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Abstract: The recycling of spent LiFePO, batteries has received extensive attention due to its environmental impact and economic benefit. In
the pretreatment process of spent LiFePO, batteries, the separation of active materials and current collectors determines the difficulty of the re-
covery process and product quality. In this work, a facile and efficient pretreatment process is first proposed. After only freezing the electrode
pieces and immersing them in boiling water, LiFePO, materials were peeled from the Al foil. Then, after roasting under an inert atmosphere
and sieving, all the cathode and anode active materials were easily and efficiently separated from the Al and Cu foils. The active materials were
subjected to acid leaching, and the leaching solution was further used to prepare FePO, and Li,COs. Finally, the battery-grade FePO4 and
Li,CO; were used to re-synthesize LiFePO,/C via the carbon thermal reduction method. The discharge capacities of re-synthesized LiFePO,/C
cathode were 144.2, 139.0, 133.2, 125.5, and 110.5 mA-h-g ' at rates of 0.1, 0.5, 1, 2, and 5 C, which satisfies the requirement for middle-end
LiFePO, batteries. The whole process is environmental and has great potential for industrial-scale recycling of spent lithium-ion batteries.
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1. Introduction

Olivine LiFePO, has been considered as the most poten-
tial cathode material for lithium-ion batteries (LIBs) due to its
safety, low material cost, high specific capacity, and good
cycling performance [1—4]. Therefore, LiFePO, batteries
have been industrialized and widely applied in large vehicles
or facilities; these batteries are estimated to experience a rap-
id increase in the next ten years [5—6]. However, the extens-
ive consumption of LiFePO, type Li-ion power batteries
means that huge numbers of spent LiFePO, batteries need to
be disposed in the near future [7—8]. Scrapped LiFePO, bat-
teries contain harmful organic electrolytes, such as dimethyl
carbonate, ethyl methyl carbonate, LiPF,, and heavy metals
[9—12]. The proper disposal of spent LiFePO, batteries is fa-
vorable for protecting the environment and conserving re-
sources.

At present, the recycling process of spent LiFePO, batter-
ies mainly includes two steps: pretreatment and recovery of
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valuable metals. The pretreatment process mainly involves
discharging, dismantling, crushing, and separation of active
materials from the current collectors [13—14]. The separation
process is crucial and determines the difficulty of LiFePO,
recovery process and product quality. In general, three differ-
ent separation processes exist: heat treatment [15—17], alkali
solution dissolution [17—19], and organic solvent dissolution
[17,20—21]. However, several problems impede the pretreat-
ment process. For example, simple heat treatment cannot ef-
fectively separate active materials from current collectors,
and the dissolution processes by alkali solution and organic
solvents have the disadvantages of high reagent cost and gen-
eration of waste alkaline or organic solution.

The separated active materials are further treated to recov-
er valuable metals through several methods, including direct
regeneration, selective recovery of lithium, and combination
method of acid leaching and synthesizing products. Direct re-
generation refers to the direct repair of spent LiFePO, cath-
ode material by supplementing lithium and high-temperature
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treatment [22—24]. This method is widely investigated in the
laboratory due to its short process flow, simple operation, and
easy control. However, direct regeneration is only suitable for
LiFePO, cathode scrap that contains minimal impurities and
comes from one batch of spent LIBs [25]. Several methods
were proposed for one-step selective leaching of lithium
[7,26—28]. However, the recovered FePO, with high impurit-
ies is difficult to use when preparing LiFePO, with excellent
electrochemical performance. The combination method of
acid leaching and synthesizing products is the first to use a
strong acid solution to completely dissolve the cathode ma-
terial and extract valuable metals in the leaching solution by
precipitation [29—31]. This process can achieve deep remov-
al of impurities, and the control of morphology of synthes-
ized FePO, materials is easily realized in the solution system.
Thus, the final re-synthesized LiFePO,/C materials can at-
tain or have electrochemical properties close to those of nas-
cent materials.

