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All-solid-state sodium-ion batteries (ASIBs) have good application prospects due to the high energy

density, high safety and long lifetime. The excessive use of ASIBs in the near future will inevitably lead to

the generation of spent batteries, contributing to environmental pollution and resource waste. In this work,

we utilize three types of green solvents—ionic liquids (ILs), deep eutectic solvents (DESs), and low-melting

mixture solvents (LoMMSs)—to recover both the cathode and solid electrolyte from ASIBs, as well as the

cathode and electrolyte from lithium-ion batteries (LIBs). Results show that the leaching efficiency of Na

from the cathode and solid electrolyte of ASIBs by LoMMSs could respectively reach as high as 92.8% and

96.7% at a mild temperature of 80 °C, which is higher than that in ILs and DESs. The highest metal leaching

efficiency from ASIBs is similar to that from LIBs. Both LoMMSs and leachate are non-flammable when

exposed to a high-temperature torch. In addition, 70 anti-solvents are screened to recover metal from the

leachate at room temperature, with acetone yielding the highest precipitation efficiency of 92.0%.

Keywords: Green solvents; Rechargeable batteries; Solid waste; Green chemistry; Physical properties;

Anti-solvents.

1 Introduction

Sodium-ion batteries (SIBs),1,2 lithium-ion batteries (LIBs),3–6

zinc-ion batteries (ZIBs),7,8 aluminium-ion batteries (AIBs),9

potassium-ion batteries (PIBs),10–12 and magnesium-ion
batteries (MIBs)13,14 are among the most widely studied and
discussed energy storage technologies in recent decades.
Although LIBs have seen the greatest commercialization
success, their safety and cost remain a concern. In contrast,
sodium-ion batteries (SIBs) are starting to enter the market,
driven by their advantages of safety, lower cost, and abundant
raw materials.1,2,15 In particular, all-solid-state sodium-ion
batteries (ASIBs) containing solid electrolytes hold significant
potential for battery applications due to their higher energy
density and improved safety.16 However, toxic and expensive
cathode and solid electrolyte materials in ASIBs, coupled with
their excessive use in the near future, could potentially lead
to environmental pollution and depletion of metal
resources.17 Therefore, it is crucial to develop a new approach
for the green and efficient recovery of waste ASIBs.

Green solvents include water, supercritical fluids, ionic
liquids (ILs), deep eutectic solvents (DESs) and low-melting
mixture solvents (LoMMSs).18 Water and supercritical fluids
are traditional green solvents, whereas ILs, DESs, and
LoMMSs can be considered novel green solvents. Although
water is cheap, sustainable, and renewable, it has limited
solubility for the cathode and solid electrolyte in batteries.
Supercritical fluids are difficult to generate at mild
temperatures and are often expensive and energy-intensive
when used for ASIB recycling. ILs are ionic salts that remain
in a liquid state near room temperature,19 distinguishing
them from both molecular liquids and ionic solids. The
properties of ILs can be highly tailored through variations in
cation types, anion types, interactions, and two- or three-
dimensional steric configurations.20,21 ILs are extensively
used in electrochemistry, separation processes, catalysis, and
LIB recycling.22–29 However, to date, there have been no
reports on the use of ILs for the recovery of ASIBs to the best
of our knowledge.

DESs are eutectic mixtures that exhibit a greater melting-
point depression than the ideal liquidus.30 Since their discovery
in 2003 by Abbott et al.,31 the interactions in DESs have
expanded beyond the primary hydrogen bonding (between the
hydrogen bond donor (HBD) and the hydrogen bond acceptor

464 | Ind. Chem. Mater., 2025, 3, 464–474 © 2025 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

Department of Chemistry and Material Science, Langfang Normal University,

Langfang 065000, Hebei, China. E-mail: yuchen@iccas.ac.cn

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

3:
32

:4
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d4im00149d&domain=pdf&date_stamp=2025-07-15
http://orcid.org/0000-0003-3420-7694
http://orcid.org/0000-0003-2229-3599
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00149d
https://pubs.rsc.org/en/journals/journal/IM
https://pubs.rsc.org/en/journals/journal/IM?issueid=IM003004


Ind. Chem. Mater., 2025, 3, 464–474 | 465© 2025 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

