mixer
(AR100, THINKY). The resulting slurry was coated onto
aluminum foil (thickness of 18 um) using a baker applicator.
Subsequently, the electrodes were dried in a vacuum oven at
120 °C for 12 h. The loading amount of active materials in
electrode was adjusted to ca. 5.0 mg cm ™. The electrochemical
properties of the electrodes were investigated using a coin cell
(CR2032) configuration. The N-implanted LFP electrode was
paired with Li metal (diameter: 16 mm) as the counter electrode
to assemble a CR2032 half-cell. Porous polypropylene films
(Celgard#2400 and #2500) were used to profile the cyclabilities
and rate capabilities, and 1 M LiFP4 (EC: DMC = 1: 2, v/v) was
used as the separator and electrolyte. The coin cells were
assembled in an Ar-filled glove box. Galvanostatic charge/
discharge tests were performed using an electrochemical anal-
ysis system (WBCS3000L, WonATech) between 2.5 and 4.0 V (vs.
Li/Li+) at various C-rates. Cyclic voltammetry (CV) was con-
ducted between 2.5 and 4.1 V (vs. Li/Li+) at a scan rate 0.15 mV
s~'. Electrochemical impedance spectroscopy (EIS) measure-
ments were performed using an electrochemical workstation
(ZIVE MP2, WonATech) in the frequency range from 300 kHz to
10 mHz.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

The distribution of the implanted N atoms from the surface to
the interior of the LFP was highly depended on the ion dose and
implantation energy, which were predicted using computa-
tional approaches (Fig. 2a and b). Due to higher ions energy, the
ions distribution range was increased from 187 to 252 A in LFP-
N5 and LFP-N7, respectively, which is consistent with the theory
of implanted ions.*** The implanted N atoms were experi-
mentally analyzed by depth profiling of the XPS N1s spectra
(Fig. 2c-e). LFP-N5 showed a slightly decreased intensity as
a function of the Ar sputtering time, whereas LFP-N7 exhibited
significantly different intensities between the surface and
inside regions. The chemical composition of N atoms at the
surface was 1.04 and 3.34 at% for LFP-N5 and LFP-N7, respec-
tively. After Ar sputtering for 250 s, the concentration of
implanted N in both LFP-N5 and LFP-N7 decreased to similar
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levels in the range of 0.49-0.51 at%. Note that the implanted N
was evenly distributed on the broader area of surface (Fig. S11).
The difference in the surface N content might affect the elec-
trochemical behavior during lithiation/delithiation. The differ-
ence between the computational and experimental results may
originate from the different relative densities of the target
material (LFP). The XRD patterns of the pure and N-implanted
LFP are shown in Fig. 2f. All samples exhibited a single phase,
which is in good agreement with the reference (ICDD PDF 81-
1173). To examine the variation in the lattice parameters and
volumes, Rietveld refinement was performed (Fig. 2g and S21).
The lattice parameters of the N-implanted LFP were slightly
lower than those of pure LFP and increasing the N content led to
a further decrease owing to the larger ionic size of N (1.32 A)
than O (1.26 A) (Table S27), indicating successful substitution
of N for the O sites in the (PO,)*” groups. The XPS core-level
spectra was analyzed to conform N substitution and their

(b) Ion Distribution

lon range=252A Skewness=0.280
Straggle=121A  Kurtosis=2.702

+ 1500 A

Depth vs. Y-Axis

(C) LFP (d)
) 250s
- 200s - =
E] v A 3 3V
3 e 3 3
e ) 150s] = b
2 raerm A A 2l z
= 100s) E g
O WJA‘M\/"M/.\/N\M,/WW\«’W\/%\NV\N,/\Aﬂww q, K
g g
] 50s c £ A A
L= A,\,JL;_,\A'\J'\,,\_‘Ny,,'yﬁ'/‘r\,:»ﬂvw,‘—\,/»""\/‘4\‘"wﬂr’\f‘w‘-jv\f\,\.,‘y\ﬂ/j\,"» - /M AWV Y
WWWW‘ <
vy /M N
408 404 400 39 392 408 404 400 39 392 408 404 400 39 392

Binding energy (eV)

,.\
—h
N

(111)

(211)

=
e

U'JJL.J*._L.J UVLMMJVU.&_JMM_.

