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Waste battery materials are precious resources that can be recycled under certain specific conditions.
Traditional recycling methods require high energy consumption, have low efficiency, and lead to serious
pollution. With the aim of developing a mild and efficient approach to recycle spent cathode materials of
lithium-ion batteries (LIBs), nanoparticles dispersed in deep eutectic solvents (DESs), herein referred to as
nanofluids, for the first time, were utilized as a medium for recycling LIBs. 100% liberation efficiency was
achieved under mild conditions thanks to the collaboration of DESs and nanoadditives, in which DESs
worked as a medium for dispersing of cathode materials and nanoadditives enable an enhancement of
heat and mass transfer of the solvent system. Notably, though the main aim of this work is the liberation
of the cathode active material from spent LIBs, it is shown that the presence of nano-additives in DESs
could double the metal leaching efficiency in comparison to that of pure DESs. A mechanistic study of
static thermal properties and dynamic observation of nanofluids demonstrated that the liberation rate
could be enhanced by 15% with a 0.8% thermal conductivity (k) enhancement when boron nitride (BN)
was employed as a nanoadditive. Additionally, simulation of the recycling process via a computational

fluid dynamics (CFD) method indicated that mass transfer plays a key role in enhancing the recycling rate
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Accepted 7th December 2022 of LIB materials. Moreover, DESs could be used at least five times without affecting their recycling

activity. In view of the low energy consumption, low toxicity, recyclability, and simplicity of the
experimental procedure described herein, it offers a promising approach for the recycling of LIB cathode
materials at an industrial scale.
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Sustainability spotlight

It is well-known that resources of lithium-ion batteries are nearing exhaustion because of the widespread development and use of electric vehicles. Waste battery
materials are precious resources that can be recycled under certain specific conditions. Traditional recycling methods which mainly rely on pyrometallurgy and
hydrometallurgy, require high energy consumption, have low efficiency, and lead to serious pollution. Herein, deep eutectic solvent based nanofluids, were
utilized for the first time as a medium for recycling lithium-ion batteries. Realistic spent ternary lithium-ion battery cathodes were used as starting materials and
afforded 100% liberation efficiency under mild conditions. A twofold leaching rate compared with pristine deep eutectic solvents could be reached. Moreover,
deep eutectic solvents could be used at least five times without affecting their recycling activity.
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As an important part of the new energy transportation tools, the
popularity of electric vehicles has been rapidly increasing
among consumers since they entered the market owing to their
environmental friendliness, low noise, and high efficiency.'”
The global sales of electric vehicles will reach 140 million units
by 2030; however, as the most frequently used batteries in
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electric vehicles, the number of waste lithium-ion batteries
(LIBs) is expected to reach over 11 million tons by 2030.* In stark
contrast to the rapidly increasing amount of LIBs being wasted,
the amount of this material being recycled is less than 5% of the
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total amount used.>® The accumulation of spent LIBs is harmful
to the environment and human health.

Direct disposal of spent but unrecycled LIBs is a terrible
waste of precious raw materials.>” For example, cobalt consti-
tutes up to 15 wt% of NMC111 battery materials and plays
a dominant role in adjusting the charging performance of these
materials. Furthermore, the cost of cobalt is relatively high, and
it is mainly sourced from poor areas riddled with conflict (about
7.4 million tons of estimated reserves in the world).***® Nickel
rich cathode based batteries emerge as a hot research topic
thanks to their wide use in high energy density electric vehicles
which has led to the urgent rational reuse of this precious metal
element." "> Therefore, spent LIBs must be recycled to reduce
the costs of LIBs and alleviate the constraints on this mineral
resource.'*'* LIBs are mostly composed of a battery shell,
a cathode, an anode, an organic electrolyte, a membrane sepa-
rator, and a battery case.”® A commonly used LIB cathode is
composed of aluminum (Al) foil, an organic binder, and
a cathode material. By comparison, the anode largely consists of
copper foil, an organic binder, and anode materials.”*** Raw
metal species comprise the cathode; thus, the main concern is
the recycling of raw metal elements in cathode materials.?>*

