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ARTICLE INFO ABSTRACT

Keywords: LixFeyMn;.xPO4 exhibits low production costs, environmental friendliness, high energy density, thermal stability,

LIBs o ) and cycling stability in lithium-ion batteries (LIBs), presenting broad application prospects. Furthermore, studies

EOIS?‘C}“"“‘E"‘C have shown that adopting a non-stoichiometric ratio strategy can reduce particle size, decrease anti-site defects,
athode

and generate a conductive impurity phase on the material surface. This leads to an enhancement in the elec-
trochemical performance of the material, making it an effective approach to achieving high-performance olivine-
type cathode materials. In this study, three materials were successfully prepared using the solid-phase method:
Li;.0sFeo.sMng 475P04/C, Lij gsFepsMngsPO4/C, and Liy gsFeg 475MngsPO4/C. The physical properties of the
materials were characterized using X-ray diffraction (XRD), transmission electron microscopy (TEM), and
scanning electron microscopy (SEM). The electrochemical performance including specific capacity, rate per-
formance, and cycling performance were studied through charge-discharge tests, with Li; gsFep.sMng 475P04/C
exhibiting the best specific capacity at all rates. At rates of 0.1 C, 0.5 C, 1 C, 2 C, and 5 C, its average reversible
specific capacities were 143.5, 129.5, 122.1, 112.8, and 97.3 mAh~g’1, respectively. Furthermore, differences in
electrochemical performance of three materials were discussed in detail through cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS).

LiyFeyMn;_,PO,4
Solid-phase method

1. Introduction

LiMPO4 (M = Fe, Mn, MnyFe; _y, Co, Ni, V) materials have become
the most commercially valuable cathode materials for lithium-ion bat-
teries due to their characteristics of non-toxicity, pollution-free, good
safety, wide availability of raw materials, low cost, and long lifespan [1].
The LiFeyMn; _4PO4 (0 < x < 1) solid solution material utilizes the
synergistic effect of iron and manganese elements, combining the higher
conductivity of LiFePO4 with the higher voltage platform of LiMnPO4
[2], thus exhibiting high competitiveness in LIBs cathode materials. The
high-temperature solid-phase method, with its simple process, low cost,
and high yield, has become one of the most commonly used methods for
industrial-scale production of LiFeyMn;_4PO,4 materials.

However, olivine-structured phosphate compounds themselves have
some inherent drawbacks, such as lower electron conductivity and one-
dimensional slow lithium-ion diffusion rate, which limit the electro-
chemical performance of LiFeyMn; xPO4 materials and further appli-
cations. Researchers have designed many effective modification
strategies through extensive experimental studies, including

* Corresponding author.
E-mail address: zhh@scau.edu.cn (H. Zhuang).

https://doi.org/10.1016/j.ijoes.2024.100636

nanoparticle size reduction, coating with conductive materials, ion
doping, and material structure design and morphology control [3].
Meanwhile, through the study of LiFePOy, it has been found that the
design of non-stoichiometric ratios can effectively enhance the electro-
chemical performance of the materials [4]. However, current research
on non-stoichiometric LiFe,Mn; PO, materials remains relatively
limited. Based on our research on LiFeg sMng sPO4 materials [5], we aim
to investigate the influence of non-stoichiometry on the electrochemical
properties of LiyFeyMnj;4PO, materials. We adopted a solid-phase
method conducive to industrial production to prepare a series of
non-stoichiometric LiyFeyMn; 4PO4 samples with carbon coating build-
ing upon previous methodologies. Subsequently, we analyzed the in-
fluence of non-stoichiometric design on the material’s phase
composition, morphological structure, and electrochemical
performance.
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Fig. 1. (a) XRD patterns and (b) Raman spectra of Li; gsFeg sMng sPO4/C, Li; osFeg.47sMng sPO4/C and Li; gsFeg sMng 475P04/C samples.

2. Experimental section
2.1. Chemical reactants

LiH,PO,4 (AR), MnCO; (AR), FeCy04-2 Hy0 (AR), Li»CO3; (AR),
polyvinyl alcohol (AR), oleic acid (AR), sucrose (AR) were purchased
from Aladdin Reagent (Shanghai) Co., Ltd. The above reagents were
used directly without purification.