ML

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Binding energy (eV)

Binding energy (eV)

(9)

¢ Observated
Calculated
Bragg positions
—— Residual

LFP-N7

Intensity (a.u.)

[ O I AU URTTT I O TR VR URE R T

ok Sl [FORYYowy W1 Ak i TR 0
Warihap i) ¥ Ll

iy

10 20 30 40 50 60 70 80
20 (degree)

Fig.2 Predicted ion distributions of (a) LFP-N5 and (b) LFP-N7. XPS N1s core-level spectra as functions of sputtering time of (c) LFP, (d) LFP-N5,
and (e) LFP-N7. (f) XRD patterns of LFP and N-implanted LFPs. (g) Rietveld refinement of XRD patterns for LFP-N7.
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effects (Fig. 3). The N1s peaks were deconvoluted into three
peaks corresponding to phosphorus coordinated N (Fig. 3a).
The two major peaks assigned to P-N (399.6 eV) and P=N
(398.3) bonding.>**” In addition, the shoulder peak at higher
biding energy (401.6 eV) assigned to bonding with three P
atoms.””?® The P2p core-level spectra was deconvoluted to P2p,,
and P2p;), (Fig. 3b). Owing to N substitution, P2p peak was
shifted to lower binding energy, which arise from a reduced
overall ionic charge on the P ions due to the lower ionic charge
of P-N bond than P-O bond.**?° Moreover, this trend also
observed in O1s spectra (Fig. 3¢). The introduction of N in the O
site creates charge redistribution, which caused a decrease
binding energy by charge-shell models.>**** Notably, Fe and Li
did not show additional binding with N in the XPS core-level
spectra (Fig. S31). The different ionic sizes, electronegativities,
and charges of the dopants can affect the electrochemical
properties of the LFP electrodes.

Based on the XRD and XPS measurements, we propose
possible substitution sites in the LFP structure and their
correlation with ionic and electronic transfer during lithiation/
delithiation (Fig. 4). Because Li ions diffuse along the b direc-
tion in the structure of FePO,, activation barriers for Li hopping
between the surrounding sites are the key to Li-ion transfer.
According to previous theoretical studies, for bare LFP, the
binding energy of Li is lower at the FePO, surface (electrode/
electrolyte) because of the weakly coordinated Li and Fe on
the surface, which cannot actively attract Li ions from the
electrolyte.®*** In contrast, when N is introduced at the 01, 02,
and O3 sites (Fig. 4), the presence of N induces a higher binding
energy for Li at the surface, which allows for the strong attrac-
tion of Li ions.?* Similarly, LFP-N7 exhibits a high concentration
of N in the surface regions, which can affect its interaction with
Li ions. In addition, the more negatively charged N leads to
strong coulombic interactions with Li ions, and the empty 2p
state of N provides sufficient electron transfer. Consequently,
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the total activation barrier for Li-ion transfer can be reduced. To
confirm the effects of the proposed crystal structure with mixed
anions on the electrochemical properties, systematic investi-
gations were performed, as described in the following sections.

The morphologies of LFP and N-substituted LFP particles
were observed by FE-SEM. As shown in Fig. 5a, LFP particles had
an irregular shape and particle size distribution from tens of
nanometers to ~0.5 um. While there are no distinct differences
with LFP, the edges of the N-substituted LFP particles were
slightly blunted (Fig. 5b and c), which may have originated from
the bombarded higher ion energy.

Galvanostatic charge-discharge curves of the prepared elec-
trodes were measured at 0.2C and 25 °C (Fig. 6a). The initial
specific discharge capacities of LFP, LFP-N5, and LFP-N7 were
157.7, 160.6, and 163.7 mA h g, respectively. Specific capacity
increased with increasing N content.

