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ABSTRACT Along with the explosive growth in the market of
new energy electric vehicles, the demand for Li-ion batteries
(LIBs) has correspondingly expanded. Given the limited life of
LIBs, numbers of spent LIBs are bound to be produced. Be-
cause of the severe threats and challenges of spent LIBs to the
environment, resources, and global sustainable development,
the recycling and reuse of spent LIBs have become urgent.
Herein, we propose a novel green and efficient direct recycling
method, which realizes the concurrent reuse of LiFePO, (LFP)
cathode and graphite anode from spent LFP batteries. By
optimizing the proportion of LFP and graphite, a hybrid LFP/
graphite (LFPG) cathode was designed for a new type of dual-
ion battery (DIB) that can achieve co-participation in the
storage of both anions and cations. The hybrid LFPG cathode
combines the excellent stability of LFP and the high con-
ductivity of graphite to exhibit an extraordinary electro-
chemical performance. The best compound, i.e., LFP:graphite
= 3:1, with the highest reversible capacity (~130mAhg™ at
25mA g™'), high voltage platform of 4.95V, and outstanding
cycle performance, was achieved. The specific diffusion be-
havior of Li* and PFs™ in the hybrid cathode was studied using
electrode Kkinetic tests, further clarifying the working me-
chanism of DIBs. This study provides a new strategy toward
the large-scale recycling of positive and negative electrodes of
spent LIBs and establishes a precedent for designing new hy-
brid cathode materials for DIBs with superior performance
using spent LIBs.

Keywords: LiFePO,, graphite, dual-ion batteries, spent LIBs,
recycle

INTRODUCTION

Because of challenges in achieving the common global desire for
reducing emissions caused by global warming and cleaning up
the air in urban centers, the decarbonization of personal trans-
portation is important; this change has considerably promoted
the process of the electric vehicle (EV) revolution, which is an
important measure of the government to fundamentally change
the automotive industry [1-4]. As per incomplete statistics, as
early as 2017, the annual global EV sales volume has exceeded 1
million for the first time [1]. Lithium-ion batteries (LIBs) are of

considerable value in the new energy EV. The demand for and
yield of LIBs will sharply increase with the explosive growth of
EVs year by year. Among numerous LIBs, olivine-type LiFePO,
(LFP) stands out for its high safety performance, ample storage,
good thermal and chemical stability, long cycle life, low cost, and
almost non-toxicity [5,6]. Similarly, the extensive excellent
characteristics of LFP enable its wide use in heavy-section
energy storage devices such as EVs. Furthermore, LFP batteries
occupy a dominant position in other electric tools, electric buses,
and power-grid energy storage [6]. However, LFP batteries with
such a huge market share come along with the explosive increase
in the number of spent LIBs and the rapid consumption of
natural resources [7]. Moreover, a survey conveys that China
alone can produce 500,000 tons of waste LIBs in 2020. By 2030,
the world will process an estimated 11 million tons of waste LIBs
[8]. Furthermore, the large quantity of discarded LFP batteries
has serious hazards, including typical toxic electrolytes, such as
LiPFs, dimethyl carbonate (DMC), and other organic solvents
[9]. Moreover, the mining and extraction of Li are extremely
complicated and expensive, involving 250 tons of spodumene or
750 tons of rich ore brine and 1900 tons of water to produce 1
ton of Li. By comparison, 28 tons of spent LIBs are required to
obtain the exact weight of Li through recycling [10]. Therefore,
spent LFP has a high recovery value because of its rich Li con-
tent. Consequently, turning waste into wealth has become more
significant because of many factors such as environment, safety,
and resources [11]. In particular, the efficient reclaiming and
remanufacturing of waste LIBs can be conducive to recovering
high-value materials and substantially alleviate the severe energy
consumption problem because of the rapid exploitation of nat-
ural resources. However, such processes can reduce the envir-
onmental pollution caused by toxic substances from spent LIBs
and ultimately promote the sustainable development of LIBs and
human society [12,13].

