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ABSTRACT: The recycling of LiFePO, from degraded lithium-
ion batteries (LIBs) from electric vehicles (EVs) has gained
significant attention due to resource, environment, and cost
considerations. Through neutron diffraction, X-ray photoelectron
spectroscopy, and transmission electron microscopy, we revealed
continuous lithium loss during battery cycling, resulting in a Li-
deficient state (Li,_,FePO,) and phase separation within
individual particles, where olive-shaped FePO, nanodomains (5—
10 nm) were embedded in the LiFePO, matrix. The preservation
of the olive-shaped skeleton during Li loss and phase change
enabled materials recovery. By chemical compensation for the
lithium loss, we successfully restored the hybrid LiFePO,/FePO,
structure to pure LiFePO,, eliminating nanograin boundaries. The

LiFePO, FePO,

LiFePO, (620)

regenerated LiFePO, (R-LiFePO,) exhibited a high crystallinity similar to the fresh counterpart. This study highlights the
importance of topotactic chemical reactions in structural repair and offers insights into the potential of targeted Li compensation for
energy-efficient recycling of battery electrode materials with polyanion-type skeletons.

KEYWORDS: hybrid LiFePO,/FePO,, single particle, targeted Li compensation, regeneration, degraded lithium-ion batteries

ith an overwhelming demand of 550 GWh in 2022,

lithium-ion batteries (LIBs) have long-term been the
main power sources for electric vehicles (EVs) and consumer
electronics." The postprocessing of the consequent millions of
tons of degraded LIBs is becoming a crucial challenge after
their service.” Therefore, a call arises for an effective approach
for low-cost, energy-saving recycling of key electrode materials
(mainly cathode materials, such as LiFePO,, LiCoO,, and
LiNil_x_yCoanyOZ) containing valuable metal elements,
which can mitigate the issue of environmental pollution and
enable high utilization of resources.”* Currently, the main
recycling approaches for spent cathode materials include
hydrometallurgy and pyrometallurgy.”® They involve the
transition of degraded active materials to initial raw materials
and materials resynthesis.” Using the recycling of LiFePO, as a
typical example, degraded LiFePO, is often treated with acids
(H,PO,, HCI, H,SO,, etc.) for lithium extraction,® which
produces lithium compounds (Li,CO;, LiOH, etc.) and iron
compounds (FePO,, FeSO,, etc.). Coprecipitation coupled
with heat treatment procedures is further conducted for the
regeneration of LiFePO, using the above obtained inter-
mediates.” However, such an approach often brings issues of
high energy consumption, high cost, abundant greenhouse gas
emissions, and high consumption of acid and alkali
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chemicals.'’~"® Recently, direct regeneration of LiFePO, has

14-18
been proposed,

which avoids the multiple-step operations
with complex equipment and the use of plenty of acid/alkali
chemicals. Besides, several studies take the direction of new
applications for degraded cathodes, such as lithium extraction
from salt lakes'” and cathode materials for dual-ion batteries.”’
For direct recycling/regeneration, analysis of the physicochem-
ical state of active materials should be first conducted,
including the composition and phase structure, to determine
the possibility of direct regeneration, which remains a
significant challenge until now.”' With precise materials
characterizations, one can judge the feasibility of regeneration
of degraded active materials by employing facile chemical or
low-temperature thermal treatments with low energy con-
sumption and low cost.”>
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In this work, using lithium-ion phosphate (LiFePO,) as a
model system, we evaluated the feasibility of direct material
repair based on precise phase structure and component
analysis and investigated the structure evolution during its
recovering. After long-term cycling, part of the olivine LiFePO,
converted to FePO, leading to the overall materials
composition of Li;_ FePO,. We revealed the coexistence of
LiFePO, and FePO, within one single D-LiFePO, particle,
where the FePO, domains were randomly distributed in the
particle. It is noted that both LiFePO, and FePO, possessed
high crystallinity of the olivine structure with only slight lattice
variations, providing the basis for direct materials repairing.
Experimentally, the phase transition and structure recovering
were monitored by high resolution transmission electron
microscopy (HRTEM) and neutron diffraction after chemical
Li filling. The successful conversion from FePO, to LiFePO,
eliminated the phase separation in one single particle, and the
recovered LiFePO, showed electrochemical performance
comparable to that of the fresh counterpart (Figure 1). The
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Figure 1. Schematic illustration of the targeted lithium compensation
process.