a Pyrometallurgy
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Several studies focused on the recycling and reuse of valuable
metals in cathode materials. The recycling of the cathode
mostly relies on three approaches, namely, pyrometallurgy,
hydrometallurgy, and the novel solvent-leaching method.
Pyrometallurgy occupies a superior position in various indus-
tries despite its high energy input owing to extremely high
temperatures (up to 1400 °C). However, in pyrometallurgy, the
off-gassing of harmful fumes and the subsequent scrubbing of
the facility of recycling systems pose a heavy burden to LIB
manufacturing. Additionally, the harsh reaction conditions and
harmful gas emissions of this process demand strict safety
precautions.>*** More importantly, the mixed slag obtained by
pyrometallurgy makes the full recycling of metals impossible,
especially under extremely high temperature conditions.”® In
comparison to pyrometallurgy, hydrometallurgy is recognized
as the most efficient way for recycling LIB cathodes owing to the
high leaching rate of the desired metal elements with a rela-
tively high purity.””*®* However, this technique leads to
secondary pollution owing to the use of strong acidic reagents,
such as hydrochloric acid, sulfuric acid, and nitric acid, which
pose a safety risk to both the environment and human health
(Fig. 1a).*°>** Many researchers have attempted to develop new
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Fig. 1 Schematic illustration of LIB cathode material recycling: (a) traditionally used and chemical solvent dissolution methods for metal
recycling in spent LIBs; (b) comparison and nanofluid-aided cathode material liberation process.
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solvent alternatives that have the advantages of hydrometal-
lurgy and avoid the use of hazardous acidic reagents.** In this
study, we refer to these protocols for cathode recycling as novel
solvent-leaching methods. For example, some organic acidic
solvents, such as malic acid and oxalic acid, can reportedly
leach the metal element. However, they require the addition of
a reduction reagent or extremely high temperatures, both of
which severely hinder their widespread use, especially because
of their poor thermal or chemical stability.”®** Deep eutectic
solvents (DESs) have emerged as novel ionic liquid alternatives
because of their good chemical stability, low saturated pressure,
and wide liquid range.*** Owing to hydrogen bond association
between the hydrogen bond donor and acceptor, DESs have
been proved to possess a unique ability to digest common metal
oxides and recovery of valuable metal species from spent LIBs.
For example, Tran et al.** pioneered the use of sustainable
ethylene glycol (EG)/choline chloride (ChCl) DESs with low
toxicity for the leaching of LiCoO, below 220 °C. Wang et al.*’
used DESs composed of urea/ChCl to recover LiCoO, at a lower
temperature of 180 °C. Guo et al.*® designed a novel DES con-
sisting of EG and sulfosalicylic acid dihydrate (SAD) for efficient
leaching of valuable metals from cathode active materials. The
authors described the mechanism in which a reduction and
coordination process were involved. Kinetics of the metal
leaching process was also discussed. In the meantime, Guo
et al* developed a bifunctional DES based on EG and oxalic
acid dihydrate (OAD) for selective extraction of valuable metals
from spent LIBs. They also demonstrated a novel strategy for
selective extraction of Ni, Co, and Mn respectively from the
spent LiNi,CoyMn;_,_,0, cathode through the regulation of the
coordination environment of DESs.*” Schiavi*' reported
a protocol for selective recovery of cobalt in which an extraction
of 90% for cobalt and only 10% for nickel were achieved from
cathode materials of LIBs by using EG/ChCl DESs. Hartley
et al.** found that nickel oxide can be efficiently separated from
cobalt and manganese oxides using an oxalic acid-based DES.
Compared with pyrometallurgy and hydrometallurgy, novel
solvent-leaching methods are clearly better as they do not
produce extra waste and they use environmentally benign
solvents. More importantly, they are more sustainable than
pyrometallurgy or hydrometallurgy because the starting mate-
rials they use can be either recycled or biodegraded.*
Although advances have been made in solvent-leaching
methods, some inherent problems still cannot be ignored, the
most predominant of which is the use of commercially available
LiCoO, rather than pristine spent LIBs to study recycle effi-
ciency. Moreover, they still require a high temperature to ach-
ieve a relatively high metal leaching rate. Liberating cathode
active materials from waste batteries is a kind of primary work
which heavily affects the downstream recycle or recovery work.
Conventional treatment methods largely rely only on mechan-
ical crushing, which would lead to a poor recycle efficiency as
cathode species still adhere to the aluminum foil.** Recently,
Abbott et al. developed a rapid and simple method for removing
the active material from composite electrodes using high pow-
ered ultrasound in a continuous flow process.*> Chemical
dissolution has also been proved to be a feasible recycling
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method. However, the high cost and environmentally harmful
characteristics of this method hamper its wide application.
Moreover, the specific devices used in this method and its high
temperature requirement make it impractical in all occa-
sions.***” Dissolution of organic binders is a promising idea for
the complete separation of cathode materials from aluminum
foil. The organic layer on the surface of cathode particles can
negatively affect the efficiency of subsequent reactions, thereby
reducing the leaching efficiency of valuable metals. Moreover,
the residual organic binder can contaminate the chemical
reagents and reduce the purity of the recovered product. More
importantly, though a series of promising approaches relying
on DESs for recycling valuable metals from LIBs have been
unveiled, we found that, so far, no reports regarding the study
on heat and mass transfer characteristics in the liberation
process exist. On the other hand, a milder and neutral condition
enabling highly efficient cathode material liberation is also
highly desirable. By contrast, owing to the advantageous heat
and mass transfer properties of nanofluids, they have emerged
as promising materials, and their use in thermal management
and energy storage and conversion has been studied.*®*
Nanofluids have been recently proved to be applicable as elec-
trolytes, and they are superior to pristine base solutions.*® And
the release of cathode materials in spent LIBs is also a heat and
mass transfer process in which the binder should be dissolved
first. In light of these reported results, we explored whether
nanofluids can be used as a medium to liberate precious metals
from spent LIBs by using DES-based solvents. Herein, we
prepared several nanofluids based on EG/ChCI DESs, and then
subjected them to metal species recycling in LIBs. This study
was the first to utilize nanofluids to recover spent LIBs. Owing to
the enhanced heat and mass transfer effects, 100% liberation
efficiency could be achieved at a relatively low temperature
(Fig. 1b). Moreover, the DESs could be recycled at least five
times without efficiency loss and disruption of the molecular
structure. The underlying mechanism was studied by deter-
mining the exact thermophysical properties of the nanofluids
and via computational fluid dynamics (CFD) simulation.
Moreover, the participation of the nanofluids not only helped in
liberating cathode materials from the spent LIBs but also
enhanced the leaching efficiency of precious metals, in which
the leaching rates of nickel, cobalt, and manganese could be
doubled at 120 °C and 140 °C.

