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market share in the future. However, the material systems in SIBs are very similar to those in lithium-ion
batteries (LIBs), which necessitate consideration of recycling in terms of safety issues, environmental
concerns, and economic values. In this study, we present the first evaluations of the disassembly of spent
commercialized SIBs and the leaching and regeneration of their cathode material (NaNiy ;Fe; ,sMn;,30,).
We find that pretreatment of SIBs recycling offers advantages, particularly in separating the cathode and
removing impurities from the material surface. The primary challenge in recycling is that failed cathode
materials are difficult to dissolve in traditional inorganic acids, with an extraction rate of only 57.4%
even when a reducing agent is added. Fortunately, there is a possibility for the failed NaNi, sFe; sMn; 50,
regeneration. By replenishing sodium and repairing the structure through thermal treatment, the capacity
can be restored to 109.4 mAh g%, with potential practical applications. Economic analysis indicates that
the recycling of spent SIBs through cathode material regeneration results in a profit of $3.76 kg™ battery,
even surpassing the $2.64 kg™ battery profit from LIB recycling. We hope that this research will provide
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a foundation for SIB recycling.

Introduction

The severe issues of energy shortages and environmental pol-
lution make the research and development of renewable energy
storage and utilization more urgent. However, most renewable
energy sources have intermittent and unstable outputs, limiting
their practical application [1-3]. To improve the efficiency of
renewable energy use, electrochemical secondary batteries have
emerged as an ideal solution due to their efficiency, portability,
and safety [4-7]. Lithium-ion batteries (LIBs), in particular,
are one of the most commercially successful and widely used
technologies because of their long cycle life, low self-discharge,
high operating voltage, and high energy and power densities
[8-10]. Nevertheless, the cathode materials of LIBs contain
elements like lithium, cobalt, and nickel, which are unevenly
distributed and relatively scarce in the Earth’s crust [11,12]. This
rarity leads to instability of the LIB industry. This has resulted
in the exploration of other low-cost and high-performance bat-
tery systems. The sodium-ion batteries (SIBs) industry has seen
significant development in recent years [3,7,13,14]. The imbal-
ance between lithium resource supply and demand has led to
the significant fluctuation of lithium prices, further promoting
the development of SIBs [11,12]. Although SIBs have a lower
energy density compared to LIBs, they offer high safety, a wide
operating temperature range, good rate performance, and low
costs. These advantages position SIBs to play a crucial role in
energy storage and low-speed electric vehicle applications in
the future [15,16].
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With the commercialization of SIBs and their immediate
utilization in energy storage system in 2023, it is projected that
their market share will steadily increase, with an annual
demand potentially reaching 500 GWh in 2030 [17]. However,
SIBs share a similar structure and material system to LIBs, rais-
ing significant safety and environmental concerns regarding
their disposal [18]. For instance, SIBs contain 13 wt.% flam-
mable materials, 26 wt.% carbon materials, and 1.4 molkg_1
batteries fluorine [17]. If spent SIBs are disposed of improperly
by landfilling or burning, they can cause severe fire hazards and
carbon emissions, and pose significant health risks. Therefore,
during the early stages of SIB commercialization, exploring
recycling strategies is essential. This effort can guide the opti-
mization of future SIB material systems, minimize their envi-
ronmental impact throughout their lifecycle, and promote the
sustainable and healthy development of the industry.

This paper presents an investigation on recycling commer-
cial NaNi, ;Fe,,;Mn, ;0, (NEM)-based 18,650 cylindrical cells.
We selected NFM batteries because their system is highly simi-
lar to the current LiNi, ;Co, ,;Mn, ;0, batteries, which helps in
understanding the difficulties of recycling SIBs compared to
LIBs. We conducted a comprehensive failure analysis of SIBs,
from the battery level down to the material level, and examined
the processes of battery disassembly, cathode separation, mate-
rial element extraction, and regeneration. Our findings indicate
that the pretreatment of spent SIBs is comparatively easier than
that of LIBs, particularly in terms of electrode separation and
the removal of material interface impurities. Although leaching
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the NFM material after failure is challenging, material regen-
eration seems to be simpler.

Materials and Methods

Materials

Cylindrical SIBs (1.5 Ah) are provided by Jiangsu Chuanyi
Sodium Battery Technology Co., Ltd. The battery-grade sodium
metal foils, super-conductive carbon black (SP), polyvinylidene
fluoride (PVDF binder), and dimethyl carbonate are purchased
from Guangdong Canrd New Energy Technology Co., Ltd.
N-Methyl-2-pyrrolidone (NMP) and anhydrous sodium car-
bonate are purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. Additionally, 1.0 M NaClO, in ethylene
carbonate (EC):diethyl carbonate (DEC) 1:1 vol.% with 5%
fluoroethylene carbonate (FEC) is purchased from Suzhou
Duo Duo Chemical Technology Co., Ltd.

Battery disassembly

The 1.5-Ah batteries are cycled until the battery capacity reduces
to below 80% of the theoretical capacity. At this point, the battery
is considered to have reached the end-of-life criteria. Before dis-
mantling the batteries, they are discharged at a rate of 0.1 C to
0.1 V. Both end-of-life and new cylindrical batteries are dis-
mantled and separated within a glovebox (with water and oxygen
levels below 0.1 parts per million) to prevent moisture and oxy-
gen from affecting the materials. The specific procedure involves
removing external terminals and aluminum-plastic films, expos-
ing the jellyroll. The separated cathode (denoted D-NFM), sepa-
rator, and anode are individually stored.

Electrode separation

The separated electrodes are cut into 3 cm X 3 cm pieces. In a
50-ml beaker, 10 ml of deionized water is added to these cut
electrode pieces and left to stand for 10 s. At this point, the active
materials have separated from the current collector. The sepa-
rated active materials are placed in an oven for 12 h at 80 °C.