(HBA)) to include halogen bonding, host–guest interactions,
non-covalent forces, and other complex molecular
interactions.32–38 Although DESs are considered designable
green solvents in the 21st century,39 they also have several
limitations,30,40,41 including their misleading name, lack of
phase diagrams, challenges with recyclability, and debated
environmental impact. Currently, many researchers are focused
on biomass utilization, gas capture, industrial separation, and
particularly on the recovery of LIBs using DESs.42–47

Nevertheless, the use of DESs in ASIB recycling is limited.48 For
example, the DESs polyethylene glycol 200 : ascorbic acid can
achieve a maximum Na leaching efficiency of 88.3% from the
cathode and solid electrolyte of ASIBs.48

The concept of LoMMSs is proposed by Yu's group in
2023, which broadens the field of green solvents and green
chemistry.49 The term “LoMMSs” refers to mixtures that have
a lower melting point than their individual components and
remain in a liquid state at operating temperature,
functioning as solvents. In contrast to DESs, LoMMSs do not
require the “deep” or “eutectic” characteristics, which are
difficult to achieve and rarely demonstrated in the existing
literature. In fact, DESs are a specific type of LoMMSs
characterized by deep and eutectic properties. Since their
discovery in 2023, LoMMSs have found a wide range of
applications in environmental and energy fields.50–54 To date,
LoMMSs have been highlighted as promising green solvents
for recycling ASIBs in a single report. Specifically, Chen et al.

showed that nearly 100% Na leaching efficiency could be
achieved using natural LoMMSs, composed of choline
chloride (ChCl) as the HBA and glucose, catechol, or
p-hydroxybenzyl alcohol as the HBD.50

Here, we use three kinds of novel green solvents (ILs, DESs
and LoMMSs) to recycle cathode materials and electrolytes of
ASIBs. Sodium iron phosphate (Na4Fe3(PO4)2P2O7, NFP, 42500
RMB per kg), Prussian white (Na2Mn[Fe(CN)6], NMF, 3000 RMB
per kg) and sodium vanadium phosphate (Na3V2(PO4)3, NVP,
40000 RMB per kg) are selected as the representative cathodes
of ASIBs; ceramic powder (Na3Zr2Si2PO12, NZSP) is chosen as
the typical solid electrolyte of ASIBs owing to its relatively high
price of 36 000 RMB per kg. The chemical compositions of
DESs, ILs, and LoMMSs are presented in Fig. 1a, while the
leaching process is illustrated in Fig. 1b. ChCl serves as the
HBA while urea act as the HBD in DESs, as evidenced by a
reliable solid–liquid phase diagram for ChCl : urea55 systems.
ChCl : ethylene glycol (EG) is not considered a DES as
demonstrated by previous reports56–58 but it could be classified
as a LoMMS. Glucose (GLU) and lactic acid (LA) are
respectively the HBA and HBD in LoMMSs, as indicated by the
absence of a V-shaped solid–liquid phase diagram with a
horizontal solidus for the GLU : LA system. The cations of ILs
include 1-butyl-3-methylimidazolium ([BMIM]), 1-hexyl-3-
methylimidazolium ([HMIM]) and 1-octyl-3-methylimidazolium
([OMIM]), while the anions are tetrafluoroborate ([BF4]) and
hexafluorophosphate ([PF6]).

Fig. 1 Chemical structures of the three types of novel green solvents ILs, DESs and LoMMSs (a), process for ASIB recovery (b), metal leaching
efficiency from batteries affected by waste type (80 °C, 24 h, 0.1 g waste from ASIBs or LIBs, 5 g LoMMS GLU : LA (1 : 9)) and by green solvent types
(80 °C, 24 h, 0.1 g NFP cathode from ASIBs, 5 g solvent) (c).
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2 Results and discussion
2.1 Effect of waste type

Cathode materials such as NFP, NMF and NVP, along with
the solid electrolyte NZSP, are chosen as representatives for
ASIBs. In LIBs, the cathode materials are lithium cobalt oxide
(LCO) and lithium nitrate (LNO), while the typical electrolyte
components include lithium acetate (LAC), lithium
bis(trifluoromethylsulfonyl)azanide (LBT), and lithium
tetrafluoroborate (LTF). Fig. 1c and Table 1 show that the Na
leaching efficiency for ASIBs is in the order NFP (92.8%) >
NZSP (88.2%) > NVP (86.1%) > NMF (77.9%) by LoMMS
GLU : LA (1 : 9) at 80 °C for 24 h, while the Li leaching
efficiency order is LNO (92.6%) > LAC (89.7%) > LBT
(88.9%) > LCO (82.9%) > LTF (75.8%) for LIBs. It could be
concluded that the highest Na leaching efficiency (92.8%
NFP) from ASIBs is comparable to that of Li leaching
efficiency (92.6%, LNO) from LIBs. Additionally, the Na/Fe
separation ratio from NFP using LoMMS GLU : LA (1 : 9) could
reach 2.3 when the maximum Na leaching efficiency is
achieved. Given the promising potential for widespread
application of ASIBs in the near future, we select the ASIB
cathode NFP with the highest Na leaching efficiency for the
following investigation.

