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ABSTRACT

Lithium recovery from end-of-life Li-ion batteries (LIBs) through pyro- and hydrometallurgical recycling
processes involves several refining stages, with high consumption of reagents and energy. A competitive
technological alternative is the electrochemical oxidation of the cathode materials, whereby lithium can
be deintercalated and transferred to an electrolyte solution without the aid of chemical extracting com-
pounds. This article investigates the potential to selectively recover Li from LIB cathode materials by
direct electrochemical extraction in aqueous solutions. The process allowed to recovering up to 98% of
Li from high-purity commercial cathode materials (LiMn,04, LiCoO,, and LiNi;;3sMny;3C04/30,) with a far-
adaic efficiency of 98% and negligible co-extraction of Co, Ni, and Mn. The process was then applied to
recover Li from the real waste LIBs black mass obtained by the physical treatment of electric vehicle bat-
tery packs. This black mass contained graphite, conductive carbon, and metal impurities from current col-
lectors and steel cases, which significantly influenced the evolution and performances of Li
electrochemical extraction. Particularly, due to concomitant oxidation of impurities, lithium extraction
yields and faradaic efficiencies were lower than those obtained with high-purity cathode materials.
Copper oxidation was found to occur within the voltage range investigated, but it could not quantitatively
explain the reduced Li extraction performances. In fact, a detailed investigation revealed that above 1.3V
vs. Ag/AgCl, conductive carbon can be oxidized, contributing to the decreased Li extraction. Based on the
reported experimental results, guidelines were provided that quantitatively enable the extraction of Li
from the black mass, while preventing the simultaneous oxidation of impurities and, consequently,
reducing the energy consumption of the proposed Li recovery method.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

end-of-life (EoL) LIBs to recover their key components. Pyrometal-
lurgical technologies for spent LIBs recycling can be mainly

Li-ion batteries (LIBs) play a crucial role in energy storage for
various applications such as portable electronics, electric vehicles,
and the storage of energy generated from renewable sources [1].
Typically, Li-ion batteries consist of 20-25 wt% of cathode material
(composed of Li, Ni, Mn, and Co), followed by 20 wt% of graphite
[2,3]. The remaining weight comprises the outer steel or Al case,
collectors (Cu for the anode material and Al for the cathode mate-
rial) on which the electrodes are deposited, separators, elec-
trolytes, binder, and the solvents in which the electrolytes are
dissolved [4]. To alleviate resource consumption and mitigate sup-
ply chain risks linked to LIBs production, it is essential to recycle
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divided, depending on the operating temperature, in smelting
and roasting/calcination. The former uses high temperatures,
above the melting point of LIB cathode materials, resulting in a
challenging recovery of Li, since it remains in the slag after smelt-
ing of the batteries [4]. Roasting/calcination seems to be the most
appropriate thermal treatment for the recovery of Li from spent
LIBs. In particular, carbothermal reduction roasting using reducing
agents (coke, carbon, and graphite) could be successfully applied to
destroy the LIBs cathode materials structure with reduction of Co,
Ni, and Mn to lower oxidation state and formation of Li,O. This way
allows for the recovery of lithium by simple water leaching of the
resulting solid [5]. On the other hand, this apparently facile
approach can be successfully applied only when almost pure LIBs
cathode materials are treated. In real applications, when spent LIBs
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are treated, other water-soluble battery components could hinder
the formation of high purity salts for the recovery of lithium. In
addition, the graphite contained in spent LIBs, that can potentially
be reused as anode material, is further consumed as reducing agent
during the carbothermal reduction [6].

Hydrometallurgical processes for the recovery of Li rely on the
dissolution of LIBs cathode materials in aqueous solution by using
mineral or organic acidic solutions and reducing agents [7]. In this
way, lithium is simultaneously extracted in aqueous solution
together with Co, Ni, Mn, other metal impurities (Cu, Al, and Fe),
battery electrolyte, and its decomposition products. Following this
approach, Li is generally recovered from the residual solution after
precipitation of all the transition metals in which all the chemicals
used throughout the whole recycling process are still contained.
This results in the recovery of Li from a Na-rich solution, due to
NaOH used to recover the transition metals as low soluble salts,
while Li is present at low concentration. The high solubility of Na
and Li salts makes their separation challenging [8], which requires
energy-consuming concentration, purification procedures, and
addition of further reagents [9].