Cathode leaching

The leaching solution is prepared using 1 mol 1™ sulfuric acid
as the leaching acid and 5 vol.% H,0, as the reducing agent.
Separated active materials and the prepared leaching solution
are added according to a solid-liquid ratio of 50 g 17", The
leaching process is conducted at 20, 40, or 60 °C for 1 h, as well
asat 20 °C for 30 s, 1 h, 6 h, 12 h, and 24 h. The leaching effi-
ciency is calculated based on the inductively coupled plasma
(ICP) test results.

Cathode regeneration

The water washed D-NFM (D-NFM-W) is mixed with anhy-
drous sodium carbonate at molar ratios of 65%, 70%, and 75%.
The mixture powder is ground under infrared light for 10 min
and then thermal treated in a muffle furnace at a ramp rate of
5°Cmin~" to 900 °C for 10 h. The regenerated cathode is named
S-65%, S-70%, and S-75% based on sodium carbonate addition.

Electrochemical test

The regenerated materials are mixed with PVDF and conduc-
tive carbon black in NMP at a mass ratio of 8:1:1. The slurry is
then coated onto aluminum foil and vacuum-dried at 120 °C
for 12 h. Coin cells are assembled in a glovebox under argon
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atmosphere, using sodium metal with a diameter of 15.6 mm
as the anode and the 14-mm cathode as the cathode. The cells
are assembled with 1.0 M NaClO, in EC:DEC 1:1 vol.% elec-
trolyte with 5 vol.% FEC additive, using GF/A fiber glass as the
separator. Cycling performance tests are conducted in the volt-
age range of 1.5 to 4.0 V under different current densities.
Electrochemical impedance spectroscopy and cyclic voltam-
metry are performed using an electrochemical workstation.

Characterization

X-ray diffraction (XRD) spectroscopy is employed to character-
ize the crystal structures of the cathode and anode materials
using a D8 Advance Bruker instrument under 45 kV, 40 mA,
and a scan rate of 10° min ™. X-ray photoelectron spectroscopy
(XPS) is used to analyze the elemental valence on the cathode
surface with a VersaProbell ULVCA-PHI instrument. For the
XPS analysis, a monochromatic Al Ka X-ray source is used,
with settings of 100 pm, 25 W, and 15 kV, and depth analysis
is performed using Ar ion sputtering at 2 kV. Field emission
scanning electron microscopy (SEM, SU-8010 Hitachi) and
high-resolution transmission electron microscopy (HRTEM,
Tecnai G2 F30 FEI) equipped with an aberration-corrected
high-angle annular dark-field detector are used to characterize
the material morphology and structure. ICP optical emission
spectrometry is employed to determine the elemental content
in the cathode and anode materials using an Arcos II MV
SPECTRO instrument. X-ray computed tomography (CT) is
used for nondestructive detection of internal structural changes
in the battery with a nanoVoxel-4000 system.

Results and Discussion

Battery disassembly

We conducted computed tomography on both spent cylindrical
SIBs (cathode denoted as D-NFM) and pristine ones (cathode
denoted as NFM) to observe internal changes. As depicted in Fig.
1A, the spent battery maintains a well-defined cylindrical struc-
ture, with the winding of electrodes still clearly visible from
the top view, indicating that the electrode integrity remains intact
even after extended cycling. Hence, it is suitable for SIBs to be
recycled by disassembling method. The disassembled electrode
surface after cleaning with DMC (Dimethyl carbonate) appears
smooth for NFM, whereas white spots are evident on D-NFM,
primarily due to the formation of a cathode electrolyte interface
(CEI) layer on the cathode after prolonged cycling, comprising
mainly sodium salts and organic compounds (Fig. 1A). This
also demonstrates that DMC is insufficient in completely
removing impurities at the material interface. Moreover, the pres-
ence of more obvious white spots on degraded hard carbon
(D-HC), as observed through HC and D-HC, correlates with the
storage mechanism of sodium ions in hard carbon [19-21].

We subsequently investigated the electrode separation.
Separating the cathode under conventional conditions is chal-
lenging owing to the use of PVDEF as a binder. We found that
using water as the separation medium effectively induced the
delamination of the cathode materials from the aluminum foil.
This likely occurs because the layered cathode material in SIBs
is relatively unstable in air and readily reacts with moisture to
trigger sodium ion loss, forming NaOH. In aqueous solution, it
is easier for H* in water to replace sodium ions in the layered
material, producing NaOH (Fig. 1B). This NaOH reacts with the
aluminum, forming AlO*~, and causes the active material to
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Fig.1.(A) CT images of NFM and D-NFM cells and optical images of corresponding disassembled electrodes. (B) Schematic illustration of cathode separation in water.
(C) Results of electrode separation. (D) pH values of electrode immersion in water. (E) Sodium ion ratio in materials before and after immersing in water. (F) SEM images of
pristine NFM. (G) SEM images of D-NFM. (H) SEM images of NFM after immersing in water (D-NFM-W). (1) SEM images of D-NFM after immersing in water (D-NFM-W). (J) SEM
images of recycled current collector. (K) EDS images of NFM and recycled current collector. In these abbreviations, “D” represents degraded, and “W” represents water leaching.

separate from the current collector [22,23]. This reaction is rapid,
achieving complete separation of the active material from the
current collector within 10 s. Figure 1C illustrates the separa-
tion results, showing that the aluminum current collector from
D-NFM is more intact compared to NFM. This is because
D-NFM has a lower sodium ion content of about 80%, resulting
in less NaOH and a milder alkaline reaction with aluminum,
thus preserving the integrity of the separated current collector
(Fig. 1D). Conversely, water as a separation medium is less
effective for anode materials (HC and D-HC). This inefficacy
can be attributed to the lower sodium ion content in the anode,
leading to a less alkaline solution compared to that of the cath-
ode material.

To confirm that the observed separation is due to NaOH in
the solution, we measured the sodium ion content and pH of
the solution. Under identical conditions, we immersed NFM,
D-NEM, HC, and D-HC in water, resulting in alkaline solutions
with pH values of 10.5, 10.17, 8.21, and 9.5, respectively, which
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corresponds with the separation trends of cathode materials
from the current collector (Fig. 1D). ICP analysis confirmed a
significant reduction in sodium ion content in the materials
after water treatment, demonstrating that sodium ions leached
from the materials into the solution (Fig. 1E).