2.2 Effect of solvent type

ILs, DESs and LoMMSs are selected as the representative
novel green solvents for the recovery of ASIB cathode NFP at
80 °C for 24 h. According to Fig. 1c and Table 2, the Na
leaching efficiency by ILs follows the order [BMIM][BF4]
(18.9%) > [BMIM][PF6] (14.7%) > [OMIM][BF4] (9.9%) >

[HMIM][PF6] (6.7%) > [OMIM][PF6] (6.0%). This suggests that
ILs with a higher alkyl chain length would decrease the Na
leaching efficiency as demonstrated by the order [BMIM][BF4]
(18.9%) > [OMIM][BF4] (9.9%) and [BMIM][PF6] (14.7%) >

[HMIM][PF6] (6.7%) > [OMIM][PF6] (6.0%). In addition, the
Na leaching efficiency by BF4-based ILs are greater than those

by PF6-based ILs (e.g., [BMIM][BF4] (18.9%) > [BMIM][PF6]
(14.7%)). The possible reasons for higher Na leaching
efficiency by BF4-based ILs than PF6-based counterparts
might be the lower solid–liquid transition temperature and
lower viscosity of [BMIM][BF4].

59 Furthermore, the HBA
basicity β of [BMIM][BF4] is higher than that of [BMIM]
[PF6].

60 This indicates that [BMIM][BF4] has a greater
coordinating ability with NFP, resulting in a higher Na
leaching efficiency by [BMIM][BF4] than by [BMIM][PF6].

For all the three types of novel green solvents (ILs, DESs
and LoMMSs), Na leaching efficiency from NFP is much
higher than Fe leaching efficiency. LoMMS GLU : LA (1 : 9)
has the highest leaching efficiency for both Na (92.8%) and
Fe (41.2%) when compared to DESs and ILs investigated.
Therefore, LoMMS GLU : LA (1 : 9) is selected as the solvent
to optimize.

For DES ChCl : urea with different mole ratios (1 : 1, 1 : 2 and
1 : 4), increasing the HBD (i.e., urea) concentration enhances
the Na leaching efficiency from NFP (Fig. 2a and Table 2).
Similarly, a higher content of HBD (e.g., EG in ChCl : EG or LA
in GLU : LA) in LoMMSs results in higher Na leaching
efficiency. Similarly, for ASIB cathode NVP containing precious
V, a higher content of HBD (e.g., EG in ChCl : EG or LA in GLU :
LA) in LoMMSs leads to both Na and V leaching efficiency
(Fig. 2e). However, leaching efficiency of precious metals V and
Zr from ASIB solid electrolyte NZSP is negligible when the HBD
content in LoMMSs varies (Fig. 2e). Unexpectedly, Na leaching
efficiency from solid electrolyte NZSP increases with a lower
content of HBD LA in GLU : LA and reaches the highest value of
96.7% by GLU : LA (1 : 3) (Fig. 2e).

2.3 Effect of temperature

Temperature plays an important role in the leaching of Na
and Fe from NFP by LoMMSs. The leaching concentrations of
Na in NFP by LoMMS GLU : LA (1 : 9) at 25 °C, 40 °C, 60 °C,
80 °C and 100 °C are 2249.3 ppm, 2383.7 ppm, 2314.0 ppm,

Table 1 Effects of the cathode/solid electrolyte on metal leaching efficiency by LoMMS GLU :LA (1 : 9)