Electrochemical methods to recycle spent LIBs can be config-
ured as a promising green alternative to the above descripted con-
ventional recycling routes. If the electricity required for the process
is produced from renewable sources, the resulting electrometallur-
gical process can be considered more sustainable and greener com-
pared to the hydro- and pyrometallurgical approaches [10]. In the
last years, electrochemical methods for the recycling of spent LIBs
were developed covering almost all the recycling process steps.
Spent LIBs electrodes were used in water electrolysis experiments
in order to separate the copper and aluminium of the current col-
lectors from the anode and cathode active materials. The detach-
ment of the active materials is aided by different processes
occurring when the spent electrodes are directly used in electroly-
sis experiments, such as evolution of oxygen or hydrogen gas bub-
bles, pH variation at the electrodes surface, and redox reactions
[11-13]. Electrochemical leaching was tested as an alternative
strategy with respect to hydrometallurgical metal extraction [14]
and it was reported that high leaching rates can be attained when
combined with heat treatment. In this way, metals can be electro-
chemically reduced, making their leaching easier without the
application of reducing agents [15]. Selective recovery of leached
metals can be attained by their electrodeposition onto the cathode
during electrolysis experiments by tuning pH, electrolyte composi-
tion, and current density. Selective electrodeposition of metal
impurities (i.e.,, Cu) with similar precipitation pH was conducted
in order to purify the leachate prior to recover Ni, Mn, and Co
[16]. Selective Li extraction by electrochemical methods was also
recently investigated by replicating the charging mechanism of
cathode material in aqueous solution. To date, the research efforts
mainly focused on Li recovery from LiFePO4 [17,18], while just few
works regard LiMn,04 [19], LiNi;Mn,Co 0, (a+b+c=1)[1,14] and
LiCoO, [20]. Moreover, for refs. [1,14] the aim was to produce
water oxidation catalysts without considering the faradic or cur-
rent efficiency required for delithiation. Remarkably, all the
reported works in the literature apply this Li recovery method onto
almost pure cathode materials without considering the complexity
of a EoL LIBs black mass coming from a real waste. In fact, depend-
ing on the mechanical pre-treatment, the black mass will contain
metals impurities (Cu, Al, and Fe), graphite, and conductive carbon
that could lead to a loss in faradaic efficiency. Generally, the main
scope of the reported works is the maximization of Li extraction
yield, that must be underlined, but parasitic reactions possibly
occurring along with delithiation should be carefully evaluated in
the view of energy consumption minimization and purity of recov-
ered Li.
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In this work, the delithiation mechanism in aqueous electrolyte
was firstly investigated on different commercial cathode materials.
In particular, the delithiation degree (i.e., lithium extraction yield)
and faradaic efficiency were evaluated along with the change of the
crystal structure and the surface chemical composition. Aqueous
delithiation was then applied on a EoL LIBs black mass coming
from the mechanical pre-treatment of electric vehicle LIB packs.
Li extraction yield and faradaic efficiency were evaluated consider-
ing the role of all black mass components including Cu, Fe, Al, gra-
phite, and conductive carbon during delithiation. The proposed
method for lithium recovery should be viewed as a pre-
treatment step for recycling the black mass of LIBs, conducted prior
to the recovery of other valuable metals such as Co, Ni, and Mn.
This approach allows for the selective extraction, concentration,
and recovery of high-purity lithium avoiding the complex separa-
tion of Li from the residual solution attained at the end of the
hydrometallurgical process.