The cathode separation not only extracts sodium ions from
the cathode but also removes surface impurities. The surface
of the failed NFM is covered with a thick CEI layer (Fig. 1F and
G), primarily composed of NaF, Na,CO;, Na,O, and organic
species, all of which are highly water-soluble. Consequently, wash-
ing the NFM with water leads to noticeable surface changes.
After D-NFM is thoroughly washed with a large amount of
water, the surface shows distinct primary particles, closely resem-
bling the original material (Fig. 1H).

Further analyses on the current collectors indicate that the
aluminum foil surface exhibits some residual active materials
(Fig. 1I). SEM image shows that when the cathode is immersed
in water, part of the cathode material fractures, some remain
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on the current collector’s surface, and some detach completely
from the current collector, also facilitating cathode separation.
ICP analysis confirms the elemental composition of these
residues: sodium at 1.34 mol%, nickel at 1.96 mol%, iron at
2.41 mol%, and manganese at 1.94 mol%. Using water as a
separation medium proved to be a simple and efficient method
for separating cathode materials from aluminum foil.

Materials analysis
Surface analysis
The CEI compositions are the main impurity sources intro-
duced into the material during the recycling process. Therefore,
tracking changes in surface impurities during recycling is cru-
cial for the final quality of the recovered material. We use 3D
tomography of TOF-SIMs to examine the surface changes of
cathode materials. As shown in Fig. 2A, the D-NFM surface
contains abundant fluorine and phosphorus, largely due to
NaPF,-induced CEI formation. When the cathode is washed 3
times with DMC, the concentrations of fluorine and phospho-
rus are significantly reduced and almost negligible after a depth
of 100 nm (Fig. 2B). When the cathode is quickly rinsed 3 times
with water, the fluorine and phosphorus nearly disappear,
showing very low detectable intensities (Fig. 2C). This indicates
that water not only separates the active materials from the cur-
rent collectors but also effectively removes the surface CEL
XPS depth profiles of D-NFM before and after water wash-
ing further indicate that water effectively removes CEI from
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the cathode material, with detectable fluorine levels below 1%
(Fig. 2D). Although the phosphorus signal in D-NFM-W occa-
sionally fluctuates near zero and even shows negative values at
times, it is similar to the NFM-W signal, indicating negligible
phosphorus content in the material. Considering that the CET’s
proportion in the cathode material is very limited, the impuri-
ties remaining after washing are insignificant and do not affect
the quality of the recovered material (Fig. 2E).

Beside the CEI, NFM interphase is also changed after exten-
sive cycling. The XPS results shown in Fig. 2F indicate that the
valence state of nickel changes from +2 to +3 [24,25]. In the
NEM system, nickel undergoes redox reactions during charging
and discharging up to 4.0 V [26], while iron and manganese
mainly stabilize the transition metal layers [27,28]. The oxida-
tion of some nickel in D-NFM compensates for the loss of
sodium ions, achieving charge balance by increasing nickel’s
valence state [26]. NFM with interface changes, especially
where an increase in the valence state of material elements
necessitates the assistance of reducing agents for dissolution.
The XPS spectra of NFM, D-NFM, and D-NFM-W showed
that the oxidation state of Fe is +3 and that of Mn is +4 (Figs.
S1and S2). This indicates that during the charge and discharge
processes, Fe and Mn ions do not participate in redox reactions,
helping to maintain the lattice structure. After separation using
water as the medium, the oxidation states of Fe and Mn ions
remain unchanged, suggesting that charge compensation dur-
ing the separation process is achieved by Ni ions.
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Structure analysis

The structural changes in NFM are crucial for material leach-
ing or regeneration, significantly impacting how materials
dissolve or undergo repair. After cycling, the material exhibits
numerous cracks within its particles (Fig. 1F and G). While
these changes facilitate material dissolution due to increased
surface area, they pose challenges for material regeneration.
Internal CEI formation and the need for high-temperature
sintering to address cracks may further complicate restora-
tion efforts.

XRD is used to determine the changes in the materials’
microstructure. The NFM exhibits clear characteristic peaks at
(003), (102), and (104) (Fig. 3A and Table S1) [26,27]. This
confirms that NFM has an O3 phase structure, and the high
intensity ratio between (104) and (102) indicates a well-defined
layered structure [29]. In contrast, the D-NFM material shows
distinct peaks at (003), (012), and (015) (Fig. 3B and Table S2).
The refined results reveal a composite phase of P3 and O3, with
the P3 phase comprising 76.4% of the material. Additionally, the
intensity ratio between (015) and (012) is significantly lower

A Experimental B Experimental c
—— Refined — Refined o Hydration phase — D-NFM-W
—— Differences —— Differences NFM-W
03 | P3
R\=2.20% 03
—~ —~ Ryp=3.14% -
3 3 S
& & s
> > >
= =
= I Al P T = Z
5 5 5
E E =
| [ [ I
T T T T T T T T T T

coODhD e s,"0 '8"0 (o]0 ie]
L o s e am e o0 o o 99 ° 0.0 %
.LQ‘.L.J., [ - 2o o—oto (e
gi\e2 0.0 ARNS;0, O/ e, 0 0 070/0 0
RN 4 o0 Joo o
0 06060 o O
e e Myier'e;’o,” o Bo00
2,929, ABpSe 0/ g o0 = o8 ® ot °
|ﬂ;;=|=. © oo ®o °°,g ':'2 g
‘o .o ».o .a eu 9 °°°..°.°0.°°.° J QJ o ‘, 2. J |

D|sorder

layer area

NAa"Afvusioﬁ

=

° O 0 O s
° ° O O a’aci"’—..ga’u » Transition
e metals
o—6_— 60
° ° ° ° Jo5s,t,
L Na
0 O O O
¢ o —g
Rocksalt

80 784 796

741 80 78.4

70.8 72.5
604 604
49.1

40 40

Na leaching efficiency (%)
Na leaching efficiency (%)

20 20

97.3 98.4 Na

Transition metals (TMs)