In this paper, a new pretreating method, including dischar-
ging, dismantling, freezing, immersing in boiling water,
roasting in an inert atmosphere, and sieving, was applied to
obtain active materials and current collectors. FePO, was ob-
tained by the process of leaching active materials with sulfur-
ic acid solution, oxidation precipitation, and roasting. Li,CO;
was recovered from the filtrate by adding saturated Na,CO;.
Finally, LiFePO,/C sample was prepared using the obtained
FePO, and Li,CO; via a carbon thermal reduction process.

2. Experimental
2.1. Pretreatment of spent LiFePO, batteries

Fig. 1 illustrates a flowsheet of the recycling process of
spent LiFePO, batteries. For security considerations, spent
LiFePO, batteries were discharged first in a 10 g-L™' NaCl
solution for 12 h. Then, the spent LiFePO, batteries were dis-
mantled into cathode and anode electrodes, organic separat-
ors, and shell. The cathode and anode electrodes were cut in-
to small pieces with a size of about 1.5 cm x 1.5 cm. The
electrode pieces were frozen for 1 h and then immediately
immersed in boiling water for 10 min. Finally, the cathode
and anode electrodes were heat-treated to remove the adhes-
ive (500°C, 2 h, and an inert atmosphere) and sieved to ob-
tain active materials (mixed powder of LiFePO, and C) and
current collectors (Al and Cu foils).

2.2. Acid leaching

Sulfuric acid was used as the leaching agent to dissolve
active materials. In the acid leaching process, ascorbic acid
was used as the reducing agent to reduce the oxidized Fe*" in
the raw materials to easily leached Fe*', and to prevents the
oxidation of Fe** to Fe**. All the leaching experiments were
conducted in a water bath, and the stirring speed was fixed at
500 r/min. The factors influencing the leaching efficiencies
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Fig. 1. Flowsheet of spent LiFePO, batteries recycling pro-
cess.

of active materials were investigated; these factors included
ascorbic acid dosage (0—15wt% of the mass of active materi-
als), H,SO, dosage (1.0-2.0 times of theoretical amount), re-
action temperature (30-80°C), reaction time (1-5 h), and li-
quid-to-solid ratio (2-6 mL-g™"). The leaching efficiencies 7,
of Li, Fe, and P from the active materials were calculated by
using the following equation:

XV

my X W,

= % 100% (1)

where m;, (g) and w, are the mass of active materials and con-
tent of element “r” in the active material, respectively. Vari-
ables ¢, (g'L™") and ¥ (L) are the concentration of element “r”
and volume of leaching solution, respectively.

2.3. Synthesis of FePO,

A certain volume of sulfuric acid solution with pH = 2.5
was first prepared as a base solution. Seed crystals of
FePO,-2H,0 and surfactant (cetrimonium bromide) were ad-
ded to the base solution. The molar ratio of Fe and P was ad-
justed to 1.0 by adding a certain amount of FeSO, and
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(NH,),HPO, to the acid leachate. Then, the adjusted leaching
solution and H,0O, solution were added to the base solution at
a certain flow rate, and NH;-H,O was simultaneously added
to control the pH value at 2.5 (flow rate of acid leaching solu-
tion, 25 mL-h™'; holding temperature, 80°C; holding time, 2
h; agitation speed, 400 r-min ). The suspended solution was
then aged for 36 h, resulting in the growth of FePO,-2H,0
crystals. Filtration was followed, and filter cake was then ad-
ded to the phosphoric acid solution to convert a small amount
of Fe(OH); to FePO, (H;PO, concentration, 0.1 mol-L™"; li-
quid-to-solid ratio, 10 mL-g'; reaction temperature, 90°C;
reaction time, 2 h). Finally, the filter cake was thoroughly
washed with deionized water and further dried to obtain the
amorphous FePO,2H,0. FePO, can be obtained from the
amorphous FePO,-2H,0 by calcining at 600°C for 5 h.

2.4. Synthesis of Li,CO;

The filtrate obtained after precipitating FePO,-2H,0 was
concentrated, and saturated Na,CO; solution was then added
to the concentrated solution at 95°C for 1 h. Finally, lithium
was precipitated as Li,COs, and the impurity ions remaining
on the surface of the Li,CO; product were washed with boil-
ing deionized water.

