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Abstract: The worldwide proliferation of portable electronics has resulted in a dramatic increase in the number of spent lithium-ion bat-
teries (LIBs). However, traditional recycling methods still have limitations because of such huge amounts of spent LIBs. Therefore, we
proposed an ecofriendly and sustainable double recycling strategy to concurrently reuse the cathode (LiCoO,) and anode (graphite) mater-
ials of spent LIBs and recycled LiCoPO,/graphite (RLCPG) in Li*/PF; co-de/intercalation dual-ion batteries. The recycle-derived dual-
ion batteries of Li/RLCPG show impressive electrochemical performance, with an appropriate discharge capacity of 86.2 mAh-g™' at
25 mA-g ' and 69% capacity retention after 400 cycles. Dual recycling of the cathode and anode from spent LIBs avoids wastage of re-
sources and yields cathode materials with excellent performance, thereby offering an ecofriendly and sustainable way to design novel sec-

ondary batteries.

Keywords: recycle; lithium cobalt oxide; lithium cobalt phosphate; graphite; dual-ion batteries; spent lithium-ion batteries

1. Introduction

As one of the state-of-the-art methods, electrochemical
energy storage technology for the transition from fossil en-
ergy to clean energy is in progress at an increasingly brisk
pace, promoting the realization of a carbon-neutral future
[1-4]. In particular, with outstanding electrochemical and
good security performance, lithium-ion batteries (LIBs) have
been widely used in power tools and portable electronics [5].
However, because the average lifespan of LIBs is only ap-
proximately five to eight years [6], ubiquitous electronic
device consumption has rapidly increased spent batteries [7].
Compared with the 93800 t in 2019 [8-10], it is predicted that
there will be approximately 11 Mt of spent LIBs by 2030.
However, no more than 6wt% of spent LIBs are recycled
worldwide, and there is still great room for improvement
[11-12]. If the spent batteries are not disposed of properly,
they will cause serious environmental pollution and waste of
resources. The toxic substances (such as Co and V) in spent
LIBs can also be hazardous to human health [13-14].
Moreover, considering the nonrenewable nature of valuable
metals (e.g., Li, Co, and V), the effective recycling of spent
LIBs, especially metallic resources, has become an urgent
priority [15-16].

Common recycling methods are divided into destructive

B4 Corresponding author: Xinglong Wu  E-mail: xinglong@nenu.edu.cn
© University of Science and Technology Beijing 2024

decomposition and nondestructive recycling [17-18]. The
destructive decomposition used for recycling valuable metals
includes hydrometallurgy [19-23] and pyrometallurgy
[24-26], which consumes high energy and many chemicals
and produces a great deal of corrosive wastewater and waste
gas [27]. In comparison, the nondestructive recycling (e.g.,
direct recycling [28-29] and upcycling [30-31]) of spent bat-
teries is one of the best options owing to its nondestructive,
inexpensive, and simple process [32—33]. Because direct re-
cycling and upcycling have the advantages of process simpli-
city and enhanced functionality, respectively, some research-
ers directly recycled LiFePO, cathode materials to extract
lithium from brine [8,27,34]. Yang et al. [35] and Du et al.
[36] upcycled LiMn,O, to the more stable and inexpensive
LiFeysMn,4PO,. Although the recycling ways of cathode and
anode materials are comparatively mature, the incineration of
spent materials will cause environmental pollution, espe-
cially for graphite (G) [37-38]. Therefore, dual recycling of
the cathode and anode in spent LIBs can integrate into one
new cathode as an efficient and novel strategy [8,39].