80

60 604 57.4

40

204 15.3
10.8
5.8 9.2

|

20

Na leaching efficiency (%)
TMs leaching effciency (%)

30s 1h 6h 12h  24h 20°C 40°C 60 °C

0 ™ T T T T
D-NFM 20°C 40 ° 60°C 80°C

(o]

. A 5 K
e “F‘“)N \'\ D_“FN‘Y\ O_‘\\FV“\N

Fig. 3. The Rietveld refinement of the XRD pattern for (A) NFM and (B) D-NFM. (C) XRD patterns of NFM and D-NMF before and after water immersion. (D) TEM images of
pristine NFM. (E) TEM images of D-NFM showing P3 and rock-salt phases. (F) Schematic illustration of different phases presented in this study. (G) TEM images of D-NFM-W
showing P3 and spinel phases. (H) Sodium leaching efficiency of D-NFM in water for various times. (I) Sodium leaching efficiency of D-NFM in water at various temperatures.
(J) Sodium leaching efficiency in 5% H,0, 1 M H,SO, solution. (K) Transition metal leaching efficiency in 5% H,0, 1 M H,SO, solution.

Zhang et al. 2024 | https://doi.org/10.34133/energymatadv.0128 5

Gz0z ‘TT Jequiedas uo A1seAIUN JBMod 211983 eulyD YUoN e Bioaous1os [ds//:sdny wouy papeojumog


https://doi.org/10.34133/energymatadv.0128

Energy Material Advances

compared to NFM, suggesting that prolonged cycling causes
transition metal migration, weakening the layered structure.
Moreover, the (003) peak of D-NFM shifts slightly to the left
because of the loss of active sodium ions within the layered
structure [24,30]. This increases the repulsive forces between
the transition metal layers, enlarging the interlayer spacing. The
XRD results of the materials after water immersion separation
are shown in Fig. 3C. For NFM-W and D-NFM-W), distinctive
peaks of hydrated phases appear due to the reaction between
H* in water and sodium ions in the layered structure [31-34].
Peaks such as (003) and (012) of the P3 phase are still present
but with reduced intensity, indicating that the layered structure
is retained after immersion.

To further investigate the structural changes in the cathode
material, we performed TEM characterization. To showcase the
material failure, we present schematic diagrams of different
phases in Fig. 3F. The TEM results clearly reveal the (003) crystal
planes of both NFM and D-NFM, with interplanar spacings
of 0.49 nm (Fig. 3D, region I) and 0.54 nm (Fig. 3E, region II),
respectively. The lattice diffraction patterns indicate that NFM
exhibits an O3 phase (Fig. 3D) [24,27], while D-NFM displays a
P3 phase (Fig. 3E), consistent with the XRD results. For D-NFM,
we find the disappearance of the CEI layer on the particle sur-
face, which corroborates the TOF-SIMs results shown in Fig.
2C. Additionally, a near 10-nm rock-salt phase layer is visible
on the surface of the D-NFM material, particularly in region
III of Fig. 3E. This formation is due to excessive sodium ion
depletion, which facilitates the migration of transition metals
to sodium ion sites, forming a rock-salt phase that significantly
hinders sodium ion intercalation and deintercalation.

Figure 3G displays TEM images of the water-treated cathode
materials. Numerous cracks are observed along the sodium ion
transport pathways, likely caused by the rapid extraction
of sodium ions. Additionally, comparing the TEM results
of D-NFM reveals a transformation of the impurity phase
from a rock-salt structure to a spinel structure at the material
interface after water treatment (Fig. 3G, regions IV and V).
Layered materials are highly reactive with water, leading to the
formation of Na,CO, and NaOH on their surfaces, as well
as the incorporation of water molecules or hydrogen ions at
sodium ion sites. Fourier-transform infrared spectroscopy (FTIR)
spectra of NEM, D-NEM, and D-NFM-W reveal that D-NFM-W,
obtained after water separation, lacks characteristic peaks for
hydrogen bonding, indicating that no water molecules are pres-
ent between the transition metal layers (Fig. $3). The interlayer
spacing of D-NFM-W is 0.53 nm, which is close to the inter-
layer distance observed when H* ions are intercalated. This
suggests that after water separation, H" ions primarily occupy
the sodium ion sites, providing charge compensation and
maintaining the layered structure. This transformation likely
results from intense reactions that dissolve surface transition
metals, causing the rock-salt phase to disappear and the layered
structure to collapse, forming a new spinel phase. The ICP results
for the water solution after separation, presented in Table S3,
reveal trace amounts of Ni, Fe, and Mn. This confirms that
during the separation process, intense reactions caused the
surface layers of the material particles to detach, leading to
the disappearance of the rock-salt phase on the surface of the
D-NFM-W material. This suggests that while the layered mate-
rial maintains its primary structure after water exposure, there
is still some structural degradation, particularly at the non-
sodium transport interfaces.
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Structural damage and replacement of Na with H inevitably
affects the leaching performances of cathode materials. Initially,
we try to remove all sodium from materials using water as the
separating medium. If the sodium ions are entirely replaced
by hydrogen, the remaining transition metal elements can dis-
solve without the need for precipitation separation, allowing
the reaction solution to be used directly for material synthesis,
thereby reducing energy and chemical consumption. Figure
3H and I show that water immersion effectively removes sodium
ions from the material, with leaching efficiency increasing over
time at 25 °C, approaching 79.6% after 24 h. Additionally, the
leaching efficiency of sodium ions increases with temperature.
At 60 °C, a 1-h immersion yields 78.4% efficiency. Prolonging
the immersion time at 60 °C increases the leaching efficiency
of sodium ions to about 80%. This means that the upper limit
of sodium substitution of NFM material by hydrogen is
about 80%.