2.5. Re-synthesis of LiFePO,/C

A stoichiometric mixture of recovered FePO,, Li,CO;, and
glucose as carbon source (molar ratio of 2:1.03:0.4) was used
to re-synthesize LiFePO,/C materials via the carbon thermal
reduction method. These reactants were mixed and ball-
milled together for 6 h with ethanol as a dispersant.
LiFePO,/C materials can be obtained from the milled mix-
ture by calcining in a N, atmosphere [32].

2.6. Characterization

The contents of lithium, iron, and phosphorus in the solu-
tion were measured with inductively coupled plasma optical
emission spectrometry (ICP-OES, Optima 7000 DV, Perkin
Elmer instruments, US). The raw materials and synthetic
products were measured using X-ray diffraction (XRD,
RINT-TTR3, RIGAKU, Japan), scanning electron micro-
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scopy (SEM, MLA250, FEI, US), and energy dispersive X-
ray spectroscopy system (EDS, MLA250, FEI, US). The
particle size of synthesized FePO, was analyzed using a laser
particle size analyzer (Mastersizer 2000, Malvern, UK). The
re-synthesized LiFePO,/C was analyzed using Fourier trans-
form infrared spectroscopy (FTIR, Nicolet Nexus 410, US).

3. Results and discussion
3.1. Pretreatment process

3.1.1. Separation of foil and active materials

After discharging and dismantling the spent LiFePO, bat-
teries, two different methods were conducted to treat the
cathode and anode electrodes. The first method is direct
roasting in an inert atmosphere. The cathode and anode elec-
trodes were directly roasted to remove the adhesive at 500°C
for 2 h in a tubular resistance furnace, and the active materi-
als were then obtained by sieving. In the second method,
which was proposed first in this paper, the electrode scraps
were frozen, immersed in boiling water, roasted in an inert at-
mosphere, and sieved. Fig. 2 shows the photographs and pur-
ity comparison of the active materials obtained by these
methods, and Table 1 presents their chemical compositions.

As shown in Figs. 2(a) and 2(b), after direct roasting in an
inert atmosphere and sieving, part of the LiFePO, materials
and most of the graphite still adhered onto the Al and Cu
foils. Fig. 2(c) shows that the LiFePO, materials were peeled
from the Al foil only after freezing and immersing in boiling
water. After roasting in an inert atmosphere and sieving, all
the cathode and anode active materials were separated from
the Al and Cu foils satisfactorily (Figs. 2(d) and 2(e)), re-
spectively. Table 1 exhibits that the total content of Al and
Cu in the active materials obtained by the proposed method
amounted to 0.23wt%, which is lower than the 0.85wt% ob-
tained using the first method. This finding indicates that the
active material acquired by the proposed method can be used
to prepare high-purity leachate, further reducing the diffi-
culty of purifying impurities. On the other hand, the contents
of Li, Fe, P, and C in the Al and Cu foils obtained by the pro-
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Fig. 2. Photographs of the products under different pretreatment methods: (a) Al and Cu foils and (b) active materials obtained by
the first method (direct roasting and sieving); (c) cathode and anode electrodes after freezing and immersing in boiling water; (d) Al
and Cu foils and (e) active materials obtained by the proposed method (freezing, immersing in boiling water, roasting, and sieving);
() comparison of purity and recovery rate for the active materials after different pretreatment methods.
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Table 1. Chemical composition of the pretreated products wt%
Method Product Li Fe P Al Cu v C
First method Active materials 2.86 22.6 12.7 0.06 0.79 0.62 342
Al and Cu foils 0.25 2.15 1.13 213 49.2 0.02 23.6
Proposed method Active materi.als 2.15 19.4 11.1 0.05 0.18 0.51 43.9
Al and Cu foils 0.03 0.16 0.14 324 66.0 0.02 1.05

posed method accounted for 1.38wt%, which is considerably
lower than the 27.13wt% obtained using the first method.
The results show that the proposed method can recover al-
most all active materials to avoid wastage of resources. Fig.
2(f) displays that compared with the first method, the pro-
posed method can obtain active materials with purity and re-
covery rate higher than 98%. Thus, the proposed method can
be used to separate active materials and current collectors
easily and efficiently.