Experimental section
Materials information

Ethylene glycol (EG, AR, general-reagent) used in the experi-
ment was purchased from Shanghai General Reagent, choline
chloride (ChCl, 99%, Adamas-beta) was purchased from Sino-
pharm Chemical Reagent Company, nano silica (15 £+ 5 nm,
purity 99.5%), nano silicon carbide (50 nm), nano carbon black
(100 nm, purity 99.5%), nano boron nitride (with diameter <200
nm, 500 nm, 1-2 pm and 5-10 pm, 99.9% metal basis), and
dimethyl carbonate (DMC) were purchased from Shanghai
Maclean Biochemical Technology Co., Ltd, nano graphene
oxide (RGO) was prepared by the Hummers' method according

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to a reported method,”* and nano-graphene (surface area 500
m? g~ ") was purchased from TCI (Shanghai) Chemical Industry
Development Co., Ltd. The soft-pack battery used in the exper-
iment (the cathode active material is NMC111) was manually
disassembled after being fully discharged (data used in this
paper were obtained by using soft-pack LIBs from the same
supplier to keep a consistent variant; the process was repeated
five times to determine the stable data). Deionized water is
made using a laboratory ultrapure water filter (China, Nanjing
Qianyan Instrument Equipment Co., Ltd, RO).

Nanofluid preparation process

The reaction was carried out in a 100 ml round bottom flask
with a magnetic stirrer. EG/ChCl DES (30 ml) was mixed with six
nanoparticles (depending on the mass fraction of nanofillers)
and then the mixture was heated to 100 °C and stirred for 2
hours. After the reaction, the mixture was cooled to room
temperature. Subsequently, the solution was sonicated (53 kHz)
for 2 h to obtain the final nanofluid.

Experimental methods

EG/ChCl DESs with different molar ratios were prepared by
a heating and magnetic stirring process. Nanofluids were
prepared by a sequential dispersing, magnetic stirring and
sonification process. For the liberation process, cathode mate-
rials were first cut into a size of 1 cm” with scissors. Unless
otherwise noted, the liberation process was carried out in an oil
bath at 600rpm at a specific reaction temperature. Liberated
cathode materials were collected by vacuum filtration and dried.
Leaching efficiency was calculated based on the ICP analysis
(detailed calculation procedure can be found in the ESIt).

Liberation rate of spent LIBs
The liberation rate is calculated according to eqn (1):

_M=M oy, (1)

n
where 7 is the liberation rate; M represents the mass of the
pristine cathode added in the experiment; M, is assigned to the
mass of the cathode after reaction and drying; m is the total
mass of isolatable active species in pristine cathode materials.

A typical recycling experimental procedure

DES was prepared with ChCl: EG = 3:1 (molar ratio) after stir-
ring in an oil bath for 3 h at 100 °C. In the first round, nanofluids
were prepared before LIB recycling. 30 ml DES was added to
a round bottom flask and boron nitride (BN) nanoparticles (0.2
wt%) were then added; the nanofluids were obtained after stir-
ring in a 100 °C oil bath for 1 h and being sonicated in a 40 kHz
sonicator for 1 h. After this, the spent cathode material sheet (1.0
g) was added and the reaction was carried out in an oil bath at
100 °C and 600 rpm for 20 h. Afterwards, DES was recovered with
filtration and made into nanofluid with the addition of a deter-
mined amount of BN (0.2 wt%) before being used in another
cathode material recycle run. Cathode materials were collected
and washed with deionized water. The recovered DES was used in
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the downstream cathode material recycling after being made into
nanofluids by the same method as the first round.

Characterization

The thermal conductivity of the nanofluid is measured using
a Xiatech TC3000L liquid thermal conductivity analyzer in the
temperature range of 30-60 °C. The viscosity of the nanofluid
was measured with a digital rotational viscometer (LVDV-2T),
Shanghai Fangrui Instrument Co., Ltd, China in the tempera-
ture range of 30-60 °C. Infrared photos were taken using an
infrared thermal imager (FLIR C2, Filial).

