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Abstract: The valuable metals, lithium and iron, were recovered from spent LiFePO4 cathode powder by hydro-
metallurgy, and the recycled products were used as raw materials for the preparation of lithium iron phosphate. By the
optimization of the leaching process parameters, the leaching efficiency of Li reached 96.56% at pyruvic acid
concentration of 3.0 mol/L, volume of H,O, of 2 mL, solid-to-liquid ratio of 0.1 g/mL, reaction temperature of 80 °C,
and reaction time of 20 min. The leached residue was characterized by XRD, XPS, and FE-SEM coupled with EDS, and
the results showed that the leached residue was FePO4 with an Fe/P molar ratio of 0.974. After adjusting the pH of the
leaching solution to 12.0 and stirring for 2 h at 80 °C, the recovery of Li from the leaching solution was enabled by
in-situ precipitation in the form of LizPO4 with a purity of 96.5 wt.%. The reaction kinetic data of Li leaching using the
pyruvic acid/H,O> solution were fit to the Avrami model with R>>0.95. The low activation energy of the Li leaching

process indicated that diffusion step limited the reaction rate during the leaching process.
Key words: spent LiFePOy; pyruvic acid; leaching kinetics; Avrami model; lithium ion batteries

1 Introduction

In recent years, China has made major
strategic commitments to achieve carbon peaking
and carbon neutrality by 2030 and 2060,
respectively, by developing and using clean energy.
Central to these commitments is the automobile
industry, which has become a national strategic
emerging industry and has entered a stage of rapid
development, especially in the electric vehicle (EV)
market [1,2]. Currently, most lithium-ion batteries
used in electric vehicles are lithium iron phosphate
(LIP) rather than other lithium-containing metal
salts, such as lithium nickel manganese cobalt oxide
(NMC) or lithium cobalt oxide (LCO). LIP batteries
are advantageous because they have high working

voltage, high energy density and long cycle life, and
do not exhibit a memory effect [3]. Therefore, the
rapid growth of LIP utilization has demanded the
development of environmentally sustainable and
efficient methods to recycle spent LIP batteries after
their service life [4]. Spent LIP batteries cannot be
directly discarded or buried because they would
pollute the soil and underlying groundwater with
metal elements [5], resulting in not only valuable
wasted metal resources but also
environmental pollution [6].

The recovery methods to valuable cathodic
metal materials from spent LIP batteries mainly
involves pyrometallurgical [7] and hydro-
metallurgical [8—11] processes, the latter of which
have a significantly higher recovery rate and
can enable a better separation of impurities [12,13].
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As for hydrometallurgy, inorganic [14—16] or
organic [17-19] acids were used to leach the
valuable metal ions from the spent electrode
materials, and oxidants are added to the leaching
solution to perform oxidation—reduction reactions
to recover the metallic elements from the solution.
Some researchers have selectively leached Li from
spent LiFePO4 by adding an aqueous solution of
(NH4)2S205 [20] or K»S,0s [21] as the oxidant, but
these solutions are highly corrosive. Therefore, an
acid with high leaching efficiency and friendly
environment is desired to recover valuable metals
from spent LiFePO4 cathode materials by hydro-
metallurgical method.

Pyruvic acid is more acidic (pK.=2.49) than
formic acid (pK.=3.75) and acetic acid (pK.=4.76)
but is less acidic than sulfuric acid (pK.1=—2.00),
oxalic acid (pKa.1=1.22) and phosphoric acid (pKai=
2.12), which are also used as leaching agents.
Till now, researchers using organic acid leaching
systems have explored selective leaching of lithium.
In this study, pyruvic acid was used as the leaching
agent to achieve the non-selective leaching of
lithium from spent LiFePOy, providing a new idea
for metal recovery from spent LiFePOs cathode
materials.

2 Experimental

2.1 Materials

The spent LiFePO4 cathode powder used in the
experiment was purchased from BYD Company.
The ICP-OES analysis of spent LiFePOs cathode
powder showed that the contents of Li, Fe, C
and P were 4.36%, 33.98%, 1.79% and 18.72%,
respectively. The XRD diffraction pattern of the
spent LiFePO,4 cathode powder was consistent with
the standard spectrum of LiFePO, (PDF# 81-1173)
(Fig. 1). The other reagents and chemicals used in
the experiment, including pyruvic acid (>70 wt.%),
hydrogen peroxide (30 wt.% H»0,), and sodium
hydroxide (NaOH), were all of analytical grade and
were used as obtained without purification.