Fig. 3 exhibits the XRD pattern and SEM image of active
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3.1.2. Roasting of the active materials

The organic impurities were volatilized and removed by
roasting to eliminate the effect of binder and electrolyte in the
battery on product preparation. The active materials were
roasted at 500°C for 2 h with or without inert gas protection.
Then, the roasted products were leached with sulfuric acid
solution. Fig. 4(a) shows the leaching results under the two
roasting methods. After roasting with inert gas protection, the
leaching efficiencies of Li, Fe, and P were 98.5%, 89.3%, and

materials obtained by the proposed method. The main com-
positions of active materials were LiFePO, and C, and no
other visibly identical peaks of impurity phases were ob-
served. All the diffraction peaks of LiFePO, can be well as-
signed to LiFePO, with orthorhombic olivine structure
(PDF#83-2092). From the SEM image, the LiFePO, particles
in the active materials were present in small spherical mor-
phologies along with large number of secondary particles,
whereas the graphite particles were present in the form of
large and irregularly shaped blocks.

(a) XRD pattern and (b) SEM image of active materials separated by the proposed pretreatment method.

90.3%, respectively. After roasting without inert gas protec-
tion, except for P, the leaching efficiencies of Li and Fe be-
came notably lower. The leaching efficiencies of Li, Fe, and
P were 91.4%, 70.2% and 94.8%, respectively. Figs. 4(b) and
4(c) displays the XRD results of the roasted product and cor-
responding leaching residue without inert gas protection. The
results indicate that the main phases of the roasted product
were LizFe,(POy); and Fe,Os, and the phase of the product
after acid leaching was Fe,Os alone. From the thermodynam-
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(a) Comparison of leaching efficiencies of roasted products with or without inert gas protection; XRD patterns of (b) roasted

product without inert gas protection and (c) corresponding acid leached product.
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ic analysis of Li-Fe-P—-H,O system [33], the stable pH of
LiFePO, in aqueous solution was 2—7.8. When the pH of the
solution was less than 2, LiFePO, was decomposed into Li",
Fe**, and PO}” and dissolved in the aqueous solution.
However, if Fe was present in the form of Fe*" in the solution,
a lower pH of the solution was required, and more acid was
consumed. These findings indicate that after roasting without
inert gas protection, Fe*" in LiFePO, was oxidized to Fe',
and the leaching of Fe became difficult. In addition, graphite
in the active materials was burned and caused wastage of re-
sources when it was roasted without inert gas protection.
Therefore, the roasting process should be carried out under
vacuum or inert gas protection.

3.2. Metal leaching

3.2.1. Optimization of operating conditions

A series of experiments was carried out to obtain the op-
timal acid leaching conditions of active materials. The effect
of mass ratio of ascorbic acid to active materials on the leach-
ing process was investigated by maintaining H,SO, dosage at
twice the theoretical amount, time of 5.0 h, temperature of
80°C, and liquid-to-solid ratio of 4 mL-g". As shown in Fig.
5(a), the leaching efficiencies of Li, Fe, and P were 98.5%,
89.3%, and 90.3% without the addition of ascorbic acid, re-
spectively. The incomplete leaching of Fe and P may be at-
tributed to the ferric compounds, which are more difficult to
dissolve than ferrous compounds, partially contained by the
active materials. When ascorbic acid was added to the solu-
tion, the leaching efficiencies of Fe and P increased signific-
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antly. When the mass ratio of ascorbic acid to active materi-
als was increased to 3wt%, the leaching efficiencies of Li, Fe,
and P increased to 99.9%, 97.5%, and 97.4%, respectively.
As the mass ratio further increased, the leaching efficiencies
slightly improved. Thus, the optimal mass ratio of ascorbic
acid to active materials was 3wt%.

The effect of H,SO, dosage on the leaching efficiencies of
Li, Fe, and P was investigated by maintaining the mass ratio
of ascorbic acid to active materials at 3wt%, time of 5.0 h,
temperature of 80°C, and liquid-to-solid ratio at 4 mL-g . As
shown in Fig. 5(b), with the increase in H,SO, dosage from
1.0 to 1.5 times of theoretical amount, the leaching efficien-
cies of Li, Fe, and P increased gradually. When H,SO,
dosage reached 1.5 times of theoretical amount, the leaching
efficiencies of Li, Fe, and P were more than 98%. With the
further increase in H,SO, dosage, the leaching efficiencies
showed no significant change and remained at a desirable
level. Therefore, the best H,SO, dosage for leaching is 1.5
times of theoretical amount.