2.2. Preparation of Li,Fe,Mn;j ,PO4 samples

The LiyFeyMn; ,PO4 samples were synthesized by a ball-milling
solid-state route assisted with surfactant agent (oleic acid). In a gen-
eral experiment: 1.5 mL of oleic acid was dissolved into 30 mL of ethanol
firstly. Then LiHoPO4, FeC204-2 H20, MnCOs, and Li;CO3 were weighed
in a molar ratio of 0.2:0.1:0.1:0.01, respectively. And an equal quantity
of sucrose and polyvinyl alcohol (used as carbon sources) were added
into the ethanol solution. After ball milling for 8 h under the rate of
400 rpm, the final mixture in ultrafine powder obtained from decanta-
tion/filtration was dried by vacuum at 60 °C and transferred into a tube
furnace. Finally, the ultrafine powder was heated to 420 °C with a
heating rate of 5 °C-min~! and maintained for another 1 h at this tem-
perature in an Ar atmosphere. After that, the calcination temperature
was increased to 650 °C using the same heating rate and remained for
8 h to achieve the Li; gsFegsMngsPO4/C sample. Specifically, altering
the molar ratio to 0.2:0.095:0.1:0.01 and 0.2:0.1:0.095:0.01 achieved
the Lij osFep.475MngsPO4/C and Lij gsFegsMng 475PO4/C  samples,
respectively.

2.3. Characterizations

XRD patterns of the as-prepared samples were tested on a Bruker D8
ADVANCE diffractometer, using a Cu Ko radiation source (1 =
1.5406 A). The Raman spectrum was performed on a Bio-Rad FTS6000
Raman spectroscopy with a 532 nm blue laser beam. Particle sizes,
morphologies, and crystal structures of the as-prepared samples were
observed by Zeiss field-emission SEM. The thickness of the carbon layer
on the surface was determined using a JEOL-2100 TEM. N adsorption/
desorption isotherms were determined by Brunauer-Emmett-Teller
(BET) measurement using a BeiShiDe 3 H-2000PS1 surface area analyzer
at the temperature of 77 K. The pore size distribution (PSD) was
calculated from the adsorption branch of the pore size distribution curve
obtained via the Barrett-Joyner-Halenda (BJH) method.

2.4. Electrochemical measurements

To evaluate the electrochemical performance of the LiyFe,Mn; xPO4
samples, electrodes were prepared by mixing 80 wt% LixFeyMn; xPOy4,

10 wt % acetylene black, and 10 wt % polyvinylidene fluoride (PVDF) on
an aluminum foil using a tape-casting technique. Coin cells (CR2025)
were assembled with the LiyFe,Mn; 4PO4 electrode as the cathode and
lithium metal foil as the anode. The electrolyte used was a 1.0 M LiPFg
solution in ethylene carbonate/ethylene methyl carbonate (EC-EMC =
1:1 v/v), and Celgard 2500 was employed as the separator within an Ar-
filled glove box. Each electrode was loaded with approximately
2.5 rng-cm’2 of the LiyFeyMn;,PO4 composite. The cells underwent
cycling between 2.0 and 4.5 V vs. Li/Li" at various current densities
using a multichannel battery test system (NEWARE CT-3008 W) with a
constant-current (CC-) protocol. Specific capacity calculations were
conducted based on the total mass of the LiyFe,Mn; xPO4 composite.

CV measurements were performed using an electrochemical work-
station (CHI 760D) at various sweep rates ranging from 2.0 to 4.5 V vs.
Li/Li*. EIS data were acquired from coin cells subjected to a specific
number of cycles using a CHI 760D electrochemical workstation at room
temperature, with a 10 mV excitation potential and frequencies ranging
from 100 kHz to 10 mHz. Impedance spectra were analyzed using an
equivalent circuit (as depicted in the inset figure). These spectra
exhibited a minor intercept in the high-frequency range, a semicircle at
high-to-medium frequencies, and a sloping line in the low-frequency
range. The high-frequency intercept represented the uncompensated
resistance (Rg), which includes electrolyte resistance, particle-particle
contact resistance, and resistance between the electrode and current
collector [6]. The semicircle at high-to-medium frequencies was
ascribed to charge transfer resistances (R¢) at the electrode/electrolyte
interface [7]. Meanwhile, the inclined line in the low-frequency region
corresponded to the Warburg impedance (W,), which indicates lithium
ion diffusion within the electrodes [8].