use of a Li-arene solution provides a facile approach for Li
refilling in degraded LiFePO, compared to the other strategies,
including hydrometallurgy, pyrometallurgy, and hydrothermal
methods. It avoids complex and time-consuming procedures,
and reduces the energy consumption. Besides, the used reagent
can be effectively recycled via its reaction with metallic Lij,
demonstrating the potential low cost for this approach.
D-LiFePO, was obtained from a retired electric vehicle
battery (a 30Ah laminated LiFePO,llgraphite pouch cell at the
discharge state, Figure 2a). Before its retirement, it kept
working for over 3000 charge/discharge cycles on an electric
bus with a serving time of over eight years. After cell
disassembly, the D-LiFePO, cathode was separated from other
battery components (e.g., the graphite anode and separator). It
was found that the D-LiFePO, cathode remained as an
integrated structure with a plat and smooth surface without
obvious scratches/cracks or exfoliation from the current
collector. X-ray diffraction (XRD) was employed to investigate
the crystallinity and phase information on the D-LiFePO,
cathode (Figure S1). The prominent XRD diffraction peaks of
D-LiFePO, can be readily indexed to orthorhombic olivine
LiFePO, (space group: Pnma, JCPDS No. 83-2092). Besides,
four weak peaks at 18.2°, 30.4°, 31.0° and 37.5° were shown,
which could be ascribed to the FePO, phase (space group:
Pnma, JCPDS No. 42-0579).'“**** For an ideal LiFePO,ll
graphite cell at the discharge state, all the active Li fills in the
crystal structure of the cathode, forming a pure olivine
LiFePO, phase without Li vacancy. During repeated charge/
discharge cycling, continuous active Li loss occurs, leading to
Li deficiency at the cathode and causing the formation of
mixed phases of LiFePO, and FePO,.”**° The D-LiFePO, and
fresh LiFePO, (F-LiFePO,) from the same materials company
were further subjected to neutron diffraction for collecting

more detailed structural information. Figure 2b and Figure S2
compare the neutron diffraction patterns and Rietveld
refinement curves of F-LiFePO, and D-LiFePO,. Based on
the results of Rietveld refinement, the lattice parameters of F-
LiFePO, were 10.3329(2) A, 6.0094(2) A, and 4.6922(2) A
for a, b, and ¢, respectively. As shown in Figure 2¢ and Table
S1, LiFePO, has an orthorhombic lattice structure in a space
group Pnma, where P3* is located in the 4c tetrahedral site, and
Li* and Fe** occupy the 4a and 4c octahedral sites,
respectively.”” In the b—c plane, FeOg shares corners in the
shape of a zigzag line, and LiOy4 is edge-shared in parallel
chains that allow Li* diffuse fast along the [010] direction.”* ™"
The results of neutron diffraction patterns and Rietveld
refinement revealed that D-LiFeO, possessed mixed phases
of FePO, and LiFePO, and their proportions were 60.8% and
39.2%, respectively. Different from LiFePO,, the Li in 4a
octahedral sites in the olivine structure is absent for FePO,,
leaving full vacancies at this site. The Li—Fe antisite
concentrations in F-LiFePO, and D-LiFePO, were compared
according to the neutron diffraction results (inset in Figures 2b
and S2; Tables S1 and S2). The Li—Fe antisite concentration
of D-LiFePO, increased significantly compared to that of the
F-LiFePO, (1.4% for F-LiFePO,, 3.7% for D-LiFePO,),
suggesting structural degradation of LiFePO, on cycling The
charge Li-ion specific capacity of the mixed phases was then
calculated as $8.8 mAh ¢! according to the proportions of
FePO, and LiFePO, phases. Experimentally, D-LiFePO, was
electrochemically charged for delithiation, and the initial Li-ion
charge capacity was 544 mAh ¢! (Figure S3), in good
agreement with the above analysis. Note that in the Li metal
half cell configuration, the specific capacity of D-LiFePO, after
the initial cycle can be increased to the level of F-LiFePO,
(150.4 mAh g~', Figure S3), indicating the good stability of the
cycled olive structured framework and potential of materials
recovering for D-LiFePO, through a simple electrochemical/
chemical processing with Li filling. High-resolution X-ray
photoelectron spectroscopy (XPS) spectra of Fe 2p were
provided for F-LiFePO, and D-LiFePO, (Figure 2e). The
peaks for Fe** at 710.5 eV (2ps,,) and 724 eV (2p,),) were
prominent for the F-LiFePO,, while peaks for Fe** at 712.5 eV
(2psj2) and 725.5 eV (2py,,) were dominating for D-
LiFePO,,* which also supported the generation of FePO,
phase in the D-LiFePO, electrode. The weak Fe** peaks in the
high-resolution Fe 2p spectra in Figures 2e and 3¢ could be
ascribed to its slight surface oxidation.”*™*