The effect of leaching time on the leaching process was
investigated by maintaining the mass ratio of ascorbic acid to
active materials at 3wt%, H,SO, dosage at 1.5 times of theor-
etical amount, temperature of 80°C, and liquid-to-solid ratio
of 4 mL-g"". Fig. 5(c) displays that when the leaching time
was 1.0 h, the leaching efficiency of Li was close to 100%,
whereas the leaching efficiencies of Fe and P approximated
90%. With prolonged leaching time, the leaching efficien-
cies of Fe and P gradually increased. With the increase in
time from 1.0 to 4.0 h, the leaching efficiencies of Li and Fe
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Fig. 5. Effects of various variables on the leaching process: (a) mass ratio of ascorbic acid to active materials; (b) H,SO, dosage;

(c) time; (d) temperature; (e) liquid-to-solid ratio.
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increased from 90.6% to 99.9% and from 87.73% to 98.5%,
respectively. Hence, all further experiments were carried out
using 4.0 h as the optimal leaching time.

The effect of leaching temperature on the leaching pro-
cess was investigated by maintaining the mass ratio of ascor-
bic acid to active materials at 3wt%, H,SO, dosage at 1.5
times of theoretical amount, time of 4.0 h, and liquid-to-solid
ratio of 4 mL-g . Fig. 5(d) displays that when the leaching
temperature was 30°C, the leaching efficiency of Li was
about 96%, whereas the leaching efficiencies of Fe and P
were less than 90%. With the increase in temperature to
60°C, the leaching efficiencies of Li, Fe, and P can reach
more than 98%. Therefore, 60°C is the optimal leaching tem-
perature for acid leaching.

The effect of liquid-to-solid ratio on the leaching process
was investigated by maintaining the mass ratio of ascorbic
acid to active materials at 3wt%, H,SO, dosage at 1.5 times
of theoretical amount, time of 4.0 h, and temperature of 60°C.
As shown in Fig. 5(e), the leaching efficiencies of Li, Fe, and
P increased with the increase in liquid-to-solid ratio from 2 to
4 mL-g”"'. When the liquid-to-solid ratio was further in-
creased, the leaching efficiency of Li showed minimal
change, and the leaching efficiencies of Fe and P slowly de-
creased. Evidently, 4 mL-g ™' can be considered as the optim-
um liquid-to-solid ratio.

3.2.2. Characterization of the leaching residue

The leaching residue was examined by SEM—EDS and

XRD, and the results are presented in Fig. 6, respectively.

Fe-KA

Fig. 6(c) shows that only the identical peaks of C were ob-
served in the XRD pattern. As depicted in Fig. 3(b) and Fig.
6(a), the morphology of the active materials changed after
leaching. Fig. 6(a) shows that most of the small spherical and
secondary particles disappeared, and the rest were blocky
graphite particles with relatively smooth surface. In addition,
EDS analysis (Fig. 6(b)) indicated that the leaching residue
was mainly composed of C. The content of P was notably
low, and those of Fe and V were nearly zero (Li was not de-
tected in EDS). The characterization of the leaching residue
by SEM-EDS and XRD analysis confirmed that the metals
in the active materials have been efficiently extracted in the
acid leaching process. The main phase of the leaching residue
was unreacted graphite in the leaching process, and it can be
further processed for recovery.