The acid leaching is conducted on the cathode materials
under the conditions of 5% HfO2 and 1 M H,SO, solution, a
solid-to-liquid ratio of 50 g1, 60 °C, and 1 h. Figure 3] and
K show the acid leaching results of materials with and without
water treatment. For the D-NFM materials, water washing
slightly reduced the sodium leaching efficiency to 89.3% due
to the partial disruption of the layered structure. In contrast,
for NFM materials, the acid leaching enhanced the sodium
leaching efficiency, reaching up to 98.4%. Figure 3K reveals
that water-separated materials exhibit decreased solubility in
acid. The leaching rate of D-NFM materials reached 57.4%,
while that of D-NFM-W drastically decreased to only 15.3%
at 80 °C. This decrease may be attributed to hydrogen occupy-
ing the sodium ion sites after water leaching, resulting in a
more stable material structure. Therefore, the water separa-
tion method modifies the material structure to some extent,
promoting the reduction of transition metals and thereby
inhibiting acid solubility. This limitation of acidic dissolution
is disadvantageous for hydrometallurgical recovery, indicat-
ing a need for exploring more suitable leaching methods.

NFM regeneration

We regenerate the failed NFM by sodium supplementation and
thermal treatment [35]. This approach replenishes the missing
sodium ions and repairs the damaged structure. The recycled
NFM materials soak in water for 1 h to better remove the sur-
face CEI After this, approximately 70% of sodium ions are
extracted from the NFM. Therefore, we choose to add sodium
sources (Na,COj;) in molar ratios of 65%, 70%, and 75%, fol-
lowed by sintering at different temperatures for 10 h.

The XRD patterns for materials regenerated at different tem-
peratures and with varying Na,CO, contents at 900 °C are shown
in Figs. S4 and S5. These patterns indicate that under all regen-
eration conditions, D-NFM-W is changed from the P3 phase
to the O3 phase. This suggests that high-temperature treatment
allows sodium ions to reinsert into the material, and the pres-
ence of strong characteristic peaks such as (003) and (104)
confirms that the layered structure is well-preserved after
regeneration. SEM images of materials regenerated at 900 °C
with different Na,COj, contents, presented in Fig. S6, reveal that
the morphology of secondary particles in S-65, S-70, and S-75
remains unchanged. However, the surface of S-75 shows numer-
ous additional particles, likely due to excess sodium carbonate
residue, which is a key factor contributing to the decreased
electrochemical performance of S-75.
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To demonstrate the restored electrochemical performance
of the cathode material after regeneration, half-cell tests are
conducted within a voltage range of 1.5 to 4 V. The cycling
performance of materials regenerated at different sintering
temperatures is shown in Fig. 4A. It is observed that as the
sintering temperature increases, the discharge capacity of the
repaired materials improves. For the material regenerated at
900 °C, the discharge capacity at 1 C reaches 89.7 mAh g™'
This improvement is attributed to the high temperature facili-
tating the insertion of sodium ions and providing more energy
for the transition from P3 to O3. Subsequently, we investigated
the effect of varying amounts of sodium carbonate added at
900 °C on the regenerated materials’ performance, with the
electrochemical performance detailed in Fig. 4B to E The first
cycle charge-discharge curves are shown in Fig. 4B. At a cur-
rent density of 0.1 C, the NFM with 70% sodium replenish-
ment (S-70%) exh1b1ts the highest initial discharge capacity
of 102.4 mAh g™, significantly higher than that of S-75% and
S-65%. Addltlonally, S-70% shows an initial charge capacity
of 109.4 mAh g~" with a coulombic efficiency of 93.6%.

The electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) curves of the regenerated materials are shown
in Fig. 4C and D. From the CV curves, both S-70% and S-75%
exhibit 1 oxidation peak and 2 reduction peaks, similar to those
of commercial NFM (C-NFM). The single oxidation peak cor-
responds to the transition from O3 to P3 phase, while the 2 reduc-
tion peaks correspond to the transitions from P3 to O'3 and O'3
to O3 phases [36]. Of note, the oxidation peak potential of the
regenerated materials is higher than that of C-NFM. This increase
is attributed to the incomplete incorporation of sodium ions from
Na,CO; into the layered structure, leading to a deficiency of
sodium ions in the material and a subsequent rise in charging
potential. Additionally, residual Na,COj; on the surface influences

the interfacial charge transfer reactions, increasing the polariza-
tion potential. The S-70% exhibits low charge transfer resistance
(R, indicating that adding 70% sodium results in a uniform O3
phase without leaving residual Na,CO; on the material surface
(Fig. 4C), which can hinder sodium ion transport. This uniform
phase contributes to its excellent electrochemical performance.

Long-cycle performance at 1 C is presented in F1g 4E. The
S-70% shows a discharge capacity of 89.5 mAh g, which
is lower than the 101.7 mAh g~' of C-NFM. However after
100 cycles, S-70% maintained a discharge capacity of 81.6 mAh
¢! with a capacity retention rate of 91.2%, whereas C-NFM’s
capacity dropped to 73.5 mAh g™, with a retention rate of 72.3%.
Additionally, during the initial cycles both S-70% and C-NFM
exhibit nearly 100% coulombic efficiency, indicating fewer side
reactions during the redox process. The rate performance,
shown in Fig. 4F, reveals that S-70% significantly outperforms
S-65% and S-75%. Specifically, S-70% achleves a specific capac-
ity of 106.2, 97.1, 89.7,and 77.5 mAh g ' at 0.1, 0.5, 1, and 2 C,
respectively. Furthermore, after cycling at different rates, the
specific capacity of S-70% can recover to 105.4 mAh g™, close
to its initial value, demonstrating its good cycle stability.