2.2 Experimental leaching procedure

In a beaker, spent LiFePO, cathode powder
was mixed with >70 wt.% aqueous solution of
pyruvate, to which 30 wt.% hydrogen peroxide
solution in water was slowly added. The beaker was
sealed and heated in a constant temperature heated

Spent LiFePO, cathode

mil y | TIRTE.

PDF# 81-1173
‘u‘l M[l||. HI”‘I.N dda

100 20 30 40 50 60 70 80
20/(°)

Fig. 1 XRD pattern of spent LiFePO4 cathode powder

water bath while the solution was stirred
magnetically to perform the leaching process. After
leaching, the beaker was removed from the water
bath, and the solution was immediately filtered.
During the filtration, the leaching residue was
washed with deionized water 3—5 times to avoid
influencing the concentration of the metal in the
leaching solution. The leached residue was analyzed
after 12 h of drying at 100 °C. The leaching residue
was calcined at 600 °C for 4h to remove the
C-containing impurities. To recover the Li from the
leaching solution, an solution of NaOH (2 mol/L)
was added to the leached solution to adjust the pH
and to precipitate the Fe as Fe(OH);. After filtration
of the precipitated Fe(OH); to remove them from
the leaching solution, the pH of the filtrate was
further adjusted to 12.0 with NaOH solution to
precipitate the lithium as LisPOs. Figure 2 shows
the entire process of recovering the Li (as LizPO4)
from the spent LiFePO4 cathode powder.

To reduce any potential statistical error during
the experiment, each experiment was repeated three
times. The variance of the Li data was (1+0.06) and
that of the Fe data was (3+0.04) during the entire
set of experiments. The leaching efficiency of the Li
metal was calculated using Eq. (1):

n=[1—(w2m2)/(wi1m1)]x100% (D)

where w, represents the mass fraction (%) of Li and
Fe in the leaching slag, w; represents the mass
fraction (%) of Li and Fe in the reaction raw
material, m, represents the mass (g) of the leached
residue, m; represents the mass (g) of the reaction
raw material, and # represents the metal leaching
efficiency (%).
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Fig. 2 Process flow of recovering valuable metal from spent LiFePO4 cathode powder

2.3 Characterization

The morphology of the spent LiFePO4 cathode
powder and leached slag was characterized by
field-emission  scanning electron microscopy
(FE-SEM, Nova Nano SEM 450, FEI Company,
USA) coupled with energy-dispersive X-ray
spectroscopy (EDS). The concentrations of Li and
Fe in the leaching solution and the content of the
metal elements in the leached residue were
analyzed by inductively coupled plasma-optical
emission spectrometry (ICP-OES, 7700x, USA).
The spent LiFePO. cathode powder, recovered
lithium products, and leached residue were
characterized by X-ray diffraction (XRD, X'pert®
Powder, Netherlands). X-ray photoelectron
spectroscopy (XPS, PHI 5000 VersaProbe-II, Japan)
was used to analyze the phase of the spent LiFePO,
cathode powder and leached residue.

3 Results and discussion

3.1 Optimization of pyruvic acid concentration
The effect of pyruvic acid concentration on the
leaching efficiency of Li and Fe was studied, and
the results are shown in Fig. 3(a). The leaching
experiments were initially performed at a reaction
temperature of 80 °C, solid-to-liquid ratio of
0.10 g/mL, volume of 30 wt.% hydrogen peroxide
of 2 mL, and reaction time of 120 min. Under these
conditions, as the pyruvate concentration increased

from 1.0 to 3.5 mol/L, the leaching efficiency of Li
increased from 50.78% to 98.24%, the leaching
efficiency of Fe increased from 44.55% to 98.55%,
and the pH of the leaching solution decreased from
3.1 to 2.0. When the concentration of pyruvate
increased from 3 to 3.5 mol/L, the Ileaching
efficiency of Li and Fe increased by only 1.64%
and 0.88%, respectively. Therefore, the leaching
efficiency of Li and Fe only negligibly increased
when the concentration of pyruvic acid increased
beyond 3 mol/L. The dramatic rise in leaching
efficiency as the concentration of pyruvic acid
increased to 3 mol/L was attributed to the
acceleration of the reaction between the pyruvic
acid and the LiFePOs, causing the lithium to be
separated from the FePOs [17]. Therefore, to
achieve as high a leaching efficiency of lithium
and waste treatment from LiFePO, as possible,
3.0 mol/L was selected as the optimal concentration
of pyruvic acid.