To date, researchers primarily focus on the recovery of valu-
able metals in nickel-cobalt metal oxides (such as LiCoO,,
LiNi,Co,Mn.O,, and LiNi,Co,ALO,) [10]. Commercially used
recovery technologies include pyrometallurgy and hydro-
metallurgy. However, the abovementioned processes generally
face multitudinous limitations. For example, hydrometallurgy
consumes considerable amounts of corrosive reagents (such as
strong acid and strong alkali) for metal leaching and the sub-
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sequent separation, removal, precipitation, and other steps that
are incredibly cumbersome [14,15]. Furthermore, most recycling
methods only recover the different components of LIBs as
simple compounds (lithium carbonate, cobalt oxalate, and nickel
oxalate) and inevitably require a considerable amount of pol-
luting wastewater treatment [4,14]. Pyrometallurgy primarily
smelts valuable metals into new alloys at high temperatures,
consuming extremely high energy. Furthermore, anodes and
electrolytes are oxidized and provide energy for the smelting
process [16,17]. Moreover, the process emits a considerable
amount of polluting greenhouse gases and exerting massive
pressure on the environment. Furthermore, the processing of
alloys increases the total cost [18]. Despite the operation cost of
the abovementioned two methods, reasonable economic benefits
can be obtained considering extremely valuable metals. Never-
theless, for LFP batteries without precious metals, the economic
benefits generated by the abovementioned traditional methods
are insufficient to compensate for the high recovery costs.
Therefore, spent LFP batteries should be recycled with improved
recycling schemes. Extensive explorations have been conducted
to reclaim cathode materials containing high-value metals,
whereas several people mentioned the recycling of anode
materials. However, with the wide application of high-purity
graphite in LIBs owing to its excellent conductivity, high storage
capacity, and long cycle stability, and the increasing demand of
hundreds of millions of spent LIBs every year, people gradually
realize that anode recycling has considerable economic benefits,
reducing a series of environmental and waste problems, such as
dust pollution caused by direct disposal of landfill or high-
temperature incineration of waste anode graphite [19-21].
Furthermore, positive and negative materials are generally
recycled separately in the traditional recycling process, and the
recycling method is relatively complicated [22-24].

This study proposes an innovative and environmentally
friendly method to recycle waste LFP batteries, realizing the
double recovery of LFP cathode and graphite anode, and uses
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them as a new type of hybrid cathode of secondary batteries,
namely, LFP/graphite (LFPG) electrode. Moreover, this new
hybrid electrode surmounts the limited contribution made by
the sufficient amount of electrolyte in traditional LIBs, and it is
only used as a medium for single-cation (Li*) transfer, indicating
no extra capacity contribution. Furthermore, the proposed
hybrid electrode releases anions in the electrolyte, develops the
potential contribution from anions (PFs") from the electrolyte to
the storage capacity of LIBs, and realizes the function of anions
jointly participating in the electrochemical reaction [25-27].
Unlike the “rocking chair” operating mechanism of traditional
LIBs, our hybrid electrode realizes the staged insertion/extrac-
tion of Li* (<4.0 V) and PFs (>4.0 V) in different voltage ranges
to enhance the capacity and energy density of existing LIBs [28-
30]. Theoretically, as a typical olivine-type cathode material, LFP
has low ionic and electronic conductivities, which limits the
additional development of LFP batteries; its conductivity can be
effectively improved by introducing graphite [31,32]. Overall, in
addition to the high stability of LFP structure and the high
conductivity of graphite, the composite electrode LFPG facil-
itates the lithiation/delithiation process at low voltages (<4.0 V)
and can be used as an ideal cathode for new types of dual-ion
batteries (DIBs), thus demonstrating excellent electrochemical
performance [33,34]. Accordingly, the composites of LFP and
graphite with different proportions were explored, and a hybrid
material (LFPG) with optimal electrochemical performance at
the ratio of 3:1 was obtained. In particular, the composite
material LFP/G = 3:1 maintained a prominent capacity retention
rate for 700 cycles at 100 mA g, indicating its extraordinary
long cycle life. Furthermore, the composite material can release
an appreciable capacity of 135mAhg™ at 25mA g™