Battery type Cathode or electrolyte 1 (%) 2 (%) 3 (%) 4 (%) Separation ratio

ηNa ηFe ηNa/Fe
ASIBs NFP 92.8 ± 0.9 41.2 ± 4.0 2.3

ηNa (%) ηZr (%) ηNa/Zr
ASIBs NZSP 88.2 ± 1.7 2.3 ± 0.2 38.3

ηNa ηV ηNa/V
ASIBs NVP 86.1 ± 2.5 96.0 ± 2.7 0.9

ηNa ηFe ηMn ηNa/Fe, ηNa/Mn

ASIBs NMF 77.9 ± 1.6 0.7 ± 0.03 0.5 ± 0.06 111.3, 155.8
ηLi

LIBs LNO 92.6 ± 0.7
ηLi

LIBs LAC 89.7 ± 1.0
ηLi

LIBs LBT 88.9 ± 0.5
ηLi ηCo ηLi/Co

LIBs LCO 82.9 ± 0.8 2.4 ± 0.0 34.5
ηLi

LIBs LTF 75.8 ± 0.6
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Table 2 Effects of solvent types, temperature, time and solvent mass on metal leaching from NFPa

Variable Condition cNa (ppm) ηNa (%) cFe (ppm) ηFe (%) ηNa/Fe

ILs [BMIM][BF4] 671.3 ± 233.1 18.9 ± 6.3 49.5 ± 39.8 0.8 ± 0.6 23.6
ILs [BMIM][PF6] 593.5 ± 96.9 14.7 ± 2.4 23.4 ± 1.9 0.3 ± 0.03 49.0
ILs [HMIM][PF6] 255.7 ± 45.2 6.7 ± 1.2 24.8 ± 2.8 0.4 ± 0.04 16.8
ILs [OMIM][PF6] 218.2 ± 8.0 6.0 ± 0.2 21.6 ± 3.1 0.3 ± 0.05 20.0
ILs [OMIM][BF4] 323.0 ± 61.2 9.9 ± 1.9 15.7 ± 10.9 0.3 ± 0.2 33.0
DES ChCl : Urea (1 : 1) 399.2 ± 34.8 11.9 ± 1.3 55.6 ± 1.2 1.0 ± 0.2 11.9
DES ChCl : Urea (1 : 2) 584.0 ± 36.1 16.6 ± 1.0 84.2 ± 5.5 1.3 ± 0.1 12.8
DES ChCl : Urea (1 : 4) 791.3 ± 166.6 21.1 ± 4.4 91.7 ± 15.2 1.3 ± 0.2 16.2
LoMMSs ChCl : EG (1 : 1) 282.6 ± 43.6 8.8 ± 1.7 27.8 ± 1.2 0.5 ± 0.02 17.6
LoMMSs ChCl : EG (1 : 2) 431.8 ± 6.4 12.8 ± 0.6 96.6 ± 0.2 1.6 ± 0.004 8.0
LoMMSs ChCl : EG (1 : 4) 556.0 ± 17.7 16.9 ± 0.5 111.4 ± 6.5 1.9 ± 0.1 8.9
LoMMS GLU : LA (1 : 3) 2786.2 ± 136.0 71.9 ± 3.5 1739.3 ± 593.1 24.7 ± 8.4 2.9
LoMMS GLU : LA (1 : 6) 3160.5 ± 219.9 84.7 ± 5.9 1111.3 ± 247.8 16.4 ± 3.6 5.2
LoMMS GLU : LA (1 : 9) 3400.5 ± 33.2 92.8 ± 0.9 2750.8 ± 266.2 41.2 ± 4.0 2.3

Time (h) 0.17 1649.7 ± 160.5 45.0 ± 4.4 1455.7 ± 145.9 21.8 ± 2.2 2.1
1 2965.8 ± 22.9 80.9 ± 0.6 1425.3 ± 126.7 21.3 ± 1.9 3.8
6 3369.0 ± 61.5 90.7 ± 0.04 2253.0 ± 34.0 33.7 ± 0.5 2.7
12 3355.5 ± 110.3 91.5 ± 3.0 2191.5 ± 14.8 32.8 ± 0.2 2.8
24 3400.5 ± 33.2 92.8 ± 0.9 2750.8 ± 266.2 41.2 ± 3.9 2.3
36 3666.3 ± 73.2 100.0 ± 1.9 2763.3 ± 353.2 41.4 ± 5.3 2.4

T (°C) 25 2249.3 ± 210.3 61.4 ± 5.7 1018.5 ± 75.6 15.2 ± 1.1 4.0
40 2383.7 ± 63.1 65.0 ± 1.7 2131.8 ± 124.8 31.9 ± 1.9 2.0
60 2314.0 ± 104.7 63.1 ± 2.8 1971.7 ± 132.3 29.5 ± 2.0 2.1
80 3400.5 ± 33.2 92.8 ± 0.9 2750.8 ± 266.2 41.2 ± 4.0 2.3
100 3408.8 ± 30.8 93.0 ± 0.8 1145.7 ± 255.8 17.2 ± 3.8 5.4