The morphology of D-LiFePO, was investigated by scanning
electron microscopy (SEM). Monodispersed particles with
sizes <200 nm and aggregates with sizes <500 nm were both
observed. No cracks were shown for all of the particles in the
measured area, indicating the overall good structural stability
of D-LiFePO, (Figure S4a). It should be noted that good
integrity of the degraded active materials plays an important
role in their direct regeneration.”’ Usually, cracks or scratches
cannot be recovered unless high-temperature annealing for
recrystallization is employed. The structural information was
further revealed by HRTEM. Figure 2f shows the lattice fringe
of a D-LiFePO, particle, and the corresponding spotty fast
Fourier transform (FFT) pattern is shown in Figure 2h, which
could be well indexed to the (310) and (011) crystal planes
along the [1-33] zone axis. It was noted that the (620)
reflection spot was split into two spots corresponding to d-
spacing of 1.52 and 1.43 A, respectively (calculated LiFePO,
deo = 1.49 A, calculated FePO, dg = 1.42 A). Thus, the
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Figure 2. (a) Photograph of a 30 Ah D-LiFePO,llgraphite cell. (b) Neutron diffraction Rietveld refinement result of D-LiFePO,. Crystal structure
of (c) LiFePO, and (d) FePO,. (e) High-resolution Fe 2p XPS spectrum of D-LiFePO, and F-LiFePO,. (f) HRTEM image of D-LiFeO,. (g)
(620) lattice distribution of LiFePO, (green) and FePO, (red) in a D-LiFePO, particle based on the Fourier transform of the HRTEM image. (h)
Fast Fourier transform from D-LiFePO, in panel f showing (310) and (011) lattice reflections. (i) STEM image and (j) Fe L-edge EELS spectra of
D-LiFePO,.

coexistence of FePO, and LiFePO, phases was verified, which scanning TEM (HAFDF-STEM) and electron energy loss

suggested the transformation of LiFePO, to FePO, during the spectroscopy (EELS) measurements were further employed to
long-term cycling of batteries. The distribution of FePO, and investigate the microstructure and composition of D-LiFePO,.
LiFePO, could be obtained by the inverse FFT of the (620) HAADF-STEM images in Figures 2i and S5 revealed the
reflection spot (Figure 2g). High-angle annular dark-field uniform and intact microstructure of a D-LiFePO, particle,
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Figure 3. (a) XRD patterns and (b) neutron diffraction Rietveld refinement results and (c) high-resolution Fe 2p XPS spectrum of R-LiFePO, (d)
TEM and (e) HRTEM of R-LiFePO,. (f) Fast Fourier transform of Figure 3e showing (210) and (—201) lattice reflection. (g) STEM image and