EXPERIMENTAL SECTION

Basic recycling procedures
Fig. 1 shows the recovery schematic of the spent LFPG battery.
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Schematic of the recycling process for the double recovery of the cathode and anode in the spent LFPG battery into a new composite cathode
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The spent LFP soft-pack battery originated from a local battery
recycling company. For the safety of the battery disassembly
process, the spent LFP battery was first pretreated by discharging
to 2.0 V. Then, the battery was manually dismantled in the glove
compartment to acquire the positive plate, negative plate,
separators, polar lug, and Al plastic film shell. Then, the cathode
powders (the mixture of LFP, binder, and conductive agent)
were obtained by hand scraping from the Al foil, and the gra-
phite anode materials were scratched from the negative plate.
Subsequently, the materials were thoroughly washed with water
and alcohol to remove the residual electrolyte and other impu-
rities. In particular, graphite was calcinated in a high-tempera-
ture furnace at 1300°C for 4h to ensure the excellent
performance of the recycled graphite. Finally, the regenerated
electrode material LFPG (LFP:graphite = 1:3, 1:1, 3:1, 5:1) was
synthesized by mixing the recycled LFP and recycled graphite
after sufficient grinding at different mass ratios.

Physical and chemical property measurements

The crystal structure of the regenerated LFPG was characterized
using X-ray diffraction (XRD, Rigaku D/MAX-2500). Induc-
tively coupled plasma atomic emission spectrometry (ICP-AES)
was applied to measure the elemental contents of the recovered
LFP (Table S1). Scanning electron microscopy (SEM, Hitachi
SU8000) was performed to observe the morphology and size of
all samples and their surface configuration. X-ray photoelectron
spectroscopy (XPS) studies were executed on an ESCALab220i-
XL from VG. Raman spectra (HORIBA) were used to examine
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the molecular vibration and carbon composition.

Electrochemical property measurements

To evaluate the electrochemical performance of these materials,
we prepared the cathode material by blending the reclaimed
LFPG as an active substance with acetylene black (Sigma
Aldrich) and sodium alginate (Sigma Aldrich) with the weight
ratio of 8:1:1 in deionized water. The resulting slurry was coated
on an Al foil collector and then dried at 60°C, under vacuum for
8h. The active substance load was ~1 mgcm™ The counter
electrode was a Li plate, and 1 molL™ LiPFs in ethyl methyl
carbonate (EMC, Capchem) was used as the electrolyte. The
electrochemical measurements were verified in a CR2032-type
coin cell in the voltage range between 2.0 and 5.0 V versus Li*/Li
at 25°C. Galvanostatic charge-discharge (GCD) was imple-
mented on a cell testing device (LAND CT2001A). A Versa-
STAT 3 (Princeton Applied Research) electrochemical station
was employed to conduct cyclic voltammetry (CV) experiments
at various scan rates.

RESULTS AND DISCUSSION

The material structure and purity of the recycled graphite and
LFP were analyzed by XRD. As shown in Fig. 2a, all the dif-
fraction peaks of the recovered LFP correspond to the standard
card of the olivine LiMPO, (M = Ni, Mn, Fe, Co) with no
prominent impurity peaks [31,35], and the recovered graphite
displays a strong (002) characteristic peak without other
impurity phases, indicating that the recycled LFP and graphite
have high purity and excellent crystallinity [36]. In addition,
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Figure 2 Characterization results of the recycled LFP and recycled graphite: (a) XRD patterns, (b) the corresponding Raman spectra, XPS spectra of (c) Fe 2p

for the recycled LFP, and (d) C 1s for the recycled graphite.
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Fig. S1 shows the regenerated LFPG. It can be confirmed that all
diffraction peaks are consistent with the corresponding standard
card, and there is no obvious impurity phase. Fig. 2b shows the
Raman spectra of the reclaimed LFP and graphite, in which the
vibration of PO,*” from LFP can be observed in the bands from
600 to 1200 cm™ [37], and two strong peaks in the wavenumber
range of 1200-1450 (D band) and 1500-1650 cm™ (G band) are
attributed to the degree of amorphousness and graphitization of
carbonaceous materials, respectively. Note that the calculation
demonstrates that the intensity ratios between the D (disorder
induced) and G (graphite induced) bands (Ip/Is) in LFP and
graphite are 0.90 and 0.79, respectively, suggesting that the
graphitization degrees of recycled LFP and graphite are different.
The lower the Ip/I is, the better the electronic conductivity and
the higher the degree of graphitization [38] are.