3. Results and discussion

Fig. 1a illustrates the XRD patterns of the three samples, all of which
exhibit diffraction peaks aligned with the standard card PDF#42-0580,
corresponding to the orthorhombic pnmb space group. Impurity peaks
attributed to LisPO4 are detected within the 26 range of 22°to 24° for all
samples, with the lowest intensity observed in Lij gsFeg sMng 475P04/C,
indicating relatively lower impurity content in this sample. The Raman
spectra, depicted in Fig. 1b, reveals a faint absorption peak at 948 cm ™!,
attributed to the characteristic absorption of PO3, suggesting a suffi-
ciently thin surface carbon layer to permit light penetration. Notably,
two prominent absorption peaks at 1340 and 1600 cm™! correspond to
the D and G bands of amorphous carbon, respectively. The ratio of the
intensities of these bands (ID/IG) serves as an indicator of the degree of
graphitization of the carbon layer, with lower ID/IG ratios indicative of
enhanced graphitization and improved material conductivity [9]. Spe-
cifically, the ID/IG values for the Lij gsFeg.sMngsPO4/C, Lij gsFeq.47s.
MHQ_SPO4/C, and Li1V05F60'5Mn0.475P04/C materials are 0867, 0858,
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Fig. 2. SEM images of (a,b) Lij osFeg sMng sPO4/C, (c,d) Lij gsFeg.475sMng sPO4/C and (e,f) Li; osFep.sMng 475P04/C.

and 0.831, respectively, suggesting that the Lij osFegsMng 475P04/C
material exhibits the highest conductivity among the three samples.

Fig. 2 illustrates the SEM images of three samples. All three samples
consist of primary particles aggregating to form secondary particles with
a broad size distribution. In Lij gsFeg.5MngsPO4/C and Lij gsFeg 475.
Mny 5PO4/C samples, there are numerous small particles resulting in a
noticeable increase in particle size for both samples. In contrast, the
surface of Lij gsFeg.475Mng sPO4/C appears smoother but exhibits more
severe cross-linking, resulting in an increase in average particle size. The
morphology of Lij gsFepsMng 475P04/C is markedly different, with
smooth surface exhibiting polyhedral shapes, smaller size, and a more
uniform distribution. The mechanism behind the morphological changes
of Lij gsFep sMng 475P04/C remains unclear. However, maintaining the
total valence of cations unchanged, and appropriately reducing the Mn
content might be a strategy for modulating the morphology of material.
TEM images (Fig. 3) reveal that the surfaces of Li; gsFeg sMng 475P04/C
are covered with a carbon coating layer of ~ 2 nm thickness. This carbon
layer prevents direct contact between the electrolyte and the active
material, thereby enhancing the conductivity of the material.

The ICP-OES testing was conducted on Lij gsFep sMng 475P04/C to

ascertain the actual content of each constituent element. The results
(Table 1) indicate that the Li, Fe, and Mn content aligns closely with
theoretical expectations.

Fig. 4 illustrates the nitrogen adsorption-desorption curves and pore
size distribution of the three materials, three samples all exhibit hys-
teresis loops of type H3, which are indicative of Type IV adsorption
isotherms. The BJH pore size distribution tests reveal similar pore size
distributions for three samples, primarily ranging from 3 to 50 nm. BET
analysis indicates that the specific surface areas of Li; gsFeg.sMng sPO4/
C, Li1.05Fe0_475Mn0_5PO4/C and Li1'05F80.5MI10_475P04/C are 3003,
27.69, and 30.45 m%g~!, respectively. The specific surface area of
LiFeyMn; _xPO4 materials is directly correlated with carbon content and
particle size, significantly influencing the electrochemical performance
of the materials. Elemental analysis confirms that all three materials
have similar carbon contents. SEM observations, however, reveal that
the particle size of Lij gsFeg.sMng 475P04/C is noticeably smaller with a
more regular morphology. Results calculated using Jade software also
demonstrate that Lij gsFepsMng475P04/C has the smallest average
particle size, which explains the slight increase in specific surface area
observed in this sample. The increased specific surface area provides
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Table 1

Fig. 3. TEM images of Li; gsFep.sMng 475P04/C.