The widespread application of portable devices has gener-
ated enormous amounts of spent LiCoO, (LCO) and G, with
active Li loss and irreversible phase transitions in LCO de-
teriorating electrochemical properties and increasing lattice
spacing in G after long cycles [40—41]. The phosphate mater-
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ials have been extensively investigated because of the highly
stable structural framework and excellent safety; however,
the poor electrical conductivity hampers their electrochemic-
al performance [42]. In this study, we propose an efficient
and innovative strategy for the dual recycling of spent LCO
cathode and G anode materials based on the research priority
of high energy density and voltage combined with effect-
ively handling the growing proportion of spent batteries [43].
To improve the poor electrical conductivity of LiCoPO,
(LCP), we prepared a cation/anion-co-workable electrode
(RLCPG) by mixing LCP and G with the mass ratio of 1:1.
Reaction mechanism of dual-ion batteries (DIBs) is that LCP
and G store Li" and PFg, respectively. LCO powder was dis-
solved and supplemented with essential elements (Li, PO;")
to prepare LCP, and the G powder restored the layer spacing
after simple heat treatment. The prepared composite RLCPG
material has high capacity, superior stability, and visibly im-
proved stability. This closed-loop recycle approach exhibits a
far-reaching significance for large-scale recycling of spent
LIBs in the future, utilizes the main components of spent
LIBs (cathode and anode), and contributes to new concepts
for next-generation high-voltage LIBs.

2. Experimental
2.1. Recovery of spent LCO and G powder

Fig. 1 shows the recycling process of spent LCO batteries.
First, pre-discharging the spent LCO batteries before manu-
ally dismantling prevents dangerous situations and allows
more Li" to return to the cathode, which is conducive to
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achieving a high recovery rate of Li. The spent LCO batter-
ies were dismantled to obtain the cathode, anode, and separ-
ator. After scraping off from the cathode and anode plate, the
LCO (Fig. S1) and G (Fig. S2) powder were washed and
dried. The spent LCO powder after ball-milling (Fig. S3) was
directly placed in the HNO; solution, and the reducing agent
H,0, was also added to promote the reduction of Co®". A cer-
tain amount of NH,H,PO, and LiNO; was added and stirred
at 80°C to form a homogeneous gel. After drying and calcin-
ation, the regenerated LCP powder was obtained, and the
spent G powder was calcined in an Ar atmosphere at1300°C
for 4 h. Finally, to improve the electronic conductivity of
LCP, the LCP and G (RLCPG) materials were ground evenly
in the mass ratio of 1:1 for the subsequent electrochemical
test.

2.2. Material characterizations

The crystal structures of LCP, G, and RLCPG powder
were tested by X-ray diffraction (XRD) on Rigaku D/MAX-
2500. An inductively coupled plasma atomic emission spec-
trometer (ICP-AES) was employed to investigate the ele-
mental content of LCP powder. Fourier-transform infrared
spectroscopy (FTIR, Nicolet 6700) was applied to detect the
chemical bond situation. Raman spectroscopy (HORIBA)
was applied to characterize carbon composition. The valence
states of C and Co were determined by X-ray photoelectron
spectroscopy (XPS). The morphology and surface configura-
tion were analyzed by scanning electron microscope (SEM)
and transmission electron microscope (TEM).
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2.3. Electrochemical measurements

All the electrochemical measurements of LCP, G, and
RLCPG materials were performed by CR2032 stainless-steel
coin cells in the potential range from 3.0 to 5.0 V vs. Li"/Li.
The LCP, G, and RLCPG electrode, glass microfiber filter
(Whatman), and Li foil were used as the cathode, separator,
and anode in a half-cell. The electrolyte is 1 mol-L™" LiPF
dissolved in ethyl methyl carbonate. The three kinds of cath-
ode were prepared by LCP, G, or RLCPG powder as active
materials with acetylene black and polyvinylidene fluoride at
the mass ratio of 8:1:1 into N-methyl-2-pyrrolidones and
coated on Al foils. The galvanostatic charge/discharge
(GCD) curves were conducted at various current densities
(25, 50, 100, 200, 500, and 1000 mA-g ") using Neware. The
cyclic voltammograms (CVs) were conducted on an electro-
chemical workstation (CHI660e). Electrochemical imped-
ance spectroscopy (EIS, Princeton Applied Research P2000)
in the 10 HZ to 1 MHz and galvanostatic intermittent titra-
tion technique (GITT, Arbin) tests at 3.0-5.0 V vs. Li'/Li
were collected to study the LCP, G, and RLCPG electrode
kinetics.