Furthermore, the surficial chemical configuration and valence
state of elements in LFP and graphite were monitored by XPS.
Fig. 2c shows the XPS spectrum of Fe 2p in the recycled LFP.
Fe 2py), fits the two characteristic peaks corresponding to the
position of the binding energy at 715.2/728.1 eV, which relate to
the valence state of Fe**. Similarly, the binding energies located
at 711.7/725.1eV (Fe 2ps),) indicate the +2 valence of Fe in the
recycled LFP [6,39,40]. As per the XPS results, the Fe in the
recycled LFP exists in different valence forms, which is possibly
attributed to the disassembly of the spent LFP batteries under a
partially charged state. As shown in Fig. 2d, the XPS spectrum of
C Is of graphite, including four peaks at 284.5, 285.0, 285.9, and
289.6 eV, can be identified and attributed to the energy level of
C 1s orbitals in C=C, C-C, C-0O, and C=0 groups, respectively
[41], confirming that the recovered graphite and conductive
additives coexist.

The surface morphology and microstructure characteristics of
the recycled LFP, graphite, and the regenerated LFPG composite

<D

Graphite

cathode were characterized by SEM (Fig. 3 and Fig. S2). LFP
possesses a particle size of ~50-100nm and an irregular cubic
shape (Fig. 3a). The satisfactory small particle size is conducive
to speeding up the extraction and embedding of Li* in the
process of electrochemical reaction by decreasing the transmis-
sion path of Li ions, shortening the transportation time, and
ultimately endowing the material with an excellent rate perfor-
mance [42-44]. In addition, such a small particle size of the
cathode material endows it with a large specific surface area,
which is instrumental in the complete interpenetration between
the electrode and electrolyte, thus promoting the adequate dif-
fusion of Li ions [45]. Moreover, as shown in Fig. 3b, the
recovered graphite has a typical layered structure with an
approximate size range of several micrometers, indicating that
the morphology of the recovered graphite has been restored
[21,46]. Fig. 3c, d show the recovered LFP and composite
material (LFPG), respectively. The figures demonstrate that the
smaller LFP particles are highly dispersed around the larger
layered graphite in the sample of the LFPG mixture, thus finally
forming the LFPG hybrid electrode (only the recycled compo-
sites with recovered LFP and graphite mass ratio of 1:1 are
shown here). To show the distribution of elements in the hybrid
LFPG material, we measured the energy dispersive X-ray results
(Fig. 3e-h). The distribution of Fe coincides with the spatial
distribution of P and O, confirming that the LFP presents in
LFPG, whereas graphite and elements, such as Fe, O, and P,
nearly exist in mutual supplements [33]. Therefore, LFP mate-
rials are primarily scattered over the vicinity of graphite, thus
confirming the results viewed by SEM images.

To evaluate the feasibility of the recycled hybrid LFPG elec-
trode and to examine the extraction/intercalation process of Li*
and PF¢ in LFPG, we measured the electrochemical perfor-
mances of the recycled LFP, graphite, and the hybrid LFPG

Figure 3 SEM images of (a) the recycled LFP from spent LFPG batteries, (b) the recycled graphite from spent LFPG batteries, (c) the regenerated hybrid
material LFPG (LFP:graphite = 1:1) at different magnifications, and (d-h) SEM image and energy dispersive X-ray spectroscopy (EDX) mapping of the