LoMMSs mass (g) 5 3400.5 ± 33.2 92.8 ± 0.9 2750.8 ± 266.2 41.2 ± 3.9 2.3
15 1140.8 ± 1.06 93.3 ± 0.08 1180.0 ± 42.7 53.0 ± 1.9 1.8
20 865.8 ± 34.5 94.4 ± 3.7 1070.7 ± 65.3 64.1 ± 3.9 1.5

Magnification 1× 3400.5 ± 33.2 92.8 ± 0.9 2750.8 ± 266.2 41.2 ± 3.9 2.3
100× 2900.3 ± 322.8 79.1 ± 8.8 798.5 ± 8.3 12.0 ± 0.1 6.6

a The detailed conditions are listed below: effects of solvent types (5 g solvents, 0.1 g NFP, 80 °C, 24 h), temperature (5 g LoMMS GLU : LA
(1 : 9), 0.1 g NFP, 24 h), time (5 g LoMMS GLU : LA (1 : 9), 0.1 g NFP, 80 °C), mass of LoMMS GLU : LA (1 : 9) (0.1 g NFP, 80 °C, 24 h),
magnification (80 °C, 24 h, LoMMS GLU : LA (1 : 9), NFP).

Fig. 2 Effect of mole ratio (a), and time, temperature and LoMMS mass (b) on Na and Fe leaching from NFP by LoMMSs. Kinetic regression of
metal leaching (c). Scale-up experiment (d). Metal leaching from NZSP and NVP by LoMMSs GLU : LA and ChCl : EG (e).
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3400.5 ppm and 3408.8 ppm, respectively (Table 2 and
Fig. 2b). Correspondingly, the leaching efficiencies of Na
from NFP by LoMMSs are 61.4%, 65.0%, 63.1%, 92.8% and
93.0%, respectively. We can conclude that Na leaching
efficiency generally increases with the temperature. At 100
°C, LoMMSs have the highest Na leaching efficiency from the
NFP cathode. Fe leaching efficiencies from NFP by LoMMSs
are 15.2%, 31.9%, 29.5%, 41.2% and 17.2% at 25 °C, 40 °C,
60 °C, 80 °C and 100 °C, respectively. Under the condition of
80 °C, LoMMSs have the highest Fe leaching efficiency.
However, the Na/Fe selectivity is the highest when the
temperature is 100 °C. Data at 120 °C are not discussed
because the supernatant could not be extracted for analysis
due to the carbonization.

2.4 Effect of time

Table 2 and Fig. 2b show that the Na leaching concentrations at
0.17 h, 1 h, 6 h, 12 h, 24 h and 36 h are 1649.7 ppm, 2965.8
ppm, 3369.0 ppm, 3355.5 ppm, 3400.5 ppm and 3666.3 ppm,
respectively; similarly, the Na leaching efficiencies are 45.0%,
80.9%, 90.7%, 91.5%, 92.8% and 100%, respectively. It could be
concluded that both Na leaching concentration and leaching
efficiency increases with time. The Fe leaching efficiencies at
0.17 h, 1 h, 6 h, 12 h, 24 h and 36 h are 21.8%, 21.3%, 33.7%,
32.8%, 41.2% and 41.4%, respectively, which also display an
increasing tendency. In all circumstances, the Na leaching
efficiency is much higher than the Fe leaching efficiency. The
Na/Fe selectivity reaches the highest value at a moderate time
point of 1 h when both Na (80.9%) and Fe (21.3%) leaching
efficiencies are relatively low. Kinetic regression of metal
leaching48,50 suggests that the surface chemical reaction-
controlled process (R2

Na = 0.6373, R2
Fe = 0.6716) is less favorable

than the diffusion-controlled process (R2
Na = 0.8083, R2

Fe =
0.8330) because the R2 values of the former is lower (Fig. 2c).