Computational fluid dynamics modeling method

Ansys Fluent 2020 software was used to numerically simulate
the magnetic stirrer and its flow transfer characteristics. The
magnetic stirrer was simplified to a commonly used stirring
chest model. It consists of two major parts, the external fluid
and the rotation domain (Fig. 4a).*> And spaceclaim 2020 was
used for geometry and boundary conditions; Ansys Fluent
meshing 2020 was used for the mesh. The computational
domain is divided into a rotational domain and stationary
domain, and encryption is performed at each boundary. The
geometry and mesh partitioning are shown in Fig. 4b.

The rotor rotates at a high speed in the rotational domain
and exchanges velocity and LIB components with the stationary
domain through the interface. The main concern is the stirring
mass transfer of lithium-ion battery cathode particles in a DES
based nanofluid. In the numerical calculations the two
parameters are the velocity gradient of the solid-liquid system
and lithium-ion battery cathode particle content distribution.
Therefore, the Eulerian multiphase flow model and the multi-
reference frame (MRF) method were used for the simulation,
assuming a constant diameter of 11.2 um for the lithium-ion
battery cathode particles. And the lithium-ion battery cathode
particles are uniformly distributed in the lower 1/5 of the stirrer
according to the experimental specifics. The experimental
parameters and initialization settings are shown in Table S2
and S3,t and the kinetic diagram of the component transport of
LIBs with stirring is shown in the ESL{ The discretization
equations were solved using the SIMPLE separation algorithm
with default values for the model constants. The second-order
upwind momentum method and the second-order implicit
transient formulation were used. The appropriate time step is
set to 0.01 s. The convergence of the calculations is evaluated by
detecting whether the residuals of the iterations are less than
107°

Results and discussion
Optimization of experimental conditions

The liberation of LIBs was optimized. Cathode materials, which
were dismantled from spent ternary LIBs by cutting them with
scissors, were directly used. One of the components of DESs,
namely, EG, was initially used as a liberation solvent. Pristine
EG achieved a 38.29% liberation rate after heating at 100 °C for
24 h (Fig. 2a). EG/ChCI DESs with different blending ratios were
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Fig.2 Recycle rate of cathode materials from LIBs in the presence of DESs and the corresponding nanofluids. Liberation rates in (a) EG and DESs.
(b) DES and six DES-based nanofluids (at 60 °C and 0.2 wt%). (c) Six DES-based nanofluids. The liberation rate in BN-filled nanofluids as functions
of (d) mass fractions of BN. (e) Reaction temperature and (f) reaction time (unless otherwise noted, the liberation condition is as follows: liberation
at 100 °C for 20 h). The liberation rate as a function of diameter of BN: (g1) <200 nm, (g2) 500 nm, (g3) 1-2 pm, and (g4) 5-10 pm.

then studied. The addition of ChCI into EG resulted in the
formation of a eutectic solvent mediated by hydrogen bonding
between each other, thereby changing the thermophysical
properties and chemical characteristics, especially dissolv-
ability.”® Indeed, the participation of ChCl, which mainly acted
as a hydrogen bond acceptor, achieved a liberation efficiency
enhancement of 84.5% when the molar ratio between EG and
ChCl was 3 : 1. The other ratios between these two components
were also tested. However, their liberation ratios were less effi-
cient than those of 3 : 1. This result indirectly suggested that the
optimized ratio between EG and ChCl might lie within the range
of 2:1-4:1 because of the existence of a rational ratio in the
hydrogen bond donor and acceptor. Owing to the relatively low
temperature requirement and simple work-up of this proce-
dure, EG/ChCI deep eutectic solvent (DES) could be a promising
liberation alternative for recovering LIB cathode materials.
However, this result was considerably less satisfactory than we
expected. In a previous study, we studied several DES-based
nanofluids and observed an interesting phenomenon. In almost
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all cases, we found that heat and mass transfer performance can
be improved compared with the base solvent.>**® The liberation
of cathode materials in spent LIBs is a heat and mass transfer
process in which the binder, that is, PVDF, should be first dis-
solved or degraded in the solvent atmosphere.***” The cathode
materials are then liberated from the aluminum foil. Diffusion
of solute molecules is a premise of dissolution in which external
heat is beneficial for the dissolution speed and degree. The
application of external heat accelerates the speed and enhances
the degree of dissolution.* Turbulence is another important
factor that determines dissolution efficiency.”® These main
factors are consistent with the positive functions of nanofluids,
namely, heat and mass transfer enhancement. To further
improve the liberation efficiency, we first dispersed several
nanoparticles into EG/ChCI DES-based solvents to form nano-
fluids and then used them to recover cathode materials from
LIBs. In this study, six different nanoparticles, namely, gra-
phene, SiO,, graphene oxide (GO), SiC, carbon black, and BN,
were studied. The liberation experiment was first carried out at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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60 °C; it is found that BN filled nanofluids clearly stood out
which afforded the best liberation ratio among the tested
nanoparticles (Fig. 2b). Furthermore, adding just a 0.2% mass
fraction of BN achieved 100% liberation at an elevated reaction
temperature (Fig. 2c). Moreover, not all the nanoparticles
studied herein had a positive effect on the liberation of cathode
materials from LIBs. For example, the addition of GO decreased
the liberation rate. Graphene had a liberation -efficiency
comparable to that of BN at a relatively high concentration of
the nanoparticles. The most suitable nanoparticle was deter-
mined, and then its parameters were considered. The results
showed that excessive or scarce application of BN did not attain
a promising liberation yield. The optimized mass fraction range
of the nanoparticles was 0.2-0.5%, within which a 100% liber-
ation rate could be obtained (Fig. 2d). Thus, 0.2 wt% was chosen
for further study because it was economical and required facile
operation. A lower temperature was studied with respect to
various mass fractions of BN (Fig. 2e). Temperature also played
an important role in liberating cathode materials from spent
LIBs as the liberation rate decreased to 50% at 60 °C. Another
interesting phenomenon was observed. As more BN was added,
the liberation rate was better at a relatively low experimental
temperature (60 °C and 70 °C). However, this trend gradually
changed as the liberation temperature was increased. The
reaction time was also considered (Fig. 2f). The liberation rate
remained steady after stirring at 100 °C for 20 h. Thus, further
prolonging the reaction time made the data more stable.
Therefore, the final reaction time was determined to be 24 h.
Finally, the use of 0.2 wt% BN as the nanoparticle with a stirring
time of 24 h at 100 °C was determined to be the optimal
condition for liberating cathode materials. In addition, the
diameter of BN was considered, as is seen in Fig. g1-4; the
diameter of BN has a slight impact on the liberation rate; BN
with a diameter of 1-2 um was chosen in downstream experi-
ments in terms of cost issues.