regenerated hybrid LFPG.
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electrodes (LFP:graphite = 1:1) in coin-type 2032 cells using Li
sheets as the anode in the electrolyte, which comprised 1 mol L™
LiPFs in DMC. As shown in Fig. 4a, different cells were sub-
jected to the GCD test in a wide voltage window of 2.0-5.0 V at
25mA g™". The recycled monomer LFP exhibits one charge/
discharge plateau with a capacity of 123.2mAhg™" at 25mAg™.
The recycled graphite cathode displays several voltage plateaus
with a discharge capacity of 79.3mAhg™ at 25mA g™, which
originats from the capacity contributed by the insertion of
anions from the electrolyte to graphite layers [21,47]. Further-
more, the hybrid LFPG (LFP:graphite = 1:1) material can realize
a relatively considerable capacity of 99.2mAhg™, which con-
firms the feasibility of the DIB system based on the hybrid LFPG
electrode. The arrow in Fig. 4a shows the contribution of gra-
phite and LFP to the capacity of the composite material. The
capacity below 4V is primarily contributed by the LFP at
~25mAh g™, whereas that above 4V is primarily contributed by
the capacity of ~70mAhg™ from graphite.

The hybrid cathode exhibits a multi-step charge process over
the extended voltage window from 2.0 to 5.0V, thus revealing
prominent characteristics of both the LFP electrode and graphite
electrode from different platforms above 3.45 and 4.0 V [38]. For
investigation, CV measurements at 0.7mVs "' confirm the
reversible sequential Li* and PFs deintercalation/intercalation
in stages, a co-working mechanism of the LFPG hybrid electrode
(Fig. 4b). A sharp, symmetrical, and pronounced redox peak was
observed at ~3.45V, which benefitted from the extraction/
insertion of Li* in the LFP crystal. However, several redox peaks
were detected at 4.0-5.0 V; their intensity was relatively weak
and belonged to the migration of PFs in the graphite phase.
Furthermore, the peaks were equivalent to the charge-discharge
plateaus in Fig. 4a. Thus, graphite plays an indispensable role
that increases the average voltage of the hybrid electrode [47,48].

The detailed diagrammatic sketch in Fig. 5 is delineated to
demonstrate the stepwise working mechanism of Li* and PFs in
the hybrid LFPG electrode. In battery charging, Li* was rever-
sibly extracted from the olivine LFP in the voltage range of 2.0-
4.0V and migrated from the cathode to the anode through the
electrolyte. Then, in the high-voltage range of 4.0-5.0V, the
anion PF¢ from the electrolyte was released and reversibly
intercalated into the layered graphite (Fig. 5). However, during
the battery discharge process, PFs returned from the graphite
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layer to the electrolyte at a high voltage, and Li* transferred from
the anode to the cathode in the low-voltage range and was
embedded in the LFP crystal, thus forming a process in which
anion/cation participates in the reaction together. Then, the
introduction of graphite develops the role of anions in the
electrolyte, maximizes the use of all battery parts, further
broadens the voltage and strengthens the energy density of the
hybrid electrode.

The GCD was conducted first to examine the electrochemical
performance and cycle stability of the hybrid LFPG cathode with
the best ratio. As shown in Fig. 6a, the initial GCD curves of the
hybrid electrode with different mass ratios (LFP:graphite = 1:3,
1:1, 3:1, 5:1) were compared at 25mA g . The above hybrid
cathodes of different proportions demonstrate the characteristics
of typical LFP and graphite, which can be confirmed using
different voltage platforms. For all samples, LFP/G = 3:1 and
LFP/G = 5:1 show excellent discharge specific capacities, which
are similar to the capacity of 135.0mAhg™ at 25mA g Fur-
thermore, LFP/G = 1:1 and LFP/G = 1:3 provide relatively lower
capacities of 99.6 and 89.5mAhg™ at 25mA g™, respectively.
Therefore, with increase in the ratio of LFP, the discharge
capacities of the hybrid electrode gradually increase, which may
be attributed to the considerably higher discharge capacity of the
LFP cathode (~125mAhg™, Fig. 4a) compared with the dis-
charge capacity of the graphite cathode (~80 mAhg™, Fig. 4a)
[33,49]. Second, as visualized in Fig. 6b, the rate capabilities of
LFPG with different mass ratios and the recycled LFP and gra-
phite were compared by GCD at various current densities. The
significantly reduced discharge capacity (~56% capacity reten-
tion) at a high current density of 1 A g™! suggests the inferior rate
capability of the recovered LFP, which is possibly consistent with
the sluggish diffusion of Li ions caused by the poor conductivity
of the olivine-type LFP [49].