2. Experimental
2.1. Delithiation experiments

LiCoO; (Aldrich, 99.8%), LiNi;;3Mn; 3C04;30, (Aldrich, >98%, par-
ticle size <0.5 um), and LiMn,O4 (Aldrich,>99%, particle
size <0.5 pm) were used as commercial cathode materials. EoL LIBs
black mass was supplied by TES-Recupyl SAS (Domene, France)
and obtained after crushing and sieving electric vehicles battery
packs. Prior to its application in the electrochemical experiments,
the received black mass was washed in water at 50 °C for 6 h in
order to remove soluble Li-salts, whose dissolution during the elec-
trochemical extraction tests would lead to overestimate the fara-
daic efficiency of cathode delithiation. In this way, 13% of Li,
attributable to soluble electrolyte and its decomposition products,
was removed. Black mass was characterized by atomic absorption
spectroscopy (AAS, ContrAA300 Analytic Jena GBH) and inductively
coupled plasma emission spectroscopy (ICP, Avio 220 MAX Perki-
nElmer Inc.) after microwave assisted digestion (Milestone ETHOS
900 - Milestone srl) of 12 samples of 0.25 g in 4 mL HCl (37% VWR
Chemicals), 4 mL HNOs (65%, Carlo Erba Reagents), and 2 mL H,0,
(30%, Sigma-Aldrich). Black mass composition is reported in
Table 1.

Electrochemical experiments were carried out in a jacketed
three-electrode cell connected to an IVIUMnSTAT potentiostat.
All the experiments were carried out at 25 + 0.2 °C. Working elec-
trodes were obtained by mixing the selected commercial cathode
material, conductive carbon black (carbon black Super P conduc-
tive Alfa Aesar 99%), and polyvinylidene fluoride (PVDF, Alfa
Aesar). The mixture was prepared as a slurry in N-
methylpyrrolidone (NMP, Sigma-Aldrich 99%) in a weight ratio of
8:1:1. In case of application of the LIBs real waste, the slurries were
obtained by mixing the powder and PVDF in a weight ratio of 9:1.
The slurries were drop casted onto titanium with foils (Alfa Aesar
99.5%, annealed, thickness 0.25 mm) with active surface area

Table 1
Black mass composition.
Metal Average (mg/g) st.dev.
(mg/g)
Co 75 3
Ni 92 1
Mn 88 6
Li 31 1
Al 6 5
Cu 13 1
Fe 1 0.2
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3 x 3 cm? to obtain a mass loading of about 30 mg in any working
electrodes. A graphite foil (99.8% Alfa Assar) was used as a counter-
electrode and a Ag/AgCl electrode (Ag/AgCl 3 M KCl, Amel Instru-
ments) as reference. All the potential values reported throughout
the manuscript were referred to Ag/AgCl unless specified other-
wise. 0.1 M Li,SO, (Alfa Aesar, anhydrous, 99.7%) was used as
electrolyte.

Cyclic voltammetries were carried out by using the above-
described electrochemical configuration starting from the open cell
voltage (OCV) with a scan rate of 0.1 mV/s. Potentiostatic delithia-
tions were carried out at 1.5 and 2 V. Duration of delithiation
experiments was defined by total charge passing during the exper-
iments. The minimum theoretical charge required for the complete
delithiation of the cathode materials was determined by the Fara-
day law. Experiments were then performed with total charge val-
ues of 0, 20%, 100%, and 200% in excess with respect to the
computed theoretical value (see Supporting Information). The
lithium extraction yield was computed starting from the metal
concentrations obtained after mineralization of the electrodes at
the end of any delithiation experiments Li and metal impurities
extraction yields were computed as reported in the Supporting
Information.