The voltage plateaus, which is well known as the two-phase
region of the LiFePO,/FePO, transformation,* were observed
in all samples with a slightly different voltage gap (AV) between
charging and discharging. The AV of the charge and discharge
plateaus, indicating voltage polarization during lithiation/
delithiation, were approximately 80, 75 and 53 mV for LFP,
LFP-N5 and LFP-N7, respectively. Thus, an increased N content
resulted in a decreased AV, which implies lower polarization
with improved ionic and electronic transportation. The rate
performances were evaluated at various C-rates from 0.2 to 10C
to verify the N-substitution effect in the LFP structure (Fig. 6b).
Compared to non-substituted LFP, LFP-N5 exhibited improved
high-rate capability with a capacity retention of 44.8% at 10C
with respect to 0.2C (for LFP, capacity retention is 29.2%). In
contrast, LFP-N7 exhibited greatly enhanced rate performance,
showing 78.3% capacity retention even at 10C with a signifi-
cantly higher discharge capacity of 128.2 mA h g " (46.1 and
71.2 mA h g~ for LFP and LFP-N5, respectively). This is more
clearly observed in the Galvanostatic charge-discharge curves at
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Fig. 3 XPS core-level spectra of LFP, LFP-N5, and LFP-N7. (a) N 1s, (b) P 2p and (c) O 1s.
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Fig. 4 Schematic of the proposed N substitutions sites in the LFP crystal structure.

different C-rates (Fig. 6c and S4t). LFP-N5 showed a small
improvement in capacity up to 5C, but a higher capacity with
a longer voltage plateau was observed at 10C compared to that
of LFP. In contrast, LFP-N7 exhibited superior electrochemical
performance, including a high rate capability and significantly
reduced polarization during charging and discharging. Notably,
LFP-N7 showed a much narrower voltage gap depending on the
C-rate (AV = 53, 63, 76, 115, 144, and 214 mV at 0.2 to 10C)
compared with LFP and LFP-N5 (Fig. S5f). Moreover, LFP-N7
maintained a wide voltage plateau even at 10C. These results
suggest that the substituted N facilitate ionic and electronic
transfer from the surface to the bulk FePO, structure, resulting
in improved rate capability and high capacity.

Fig. 6d shows the CV curves measured at scan rate of 0.15 mV
s~' in the voltage range of 2.5-4.1 V. The two distinct peaks at
approximately 3.3 and 3.6 V (vs. Li'/Li) are attributed to the
redox peak of Fe*' in LiFePO, and Fe*" in FePO, during the
charge/discharge process.*® The potential separation (AE,)
between the two peaks tended to decrease as N substitution
increased. LFP-N7 exhibited a much narrower AE, and highly
symmetrical sharp peak compared to LFP and LFP-N5, which
indicated improved electrochemical kinetics and smaller
polarization.***” Notably, this AE, value and relative peak

intensity can be used as indicators to determine the electro-
chemical reactivity and reversibility of an electrode.

The cycling stability at different current densities was eval-
uated to verify the effect of N substitution. Fig. 6e shows the
capacity trends at a charging/discharging rate of 1C/1C followed
by a 10C/10C cycle. All the samples exhibited good cycling
stability for 100 cycles without any degradation. In the cycles at
10C, LFP-N7 displayed a significantly higher discharge capacity
of 123.3 mA h g than LFP (36.0 mA h g ') and LFP-N5
(55.3 mA h g™ ') at the 150th cycle. Moreover, the capacity
retention of LFP, LFP-N5, and LFP-N7 after 150 cycles at 10C
were calculated to be 77.2%, 81.9%, and 91.9%, respectively.
Although, under fast reaction conditions with a high current
density, LFP-N7 did not show obvious capacity degradation due
to the substituted N, which could enable fast Li-ion transport.