Environmental and economic analysis

Based on the aforementioned SIB recycling process and results,
we calculate the consumption, environmental impact, and eco-
nomic benefits from the battery disassembly, cathode separa-
tion, NFM leaching, and NFM regeneration. These results are
compared with those of LIB recycling. Figure 5A and Fig. S8
illustrate the differences in the disassembly and recycling pro-
cesses for SIBs and LIBs. The main differences lie in the separa-
tion of the cathode and the dissolution and purification of the
separated materials. The processing of other materials is almost
identical between the two.
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Fig.4.(A) Cycling performances of regenerated NFM at different temperatures. (B) Voltage-capacity curves of regenerated NFM. (C) Cyclic voltammetry curves of regenerated
NFM. (D) Impedance curves of regenerated NFM (the corresponding equivalent circuit diagram is shown in Fig. S7). (E) Cycling performances of regenerated NFM with different
Na,CO; contents. (F) Rate performance of regenerated NFM with different Na,CO; contents.
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For ease of calculation and comparison, we select similar
material systems and use realistic material ratios for LIBs and
SIBs (Fig. 5B and C). Both are based on 1 kg of battery weight.
The energy and chemical consumption, as well as the recovery
efficiency for each recycling process, are based on previous
publications [17,37]. The recycling rates for LIB anode and
cathode materials and current collectors are calculated using
an ideal recovery efficiency of 90%, while the separator and
shell are considered at 100%, and the electrolyte at 80%. For
SIBs, the recycling efficiencies are the same as those for LIBs,
except for the cathode material and current collector, where
our experimental recovery efficiency is about 95%. Based on
the material ratios and recovery efliciencies for LIBs and SIBs,
their total recycling efficiencies can reach up to 86.85% and
88.23%, respectively, approaching the ideal recovery values for
these batteries (Fig. 5D and Table S4).

For the element extraction, the main energy consumption in
the recycling process is from the thermal treatment of battery
materials. For traditional LIB cathode separation, the electrode
needs to be processed at 500 to 600 °C to burn off PVDF and
SEI (solid electrolyte interphase) materials, making subse-
quent material separation and treatment much easier. In con-
trast, SIB recycling requires similar treatment only for the anode.
Accounting for the mass ratio of materials treated thermally,
the total energy consumption for LIB and SIB recycling,
including other processes, is 6.13 and 2.93 M], respectively
(Fig. 5E). Chemical reagents are another crucial aspect of the
recycling process. For separated LIB cathode materials, inorganic
acids are typically used for dissolution, followed by the use of
extractants to remove impurities, separate transition metals, and
precipitate lithium. This process consumes about 0.81 kg of HCI,
1.2 kg of NaOH, and 0.4 kg of Na,CO; without considering the
loss of theoretically reusable extractant and other materials (Fig.
5F). We assume that the extraction of transition metal elements
from SIB cathodes requires the use of chemicals similar to those
used for LIB cathodes, leading to the consumption of 0.37 kg
of HCl and 1.2 kg of NaOH. Additionally, SIB recycling requires
2 more water compared to LIB recycling due to more intensive
water use during cathode separation (Fig. 5G). Ideally, the 7.7 1
of water used in SIB cathode separation can be reused because
the aqueous solution mainly contains NaOH. Therefore, the
overall water consumption in SIB recycling can be reduced.
When energy consumption and chemical usage are converted
into carbon emissions, SIB recycling generates approximately
1.76 kg of CO, (Fig. 5H). This is significantly lower than the
2.95 kg of CO, produced by LIB recycling, primarily due to the
higher chemical consumption in the LIB process.

Based on the investment in the battery recycling line, mate-
rial consumption, and the value of recovered materials, we
calculate the cost and revenue [17,38]. The equipment invest-
ment for recycling SIBs and LIBs is the same, while it is different
in the battery fee and the cost of chemicals. Spent LIBs need to
be purchased for approximately $1.50 due to their high content
of valuable metals. In contrast, SIBs contain fewer valuable met-
als, making them less attractive to recycling plants. In some
cases, treatment of spent SIBs might even require a fee for con-
sumers or battery manufacturers. The total cost used in the
recycling process is $3.10 for LIBs and $1.33 for SIBs (Fig. 5I).
The value of recovered materials is calculated based on pro-
jected market prices. In particular, we value recovered lithium
at $75kg " and recovered carbon materials at $1 kg~". The total
value of recovered materials is $1.29 for SIBs and $4.33 for LIBs.

Zhang et al. 2024 | https://doi.org/10.34133/energymatadv.0128

Subtracting the costs from the revenue, the profit is $0.10 for
SIBs and $1.40 for LIBs, demonstrating that element extraction
from SIBs is not cost-effective.

We calculated the consumption and profit of the cathode
material regeneration. The difference between material and ele-
ment extraction for SIBs lies only in the final material treatment.
During the regeneration process, the material requires only a
thermal treatment at 900 °C with a 70% molar ratio of Na,CO;,
eliminating the need for material dissolution and extraction.
This significantly reduces material consumption and adds only
3.3 M]J of energy to the process. Consequently, the energy con-
sumption, chemical consumption, water consumption, and CO,
emissions for cathode material regeneration are 5.73 MJ, 1.61 kg
of Na,CO,, 10.82 1, and 0.85 kg of CO,, respectively, making it
highly competitive compared to element extraction. Due to the
higher value of the regenerated material, the revenue is as high
as $4.64 with a cost of $0.89, resulting in a profit of $3.76, which
is even higher than the $2.64 profit from LIB recycling. This is
mainly due to the absence of a purchase price for spent SIBs
and the relatively lower process consumption.

Conclusion

This work is the first investigation of spent SIB. It is discovered
that water can effectively separate the cathode material from
the current collector. This separation method is simple and
efficient and produces minimal pollution, offering a potential
route for the pretreatment of SIBs. Contact with water further
collapses the cathode material structure, with intense sodium
ion extraction reactions causing numerous cracks. Meanwhile,
the interface forms a complex layer of 5- to 10-nm rock-salt
and spinel phases. Following water separation, the H/Na
exchange inhibits the material’s reactivity, leading to reduced
efficiency in transition metal dissolution. This presents signifi-
cant challenges for the hydrometallurgical recovery of water-
separated materials. However, the bulk material after water
separation contains minimal impurities and the layer structure
remains, facilitating material regeneration. Owing to the sig-
nificantly lower cost of SIB recycling and the material price of
SIBs being almost similar to that of LIBs, the profitability of
SIB recycling is even higher than that of LIB recycling.