By comparison, the graphite cathode with inherent excellent
electrical conductivity exhibits an expected higher rate perfor-
mance than the recycled LFP. In particular, the graphite cathode
can reach a relatively appreciable capacity retention rate (~90%)
at 1Ag™'. Note that, under the conditions of the current
intensities of 25, 50, 100, 200, 500, and 1000 mA g', the hybrid
cathode LFPG with the composition ratio of LFP:graphite = 3:1
(by weight) delivered capacities of 134.9, 128.9, 121.7, 114.0,
102.8, and 87.4mAhg", respectively. Importantly, after high-
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Figure 4 Electrochemical characterizations of different electrodes in half-cells at 25mA g '. (a) Charge-discharge profiles of the first cycle of the recycled
LFP electrode, graphite, and regenerated LEPG (LFP:graphite = 1:1) in 1 mol L' LiPF¢/EMC between 2.0 and 5.0 V (Li* and PFs contributions were separated
by different regions). Hybrid LFPG electrode: the white part represents the contribution from the de/intercalation of cation Li * in LFP, and the blue area
denotes the contribution from the de/intercalation of anion PF¢™ in graphite; different capacity contributions have been marked with arrows. (b) CVs of the
regenerated hybrid LFPG electrode at 0.7mVs™".
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2 50 1
-_;:: 4.5 1
= 40 -
2
= 35
=
g 3.0 1
o
o 25

2.0 A1

0 40 80 120 160
Specific capacity (mAh g™")
c 500
T 400+
2 %
=
z e———
_{a: ts]
i} -
= 200 —V—LFP:G=3:1 —[1— LFP:G=1:1
j=}
5 —A— | FP:G=5: -G=1:
2 1004 LFP.G=5:1 —— LFP:G=1:3
w —O0— LiFePO, —<}—Graphite
0 500 1000 1500 2000 2500

Power density (W kg™)

b 180
1504 25 Unit: mA g™
= 90600, 90 =
<l Mman;f& 200 Hrmin
iy vooon 500 06000
@ $o009 ounng 1000
= OpnOpgponl000a poodo
= 901 o, 0o00O0pnpn badd
2 ] 2499902222009995888850e M Reag0e
T 69999
2 ol Saads
% A LFP:G=5:1 OLFP:G=1:1
a
301 v LFP:G=31 ©LFP:G=1:3
o LiFePQ, < Graphite
0 T L T L}
0 5 0 15 20 25 30 35
Specific capacity (mAhg™)
d 200
s - 100
o .
= )
< 150 4 lgg &
E z
| =4
g 100 1 (% é
= :
2 40 '.g
(5]
@ 50 4 ) 2
(.?J- 100 mA g™ 20 8
0 0

0O 100 200 300 400 500 600 700
Cycle number (n)

Figure 6 Electrochemical comparison of different electrodes in half-cells tested in 2.0-5.0 V vs. Li*/Li. (a) GCD tests of the regenerated LFPG composites
with four different mass ratios during the first cycle at 25 mA g'; (b) rate capacities of the recycled LFP, graphite, and the regenerated hybrid LFPG electrodes
with different mass ratios at various current intensities. (c) The corresponding Ragone plot of different electrodes; (d) long-term cycling stabilities (black
arrow) and coulombic efficiency (red arrow) of the regenerated hybrid LFPG (LFP:G = 3:1) electrode at 100 mA g for 700 cycles.

current-density cycling, the current density dropped to
25mA g!; however, it still delivered a considerable capacity of
134.1mAhg™, which can almost be returned to the original
specific discharge capacity, indicating the superior reversible co-
storage of anions and cations in the mixed material and the
distinguished structural stability of the two hosts (LFP and
graphite). All the abovementioned performances are better than
those of the recovered LFP and graphite.