To further investigate the conductivity of the surface-
modified LFP, sheet resistance and EIS measurements were
performed. The sheet resistance was measured using a four-
point probe system. The order of sheet resistance was as
follows, LFP (7.493 Q sq~ ') > LFP-N5 (6.852 Q sq~ ') > LFP-N7
(3.633 Q sq"); therefore, it decreased with increasing N
substitution. Among the electrodes, LFP-N7 exhibited the
lowest sheet resistance, indicating an improvement in the
electronic conductivity of LFP. Fig. 7a shows the Nyquist plots of

Fig. 5 FE-SEM images of (a) LFP, (b) LFP-N5, and (c) LFP-N7.
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Fig. 6
curves of LFP-N7 as a function of C-rate. (d) CV curves and (e) cyclabili

LFP, LFP-N5, and LFP-N7 obtained from the EIS measurements.
The impedance spectra comprised ohmic (Rs) and charge
transfer (R.) resistance, which were fitted using the equivalent
circuit model. The kinetic parameters are summarized in Table
S3.1 The R, value decreased with increasing N substitution
(from 123.1 Q to 31.5 Q for LFP and LFP-N7, respectively).
Notably, the remarkably decreased R. of LFP-N7 indicates
that N substitution improves the migration of Li ions within the
electrode, which is consistent with the sheet resistance trend.
The Li diffusion coefficient (Dy;) was calculated using following
equation:*®

Di; = QRT)(n*F'e*ACL?)
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Fig. 7 (a) Nyquist plots and (b) linear plots of Z’ vs. w2
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Cycle number

(a) Galvanostatic charge—discharge curves at 0.2C and (b) rate capability of LFP and N-substituted LFP electrodes. (c) Charge—discharge

ty of LFP and N-substituted LFP electrodes.

where R is the gas constant, 7T is the absolute temperature, F is
the Faraday constant, 4 is the surface area of the cathode, 7 is
the transferred electron numbers, Cy; is the Li concentration in
the cathode, and o is the Warburg coefficient. Fig. 7b shows the
relationship between real impedance (Z)) and w2 in the low-
frequency regions, in which slope corresponds to the ¢ value.
The Dy ; values of LFP, LFP-N5, and LFP-N7 were calculated to be
3.74 x 107" 5.43 x 107", and 3.46 x 10~ " em® 57", respec-
tively. In particular, LFP-N7 exhibited a Dy; value one order of
magnitude lower than that of LFP, indicating sufficient Li ion
diffusion due to the substitution of N for the O sites in the
(PO,)*” groups. These results suggest that the introduction of N
into the LFP structure can effectively reduce charge-transfer
resistance and enhance Li diffusivity.
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in the low-frequency region of the LFP and N-substituted LFP electrodes.
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Based on the above results, N substitution for O sites effec-
tively improves the electrochemical performance of LFP, which
might arise from surface modifications that influence charge-
transfer kinetics by mixed anion effects. Owing to the
increased amount of N substitution in the surface regions, LFP-
N7 exhibited improved ionic and electronic transport during
lithiation/delithiation. = Consequently, LFP-N7 exhibited
remarkable rate capability with high capacity. Therefore, the
results confirm that the N-substituted LFP electrode was in
accordance with the proposed N-substituted crystal structure
and its effects on the electrochemical properties. Moreover, the
rate capability and capacity of LFP-N7 are superior to those of
recently reported modified LFP electrodes (Table S4+t). Thus, we
conclude that the mixed anion effects through the introduction
of N'within the O sites in the (PO,)’” anions by ion implantation
can be effective to improve the electrochemical performance of
cathode materials.

Conclusion

In this study, an LFP electrode was modified via N substitution
by PIII. XRD and XPS analyses confirmed that the introduced N
was successfully substituted at the O sites of the (PO4)*” anions.
The substituted N improved ionic and electronic transport,
resulting in reduced charge transfer and electronic resistance.
The modified anion configuration affected the electrochemical
properties. Owing to its modified characteristics, LFP-N7
exhibited a superior rate capability and capacity. Moreover, it
showed a wide voltage plateau with a small overpotential even at
a high rate of 10C, which enabled its practical application as
a fast-charge cathode material. We believe that the anionic
effects introduced by N substitution will encourage the devel-
opment of new strategies for improving LFP cathodes as well as
other electrode materials in energy storage and conversion
devices.
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