Mechanistic study of the thermophysical properties of
nanofluids

The mechanism underlying the distinct liberation rate of
cathode materials from spent LIBs was investigated. The
different thermophysical properties of various nanoparticles
would lead to different liberation rates. Thus, the thermo-
physical properties of the nanofluids were considered. Two of
the most important thermophysical properties, namely,
thermal conductivity (k) and viscosity, are associated with heat
and mass transfer respectively. The addition of nanoparticles
increased k (Fig. 3a). k of each sample was recorded seven times
to prevent errors in the testing process. Histograms of k with
different mass concentrations were plotted (Fig. 3b and c).
Regardless of the mass concentration and test temperature, k of
BN-filled nanofluids was slightly different from that of the other
five types of nanofluids. This result was reasonable because only
a tiny amount of the nanoparticles was added. The viscosities of
the different nanofluids were then tested at different test
temperatures. The addition of nanoparticles inevitably
increased viscosity (Fig. 3d). The Viscosity of BN-filled
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nanofluids was at the lower level of the six types of nanoparticle-
filled nanofluids, especially at a lower test temperature. There-
fore, the static thermophysical properties had a limited impact
on the liberation rate of LIB cathode materials. Nevertheless,
some indirect information could be obtained from the relatively
high k and low viscosity: an enhanced k and a low viscosity were
beneficial for the liberation of cathode materials. However,
these pieces of information were insufficient to explain why the
BN nanofluids displayed a superior performance in cathode
material liberation. A dynamic experimental platform
mimicking the actual experiment conditions was set up
(Fig. S271). The temperature of the solvent was recorded using an
infrared camera (Fig. 3e). The response to temperature was
more drastic in the case of BN- and graphene-filled nanofluids,
especially in the first 10 s at a heating temperature of 80 °C.
More importantly, the temperature of the BN- and graphene-
filled nanofluids tended to remain steady in 60 s, whereas that
of the other nanoparticle-filled nanofluids required at least 80 s
to stabilize. Additionally, the temperature response of nano-
fluids at a 200 °C heating temperature displayed a similar
phenomenon to that observed at 80 °C in which the BN nano-
fluid achieves a stabilization temperature of around 90 °C after
being heated for 60 s, while the other nanofluids require
a longer time. This experiment provided evidence that the BN-
and graphene-filled nanofluids had a better liberation rate than
the other nanofluids in terms of heat transfer characteristics.