2.2. Physical-chemical characterization

The difference in the phase composition between the pristine
and delithiated cathode materials was investigated through X-ray
diffractometer (XRD, Bruker D8 ADVANCE) with a molybdenum
anode (Ky; = 0.709319 A), scanning the 2theta range between 4°
and 45°. The diffraction data were collected at ambient conditions
in Brentano Bragg geometry, depositing the powder samples on a
quartz plate. The crystal structure analysis of the samples was per-
formed using the GISAS II program. To facilitate the comparison of
the experimental data with the literature, they were converted
with respect to a Cu radiation with K, = 1.54056. Surface atomic
composition variations were investigated by X-ray photoelectron
spectroscopy (XPS). XPS spectra were recorded using a modified
Omicron NanoTechnology MXPS system equipped with a
monochromatic (Omicron XM-1000) and a twin anode (Omicron
DAR-400) X-ray source, with an Omicron EA-125 energy analyser.
The exciting radiation used was Al K, (hv = 1486.7 eV), generated
operating the anode at 14-15 kV and 10-20 mA. All photoioniza-
tion regions were acquired using an analyser pass energy of
20 eV, except for the survey scan, taken at 50 eV pass energy.
Take-off angles (0) of 11° with respect to the sample surface nor-
mal were adopted. The measurements were performed at room
temperature, and the base pressure in the analyser chamber was
about 2 x 1072 mbar. The C 1s binding energy (BE) of the aromatic
C=C bonds belonging to the graphitic component of Super P carbon
of the cathodes was used as an internal standard reference at
284.2 eV for the BE scale (accuracy of +0.05 eV). Experimental data
were fitted using a Shirley or a linear function to reproduce the
secondary electrons’ background and pseudo-Voigt functions for
the elastic peaks. These curves are described by a common set of
parameters (position, full width at half maximum (FWHM), and
Gaussian-Lorentzian ratio) which were let free to vary within nar-
row limits. Raman spectra were collected at room temperature in
backscattering geometry with an inVia Renishaw micro-Raman
spectrometer equipped with an air-cooled charge coupled device
(CCD) detector and super-Notch filters. An Ar + ion laser (/(laser) =
514 nm) was used, coupled to a Leica DLML microscope with a
20x objective. The resolution was 2 cm~! and spectra were cali-
brated using the 520.5 cm™! line of a silicon wafer. Infrared spectra
were recorded on a Varian FT-IR 660 instrument in the range of
4000-200 cm~! with a spectral resolution of 4 cm~! and 64 scans
in KBr pellets. Field emission scanning electron microscopy (SEM,
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Zeiss Auriga) was employed to characterize the morphology and
size of electrodes.

3. Results and discussion
3.1. LiMn204

The linear sweep voltammetry of LiMn,04 (Fig. 1a) displays two
oxidation peaks, located at 0.75 and 0.88 V, corresponding to the
two-step Li extraction process of LiMn,O4. Initially, lithium is
removed (0.75 and 3.99 V vs. Li/Li*) from the tetrahedral sites
where Li-Li repulsion occurs. Subsequently, lithium ions are
removed (0.88 and 4.13 V vs. Li/Li*) from other tetrahedral sites
where they are free from nearest neighbor interactions, thus
requiring more energy [21,22]. Potentiostatic delithiations were
conducted to quantify the lithium extraction yield achieved
through the electrochemical oxidation of cathode materials in an
aqueous electrolyte. The role of applied potential and charge was
evaluated for all cathode materials by comparing the molar ratio
between Li and transition metals (Co, Ni, and Mn) before and after
delithiation (Eq. (S1)). A maximum Li extraction yield of 95% for
LiMn,0,4 was found at 2 V, with the theoretical amount of charge
required for the complete extraction of Li corresponding to a fara-
daic efficiency of 95% (Fig. 1b). Surprisingly, a slight decrease in the
Li extraction yield to 85% was observed when a charge equal to
200% of minimum theoretical charge was used (Fig. 1b). A possible
explanation for this result is that, during Li extraction, the Mn spe-
cies contained as Mn®* in LiMn,0, are progressively oxidized to
Mn*", and formation of A-MnO, could occur when Li is completely
extracted. »-MnO,, can adsorb Li* through ion exchange between
H* and Li* at a non-acidic pH [23], as in our experimental condi-
tions, and it could therefore adsorb back the Li in a late stage of
the experiment. In fact, it should be noted that at the working elec-
trode the oxidation of Mn mainly occurs, while at the counter elec-
trode the redox reactions involve reduction of protons and water
leading to an increase of pH up to 10 at the end of delithiation,
when the experiment is carried out at 200% charge excess. The
occurred delithiation and the presence of Mn** species at the end
of the process were confirmed using XPS. Fig. 1(c) shows the Li
1s (close to Mn 3p) photoionization region before and after the
delithiation process. Due to the inherently low photoionization
cross-section of Li core electrons in the XPS regime, the intensity
of the Li 1s feature is generally very low. However, in all samples,
a peak at 53.8 eV binding energy can be observed. This binding
energy position is compatible with cationic Li intercalated within
the oxide host matrix [24-26].