ICP-OES test results for Liy gsFeg sMng 475P04/C.

Sample Mass ratio % Atomic ratio %
Li Fe Mn Li/Fe/Mn
Lij osFeo.sMng 475P04/C 4.54 16.92 15.84 2.151:1:0.952
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more active sites for electrochemical reactions, thereby enhancing
electrochemical reactivity. Subsequent electrochemical tests further
confirm that Lij gsFeg.sMng 475P04/C exhibits optimal electrochemical
performance.

Fig. 5a displays the CV curves of the Lij gsFegsMngsPO4/C,
Liq gsFeg.475Mng sPO4/C and Lij gsFegsMng 475P04/C electrodes at a
scan rate of 0.1 mV-s~! under the potential range from 2.0 to 4.5 V vs.
Li/Li*. The Lij osFegsMng 475P04/C shows the strongest Fe®t/Fe?t and
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Fig. 4. Nitrogen isotherm sorption curve (a-c) and the pore size distribution (d) of all three samples.
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Fig. 5. Comparisons of (a) CVs at a scan rate of 0.1 mV~s’1, (b) charge—discharge curves at 0.1 C, (c) Impedance spectra, (d) the rate performance at different C-rates
and (e) cycling performance for three samples, and (f) first three cycles CVs at a scan rate of 0.1 mV-s~! of Lij gsFeg sMng 475P04/C.

Mn>*/Mn?* redox couples, which are well-distinguished. Furthermore,
the smallest voltage difference between the oxidation and reduction
peaks suggests that the Lij gsFeg.sMng 475P04/C sample possesses the

Table 2

Comparisons of the rate performance of the state-of-the-art LiFey sMng sPO4
cathode materials.

Sample Rate performance Ref.
LiFeg sMng sPO,4/C 0.1C:138,1C: 99, 5C: 80 mAh-g~! [11]
0.1C:121,2C: 110 mAh-g ! [12]
0.15C: ~110, 1 C: ~87 mAh-g~! [13]
0.5C:133,1C: 129, 2 C: 116 mAh-g ! [14]
0.1 C: 130, 0.5 C: 85 mAh-g! [15]
0.1C:116,1C: 79, 2 C: 69 mAh-g ! [16]

0.1C: 143, 1 C: 130, 5 C: 97 mAh-g ! This work

fastest kinetics for Li" de-intercalation/intercalation processes among
these three samples. And the first three CV tests at a scan rate of
0.1 mV-s~! are conducted on Li; gsFeo.sMng 475P04/C (Fig. 5f). The peak
current was strongest during the first cycle, but slightly decreased in the
second cycle.

The first cycle showed the strongest peak current, while the second
cycle slightly decreased. However, in the third cycle, the peak current
gradually approached the level of the first cycle, and polarization
gradually decreased, which is consistent with the charging and dis-
charging test results. The reason for the increase in polarization is that
the Li" diffusion rate and electron transfer rate have not reached a
balance, making it impossible to maintain effective charging and dis-
charging currents [10]. As displayed in Fig. 5b, Lij gsFeg.sMng.475P04/C
exhibits a specific discharge capacity of 143.5 mAh-g~" at 0.1 C rate,
with a high coulombic efficiency (CE) of 93.7 % in the first cycle.
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Table 3

Summary of the CV results obtained at different scanning rates and the Li™ diffusion coefficients (Dy;,) determined for three electrodes.