(h) Fe L-edge EELS spectra of R-LiFePO,.

further verifying the excellent structural integrity of D-LiFePO,
after cycling. Fe L-edge EELS spectra collected in the labeled
locations (located at 1—3) of one D-LiFePO, particle (Figure
2i) are provided in Figure 2j. At location 1, the Fe L-edge
showed a dominant peak at ~708.0 eV, which could be
ascribed to Fe?*. At location 2, there existed a peak at ~710 eV
for Fe’* besides the peak at ~708 eV, suggesting the
coexistence of Fe** and Fe?*.*® The peak for Fe** was shown
only at location 3. All of the above results again supported the
transformation of LiFePO, to FePO, due to the active Li loss
as well as structural degradation after long-term battery cycling.
Thus, one main degradation mechanism for D-LiFePO, from
electric vehicles is Li loss and the transition of Fe** to Fe¥,
which cause the generation of the FePO, phase embedded in
LiFePO,. Such a mechanism provides opportunities for facile
materials regeneration by targeted Li refilling in 4a sites of
olive structured FePO,. Also, the intact particle structure of D-
LiFePO, makes for the potential of using mild materials
processing for recovery.

Olivine phosphate polyanionic materials possessed a robust
crystal structure, which remained stable even under harsh
materials processing. We conducted a Li-arene solution
(CoHgLi) treatment operation for targeted Li filling and
Fe** reduction of D-LiFePO,.””*® Figure 3a shows the XRD
result of R-LiFePO,. The peaks for FePO, in D-LiFePO,
disappeared, and all of the diffraction peaks could be ascribed

to the olive LiFePO, phase, suggesting the successful phase
recovery and Li filling after mild solution processing. Neutron
diffraction and Rietveld refinement were further conducted to
verify the recovery of components and structures of D-
LiFePO, (Figure 3b and Table S3). No FePO, phase was
observed in R-LiFePO,. The lattice parameters of R-LiFePO,
were 10.3325(2) A, 6.0095(2) A, and 4.6922(2) A for a, b, and
¢, which were very close to those of F-LiFePO, before cycling.
Only a slight amount of Li/Fe antisite of 1.7% existed in R-
LiFePO,, indicating the successfully targeted Li filling into the
4a site of olivine LiFePO,. The surface chemical state of R-
LiFePO, was measured by XPS. A high-resolution Fe 2p XPS
spectrum showed dominative peaks of Fe*" at 710.5 eV (2ps,)
and 724 eV(2p,/,), in sharp contrast to much weaker ones in
D-LiFePO,, again supporting the transition of Fe’* to Fe®"
durigzg the solution reaction of chemical Li filling (Figure
3c).

The morphology of R-LiFePO, was further investigated.
After targeted Li compensation and structure recovery, all of
the particles in the measured area under SEM maintained an
intact structure without any cracks (Figure S4b). Also, the
result of TEM indicated that the original carbon coating layer
with a thickness of ~2 nm was well remained on the surface of
the R-LiFePO, particle, as well as the intact particle structure,
showing the significant advantage of using a solution-based
repairing approach in maintaining the structure/morphology

https://doi.org/10.1021/acs.nanolett.3c01991
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01991/suppl_file/nl3c01991_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01991/suppl_file/nl3c01991_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01991?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01991?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01991?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01991?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c01991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a
45 =
1st S
2nd >
4.0 g
> } : o
ko) il =]
357 — g 6 g
K g 0 140 3
3.0 ° ., £
£ 50 20 S
o Q
2.5 & 0 o ©