After the delithiation process, a drastic decrease in Li signal
intensity can be observed, supporting the effectiveness of electro-
chemical deintercalation. In Fig. 1(d), the Mn 3s region is presented
for both the pristine and delithiated state of LiMn,04. In this case,
the core-valence exchange coupling results in a doublet according
to the spin state of the 3s core-hole, whose splitting energy, AEss,
scales with the number of unpaired valence electrons, allowing for
a direct assignment of the mean oxidation state [27-30]. In this
case, AEzs changes from 4.90 to 4.75 eV, from pristine to delithi-
ated state, roughly corresponding to Mn>*:Mn*" percentage ratios
of 50:50 (mean oxidation state + 3.5) and 35:65 (mean oxidation
state + 3.65), respectively. The value found for the pristine material
is in perfect coherence with literature data [24,27]. The result
obtained from Mn 3s was then used to interpret the Mn 2p spectra
via curve-fitting deconvolution (Fig. 1e), using the calculated free-
ion multiplet structure reported by Gupta and Sen [31,32] and
already used by Biesenger et al. [33] on pure transition metal oxi-
des and hydroxides. The applied envelopes of ionized final state
peaks for Mn®** and Mn*" correctly reproduce the Mn 2p experi-
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Fig. 1. (a) Linear sweep voltammetry from OCV to 1.5 V at 0.1 mV/s of LiMn,04 (b) Lithium extraction yields and faradaic efficiency (blue dots and lines) obtained by
potentiostatic delithiation. (c) Li 1s XPS spectra including the Mn 3p signal. (d) Mn 3s XPS spectra with core-valence coupling energy splitting (AE). (e) Mn 2p XPS spectra
including Mn®* and Mn** ionized final state envelopes. (f) XRD pattern including the calculated pattern for the COD 7204453 phase.

mental data according to the oxidation state ratios found via Mn 3s
deconvolution, therefore supporting the observed change in oxida-
tion state [34-37]. Fig. 1(f) shows the diffraction patterns obtained
from the LiMn,0,4 samples before and after delithiation. Both pat-
terns are identified as a single cubic phase Fd-3m (COD 7204553).
The cell parameter of the pristine sample is only slightly less than
the cubic length of used phase: 8.232 A instead of 8.244 A. After
delithiation, peaks shift to smaller angles, indicating further
shrinking of the unit cell and change of the volume from 558 A®
down to 523 A3 with a cubic length of 8.055 A. However, the
single-phase crystal structure of the pristine sample is preserved
in delithiated sample.