3.2 Optimization of H,O; volume

Figure 3(b) depicts the influence of the amount
of H,O, added on the leaching efficiency of Li
and Fe. During these experiments, the reaction
temperature was 80 °C, the solid-to-liquid ratio was
0.10 g/mL, the reaction time was 120 min, and the
pyruvate concentration was 3.0 mol/L. When no
H,0: was added, although the leaching efficiencies
of Li and Fe were 95.84% and 94.80%, respectively
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Fig. 3 Effects of different process parameters on leaching efficiency of spent LiFePO4 cathode powder: (a) Pyruvic acid
concentration; (b) Hydrogen peroxide volume; (c) Solid-to-liquid ratio; (d) Reaction time; (e) Reaction temperature

(Fig. 3(b)), the Li was not completely leached from
the spent powder. When the volume of H,O»
increased from 1 to 2 mL, the leaching efficiency of
Li and Fe increased to 96.65% and 97.69%,
respectively. As the volume of H»O, solution
increased, the high concentration of H,O, caused
more Fe(Il) to be oxidized to Fe(Ill), enabling a
better separation of Li from the FePO, in the LIP
powder. However, when the volume of H,O»
exceeded 2 mL, the leaching efficiency of Li and Fe
decreased significantly because the redox reactions

between H>O, and Fe?* consumed H (Reaction (2)),
resulting in a decrease in the concentration of H' in
solution, thereby reducing the concentration of acid
and thus the leaching efficiency. In addition, the
H,0, needed to be added slowly during the
experiment because the bubbles generated could
cause the solution in the reactor to easy overflow
if it were added too quickly. Furthermore, more
volume of H,O, made the reaction more exothermic,
thus producing more heat.

2Fe*+H,0,+2H"—2Fe*+2H,0 (2)
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3.3 Optimization of solid-to-liquid ratio

Next, the influence of solid-to-liquid ratio over
the range of 0.08-0.16 g/mL on the leaching
efficiency of Li and Fe was studied, and the results
are shown in Fig. 3(c). As the solid-to-liquid ratio
increased from 0.08 to 0.16 g/mL, the leaching
efficiency of Li and Fe decreased from 99.98% to
43.31% and from 99.79% to 40.01%, respectively.
This change indicated that lower solid-to-liquid
ratios manifested higher leaching efficiencies
because there was more contact area between the
spent LiFePO4 cathode powder and pyruvic acid in
the leaching solution when the ratios were lower,
which improved Li leaching efficiency [18,22,23].
However, in actual production, a higher solid-
to-liquid ratio is usually required to improve
production efficiency, which leads to
leaching efficiencies [24]. To ensure a higher
leaching efficiency, 0.1 g/mL was selected as the
optimal leaching solid-to-liquid ratio for future
experiments.

lower

3.4 Optimization of leaching time and temperature
The effects of the leaching time (5—25 min)
and temperature (25, 40, 60, and 80 °C) on the
leaching efficiency of Li and Fe were studied,
and the results are shown in Figs. 3(d) and (e),
respectively. When the reaction time increased from
5 to 20 min, the leaching efficiency of Li increased
from 88.06% to 96.56%; however, as the reaction
time increased further to 25 min, the leaching
efficiency of Li decreased from 96.56% to 95.4%
(Fig. 3(d)). Therefore, 20 min was chosen as the
optimal reaction time. Furthermore, the leaching
efficiency of Li increased as the leaching reaction
temperature increased (Fig. 3(e)). When the
leaching reaction was run at 80 °C, the highest of
the studied temperatures, the leaching efficiency of
Li was 96.56%. Since the leaching of metals is
endothermic, a higher reaction temperature was
more conducive to ensuring a higher leaching
efficiency than running the leaching reactions
temperature [25]. However, higher
temperatures facilitate the evaporation of the
solution; therefore, 80°C was chosen as the optimal
reaction temperature for future experiments.