642
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The remarkable improvements in the capacity and rate per-
formance of LFPG hybrid electrodes can be attributed to their
distinctive structure and morphology, which optimize the con-
ductivity and abate the polarization of the electrochemical pro-
cess. Furthermore, the performance of the hybrid cathode LFPG
with the mass ratio of LFP:graphite = 5:1 is comparable to that of
the hybrid cathode LFPG with the mass ratio of LFP:graphite =
3:1 and higher than that of other hybrid materials. However,
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LFP:graphite = 3:1 still obtains a discharge specific capacity of
874mAhg™ at a high current density of 1Ag™", and this
capacity is superior to that of LFP:graphite = 5:1 with
82.2mAh g™ discharge capacity (the capacity retention rates of
different materials are 64.7% for LFP:graphite = 3:1 and 59.7%
for LFP:graphite = 5:1 at 1 Ag™). Furthermore, the rate cap-
ability of LFP:graphite = 3:1 is better than that of other regen-
erated hybrid LFPG electrodes under different mass ratios. The
extraordinary capacity of hybrid materials with a high current
density should be attributed to the introduction of a graphite
material, which facilitates the relative stability under high cur-
rent density. Furthermore, this capacity compensates for the
inherent limitations of the low conductivity of recovered LFP,
thereby obtaining excellent rate capability [50]. Theoretically,
the higher the ratio of LFP with a high theoretical specific
capacity (~170mAhg™"), the higher the discharge capacity that
can be provided. Nevertheless, the increased capacity degrada-
tion of LFP at a high current density must be addressed [6].
Based on the abovementioned analysis, in balancing the high
capacity of LFP and the high conductivity of graphite, the best
composite material that can play the optimal rate performance is
LFP:G = 3:1. To highlight the best electrochemical performance
of the composite LFP:G = 3:1, we performed the comparative
test of Ragone plots (energy density and power density) (Fig. 6c).
The energy density and power density of the recycled LFP were
poorer. However, the composite LFP:G = 3:1 exhibited an
encouraging power density as high as ~1700 W kg™* when the
energy density was 350 Whkg™, and this power density is
superior to those of other hybrid materials (graphite can obtain
better power density under a high current density, which con-
siderably benefits the relative stability of the graphite material
(26]).

Furthermore, the hybrid LFPG electrode exhibits prominent
cyclic stability (Fig. 6d). Remarkably, the capacity of the
regenerated LFPG with the weight ratio of LFP:graphite = 3:1
decayed from 120.6 to 92.8 mA hg™! under the constant current
condition of 100mA g™! for 700 cycles. Moreover, the capacity
retention rate was up to 76.9%, and the average capacity
attenuation per cycle was 0.039mAhg™, confirming that the
olivine-type LFP and layered graphite in the composites main-
tained excellent structural stability during the stepwise extrac-
tion/insertion of Li* and PF, thus obtaining an extraordinary
cycling performance. However, the initial coulombic efficiency
(CE) of this material was lower compared with that of traditional
cathode materials. The primary reasons are listed below. Com-
pared with traditional cathode materials, the redox reactions of
anion de-/intercalation on the graphite cathode usually occurr at
a high potential (nearly or higher than 5.0V wversus Li*/Li),
which exceeds the anodic stable window of conventional car-
bonate electrolytes. Furthermore, serious side reactions, such as
the decomposition of electrolyte under a high voltage and
unknown irreversible electrochemical reactions, usually occur
during the anion de-/intercalation, which leads to a very low CE
[22].

To confirm the feasibility of our recycling method, we selected
a group of composite materials with the best electrochemical
performance. We compared the electrochemical performance of
the composite electrode (LFPG) from the spent LIBs and the
hybrid cathode using commercially available cathode and anode.
As shown in Fig. S3, the cycle performance and discharge spe-
cific capacity of these two hybrid materials are close, proving the
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feasibility of our recovery method.