2.5 Effect of mass

When the mass of LoMMSs increases, both Na and Fe
leaching efficiencies gradually increase as shown in Table 2
and Fig. 2b. For example, the Na leaching efficiencies are
92.8%, 93.3%, and 94.4% when the LoMMS masses are 5 g
(L/S = 50), 15 g (L/S = 150) and 20 g (L/S = 200), respectively.
Similarly, the Fe leaching efficiencies are 41.2%, 53.0% and
64.1%, respectively. The Na leaching efficiency is much
higher than the Fe leaching efficiency in all the LoMMS
masses investigated. Moreover, the selectivity is in the order
ηNa/Fe (5 g) > ηNa/Fe (15 g) > ηNa/Fe (20 g). Although a higher
LoMMS mass leads to higher Na leaching efficiency, the
difference is less than 6%. Therefore, we select 5 g for the
optimization after considering both Na/Fe selectivity and Na
leaching efficiency.

2.6 Large-scale application

The scalability of leaching processes is a crucial factor in
determining whether LoMMSs can be applied on an
industrial scale. Table 2 shows that as the magnification

increases from 1 to 100 times, the leaching efficiency of Na
only slightly decreases (from 92.8% to 79.1%), while the
leaching efficiency of Fe drops from 41.2% to 12.0%.
Although the metal leaching efficiency decreases in different
degrees, the selectivity for Na/Fe increases from 2.3% to
6.6%. This indicates that the scalable leaching is
beneficial for the selective and efficient recovery of Na
metal from ASIBs using LoMMSs. Therefore, the leaching
process of LoMMSs for recovering materials from ASIBs
could be applied to the industrial recycling of spent
ASIBs.

2.7 Comparison

In this work, GLU : LA (1 : 9) achieves a Na leaching efficiency
of 90.1% from NFP cathode materials under the conditions
of 80 °C for 6 h. Chen et al.48 used PEG200 : ascorbic acid
(14 : 1) at 80 °C for 24 h, achieving a Na leaching efficiency of
63.5% from NMF cathode materials. Compared with PEG200 :
ascorbic acid, GLU : LA (1 : 9) in this work efficiently recovers
Na from cathode materials within a shorter time. Biomass-
based LoMMSs achieve a Na leaching efficiency of up to 99%
from NZSP solid electrolytes under conditions of 80 °C for 24
h.50 However, the relatively long processing time of biomass-
based LoMMSs for Na recovery from solid electrolytes reduces
its practicality for large-scale applications. Chen et al.61 used a
PEG200 : phytic acid-based LoMMS (14 : 1) at 80 °C for 6 h, and
the Na leaching efficiency (76.1%) is much lower than that of
GLU : LA-based LoMMSs (90.1%) in this work. Biomass-based
vegetable/fruit-derived solvents demonstrate relatively low Na
leaching efficiencies in the recovery of Na from cathode
materials.62 In summary, GLU : LA-based LoMMSs achieve
mild, rapid and efficient recovery of Na from cathode materials
compared with the above green solvents.

2.8 Properties and mechanism

Regulating the physical properties of LoMMSs can improve
their leaching efficiency for recovering NFP cathode
materials from ASIBs. The density and electrical conductivity
of the leachate are both higher than those of LoMMSs
(Fig. 3a). This indicates that the valuable metals in the NFP
cathode material are dissolved by the LoMMSs, leading to
an increase in density and electrical conductivity. The
surface tension of the leachate is slightly higher than that
of the LoMMSs, which could be due to the attraction of
NFP by LoMMSs into the bulk phase rather than the surface
phase after dissolution. This further supports that the
kinetic behavior of LoMMSs dissolving the cathode material
follows the inert layer diffusion model. The viscosity of the
leachate is significantly higher than that of the LoMMSs,
indicating that GLU : LA effectively recovers metals from
NFP.54 The pH follows the order: leachate > LoMMSs > LA.
The increase in the pH of the leachate may result from
acid–base interactions between the acidic LoMMSs and the
basic NFP cathode material.54 It is observed that the IR of
leachate shows only slight peak shifts when compared to
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the IR of LoMMSs, with no increase in the number of peaks
or changes in peak shapes. Therefore, it is inferred that
there is no redox interaction between LoMMSs and the NFP
cathode material, while other interactions (i.e., physical
interactions, acid–base interactions and coordination
interactions) may be present.48

The stability of LoMMSs is one of the key factors for
dissolving the cathode material NFP. The order of Tonset values
in Fig. 3b is as follows: 190.46 °C (LA) > 105.12 °C (LoMMSs) >
103.68 °C (leachate) > 103.24 °C (heating LoMMSs at 80 °C for
24 h) > 92.96 °C (GLU). This indicates that prolonged heating
has little effect on the Tonset of LoMMSs, suggesting that they
possess good thermal stability. The high thermal stability of
LoMMSs could be corroborated by the negligible change in IR
(Fig. 3a) and 1H/13C NMR (Fig. 4) spectra when comparing
LoMMSs before and after heating at 80 °C for 24 h. Fig. 3d
shows that both LoMMSs and leachate are non-flammable,
indicating that the recovery process of cathode material NFP by
LoMMSs is safe and reliable.