3.2. LiCoO,

The LiCoO, voltammogram (Fig. 2a) displays a main peak at
0.72 V (3.97 V vs. Li/Li"), corresponding to the extraction of Li after
the oxidation of Co>* to Co**. During potentiostatic delithiation, the
Li extraction yield with LiCoO, increases as the applied potential
and/or the charge is increased, reaching a maximum extraction
yield of 97% with 20% charge excess, corresponding to about 80%
faradaic efficiency. XPS measurements confirm the delithiation;
in fact, the Li component in the Li 1s region (close to Co 3p,
Fig. 2c) disappears. Fig. 2(d) shows the Co 2ps, region, where the
oxidation state of Co can be evaluated prior and after delithiation.
In pristine LiCoO,, a main component appears at 780.0 eV (Fig. 2d
magenta curve), attributable to Co®" species in octahedral sites, fol-
lowed by a minor component at 781.1 eV (Fig. 2d blue curve) due
to a fraction of Co?* in tetrahedral sites [25,26,38-41]. Further, very
low-intensity features are detected at higher binding energy, asso-
ciated to satellite peaks of main lines [40,41]. The overall lineshape
of Co 2p spectrum from pristine LiCoO, is fully compatible with lit-
erature data. Upon delithiation (see lower spectrum in Fig. 2d), a
slight broadening of the Co 2ps, signal can be detected, which
can be accounted for including an additional component at low
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binding energy side of the spectrum (Fig. 2d green curve). This fea-
ture is similar to that reported for Li-deintercalated LiCoO, [42]
and for high oxidation state cobalt compounds [43], which point
at a mixed CoO,/oxyhydroxide species. This hypothesis is sup-
ported by the comparison of O 1s spectra (Fig. 2e), where an
increase of the —OH related feature at 532.0 eV is recorded in the
delithiated sample (Fig. 2e red spectrum) at the expenses of the
lattice 0%~ contribution at 529.6 eV [20]. As a confirmation, XRD
analysis indicates that after delithiation, there is a loss in the
LiCoO, crystalline phase. Fig. 2(f) shows the diffraction patterns
of LiCoO, samples before and after delithiation. The pristine sam-
ple is identified as a single-phase hexagonal R-3m structure (with
a=2.815A, c=14.0516 A, and volume 96.43 A3 (COD 4505482)),
whereas the diffraction pattern of the delithiated sample is more
complicated and cannot be solely explained in terms of changes
in cell parameters. Merging XPS and XRD results, the formation
of a new phase after delithiation can be inferred. In fact, after the
extraction of Li from LiCoO,, all the cobalt species were likely con-
verted to Co*" with the formation of CoO,. CoO, is not stable in the
adopted experimental conditions and can be spontaneously
reduced to Co®" in the presence of water and moisture, leading to
the formation of CoOOH [20] as follows

4Co0; + 2H,0 — 4Co0O0H + O, (1)

3.3. LiNi]/gCO 1/3Mn 1/302

The linear sweep voltammetry of LiNi;;3Co1/3Mny/30, (Fig. 3a)
revealed the presence of two oxidation peaks at 0.52 V (3.77 V
vs. Li/Li*) and 1.15 V (4.39 vs. Li/Li*), corresponding to the redox
couples Ni**/N** and Co>*/Co?, respectively. As expected, the
Co’*/Co*"oxidation potential in LiNij;3Co3Mn;;30, shifts to a
higher value compared to LiCoO,. Similar results were reported
in mixed metal cathode materials where low potential oxidations
are related to the extraction of 2/3 of the Li atoms (1/3 related to
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by potentistatic delithiation. (c) Li 1s XPS spectra including the Mn 3p signal. (d) Ni 2ps,, (e) Co 2p, and (f) Mn 2p XPS spectra. (g) XRD pattern of commercial Li;_,Niy/3Coq;

3Mny30, samples.

Binding energy (eV)

Ni?*/Ni>* and 1/3 related to Ni®**/Ni*"), and the remaining Li is com-
pletely extracted at a higher potential, accompanied by the oxida-
tion of Co>'/Co*" [44,45]. Potentiostatic delithiation (Fig. 3b)
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allowed for a Li extraction yield of up to 98% with the theoretical
amount of charge, implying a faradaic efficiency of 98% at an
applied potential of 2 V. Since Li was almost completely extracted