It was concluded from the optimization
experiments that a pyruvate concentration of
3.0 mol/L, a volume of 30 wt.% H»O, of 2mL, a
solid-to-liquid ratio of 0.1 g/mL, a reaction

at lower

temperature of 80 °C, and a reaction time of 20 min
were the optimal reaction conditions to achieve the
most efficient leaching of Li from the LiFePOs.
Under these conditions, the leaching efficiencies of
Li and Fe were 96.56% and 95.75%, respectively,
which indicated that the pyruvic acid leaching
system did not exhibit selective leaching (i.e., high
leaching efficiency of iron). Therefore, this study
differed from other studies that organic acid
leaching systems were utilized. In the FE—pH
diagram of the Li—Fe—P—-H,O system [20], the
LiFePO4 phase was stable over the pH range of
1.7-7.2 and electrochemical potential from —0.5 to
0 V. The FePO4 phase was stable over the pH range
of 1.7-6.0 and the electrochemical potential of
0—-0.75V. The crystal structure of LiFePOs
consisted of a slightly twisted hexagonal close-
packed structure consistent with an orthorhombic
lattice system. The tetrahedral PO4 in the spatial
skeleton of the LiFePOs lattice limited the volume
change of the Ilattice, which affected the
deintercalation and ion diffusion of Li" ions [23].
The olivine-structured LiFePOys is considered one of
the most ideal cathode materials for lithium-ion
batteries. The phase transformation involves a
volume decrease (6.81%) as lithium gets rid of the
LiFePO4 framework. Therefore, the conversion of
Fe(Il) to Fe(Ill) during the delithiation process is
vital to ensure the selective leaching of Li from
LiFePO4 [18].

H" provided by the ionization of pyruvic acid
can combine with hydrogen peroxide to form water,
which are expressed as Reactions (3) and (4),
respectively:

CH;COCOOH(aq)—CH;COCOO (aq)+H"(aq),
K.=3.2x10 3)

H,0,+2H"+2e=H,0, ¢?=1.77 V 4)

Furthermore, the reaction of spent LiFePOs
powder, pyruvic acid, and hydrogen peroxide can
be expressed by Reaction (5):

CH3COCOOH(aq)+LiFePO4(s)+1/2H,02(aq)—
CH3COCOO (aq)+Li*(aq)+FePO4(s)+H,O(1)
(%)
The spontaneity of the pyruvic acid leaching
reaction was analyzed from the perspective of
thermodynamics. The standard Gibb’s free energy
of formation (AsG®) of pyruvate was calculated by
approximating the bond enthalpy. The standard
molar generation Gibb’s free energy (A«G®) values
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of reactants LiFePO., H,O,, and CH;COCOOH
were 1480.97, 120.42, and 346.26 kJ/mol,
respectively. The standard molar generation Gibb’s
free energy (A¢G®) values of the products FePOs,
Li*, H,O, and CH3;COCOO™ were 1110.14, 293.31,
237.18, and 320.7 kJ/mol, respectively [26]. Thus,
the Gibb’s free energy (A.G®) of the entire leaching
process was calculated to be —73.89 kJ/mol;
A:G®<0 implies that the reaction is favorable and
energy-yielding. These data also indicated that the
thermodynamic process must be forward, but the
actual reaction needs to consider the dynamics.

3.5 Leaching residue analysis

After optimizing the experimental conditions,
the optimal leaching parameters of the spent
LiFePOs cathode powder were determined.
Figures 4(a) and (b) show XRD and XPS results
of the leached residue, respectively. The XRD
diffraction pattern of the leached residue was
consistent with the standard spectrum of FePOs
(PDF# 34-0134) and the XPS featured diffraction
peak corresponded to Fe*" at the binding energy of
712.2 and 725.9 eV [27]. This indicated that not
only was the Fe*" in LiFePO, oxidized to Fe*" after
exposure to H,O, and pyruvate, but also the Fe**
was present in the form of FePOs, which was
consistent with previously published studies [28].
Furthermore, the XRD data not only indicated that
both the spent LiFePOs cathode powder and
leached slag had orthogonal olivine crystal
structures but also confirmed the formation of
FePOj in the leached slag.