Fig. 3c shows that the electrochemical window of the
leachate is larger than that of LoMMSs. This suggests that
the electrochemical stability of the leachate is higher than
that of LoMMSs. Under the condition of a cut-off current
density of 1 mA cm−2, the reduction potentials of LoMMSs
(higher) and the leachate (lower) are −1.103 V vs. SCE and
−1.399 V vs. SCE, respectively. This indicates that the
reduction ability of the leachate becomes higher after the
metal leaching by LoMMSs. Therefore, we could deduce that
no redox reaction is involved for the dissolution of the
cathode material NFP by LoMMSs because the reduction
ability would decrease if the redox reaction dominates the
dissolution process. The trend in reduction potential is
consistent with the findings about biomass-based vegetable/
fruit-derived solvents by Chen et al.62 IR spectra (Fig. 3a) and
1H/13C NMR spectra (Fig. 4) of the leachate show no new
peaks when compared to LoMMSs, further supporting the
exclusion of the redox interaction between LoMMSs and the
cathode material.

Fig. 3 Density, electrical conductivity, pH, viscosity, surface tension, and IR spectra (a), TGA curves (b), and cyclic voltammograms (c) of LA,
LoMMSs and leachate. Details for cyclic voltammetry: 100 mV s−1 scan rate, Pt counter electrode, GC working electrode, SCE reference electrode,
1 mA cm−2 cutting-off current density. Combustion of GLU, LA, LoMMSs and leachate (d).
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2.9 Precipitation by anti-solvents

70 anti-solvents are used at room temperature to separate
Na and Fe from the leachate in the form of precipitation.
Table 3 shows that only 12 anti-solvents successfully
separate Na and Fe from the leachate. Fig. 5 shows that the
order of precipitation efficiency for Na among the 12 anti-
solvents is: acetone (92.0%) > tetrahydrofuran (90.9%) >

ethylene glycol diethyl ether (90.1%) > 1,4-dioxane (90.0%)
> 2-methyl-3-butyn-2-ol (88.5%) > acetonitrile (84.9%) >

n-propanoic acid (83.9%) > benzyl alcohol (83.3%) =
isopropanol (83.3%) > 5-norbornene-2-methanol (81.3%) >

propylene carbonate (81.2%) > malononitrile (80.3%). The
Fe precipitation efficiency by the 12 anti-solvents ranges
approximately from 20% to 32%. This indicates that the
anti-solvents could selectively and efficiently separate Na
from the leachate in the form of precipitation, while
retaining Fe in the leachate.

3 Conclusions

In summary, the leaching efficiency of Na from the cathode
and solid electrolyte of ASIBs by LoMMSs is higher than
that by ILs and DESs. The highest metal leaching efficiency

from ASIBs is similar to that from the cathode and
electrolyte of LIBs. Na leaching efficiency from the NFP
cathode using GLU : LA (1 : 9) after 100 time scale up only
shows a slight decrease (from 92.8% to 79.1%). The leachate
exhibits higher density, conductivity, viscosity, surface
tension and pH compared to LoMMSs. In addition,
LoMMSs demonstrate good thermal stability and
nonflammability. Acetone could be used as an anti-solvent
to achieve the highest precipitation efficiency of 92.0% at
room temperature after screening 70 kinds of anti-
solvents.

4 Materials and methods
4.1 Materials and instruments

GLU (AR) and LA (80–85%) were provided by Beijing
Innochem Co., Ltd; Na standard solution (1000 ppm), Fe
standard solution (1000 ppm), Zr standard solution (1000
ppm), Mn standard solution (1000 ppm) and V standard
solution (1000 ppm) were supplied by National Nonferrous
Metals. [BMIM][BF4] (97%), [BMIM][PF6] (95%), [HMIM][PF6]
(97%) and [OMIM][PF6] (95%) were acquired from Shanghai
Macklin Biochemical Technology Co., Ltd; ChCl was