0 30 60 90 120 150 180 0 50 100 150 200 250 300

Specific capacity/ mAh g

Capacity / mAh
0 10 20 30 40 50 60 70 80

Cycle number/n

4.0 00 —_
1 ‘S(((((((((((((((((((((«(“(((ﬂ((((((((((((l((«(((l(((((((((l((((((«(((((«((llf(((((((((((((((«l(((((((((((k((((((((((l(((((«((((((((((((«1 100 §
~ 80 -
A o | o
>35 S E . L1BC %5
R Ml Jfeo £
) / . © 40 2
=309 N\ o (40 2
L 4 ".‘ ~ 20 L 20 %
P “ 3
25 . 0 v . . . r o ©
0O 30 60 90 120 150 180 0 25 50 75 100 125 150
Specific capacity / mAh g™ Cycle number/ n
€ o3 fos 9 400 —
1st 1st @ Ungycled R-LiFePO,
0.21 2nd 0.2 2nd A R-LiFePO, after 1steycle
o 1] —3rd © 4] —3nd j u‘ . 3001 @ Uncycled D-LiFeRp,
< ——4th < —4th Al £ A
=~ AN y
& 0.01 N 2 0.0 7 =
g | e { N
5-0.14 \ £.0.1 | -
© 02 ¢ © /
-0.24 0.2 2993 o®
-0.3 T T T -0.3 x . . — : .
25 3.0 3.5 4.0 4.5 25 3.0 3.5 4.0 4.5 0 100 200 300 400
Voltage / V vs. Li/Li* Voltage / V vs. Li/Li Z'/ ohm

Figure 4. (a) Charge—discharge curves of R-LiFePO, in half-cell configurations for the first and second cycles. (b) Capacity-cycle number and CE-
cycle number plots of R-LiFePO, at 0.2 C in a half-cell configuration. (c) Initial charge—discharge curves of R-LiFePO, and (d) capacity-cycle
number plot of R-LiFePO,ligraphite pouch cell at 1/3 C. CV profiles for (e) D-LiFePO, and (f) R-LiFePO, at 0.1 mV s™. (g) Nyquist plots of the
uncycled D-LiFePO, (blue) and uncycled R-LiFePO, (orange, cycle) and R-LiFePO, (orange, triangle) electrodes after the first cycle in the

frequency range of 100 mHz—1000 kHz.

integrity (Figure 3d). Thus, no further carbon coating or
approach is required for realizing the high electrochemical
performance of R-LiFePO,. The HRTEM image showed
continuous lattice fringes over the entire measured area
(Figure 3e) and its Fast Fourier transform pattern could be
well indexed as the (210) and (—201) crystal planes for
LiFePO, along the [1-22] zone axis (Figure 3f) with the
spacing distances of 3.94 and 3.58 A, respectively. In
comparison to the result of D-LiFePO,, no spot splitting
occurred for R-LiFePO,, which revealed the complete
conversion of the FePO, phase to the LiFePO, phase. The
same results were also observed for 4 other active particles,
suggesting high consistency (Figure S6). The above results
again support the successful regeneration of D-LiFePO,.

The microstructure and composition of R-LiFePO, were
further investigated by high-angle annular dark-field scanning
TEM (HAFDF-STEM) and EELS measurement. HAADF-
STEM images in Figures 3g and S7 revealed that the R-
LiFePO, particles maintained a uniform and intact micro-
structure after materials processing. Figure 3h shows EELS
spectra of Fe L-edge collected in different locations (locations
1-3) of one R-LiFePO, particle (Figure 3g). Different from
the coexistence of the Fe L-edge for Fe** and Fe*" for D-
LiFePO,, only the Fe L-edge at ~708.0 eV for Fe’* was

observed for the measured three different locations for R-
LiFePO,. All the above results again verify the successful
composition recovery after targeted Li compensation. Two key
parameters for D-LiFePO, recovery with a high level of quality
are concluded as follows: 1) Targeted Li compensation into 4a
site in olivine FePO, and the reduction of Fe>* to Fe*".”” 2)
The good structural stability of LiFePO, during the processing.
With respect to the above two aspects, the as-employed
solution based chemical targeted Li compensation approach is
successful in D-LiFePO, regeneration.