Acknowledgments

Funding: This research is financially supported by the Shenzhen
Science and Technology Program (KCXST20221021111201003),
the National Natural Science Foundation of China (Nos.
52261160384 and 52072208), the Fundamental Research
Project of Shenzhen (No. JCYJ20220818101004009), the Local
Innovative and Research Teams Project of Guangdong Pearl
River Talents Program (2017BT0IN111), the Shenzhen Science
and Technology Program (KCXFZ20211020163810015), the
Guangdong Basic and Applied Basic Research Foundation
(No. 2022A1515110531), and the China Postdoctoral Science
Foundation (No. 2022M721800). We also acknowledge the sup-
port of the Testing Technology Center of Materials and Devices
of Tsinghua Shenzhen International Graduate School (SIGS)
and the Major Science and Technology Infrastructure Project
of Material Genome Big-science Facilities Platform supported
by the Municipal Development and Reform Commission of
Shenzhen.

Gz0z ‘TT Jequiedas uo A1seAIUN JBMod 211983 eulyD YUoN e Bioaous1os [ds//:sdny wouy papeojumog


https://doi.org/10.34133/energymatadv.0128

Energy Material Advances

Author contributions: Y.Z., EK., and B.L. supervised the proj-
ect.].Z., YW, Y.K,, and H.D. conducted the investigations. Y.Z.,
J.Z., T.J., ].X., and Y.H. contributed to the data analysis and
manuscript preparation.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

All data are available from the corresponding authors upon
reasonable request.

Supplementary Materials

Figs. S1 to S8
Tables S1 to S4

References

10.

11.

Hwang J-Y, Myung S-T, Sun Y-K. Sodium-ion batteries:
Present and future. Chem Soc Rev. 2017;46(10):3529-3614.
Qiu L, Zhang M, Song Y, Wu Z, Zhu YF, Zhang J, Wang D,

Hu HY, Li HW, Liu HR, et al. Deciphering the degradation
discrepancy in Ni-rich cathodes with a diverse proportion of
[003] crystallographic textures. Carbon Energy.
2023;5(7):€298.

Guo S, YiJ, Sun Y, Zhou H. Recent advances in titanium-based
electrode materials for stationary sodium-ion batteries. Energy
Environ Sci. 2016;9(10):2978-3006.

Davies DM, Verde MG, Mnyshenko O, Chen YR, Rajeev R,
Meng YS, Elliott G. Combined economic and technological
evaluation of battery energy storage for grid applications.

Nat Energy. 2019;4:42-50.

Yang Y, Wang F, Chen Y, Chen C, Zhang S, Yu ZQ, Au CT,
Yin SE Qiu R. Building a PEG-C@MoSe,@CNT
heterostructure via in-situ selenidation as highly reversible
anodes for Na* batteries. Sci China Chem. 2023;66:475-491.
Wang J, Tran DT, Chang K, Prabhakaran S, Zhao J, Kim DH,
Kim NH, Lee JH. Hierarchical Ni@ CNTs-bridged Mo, C/Ni,P
heterostructure micro-pillars for enhanced seawater splitting
and mg/seawater battery. Nano Energy. 2023;111:

108440.

Lv Z, Luo Y, Tang Y, Wei ], Zhu Z, Zhou X, Li W, Zeng Y,
Zhang W, Zhang Y, et al. Stretchable supercapacitors: Editable
supercapacitors with customizable stretchability based

on mechanically strengthened ultralong MnO, nanowire
composite. Adv Mater. 2018;30(2):201704531.

Tan S, Yue J, Hu XC, Shen ZZ, Wang WP, LiJY, Zuo TT,
Duan H, Xiao Y, Yin YX, et al. Nitriding-interface-regulated
lithium plating enables flame-retardant electrolytes

for high-voltage lithium metal batteries. Angew Chem.
2019;131(23):7884-7889.

Li H, Wang H, Chan D, Xu Z, Wang K, Ge M, Zhang Y,

Chen S, Tang Y. Nature-inspired materials and designs for
flexible lithium-ion batteries. Carbon Energy. 2022;4(5):878-900.
Xiao Y, Zhang X-D, Zhu Y-E, Wang P-F, Yin Y-X, Yang X,

Shi J-L, Liu ], Li H, Guo X-D, et al. Suppressing

manganese dissolution via exposing stable {111} facets

for high-performance lithium-ion oxide cathode. Adv Sci.
2019;6(13):1801908.

Liu YE, Han K, Peng DN, Kong LY, Su Y, Li HW, Hu HY, Li ],
Wang HR, Fu ZQ, et al. Layered oxide cathodes for sodium-

Zhang et al. 2024 | https://doi.org/10.34133/energymatadv.0128

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

ion batteries: From air stability, interface chemistry to phase
transition. InfoMat. 2023;5(6):e12422.

Singh AN, Islam M, Meena A, Faizan M, Han D, Bathula C,
Hajibabaei A, Anand R, Nam KW. Unleashing the

potential of sodium-ion batteries: Current state and future
directions for sustainable energy storage. Adv Funct Mater.
2023;33(46):2304617.

Han MH, Gonzalo E, Singh G, Rojo T. A comprehensive
review of sodium layered oxides: Powerful cathodes for Na-ion
batteries. Energy Environ Sci. 2015;8:81-102.

Zhang H, Gao Y, Liu X, Zhou L, Li ], Xiao Y, Peng J, Wang J,
Chou SL. Long-cycle-life cathode materials for sodium-ion
batteries toward large-scale energy storage systems. Adv Energy
Mater. 2023;13(23):2300149.

Wu'Y, Zhao Z, Hao X, Xu R, Li L, Lv D, Huang X, Zhao Q,
Xu'Y, Wu Y. Cathode materials for calcium-ion batteries: Current
status and prospects. Carbon Neutraliz. 2023;2(5):551-573.
Deng J, Luo WB, Chou SL, Liu HK, Dou SX. Sodium-

ion batteries: From academic research to practical
commercialization. Adv Energy Mater. 2018;8(4):1701428.
Zhao Y, Kang Y, Wozny J, Lu J, du H, Li C, Li T, Kang F,
Tavajohi N, Li B. Recycling of sodium-ion batteries. Nat Rev
Mater. 2023;8:623-634.