3.3. Characterization of recovered FePO,2H,O and
FePO4

Fe in the leaching solution was oxidized and precipitated
to prepare amorphous FePO,-2H,0, whereas FePO, was fur-
ther obtained from the amorphous FePO,-2H,0 by calcining
at 600°C for 5 h. Fig. 7 and Table 2 show the XRD patterns
of recovered FePO,-2H,0 and FePO,, particle size distribu-
tion, and chemical composition of recovered FePO,-2H,0.
Externally, the recovered FePO,-2H,0 and FePO, products
were all light-yellow powders. Fig. 7(a) displays that the Fe
and P in the solution precipitated as amorphous FePO,-2H,0.
After roasting, all the diffraction peaks were well matched to
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Fig. 6. SEM-EDS analyses and XRD pattern of the residue of acid leaching: (a) SEM image; (b) EDS analysis; (c) XRD pattern.
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Fig. 7. XRD patterns of recovered (a) FePO,-2H,0 and (b) FePOy; (c) particle size distribution of recovered FePO,:2H,0.

Table 2. Chemical composition of recovered FePO, 2H,0 wt%
Fe P Li Na Al Cu Ca Mg A%
29.3 16.4 <0.005 0.006 0.005 <0.005 <0.005 <0.005 <0.005

FePO,, and no impurity phases were observed (Fig. 7(b)).
Fig. 8 shows the SEM images of the obtained FePO,:2H,0O
and FePO,. Fig. 8(a) present that the primary particles formed
numerous agglomerations, which demonstrated a certain ex-
tent of irregularity. After roasting to remove water from
FePO,4-2H,0, the primary particles grew and formed a nearly
spherical-like shape with well uniformity; the average size of
the particles was about 300—500 nm.

The main components of recovered FePO,-2H,0 product
were examined by ICP-OES. The results show that the molar
ratio of Fe and P in the recovered FePO,-2H,0 was 0.99. The
contents of nearly all impurities in recovered product were
extremely low. A small amount of V remained in the re-
covered product, and it can be used as a doping element in the
cathode materials to improve the electrochemical perform-
ance of LiFePO,/C [34]. The particle size distribution of re-
covered FePO,-2H,0 powder was analyzed by using a laser
particle size analyzer. About 80% of the powder particles
were in the range of 1.0—4.5 um, and the calculated 50%
passing particle size was 2.44 um. The component and
particle size distribution of the recovered product meet the
Chinese national standard of iron phosphate for batteries
(HG/T 4701-2014).
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3.4. Characterization of recovered Li,CO;

The filtrate after precipitating FePO,-2H,0 was concen-
trated, and a saturated Na,CO; solution was added to the con-
centrated solution to obtain Li,CO;. Fig. 9 and Table 3 show
the XRD pattern, SEM image, and chemical composition of
Li,CO; product. The XRD pattern indicates that the white
powder was Li,CO;, and the recovered Li,CO; was highly
crystalline with high purity. The SEM image revealed that the
recovered Li,CO; had a sheet or rod-like shape, and the
particle size ranged from 2 to about 10 um. From the ICP-
OES results, the compositions of other impurities were ex-
tremely low. The purity of recovered Li,CO; was 99.56wt%
and met the Chinese national standard of lithium carbonate

Fig. 8. SEM images of recovered (a) FePO,-2H,0 and (b)
FePO, products.

Fig. 9. (a) XRD pattern and (b) SEM image of recovered Li,COs.
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Table 3. Chemical composition of recovered Li,CO; wt%
Li,CO3 P Fe Na Cu Ca Mg \%
>99.50 0.009 <0.005 <0.005 0.005 <0.005 <0.005 <0.005 <0.005

for batteries (YST 582-2013).
3.5. Characterization of re-synthesized LiFePO,/C

The recovered FePO, and Li,CO; can be further used to
synthesize LiFePO,/C materials via the carbon thermal re-
duction method. The crystal phase and morphology of re-
synthesized LiFePO,/C were investigated by XRD and SEM.
All the peaks in Fig. 10(a) were assigned to orthorhombic
olivine-type structure (PDF#83-2092), and no other impurity
peaks were detected. From the SEM image (Fig. 10(b)), the
re-synthesized LiFePO,/C was composed of many sphere-

(a)

. LiFePO,
oo <><>l<><><> o
OO,
O i e

LiFePO, PDF#83-2092
|'|| ||l'I I'lllllll e
10 20 30 40 50 60 70 80 90

Intensity / a.u.