Mechanistic study via CFD simulation

Investigation into static thermophysical properties and experi-
ments on dynamic heat transfer provided some useful infor-
mation to understand the reason responsible for the superiority
of BN-filled DES-based nanofluids. However, direct evidence
was still lacking, especially on the mechanism of mass transfer.
The effect of mass transfer on cathode material recycling was
clarified via CFD simulation. It should be noted that parameters
used in this simulation were tested at 60 °C, a temperature
closest to 100 °C, owing to the temperature limitation of
thermal conductivity and viscosity measurement facilities. The
detailed parameters and the simulation process can be found in
the ESI (Fig. S3 and S4t). The magnetic stirrer and the reaction
flask were treated as a commonly used stirrer with two blades
and a cylindrical tank respectively (Fig. 4a and b). The specific
experimental conditions for the simulation of mass transfer
were fixed at 60 °C and 600 rpm, consistent with the actual
conditions. The mass transfer performance of each DES-based
nanofluid was evaluated by determining the velocity gradient
and volume fraction of the cathode materials in LIBs. Cloud
images of velocity on the x-axis and at the center of the rota-
tional domain were plotted and are shown in Fig. 4c and d,
respectively. The DES-based nanofluids had a clear enhance-
ment in velocity compared with the pristine base solvent owing
to their enhanced mass transfer properties. Notably, the BN-
filled nanofluids had the quickest velocity response as shown in
the x-axis cloud images (Fig. 4c). Moreover, the velocity of the
solution in other profiles was determined using histograms
(Fig. 5a and b). The results agreed well with the cloud images:
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an infrared camera being heated by an (e) 80 °C and (f) 200 °C heating plate (0.2 wt% nanofiller was used for each nanofluid).

the mass transfer in the y-z plane of the BN-filled nanofluids
was more intensive than that of the other nanofluids. Owing to
the fixed stirring speed, the velocity in the x-z planes was lower
than that of the other samples, as proved by both cloud images
and histograms (Fig. 4d and 5b). Therefore, the existence of the
nanoparticles proved beneficial for the turbulence of the solu-
tion, thus enhancing the mass transfer in this specific space.
Compared with the five other types of nanofillers, the BN-filled
nanofluids had the most intensive mass transfer enhancement
in the y-z planes, thereby clearly demonstrating their superi-
ority in cathode material liberation.

After the average velocity of the nanofluids in a specific face
was determined, more direct evidence of the distribution of
cathode materials was collected. The volume fractions of the
distribution of cathode materials in the y-z and x-z planes were
plotted with respect to each liberation solvent (Fig. 4e and f).
The addition of a nanofiller allowed the dispersion of cathode
materials. However, this was not the case for GO-filled nano-
fluids, which showed a good agreement with the liberation data
(Fig. 2b). From the cloud images, it can be seen that the BN-
filled nanofluids had a clear and even distribution of cathode
materials (Fig. 4e). The dynamic distribution of cathode mate-
rials was recorded through videos that were taken (ESI Videos 1
to 67). The BN-filled nanofluids promptly dispersed the cathode
materials and had the most even distribution within the same
time interval. The volume fractions of cathode materials in
a specific plane are presented in Fig. 5c and d. A more diluted
mass concentration in the position resulted in a more even
distribution of cathode materials. The BN-filled nanofluids
provided the smallest cathode material mass fraction in both
the x-z and y-z planes. This result was the most direct evidence
demonstrating the liberation of cathode materials from spent
LIBs. Therefore, although an improved heat and mass transfer
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effect of nanofluids was good for the liberation of cathode
materials, mass transfer had a more dominant effect than heat
transfer.

After knowing the heat transfer properties by means of static
testing and dynamic experiments as well as the mass transfer
through a CFD simulation, we can conclude that the thermal
conductivity and viscosity of the seven nanofluids show slight
differences in terms of static heat transfer performance.
However, the dynamic monitor result really displays a differ-
ence especially in the initial 10 s and 20 s that graphene and BN
nanofluids present faster heat transfer characteristics (Fig. 3e).
In addition, the same phenomenon can be found in the CFD
simulation results that BN filled nanofluids quite stand out and
afford the rapidest velocity response, which can be recognized
because graphene and BN nanofluids displayed improved mass
transfer characteristic in terms of both velocity and volume
fraction. These two pieces of evidence clearly proved the
mechanism by which the addition of nanoparticles could
enhance the heat and mass transfer of DES and lead to
a significant improvement in the liberation rate consequently.

Microstructure and chemical composition of recovered
cathode materials

Complete recycling of cathode materials without damaging
their microstructure and chemical composition is important as
the recycling should face the downstream reuse process. Some
of the commonly used methods for recovering cathode mate-
rials, such as chemical dissolution with organic solvents and
mechanical-physical methods, will inevitably affect either the
chemical composition or the physical structure of the cathode
materials because they require harsh liberation conditions or
use highly active liberation reagents. In the present study, an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanistic study of the recycling of cathode materials via
numerical CFD simulation. (a) Geometry and (b) mesh of the simulation
setup. Average velocity gradient of the (cl) base solvent, (c2) gra-
phene-nanofluids, (c3) SiC-nanofluids, (c4) GO-nanofluids, (c5) SiO,-
nanofluids, (c6) carbon black nanofluids and (c7) BN nanofluid-aided
recycle system for cathode materials in the y—z plane. Velocity vectors
of the (d1) base solvent, (d2) graphene-nanofluids, (d3) SiC-nanofluids,
(d4) GO-nanofluids, (d5) SiO,-nanofluids, (d6) carbon black nanofluids
and (d7) BN nanofluid-aided recycle system of cathode materials in the
x—z plane. Volume fraction distribution of cathode materials in (el)
base solvent, (e2) graphene-nanofluids, (e3) SiC-nanofluids, (e4) GO-
nanofluids, (e5) SiO,-nanofluids, (e6) carbon black nanofluids and (e7)
BN nanofluids in the y—-z plane. Volume fraction distribution of
cathode materials in (f1) base solvent, (f2) graphene-nanofluids, (f3)
SiC-nanofluids, (f4) GO-nanofluids, (f5) SiO,-nanofluids, (f6) carbon
black nanofluids and (f7) BN nanofluids in the x—z plane.