peak element Dfi(em?s™1)
Liy osFeo.sMng sPO4/C Liy osFeq.475Mng sPO4/C Liy osFeo.sMng 475P04/C
Anode Fe 3.442x10711 2.751x10711 7.949x107 1!
Mn 1.674x10° 11 1.106x10° 1! 1.942x10° 1!
Cathode Fe 2.368x107 1! 1.860x107 ! 5.203x107 1!
Mn 2.552x107 1! 1.298x10° 11 2.966x107 11

Moreover, it presents a specific discharge capacity of 112.8 mAh-g™! at
2.0 C rate.The favorable Li" de-intercalation/intercalation behavior of
Li; gsFeo.sMng 475P04/C is also demonstrated by the highest specific
capacity, the best rate performance and the lowest charge transfer
resistance, as shown in Fig. 5b, ¢ and d, respectively. Comparisons of the
rate performance of the state-of-the-art LiFey sMng sPO4 cathode mate-
rials as shown in Table 2, it is found that Li; gsFeg sMng 475P04/C ex-
hibits a superior rate capability. The cycle performance of
Lij osFeo.5Mng 475P04/C at 1 C rate is shown in Fig. 5e, with the initial
specific discharge capacities of 119.6 mAh-g ™. After 150 cycles, it ex-
hibits almost no capacity decay, with the capacity retention of > 99.9 %.

A series of CVs recorded from different sweeping rates
(0.1-1.0 mV-s’l) between 2.0 and 4.5 V for three samples are shown in
Fig. 6a, b and c. It is found that the reduction and oxidation peak po-
tentials in the CV profiles shift toward lower and higher voltages with
the increase of the sweeping rate, respectively, with the separation po-
tentials between the anodic and cathodic peaks enhanced in the mean-
time. Moreover, the peak current (I,) increases with the raised sweeping
rate, exhibiting a well linear relationship with the square root of the
scanning rate W 2), as shown in Figs. 6d, e and f. Based on the Randles
Sevcik equation of I, = (2.69 x 105)ACLi Di{z n?2 /2 [17] [where Ipis
the peak current value (A), A is the effective working electrode area
(cm?), Cy; is the shuttle concentration of Li ions (mol-cm™3), v is the
potential sweeping rate (V-s~) and Di; is the diffusion coefficient
(cm2~s’1)], the calculated Li" diffusion coefficients are summarized in
Table 3. This relationship indicates that the Li* insertion/extraction in

Li; osFeo.sMng 475P04/C is a typical diffusion-controlled process, and the
diffusion coefficients for the four peaks range from 1.94 x 10~ to 7.95
x 107! em?s7!. The superior Li* diffusion coefficients could be
ascribed to the enhanced contact area of Lij gsFegsMng 475P04/C with
the electrolyte and the reduced Li" diffusion distance, as described and

analyzed in the XRD, BET, SEM and TEM sections.
4. Conclusion

In conclusion, this study employed a non-stoichiometric design to
ensure the constant total valence of three metal elements, Li, Fe, and Mn,
and investigated the modification of LFMP cathode material using the
solid-phase method. By exploring various non-stoichiometric ap-
proaches, it was observed that particles of Li; gsFegsMng sPO4/C and
Lij osFeg.475Mng 5sPO4/C exhibited block-like structures with signifi-
cantly increased dimensions and severe inter-particle crosslinking. XRD
analysis revealed elongation of lithium ion one-dimensional diffusion
pathways in both cases, accompanied by higher LigPO4 content, leading
to increased charge transfer impedance and decreased specific capacity.
BET analysis indicated that Lij osFeg475MngsPO4/C possessed the
smallest specific surface area (27.69 m>.g 1), resulting in reduced active
reaction sites. Electrochemical tests demonstrated excellent discharge
specific capacity and cycling performance of Lij gsFeg 5Mng 475P04/C.
The initial discharge specific capacities at 0.1 C and 5.0 C rates reached
146.7 and 96.8 mAh-g~?, respectively, while the capacity retention rate
remained at 99.8 % after 150 cycles at 1.0 C rate. These findings suggest
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that the synthesis of Lij gsFepsMng 475P04/C using non-stoichiometric
methods facilitates better control over impurity phase content, particle
size, and morphology, thus optimizing the electrochemical performance
of the material.
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