The electrochemical performances of R-LiFePO, were first
investigated in half cells. The R-LiFePO, delivered a
reasonable specific capacity of 152.5 mAh g™' at 0.1 C in the
voltage range between 2.5 and 4.2 V (close to that of F-
LiFePQ,), suggesting the success of active Li filling (Figures 4a
and S8). Figure 4b shows the capacity-cycle number plot of R-
LiFePO,. The electrode displayed a reversible specific capacity
of 146.0 mAh ¢! at 0.2 C and showed a high capacity
retention of 98.1% for 300 cycles. For full pouch cell
measurement, a batch of ~20 g of R-LiFePO, was fabricated
(Figure S10) and LiFePO,llgraphite pouch cell was assembled
(Figure 4c). The initial charge specific capacity was 156.1 mAh
g ! at 0.1 C, which was the same as that of the half cell,
verifying the successful recovery of D-LiFePO, A high
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reversible capacity of 129.5 mAh g~' was further achieved after
150 cycles at 1/3 C (virtual EV charge rate) with a high
capacity retention of 86.3% (Figure 4d), showing the potential
application of R-LiFePO, by targeted Li compensation.

Figure 4e,f shows cyclic voltammetry (CV) curves of D-
LiFePO, and R-LiFePO, in the potential range of 2.7—4.2 V at
0.1 mV s™'. D-LiFePO, displayed a weak oxidization peak at
the first anodic scan process, in sharp contrast to the strong
reduction peak at the cathodic scan process (Figure 4e). The
low intensity of the oxidization peak in the first scan was
caused by the low Li content of D-LiFePO,. Such a peak
showed similar intensity to the corresponding reduction peak
in the following cycles, indicating that the Li deficiency in D-
LiFePO, could be recovered by electrochemical Li filling. R-
LiFePO, showed high intensity of the oxidization peak at the
first scan, supporting the recovered Li loss after targeted
chemical Li compensation (Figure 4f). Noted that the
oxidation/reduction peaks were 3.54 and 3.32 V for both F-
LiFePO, (Figures 4f and S9) and R-LiFePO, after the first
cycle, and the reduction and oxidation peaks of R-LiFePO,
were highly overlapped for different cycles, verifying the stable
materials structure after regeneration.?’9
impedance spectra (EIS) have been carried out for D-LiFePO,
and R-LiFePO,. The semicircle in the high-frequency region of
the Nyquist plot represents the charge transfer resistance, and
the slant rectilinear tail in the low-frequency region is the
Warburg impedance. Before the first cycle, R-LiFePO, showed
a much lower value of 64.8 Q for the charge transfer resistance
in contrast to 173.8 Q for D-LiFePO,, and it delivered a similar
value of 47.6 Q after the first cycle, indicating its good stability.
Thus, the targeted chemical Li compensation not only
addresses the Li deficiency and reduces the charge transfer
resistance, but it also realizes a robust structure for stable
electrochemical cycling.

In summary, we revealed the Li deficiency and stable
framework of D-LiFePO, via a systematic materials structure
investigation. The robust olivine phase of phosphate materials
allows LiFePO, to endure more than 3000 cycles in batteries
for EVs with a well-maintained crystal structure and only
partial active Li loss. The Li loss during battery cycling caused
the Li deficiency with the overall chemical formula of
Li,_.FePO,, and phase separation featured olivine FePO,
nanodomains (5—10 nm) embedded into the LiFePO, matrix.
After one-pot chemical solution treatment, active Li was filled
into the Li defect positions of the olivine phase, and the
original electrochemical performance was recovered. Our study
showed a paradigm of successful battery cathode materials
regeneration based on the refinement of the degraded structure
and composition, showing the potential low cost and high
efficiency in comparison to the traditional metallurgy methods
and thus demonstrating a promising future.

Electrochemical
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