Fig. 4 1H NMR (a) and 13C NMR spectra (b) of components, LoMMSs, heated LoMMSs at 80 °C for 24 h, and leachate in D2O.
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purchased from Beijing Jingming Biotechnology Co., Ltd. EG
(≥99%) and urea (≥99%) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. NFP (AR), NVP (AR)
and NZSP (AR) were supplied by Shenzhen Kejing Zhida
Technology Co., Ltd. The anti-solvents used for precipitation
and the instruments for property analysis were the same as
those in our previous reports.48,50,54,63

4.2 Leaching process and scalability

Typically, 0.1 g of the cathode (or solid electrolyte) and 5 g of
ILs (DESs or LoMMSs) were heated and stirred at 80 °C for 24
h. The resulting mixtures were then transferred to a
centrifuge tube and centrifuged at 12000 rpm for 20 minutes.
The supernatant was carefully collected into a clean glass
bottle to obtain the leachate. Finally, the leachate was
analyzed using ICP-OES (Fig. 1). For scale-up applications, the
LoMMSs and NFP processes were scaled up by a factor of 100,
utilizing 10 g of cathode NFP and 500 g of solvents, compared
to the initial conditions of 0.1 g of cathode and 5 g of solvents
at 80 °C for 24 h.

4.3 Leaching efficiency and properties

Eqn (1) is used to calculate the concentration of metals.

ηx ¼
cm=ρ

Mx
× 100% (1)

ηx: leaching efficiency of metal element x. c: leaching
concentration of metal elements in the supernatant by
ICP-OES. m: mass of DESs, ILs or LoMMSs. ρ: density of
DESs, ILs or LoMMSs. Mx: mass of metal element x in
the material.

4.4 Properties and spectra

The specific usage information of the properties and spectra
(i.e., manufacturer, model, etc.) is consistent with the
research we reported previously.48,64,65

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Table 3 Recovery of leachate using 70 anti-solvents

No. Anti-solvents Prec.a No. Anti-solvents Prec.a

1 1,4-Dioxane ■ 37 PEG200 ○
2 1,5-Diazabicyclo [4.3.0] 5-nonene ○ 38 PEG600 ○
3 1,8-Diazabicyclo [5.4.0]undec-7-ene ○ 39 Phytic acid ○
4 n-Propanol ○ 40 Benzene ○
5 Collodion ○ 41 Lactic acid ○
6 2-Methyl-3-butyn-2-ol ■ 42 Diisopropylamine ○
7 5-Norbornene-2-methanol ■ 43 Trichloromethane ○
8 5-Norbornene-2-carboxylic acid ○ 44 Triethylamine ○
9 N,N-Dimethylformamide ○ 45 Triethanolamine ○

10 N-Methyl pyrrolidone ○ 46 Petroleum ether ○
11 N-Methyl acetamide ○ 47 Hydrazine hydroxide ○
12 Ammonium hydroxide ○ 48 Bu4NOH (25% in H2O) ○
13 Aniline ○ 49 Hydrobromic acid ○
14 Phenol ○ 50 Cyclohexane ○
15 Benzyl alcohol ■ 51 Tetrahydrofuran ■
16 Pyridine ○ 52 Propylene carbonate ■
17 Acetic acid ○ 53 Bu4NOH (40% in methanol) ○
18 Malononitrile ■ 54 Formic acid ○
19 Edible oil ○ 55 Ethanol ○
20 Glycerol ○ 56 Ether ○
21 Acetone ■ 57 Ethylene glycol ○
22 Dichloromethane ○ 58 Ethylene glycol diethyl ether ■
23 Dimethyl silicone oil ○ 59 Acetonitrile ■
24 Ethyl acetate ○ 60 p-Tolualdehyde ○
25 Dimethyl sulfoxide ○ 61 Butyl acetate ○
26 Levulinic acid ○ 62 Acetic anhydride ○
27 Isopropanol ■ 63 Hydrogen peroxide ○
28 [BMIM][PF6] ○ 64 Acetylacetone ○
29 n-Propanoic acid ■ 65 [OMIM][PF6] ○
30 Butyl titanate ○ 66 [BMIM][BF4] ○
31 Cyclopentane ○ 67 PEG300 ○
32 Epichlorohydrin ○ 68 Decanoic acid ○
33 Lubricating oil ○ 69 pentane ○
34 Toluene ○ 70 Water ○
35 Methanol ○ 71 Blank experiment ○
36 Methyl tertiary-butyl ether ○

a Prec. is the abbreviation for precipitation. The symbol ■ means precipitation. The symbol ○ means that there is no precipitation observed.
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