3. Results and discussion
3.1. Structure and morphology characterization

XRD was performed to study the crystal structure and
phase purity. As shown in Fig. 2(a), the diffraction peaks of
LCO and LCP coincided with the standard cards (PDF#89-
6192 and PDF#70-2685), and there were no other obvious
stray peaks. The results show that the LCP has an olivine
crystal structure with a space group of Prnma. Fig. 2(b) shows
the structure and purity characterization of the regenerated G,
where all the diffraction peaks of the regenerated G corres-
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pond to the standard card (PDF#89-8487). The peak (002) of
XRD at 26.554° is significantly shifted to the right for the
calcined treated G compared to the recycled untreated one,
indicating that the layer spacing of the calcined G becomes
smaller. This simple heat treatment can restore the layer spa-
cing of spent G to an approximate initial level, which can in-
crease the packing state and degree of order in G. Fig. 2(c)
shows that the diffraction peaks of RLCPG are congruent
with the standard cards of G and LCP, indicating that G and
LCP coexist in RLCPG, and no other impurities appear with
higher purity and more stable structure.

Fig. 2(d) shows the ratio between the different metals of
the spent LCO batteries by ICP-AES, where the molar ratio
of Li to Co is 0.884:1. Therefore, we added LiNO; in the fol-
low-up experiment, and Li : Co is brought to 1.02:1. FTIR
spectra (Fig. 2(e)) of RLCPG analyses the bonding and struc-
tural features, and it is obvious that the composite RLCPG
contains characteristic peaks of G and LCP. Specifically, the
Raman spectrum of RLCPG exhibits the characteristic peaks
of PO (1145-940 cm ™), O—P-O (548 cm™), CoO, (515 and
580 cm "), and C=C (1653.35 cm ') [44]. Fig. 2(f) shows that
the band belongs to the symmetric stretching of PO}~
(945 cm™). The two strong peaks (1350 and 1594 cm™") cor-
respond to the D and G-band, and the intensity ratio (/n//g)
between them is 0.54, illustrating that the restored materials
have a great graphitization degree [37].

The elemental composition of the RLCPG surface and the
approximate valence composition can be monitored by XPS.
Fig. 3(a) shows the full XPS spectrum of RLCPG, and it can
be discerned that RLCPG comprises Li, Co, P, O, and C ele-
ments. Additionally, its Li (1s), Co (2p, 3p), P (2s, 2p),
C (1s), and O (1s) peaks observed at their respective binding
energy values are consistent with the reported values, indic-
ating the effectiveness of the recovery method [45]. Fig. 3(b)
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Fig. 2.

Characterization results: X-ray diffraction pattern of (a) LiCoO, (LCO) and LiCoPO, (LCP), (b) graphite (G) (before and

after calcination), and (c) recycled LiCoPO,/graphite (RLCPG); (d) metal element (Co, Li, Mn, Al, Cu, and Ni) contents in spent
LCO material; (e) Fourier-transform infrared spectroscopy spectra of RLCPG, G, and LCP; (f) Raman spectrum of RLCPG.
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Fig. 3. (a) X-ray photoelectron spectroscopy (XPS) survey spectrum of recycled LiCoPO,/graphite (RLCPG); XPS spectra of (b) Co

2p and (¢) C region of RLCPG.

shows the XPS spectrum of Co 2p of RLCPG. The Co 2p
spectrum can be deconvoluted into two satellite peaks
(785.34 and 802.24 eV), and two peaks at 797.24 and 781.32
eV correspond to Co®* [46]. The XPS results show that Co in
the recycled LCP was present in different valence states,
which could be attributed to the disassembly of the spent
LCO batteries still in a partially charged state. As shown in
Fig. 3(c), the XPS of C 1s exhibits four characteristic peaks
(C-0, C=C, C—C, and C=0) of G. These results provide fur-
ther evidence that the composite material RLCPG is com-
posed of G and LCP [47].