The CV test of hybrid LFPG materials at various scan rates
was implemented under voltages between 2.0 and 5.0 V (Fig. S4).
Fig. S4a, ¢, e, and g show the CV curves of the hybrid LFPG
materials with different mass ratios (LFP:G = 1:1, 1:3, 3:1, 5:1) at
the scan rate from 0.1 to 0.7 mV s™'. All four pairs of redox peaks
at different ratios of the composite LFPG materials (namely, O1/
R1 for LFP with Li* extraction/insertion; O2/R2, O3/R3, and 04/
R4 for layered graphite with PF¢~ de-/intercalation) have similar
positions. The intensity of the characteristic peaks at >3.45 and
4.0V significantly changed, and it was attributed to the differ-
ence in the LFP content and graphite in the various hybrid
materials. As shown in Fig. S$4b, d, f, and h, the corresponding
CV curves were used to fit the linear relationship among the
peak current densities (i,) and the square root of scan rates (v/?)
of the composite with different proportions. From the linear
fitting results, the reaction process of Li* and PF¢ in the
extraction/insertion process is a diffusion-controlled process.
Furthermore, the apparent diffusion coefficients (D,p,) of Lit
and PFs were obtained through the CV curve results to evaluate
the migration kinetics characteristics of the cation/anion in the
hybrid LFPG electrode more accurately on the basis of the
Randles-Sevcik equation [38].

i,=2.69x105n"24D,v'*C,,

app
where A is the actual area of the cathode material, n is the
number of electrons in every reaction species, D, is the
apparent diffusion coefficients of Li*/PFs, and C, is the con-
centration of Li*/PFs in the cathode for D,p,(Li*)/Dapp(PFs)
calculation. The detailed calculation of the value of each point is
shown in the Supplementary information (Table S2).
Importantly, the diffusion coefficients of cation Li* and anion
PFs are of the order of 107" to 107** from the strong compar-
ison of these data, indicating that Li* and PFs have excellent
dynamic diffusion behavior. In particular, the diffusion coeffi-
cient of Li* reaches the maximum value of 3.75 x 107°cm?s™ in
LFP/G = 3:1 as the content of LFP in the composite material
LFPG gradually increases, which corresponds well to the pre-
vious rate capability and confirms that the deintercalation and
intercalation reactions of Li* and PFs are significantly different
processes. In general, the D,yp(Li*) values corresponding to Li*
diffusion in LFP reported before are in the 107 to 10™* orders
of magnitude; these two orders are lower than the regenerated
hybrid LFPG material in this study, primarily owing to the
introduction of conductive graphite in the hybrid cathode [32].

CONCLUSIONS

In total, we proposed an innovative and green process for the
recycling and reuse of spent LFP batteries, thus adding the
concept of DIBs and meticulously designed hybrid LFPG
materials, which integrated the cathode LFP and anode graphite
from the spent LFP battery into the cathode material of the new
DIB. The proposed material realizes both the double recovery of
the cathode and anode to the greatest extent and takes advantage
of the excellent electrochemical performance of the DIB, such as
enhanced rate capability, high energy density, and encouraging
cycle performance, benefiting greatly from the complementation
of LFP and graphite. The inherent high-capacity characteristics
of the LFP cathode (~140mAhg™) were significantly high-
lighted. The introduction of graphite with high conductivity and
voltage (the most elevated voltage platform was ~4.95V), com-
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pensating for the intrinsic weakness of traditional phosphate
cathodes of poor conductivity. Compared with conventional
“rocking chair” batteries, this composite electrode lacks anion
contribution. In addition to Li* for extraction/intercalation, PF4~
in the electrolyte undergoes intercalation reaction on the gra-
phite to contribute some of the additional capacity. Moreover,
the exploration of the different mass ratios of composite cathode
demonstrated that the LFP:graphite = 3:1 hybrid electrode
provided the best electrochemical performance. In particular,
the composite material LFP:graphite = 3:1 maintained a won-
derful capacity retention rate for 700 cycles at a current density
of 100mAg™" and provided the highest capacity close to
130mAhg™ at 25mA g'. Furthermore, the kinetic analysis of
the hybrid LFPG demonstrated that the extraction/intercalation
of Li* and PFs was performed in different stages during the
electrochemical reaction. Two different diffusion modes were
observed between the low-voltage (<4.0V) and high-voltage
scope (>4.0 V). The DIB cathode material LFPG in this research
is based on the olivine-type LFP and the layered graphite; it is
used to deliver a brilliant electrochemical performance. Fur-
thermore, the proposed material provides a new idea for large-
scale, green, efficient, and environmentally friendly reclaiming
and reuse of spent LIBs in the industry, which can be extended
to other spent LIBs and be of great interest for sustainable
development of next LIBs.
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