FE-SEM was used to study the morphologies
of the spent LiFePO4 cathode powder and leached
residue. As shown in the SEM images, the spent
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LiFePO, cathode powder (Fig. 5(a)) and leached
residue (Fig. 5(b)) were very similar and the
particles were large in size. In the EDS analysis of
the FE-SEM images, a significant amount of
C-containing impurities derived from the carbon
source of the LiFePO, battery remained in leached
residue after leaching; this was consistent with the
results of ICP-OES analysis of the raw materials.
From the ICP-OES analysis results, the leaching
residue of C content was 38.39%. Because Li is a
very light element, the X-ray yield is low, making
energy X-ray (EDS) mapping of Li nearly
impossible. Therefore, the leached residue was
calcined at 600 °C for 4 h to remove C-containing
impurities. After calcination, the C content
decreased from 38.39% to 0.35%, and the removal
rate reached 99.09%. The ICP-OES results of
the calcined products are shown in Table 1. The
ICP-OES analysis of the calcined products showed
that the calculated Fe/P molar ratio of the iron
phosphate in the product was 0.974 (the standard is
0.97-0.98). In addition, the concentrations of the
trace elements that ultimately affected the reuse of
FePOs were determined; since the contents of
impurities were low (<150x107¢ for Al, <50x10°°
for Zn, and <20x107° for Ni), it was determined that
the treated FePO, could be used for the synthesis of
catalyst and LiFePO4 cathode materials.

3.6 Recovery of lithium from leaching solution
Under the optimal leaching conditions, 60 mL
of the leaching solution was analyzed to determine
the recovery of Li from the solution. According to
the £—pH diagram of Li—Fe—P—H,O system [20],
the pH of the leached solution was first adjusted to
6.5 with a 2 mol/L NaOH solution to precipitate the
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Fig. 4 XRD pattern of leached slag (a); XPS diagram of spent LiFePO4 cathode powder and leaching residue (b)
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Fig. S FE-SEM images and element mappings of spent cathode before (a) and after (b) leaching

Table 1 ICP-OES results of calcined products (wt.%)
Fe P Al Zn Ni
32.80 18.67 0.0073 0.0003 0.0007

Fe in the form of Fe(OH); because the Fe(OH);
phase is thermodynamically stable under acidic
conditions. The results indicated that 90.36% of the
Fe precipitated out of solution, while 9% of the Fe
remained in solution. The pH was further adjusted
to 12.0 using 2 mol/L NaOH, after which 89.6% of
the Li precipitated out of solution as Li;POs at
80 °C. The precipitate was then dried at 100 °C for
12h and analyzed by XRD (Fig.6). The XRD
pattern of the dried residue was consistent with the
standard spectrum of LisPO4 (PDF# 71-1528), and
the purity of LisPO4 was determined to be >96.5 wt.%
based on ICP-OES. Therefore, the recovered
LizPO4 was pure enough to be used to prepare
LiFePO4 as a cathode material. It was previously
reported that PO;” remaining in solution after
precipitation of Li could be removed by magnesium-
rich engineering carbon [29], suggesting that
the chemical precipitation can be used to remove

Li,PO,

0 0. T W

PDF# 71-1528

h. .\. R .m.ll. “.‘ s

10 20 30 40 50 60 70 80
200(°)

Fig. 6 XRD pattern of in-situ precipitation of LisPOy4

phosphorus in the form of insoluble phosphate salts
(Reaction (6)):

Fe**+P0O; —FePO4] (6)

3.7 Kinetics of lithium leaching

To study the leaching mechanism of Li by
pyruvic acid and H>O,, the leaching kinetics of Li
at different temperatures (25, 40, 60, and 80 °C)
was studied according to the hydrometallurgical
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principle [9,30]. Figure 7(a) shows the leaching
efficiencies of Li at different temperatures and
reaction durations. The results showed that the
reaction between lithium and pyruvic acid was fast
in the initial stage and reached a stable stage soon.
The leaching of metals from spent cathode material
particles includes the following steps: (1) external
diffusion of liquid reactants or products through the
liquid boundary layer, (2) internal diffusion of
liquid reactants or products through solid product
layers, and (3) surface chemical reactions [31,32].
Three types of models are typically used to study
leaching kinetics: the diffusion control model
(Eq. (7)), surface chemical control model (Eq. (8)),
and Avrami equation model (Eq. (9)):

2 23
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Fig. 7 Leaching efficiency of Li at different temperatures
and time (a); Fitting results of Avrami equation at various
leaching temperatures for Li (b)

where X is the leaching efficiency of metal at time ¢
(min), k, is the rate constant controlled by diffusion,
kv is the rate constant controlled by diffusion of
the chemical reaction, and k. is the reaction rate
constant (min!).