The particle size and morphological state of the RLCPG
composites were observed by SEM (Fig. 4(a). The particle
size of LCP is nanometer and mainly ranges from 100 to
900 nm. The morphology of G is regular, indicating that heat
treatment (1300°C for 5 h) improved the orderliness of G. It
is evident from the image that LCP particles with smaller
particle sizes are distributed near the larger-sized G and
clustered together to form the RLCPG composite. TEM was

Sum.

conducted to further investigate the microstructure of
RLCPG (Fig. 4(b)). The G and LCP distribution pattern is
consistent with the results of SEM tests. In the high-resolu-
tion TEM (HRTEM) image of the LCP (Fig. 4(c)), the clear
lattice stripe spacing of 0.346 nm points to the (201) plane in
the LCP lattice. Fig. 4(c) also shows the clear lattice fringes
of the LCP, indicating its good crystallinity. The 0.336 nm
crystal spacing in the HRTEM image of G (Fig. 4(d)) is con-
sistent with the (002) crystal surface of G. As shown in Fig.
4(e), the energy-dispersive X-ray spectroscopy mapping
demonstrates that all elements (Co, P, O, and C) are uni-
formly distributed in the RLCPG particles. A comparison of
the mapping of carbon elements with the other three shows
that G and LCP are distributed in a complementary manner.
This further confirms that the LCP material is predominantly
distributed near the bulk graphitic carbon material.

3.2. Electrochemical properties and diffusion kinetics

To assess the feasibility of RLCPG electrodes and invest-

50 nm

Fig. 4. Morphology and structure characterization of recycled LiCoPO,/graphite (RLCPG) powder: (a) scanning electron micro-
scopy and (b) transmission electron microscopy images of RLCPG; high-resolution TEM images of (c) LCP and (d) G; (e) energy-

dispersive X-ray elemental mappings (Co, P, O, and C) of RLCPG.
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igate the deintercalation/intercalation process of Li” and PF;
in RLCPG, we measured the electrochemical properties of
the regenerated LCP, G, and RLCPG by Neware battery test-
ing systems. As shown in Fig. 5(a), GCD tests (second cycle)
were performed within a wide potential window of 3.0-5.0 V
at 25 mA-g . The regenerated LCP achieves a discharge-
specific capacity of 74.7 mAh-g™' at 25 mA-g'. When G is
the cathode, the discharge-specific capacity is approximately
86.9 mAh-g . The charge/discharge potential plateau ranges
from 4.0 to 5.0 V, suggesting that the PF, in the electrolyte
can also deintercalate/intercalate in G when used as the cath-
ode in this potential range. Additionally, the RLCPG cathode
achieves a higher capacity of 82.9 mAh-g™' than LCP, indic-
ating PF, storage between the interlayers of graphene sheets
in G and confirming the feasibility of the DIB system based
on the RLCPG electrode. It is satisfactory that RLCPG and
LCP have comparable operating voltages (4.4 V), and the
stability can also be greatly improved. Analogously, as
shown in Fig. 5(b), three distinct oxidation and multiple rel-
atively weaker reduction peaks appear on the CV curve of
RLCPG, which are consistent with the potential plateau in the
GCD test (Li" deintercalation/intercalation from/into LCP
and PF; of electrolyte deintercalation/intercalation from/into
G layers). Figs. S4 and S5 show the CV curves of LCP and
G, respectively, which are consistent with Fig. 5(b). There-
fore, the charge/discharge and CV curves of RLCPG are sig-
nificantly different from those of LCP, indicating the pres-
ence of another ion co-de/intercalation other than Li’, i.e.,
PF; . The detailed schematic sketch (Fig. 5(c)) demonstrates
the stepwise working mechanism of Li" and PF; in the com-
posite RLCPG cathode. During the charging process, Li" is

1749

reversibly extracted from the RLCPG cathode and migrates
to the Li anode via the electrolyte. In the high potential range
0f4.0-5.0 V, the anion PF in the electrolyte is reversibly in-
tercalated into the layered G to provide capacity by ion stor-
age. The reverse process is achieved when discharging, thus
creating a process in which anions/cations are jointly in-
volved in the reaction.