Bauer A, Song J, Vail S, Pan W, Barker J, Lu Y. The scale-up and
commercialization of nonaqueous Na-ion battery technologies.
Adv Energy Mater. 2018;8(17):1702869.

Sun N, Qiu J, Xu B. Understanding of sodium storage
mechanism in hard carbons: Ongoing development under
debate. Adv Energy Mater. 2022;12(27):2200715.

Sun N, Guan Z, Liu Y, Cao Y, Zhu Q, Liu H, Wang Z, Zhang P,
Xu B. Extended “adsorption-insertion” model: A new insight
into the sodium storage mechanism of hard carbons. Adv
Energy Mater. 2019;9(32):1901351.

Wang Y, Li M, Zhang Y, Zhang N. Hard carbon for sodium
storage: Mechanism and performance optimization. Nano Res.
2024;17(7):6038-6057.

Fan M, Chang X, Guo YJ, Chen WP, Yin YX, Yang X,

Meng Q, Wan L], Guo YG. Increased residual lithium
compounds guided design for green recycling of spent
lithium-ion cathodes. Energy Environ Sci. 2021;14(3):
1461-1468.

Lu X, Daemi SR, Bertei A, Kok MDR, O’Regan KB, Rasha L,
Park J, Hinds G, Kendrick E, Brett DJL, et al. Microstructural
evolution of battery electrodes during calendering. Joule.
2020;4(12):2746-2768.

Qin Z, Zhang Y, Luo W, Zhang T, Wang T, Ni L, Wang H,
Zhang N, Liu X, Zhou J, et al. A universal molten salt method
for direct upcycling of spent Ni-rich cathode towards single-
crystalline Li-rich cathode. Angew Chem. 2023;62(25):
€202218672.

Qin Z, Zhang T, Gao X, Luo W, Han J, Lu B, Zhou J, Chen G.
Self-reconstruction of highly degraded LiNi, ;Co,,Mn,,0,
toward stable single-crystalline cathode. Adv Mater.
2023;36(5):2307091.

Yu Y, Ning D, Li Q, Franz A, Zheng L, Zhang N, Ren G,
Schumacher G, Liu X. Revealing the anionic redox chemistry
in O3-type layered oxide cathode for sodium-ion batteries.
Energy Storage Mater. 2021;38:130-140.

Ding E, Zhao C, Zhou D, Meng Q, Xiao D, Zhang Q, Niu Y,
LiY, Rong X, Lu Y, et al. A novel Ni-rich O3-Na [Ni, ,Fe,
,sMny 5] O, cathode for Na-ion batteries. Energy Storage
Mater. 2020;30:420-430.

10

Gz0z ‘TT Jequiedas uo A1seAIUN JBMod 211983 eulyD YUoN e Bioaous1os [ds//:sdny wouy papeojumog


https://doi.org/10.34133/energymatadv.0128

Energy Material Advances

28. Ma C, Alvarado J, Xu ], Clément R], Kodur M, Tong W,
Grey CP, Meng YS. Exploring oxygen activity in the high
energy P2-type Na, ;Ni, ,;Mn, 4,0, cathode material for
Na-ion batteries. ] Am Chem Soc. 2017;139(13):4835-4845.

29. Hemmelmann H, Dinter JK, Elm MT. Thin film NCM
cathodes as model systems to assess the influence of coating
layers on the electrochemical performance of lithium ion
batteries. Adv Mater Interfaces. 2021;8(9):2002074.

30. Jia K, Wang J, Zhuang Z, Piao Z, Zhang M, Liang Z, Ji G,
MaJ,Ji H, Yao W, et al. Topotactic transformation of surface
structure enabling direct regeneration of spent lithium-ion
battery cathodes. ] Am Chem Soc. 2023;145(13):7288-7300.

31. LiH,Wang]J,XuS, Chen A,LuH, JinY, Guo S, Zhu J.
Universal design strategy for air-stable layered Na-ion
cathodes toward sustainable energy storage. Adv Mater.
2024;36(27):2403073.

32. Luo Y-H, Pan QL, Wei HX, Huang YD, Li PY, Tang LB,
Wang ZY, Yan C, Mao ], Dai KH, et al. Revealing proton-
coupled exchange mechanism in aqueous ion-exchange
synthesis of nickel-rich layered cathodes for lithium-ion
batteries. eScience. 2024;4(4):100229.

Zhang et al. 2024 | https://doi.org/10.34133/energymatadv.0128

33.

34.

35.

36.

37.

38.

Xu C, Cai H, Chen Q, Kong X, Pan H, Hu YS. Origin of air-
stability for transition metal oxide cathodes in sodium-ion
batteries. ACS Appl Mater Interfaces. 2022;14(4):5338-5345.
You Y, Dolocan A, Li W, Manthiram A. Understanding

the air-exposure degradation chemistry at a nanoscale of
layered oxide cathodes for sodium-ion batteries. Nano Lett.
2019;19(1):182-188.

Sun Y, Wang H, Meng D, Li X, Liao X, Che H, Cui G, Yu F,
Yang W, Li L, et al. Degradation mechanism of O3-type

NaNji, ,Fe, sMn, ;0, cathode materials during ambient
storage and their in situ regeneration. ACS Appl Energy Mater.
2021;4(3):2061-2067.

Yu T, Ryu H, Han G, Sun Y. Understanding the capacity fading
mechanisms of O3-type Na[Ni; ;Mn, ;]O, cathode for sodium-
ion batteries. Adv Energy Mater. 2020;10(37):2001609.

Chen W, Chen J, Bets KV, Salvatierra RV, Wyss KM, Gao G,
Choi CH, Deng B, Wang X, Li JT, et al. Battery metal recycling
by flash Joule heating. Sci Adv. 2023;9(39):eadh5131.

Vaalma C, Buchholz D, Weil M, Passerini S. A cost and
resource analysis of sodium-ion batteries. Nat Rev Mater.
2018;3:18013.

1

Gz0z ‘TT Jequiedas uo A1seAIUN JBMod 211983 eulyD YUoN e Bioaous1os [ds//:sdny wouy papeojumog


https://doi.org/10.34133/energymatadv.0128