inert solvent system, namely, EG/ChCI] DESs, was used as the
liberation solvent under relatively mild conditions. The cathode
materials before and after the liberation treatment were
analyzed via a scanning electron microscope (SEM), X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectros-
copy, and X-ray photoelectron spectroscopy (XPS). The SEM
images show that the cathode material is granular both before
and after the experiments. However, it is obvious that the
particle arrangement of the raw material shows a piled-up
morphology (Fig. 6a). And the particles are more uniformly
arranged and more obviously granular after the liberation
experiment (Fig. 6b). The main response within the 26 range of
10-75° was attributed to the existence of carbon, as well as Ni,
Co, and Mn elements (Fig. 6¢). The XRD spectra clearly show
a typical response of Li(NiCoMn),,30, before and after DES
nanofluid treatment indicating that the chemical composition
did not considerably change during the liberation process.* A
similar phenomenon was observed in the FTIR spectra;
however, some minor peaks, such as 1117 em ™, 1500 cm *,
and 1618 cm ™" which correspond to the C-F vibration, CH,
scissoring and C=C vibration of PVDF respectively,* weakened
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Fig. 5 Comparison of mass transfer parameters in numerical CFD
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cathode material recycle system in the y—z plane. (b) Velocity vector of
the nanofluid-aided cathode material recycle system in the x—z plane.
Volume fraction distribution of cathode materials in the (c) y—z and (d)
Xx—z planes.

or disappeared to some degree presumably because of the
removal of the organic binder during the liberation process with
peaks representing Ni-O, Mn-O and Co-O remaining®(Fig. 6d).
Moreover, the exact chemical state of each element was evalu-
ated via XPS. Co 2p3/2 and Co 2p1/2 were observed in the XPS
spectra (Fig. 6e and f). After treatment with the DES-based
nanofluids, the corresponding peaks appeared in the XPS
spectra that slightly changed to a high chemical shift position.
This phenomenon shows a good agreement with the reported
result due to the weak interaction between cobalt and the EG
molecule during the liberation process.*® The XPS spectra also
revealed that the Ni element almost did not change, whereas the
Mn element had a slight reduction owing to its high oxidation
state®” (Fig. 6g-j). Therefore, recycling of cathode materials
using the DES-based nanofluids almost did not change both the
microstructure and the chemical composition of the cathode
materials. Thus, the direct downstream utilization of this
recycle system is feasible, and it offers great potential for
practical utilization.

Experiments on DES recycling and metal element leaching
using the DES-based nanofluids

Attempts to recycle the liberation solvent were made to verify
the green metrics of the strategy for recovering cathode mate-
rials from spent LIBs. The nanofluids with 0.2 wt% BN were
used as the liberation solvent, whereas pristine EG/ChCI DES
was set as the control solvent (Fig. 7a—c). Errors that might be
committed during the long-term experiment were prevented by
shortening the reaction time to 10 h. A shortened stirring time
would result in a larger difference between pristine DESs and
nanofluids. Thus, strict adherence to our protocol is important.
Images of DESs were taken to show changes in color for each
cycle, which would indicate the leaching of metal elements in
the nanofluids. Notably, the BN nanoparticles could be recycled
by a simple dialysis experiment owing to their extremely small
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Fig. 6 Characteristics of cathode materials before and after treatment with DES-based nanofluids. SEM images (a) before and (b) after treatment
with DES-based nanofluids. (c) XRD and (d) FTIR spectra before and after treatment with DES-based nanofluids. XPS analysis of Co (e) before and
(f) after treatment with DES-based nanofluids. XPS analysis of Ni (g) before and (h) after treatment with DES-based nanofluids. XPS analysis of Mn

(i) before and (j) after treatment with DES-based nanofluids.

size. The aluminum foil after the liberation proved the excellent
liberation rate even after the fifth recycle. Indeed, the liberation
rate remained over 90% even after recycling the DESs five times.
Meanwhile, the chemical structure of EG/ChCl DES was
analyzed via nuclear magnetic resonance (NMR) (Fig. 7d and e).
The proton and carbon NMR spectra revealed that the chemical
structure of the DESs remained stable during the recycling as
the chemical shift and integration of peaks attributed to the
DES molecules almost did not change. In addition, the organic
binder accumulated at an amount of 3.7 ppm in the proton
NMR spectra, indicating its dissolution in the DES-based
nanofluids (NMR spectra of pristine PVDF can be found in ESI
Note 19%). This accumulation was one of the main reasons
responsible for the highly efficient liberation rate of cathode
materials from LIBs. Meanwhile, some of PVDF might be
decomposed in this BN/DES based nanofluid since the color
change of DESs which shows a good agreement with the
observation of the literature on the determination of PVDF
degradation along with the broad peaks appearing at around 3.7
ppm after each recycle run.*® Moreover, metal leaching in the
DES-based nanofluids was studied because this phenomenon is