The experimental data were substituted into
Egs. (7) and (8) to fit the relationship with time.
After fitting the kinetics data to the model in Egs. (7)
and (8), the resulting correlation coefficient of the
linear fit was very low, indicating that the model in
Egs. (7)—(8) was not robust enough to fit the data.
However, as shown in Fig. 7(a), the leaching
efficiency of Li tended to be stable over a long
period of time, which was more applicable for the
Avrami model (Eq.(9)) than the previous two
models [33]. The Avrami equation is often used to
describe crystal nucleation and leaching reaction
kinetics [34]. Therefore, linear fitting of the Li
leaching kinetics data to the Avrami model was
performed to determine the Li leaching efficiency
at different temperatures (Fig. 7(b)). The results
indicated that the model was robust enough to
fit the data, with R>>0.95, demonstrating high
correlation.

Based on the rate constant (k) and temperature
(7T) of the reaction, the apparent activation energy
(E.) of the reaction was calculated using the
Arrhenius (Eq. (10)) below:

k=Aexp[—E/(RT)] (10)
Equation (10) was further transformed into

Eq. (11):

In k=In A—E./(RT) (11)

where R is the molar gas constant (8.314 J-K !-mol™),
and 4 is the pre-exponential factor.

The In k and 1/T data in Fig. 7(b) were fitted
by the model shown in Eq. (11), and the results of
the fitting are shown in Fig. 8. The correlation of
the linear fit (expressed as In k—1/7) was high
(R?=0.9688), indicating that the Avrami model
enabled a robust fit of the Li leaching kinetics data.
The E. of the Li leaching process was then
calculated to be 11.14 kJ/mol, indicating that the
reaction rate was diffusion-limited during the
leaching process [35]. The leaching -efficiency
was proportional to the concentration under the
diffusion-limited conditions, and the temperature
had less effect on the leaching efficiency than
concentration, which was consistent with the
experimental results of single factor. The low
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activation energy of the Li leaching indicated that
the leaching efficiency of Li from the spent
LiFePO4 powder was fast, and the pyruvate in the
pyruvic acid/H,O, leaching system easily reacted
with the Li in the LiFePO,, which was consistent
with the thermodynamic data of the leaching
process.

y=—1339.355x-5.8337

1otk E,=11.14 kJ/mol (R>=0.9688)

13}
= -l4t
1.5}
L6}

28 29 30 31 32 33 34
T71/1073K™!

Fig. 8 Arrhenius plot of In k—1/T
4 Conclusions

(1) The efficiency of a pyruvic acid/H.O»
system was explored for the leaching of valuable
metals from spent LiFePO4 cathode powder. The
optimal conditions of the leaching process to
achieve the most efficient leaching of Li comprised
a pyruvic acid concentration of 3.0 mol/L, volume
of H2O: of 2 mL, solid-to-liquid ratio of 0.1 g/mL,
reaction temperature of 80 °C, and reaction time of
20 min.

(2) The leaching residue was calcinated at
600 °C to reduce C content. The Fe/P molar ratio of
the calcined leached slag (FePO4) was calculated to
be 0.974, which was consistent with the battery-
grade FePOy standards.

(3) The Li was recovered from the leaching
solution in the form of Li;POs via in-situ
precipitation with a purity of 96.5 wt.%.

(4) The Gibb’s free energy (A:G®) of the entire
leaching process was —73.89 kJ/mol, indicating that
the reaction is favorable and -energy-yielding.
Furthermore, the apparent activation energy (£,) of
the lithium leaching process was 11.14 kJ/mol.
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FIABHEZ S RS MR IR EES k52 5 B Li #0 Fe
IR, ERE 2, HER, HL 2

1. B I RY wES5IE TRE%E, B 650093;
2. BT RY ATRERER TREEK=, B 650093

7 E: RABFEEMNEIH LiFePOs IEMK K S ESCH & @A Mek, =2 1E Rk % B g, @
TR TESH, ERBRERKERN 3.0 moV/L. HaOx AR 2 mL. BV ELH 0.1 g/mL. BLIREE 80 C BLK
JME Y 20 min 2644 F, Li IR HEARE D] 96.56%. K XRD. XPS. FE-SEM Al EDS %} HiRiE 1T
FAL. FEREW, BHFREE N FePOs, Fe/P BE/RELN 0.974. K2 HH pH E RS 12.0, JF7E 80 THLFE 2h
i, B Li @ JFE A DT L LisPOs TR NI, HAERER 96.5% (B 740 . HAER/H02 ¥R H Li %
MBI EEBIE T A Avrami BE(R2>0.95). Li 12 Hid RIS AEEMK, KT BORHNE H i 23 1 R
XHEIR): R IHBERRERAL; NERIR; RHBNI%; Avrami F518Y; AT it
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