DN
O

like particles, and the size of sphere-like particles was in the
range of 0.5—1.5 um. Fig. 10(c) presents the FTIR spectra of
commercial and re-synthesized LiFePO,/C samples. Schol-
ars have investigated and identified the IR band of LiFePO,
in their earlier work [35—36]. As shown in Fig. 10(c), com-
pared with commercial LiFePO,/C, all the bands of re-syn-
thesized LiFePO,/C can be identified as intrinsic bands of
LiFePO,, which indicates that no impurity phases were
present in the re-synthesized LiFePO,/C; this finding corres-
ponds well to the result of XRD.

Fig. 11(a) displays the cycling performances of commer-

(c) —— Commercialized LiFePO,/C
—— Re-synthesized LiFePO,/C

Absorbance
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Fig. 10. (a) XRD pattern and (b) SEM image of re-synthesized LiFePO,/C, and (c) FTIR spectra of commercial and re-synthesized
LiFePO,/C samples.
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Fig. 11.  Electrochemical performance of commercial and re-synthesized LiFePO,/C cathodes: (a) cycling performances of both

cathodes at a rate of 1 C; (b) rate capability comparison of both cathodes at various rates from 0.1 to 5 C; charge—discharge curves of
(c) commercial and (d) re-synthesized LiFePO,/C cathode.
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cial and re-synthesized LiFePO,/C cathodes at 1 C for 100
cycles. The commercial and re-synthesized LiFePO,/C cath-
odes maintained capacities of 145 and 133 mA-h-g”, re-
spectively. Both cathodes exhibited nearly 100% capacity re-
tention, indicating that both had high capacity and excellent
cycle stability. The rate performances of commercial and re-
synthesized LiFePO,/C cathodes were further compared at
various rates (Fig. 11(b)). As the current rate increased, the
discharge capacity gradually decreased, and the discharge ca-
pacity in 10 cycles and at various rates showed no decay. An-
other important point is that the capacities of both cathodes
were completely recovered when the current rate decreased
directly from 5 to 0.1 C, indicating the high rate perform-
ances and good electrochemical reversibility.

Figs. 11(c) and 11(d) show the charge and discharge
curves of commercial and re-synthesized LiFePO,/C cath-
odes at different rates in the voltage range of 2.2—4.3 V, re-
spectively. The capacity of commercial LiFePO,/C cathode
was a little higher than that of re-synthesized LiFePO,/C
cathode. The discharge capacities of commercial LiFePO,/C
cathodes were 155.2, 149.8, 144.8, 137.3, and 121.5 mA-
h-g ! atrates of 0.1, 0.5, 1, 2, and 5 C, respectively. The cor-
responding discharge capacities of re-synthesized LiFePO,/C
cathode were 144.2, 139.0, 133.2, 125.5, and 110.5
mA-h-g”', which satisfy the requirement for middle-end
LiFePO, batteries (>132 mA-h-g"' at 1 Cand >101 mA-h-g '
at5 C) [23].

4. Conclusion

A facile and efficient pretreatment process has been
demonstrated to recycle and re-synthesize LiFePO,/C from
spent LiFePO, batteries. After freezing only the electrode
pieces and immersing them in boiling water, LiFePO, mater-
ials were peeled from the Al foil. Then, after roasting in an
inert atmosphere and sieving, all the cathode and anode act-
ive materials were separated from the Al and Cu foils easily
and efficiently. The purity and recovery rate of active materi-
als were higher than 98%. Under the optimized conditions,
more than 98% of Li, Fe, and P can be leached from the cath-
ode and anode active materials. Battery-grade FePO, and
Li,COj; can be successfully prepared, and LiFePO,/C can be
further obtained by a final heat treatment. XRD and SEM
analysis showed that the re-synthesized LiFePO,/C materials
possessed well-crystallized and well-distributed submicron
particles. Electrochemical investigation demonstrated that the
discharge capacities re-synthesized LiFePO,/C cathode were
144.2, 139.0, 133.2, 125.5, and 110.5 mA~h-g’1 at rates of
0.1, 0.5, 1, 2, and 5 C, which satisfy the requirements for
middle-end LiFePO, batteries. This work provides a facile
and efficient pretreatment method for the recovery of valu-
able metals from spent LiFePO, batteries.
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