278 | RSC Sustainability, 2023, 1, 270-281

associated with actual metal recycling. Compared with the
traditionally used pyrometallurgy and hydrometallurgy
methods, our method had obvious advantages because it
requires mild reaction conditions and uses environmentally
benign solvents. More importantly, real spent ternary LIBs were
used in this experiment instead of commercially available
cathode material alternatives. We found that the DES-based
nanofluids developed herein had twofold higher leaching effi-
ciency than pristine DES solvent systems with respect to Ni, Co,
and Mn at both 120 °C and 140 °C. 100 °C was also checked and
it also displays a similar trend to that of temperature at 120 °C
and 140 °C (Fig. 7f).Though the DES solvent system could
maintain promising liberation activity in each cycle run
(Fig. 7b), leaching efficiency decreased probably owing to the
accumulation of PVDF in the DES system (Table 1). Thus, our
DES-based nanofluids have better heat and mass transfer
performance (detailed calculation methods can be found in eqn
(S1) and (S2)1). Notably, the metal concentration in the DES-
based nanofluids could reach 14 300, 2990, and 3090 ppm with
respect to Ni, Co, and Mn, respectively, after reacting at 140 °C
for 10 h. It is worth noting that from the NMR spectra and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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images of DES after each recycle, chemical reactions between
each component of the recycle system can be generally excluded
at 100 °C. On the other hand, to verify the reproducibility of this
DES nanofluid aided cathode material liberation protocol,
NMC/Li half-cells were assembled and tested for 100, 200 and
300 charge/discharge cycles respectively (see Note S207); the
batteries were then dismantled and submitted to immersion in
DES based nanofluid for cathode harvesting. It is found that the
cathode materials can be easily liberated from Al foil under

© 2023 The Author(s). Published by the Royal Society of Chemistry

a 100 °C stirring condition. Moreover, to further explain the
reason responsible for the superior liberation and leaching
efficiency over pristine EG/ChCI DESs, a possible mechanism
was proposed (Fig. 7g). While BN has so far been mainly
regarded as an inert material similar to graphene, it is recog-
nized to have a variety of interesting catalytic functionalities in
addition to exhibiting excellent properties as a catalyst
support.® It was suggested that hydroxyl and amino groups
were formed via cleavage of the B-N bond by moisture.®* The
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Table1 Leaching efficiency of DES based nanofluids in each cycle run

Leaching efficiency Leaching efficiency —Leaching efficiency

Run®  of Ni (%) of Co (%) of Mn (%)
1 7.35 0.74 1.40
2 5.25 0.42 1.11
3 3.01 0.31 0.92
4 2.46 0.29 0.56
5 1.65 0.26 0.49

“ The leaching process was performed at 100 °C under otherwise
standard conditions.

acid and base sites could be thus formed at adjacent positions
on the surface. So, the nitrogen and boron containing boron
nitride are expected to function as a base and an acid simulta-
neously. The presence of base sites benefits the decomposition
of PVDF which thus leads to an acceleration of cathode material
liberation from the Al foil. Meanwhile, pseudo boric acid could
have a positive effect on the leaching of LiMO, (2LiMO, +
HO-(CH,),~OH + 2H" = 2M>" + O=(CH,),=0 + H,0 (ref. 38
and 63)). Therefore, besides the positive effect in terms of heat
and mass transfer which has been proved by means of studying
thermophysical properties and CFD simulation, BN, a nano-
particle featuring both acid and base sites, could be used as
a base to inactivate PVDF and an acid to accelerate the leaching
efficiency of metal species in spent LIBs.

Conclusions

In this work, for the first time, DES-based nanofluids were used
in recovering cathode materials from spent ternary LIBs. Owing
to the collaboration of DESs and nanoadditives, the liberation
efficiency could reach almost 100% and the leaching efficiency
with respect to Ni, Co and Mn could reach 16.7%, 2.1% and
3.0% respectively under mild conditions. A mechanistic study
of the static thermal properties and dynamic observation of the
nanofluids revealed that thermal conductivity enhancement
plays a key role in enhancing the recycling rate of LIBs. Though
the main aim of this work is the liberation of the cathode active
material from spent LIBs, nano-additives in the DESs are
beneficial for the metal leaching efficiency. More importantly,
simulation of the recycling process via a CFD method showed
that influence of mass transfer was greater than that of heat and
mass transfer on the nanofluids. However, difficulties in the
complete separation of nanoparticles from liberated cathode
materials associated with the potential chemical instability of
DESs at a high temperature are problems that need to be further
solved. Direct utilization of nanoparticle “contaminated” spent
cathode materials will probably be a feasible choice and these
studies are ongoing in our laboratory.
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