Furthermore, the rate performance of LCP and RLCPG
was evaluated in the potential window of 3.0-5.0 V. As
shown in Figs. 5(d) and S6, composite RLCPG cathode dis-
plays the reversible capacities of 86.2, 76.3, 68.8, 62.6, 54.9,
and 48.4 mAh: g’1 at various current densities of 25, 50, 100,
200, 500, and 1000 mA-g'. Compared with LCP (83.4, 47.9,
29.5,19.2, 11, and 6.5 mAh-g "), the RLCPG cathode shows
a superior rate performance because of the good electrical
conductivity of G. Fig. S7 demonstrates the rate performance
of G. As in previous studies, the recycled G has appropriate
performance, making it one of the best choices for DIBs.
With the introduction of highly conductive material G in
LCP, the rate performance of the composite RLCPG is
greatly optimized, especially at the high current densities.
Moreover, as we predicted, the composite RLCPG has more
outstanding cycling stability (Fig. 5(e)). After 400 cycles,
RLCPG still has 69% capacity retention, whereas LCP has
only 15% at the current density of 25 mA-g'. The above
electrochemical data demonstrate that dual recycling of cath-
ode and anode from spent LIBs avoids resource wastage and
yields cathode materials with excellent electrochemical per-
formance.

Fig. 6(a) shows the electrochemical impedance spectro-
scopy (EIS) of the LCP and RLCPG. The EIS test was per-
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Fig. 6. Studies of LiCoPO, (LCP) and recycled LCP/graphite (RLCPG) electrode kinetics: (a) Nyquist plots of electrochemical im-
pedance spectra and equivalent circuit (R, R, Z,, and CPE represent solution resistance, charge transfer resistance, Warburg im-
pedance, and constant phase angle element); (b) galvanostatic intermittent titration technique tests and corresponding D, ; of LCP

and RLCPG electrode.

formed to determine the apparent diffusion ability of Li ions
in the electrodes. The high-frequency region is associated
with the charge transfer process. According to fitting the
semicircle in the high-frequency region, the charge-transfer
resistance (R,) of LCP is higher than that of RLCPG due to
the sufficient electron-conducting channels of G. Similarly,
the apparent Li-diffusion coefficient (D,,,1;) in the LCP and
RLCPG electrode was compared by GITT test (Figs. 6(b)
and S8). According to the GITT test, it is a 6 h relaxation
after a pulse duration of 1 h at a current density of 5 mA-g .
The diffusion coefficient of RLCPG was significantly higher
than that of LCP. This is because the kinetics of RLCPG be-
comes faster after the proportional composite of LCP and G,
and the transport ion motion of the cathode material is accel-
erated, thus affecting the change in the apparent ion diffusion
coefficient.

4. Conclusion

In this study, we proposed an ecofriendly and sustainable
double recycling strategy to concurrently reuse the spent
cathode and anode materials of spent LIBs and innovatively
used RLCPG in Li"/PF; co-de/intercalation DIBs. The com-
posite RLCPG cathode exhibited attractive stability and kin-
etics properties compared with LCP. At a current density
of 25 mA-g"', RLCPG displayed a discharge capacity of
86.2 mAh-g"'. Additionally, RLCPG demonstrated 69%,
while LCP showed only 15% capacity retention after 400
cycles at a current of 25 mA-g ', The apparent ion-diffusive
coefficients of the LCP complexed with G were consider-
ably enhanced, further indicating an improvement in the
electrical conductivity of LCP. In contrast to the traditional
recycling process, dual recycling of cathode and anode from
spent LIBs avoids resource wastage and yields cathode ma-
terials with excellent performance.
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