2theta (degree)
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with the theoretical amount of charge, increasing the charge (dura-
tion) of delithiation did not result in a significant variation in the
extraction yield but it only decreased the faradaic efficiency. Effec-
tive delithiation was confirmed by XPS measurements, showing
the absence of Li 1s signal (Fig. 3c) after delithiation. The Ni 2p3,,
XPS spectrum (Fig. 3d) of pristine LiNi;;3C013Mny;30, sample
shows the typical multiplet of ionized final state of Ni** within
an octahedral oxide coordination environment, with the main
component at low BE (Fig. 3d blue curve) located at 854.3 eV
attributed to the 2p core-hole screened by the surrounding ligands
(2p3/53d°L~") [46-51]. Detailed assignment of the other peaks can
be found elsewhere [46-51]. It is worth mentioning that on pass-
ing to the delithiated state, an increase of the feature at 855.4 eV
(Fig. 3d magenta curve) can be detected. This component in NiO
is typically attributed to a non-locally screened Ni?* 2p core-hole
[46-49], but some authors have shown that Ni>* species may dis-
play Ni 2p ionization features around this binding energy [52-
54]. Therefore, such an enhancement of this component is here
associated to an increase of oxidation state of Ni upon delithiation.
As to the Co 2p spectrum (Fig. 3e), it shows the predominant fea-
ture of Co>* at 779.8 eV, with a minor component of Co?* at
780.9 eV, while the other three small features are Co>* and Co?*
satellites. The overall lineshape is perfectly coherent with litera-
ture data on LiNij;3Coq3Mny/30, electrodes [25,34,38-41,55,56].
The comparison between the pristine and delithiated samples does
not show any change in the lineshape of Co 2p, suggesting that a
possible transformation of Co®* into Co** driven by delithiation is
only transient, with a probable subsequent spontaneous reduction
back to Co>*. As to Mn, this being, as expected, electrochemically
inactive, the Mn 2p XPS spectra (Fig. 3f) resulted nearly identical
prior and after delithiation, with a predominant contribution from
Mn** (Fig. 3f magenta envelope of curves), as supported by a AEs;
value of 4.6 eV [25,57]. Fig. 3(g) contains the XRD diffraction pat-
terns of commercial LiNiy;3Co1,3Mny;30, before and after delithia-
tion. Both patterns could be identified as a single trigonal
(hexagonal axes) R-3m:H (166) phase. The phase COD 4002443 cell
parameters are a = 2.86 A and c = 14.227 A. However, all peaks in
our experimental data slightly shift towards larger angles compar-
ing to the phase structure, indicating a smaller cell compared with
the reference pattern. Using the GISAS-II fits of experimental
diffraction patterns we obtained a = 2.87 A and ¢ = 14.05 A for
the pristine sample, while a = 2.858 A and c = 14.186 A for the
delithiated one. The decrease of the a value after delithiation is
due to Li removal from the layered structure of LiNi;;3C013Mny3-
0,. The increase in c¢ length upon delithiation is reflected in the
shift of the (003) peak to the smallest 2theta value: in the initial
sample it is at 2theta of 8.63°, after delithiation it moves to 8.83°.

3.4. EoL LIBs black mass

As shown in Table 1, Co, Ni, and Mn in EoL LIBs black mass are
present in the same molar ratio, and the XRD pattern of the black
mass can therefore be indexed to partially delithiated LiNi;3C03-
Mn; 30, (Fig. 4f). The recorded voltammogram (Fig. 4a) displays a
broad peak at around 0.9 V, which should be associated with the
oxidation of LiNi;;3Coq;3Mny;30,. However, when compared to
the voltammogram of commercial LiNi;;3Coq/3Mny;30, (Fig. 3a),
the peak shifts to higher potential values. Similar results were also
observed for cycled LiNiy;3C01/3Mny30,, where generally the oxi-
dation peak shifts to higher potentials during cycling [58]. This
suggests that the cathode materials in the black mass from waste
LIBs have undergone charge/discharge cycles, leading to a loss in
the initial Li storage capacity, and the consequent shift in the oxi-
dation potential to higher values is linked to the higher oxidation
state of metals compared to the pristine cathode material. As a
confirmation, XPS measurements (Fig. S1) indicated the presence
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of Ni>* (main Ni 2p component at 855.6 eV) in the EoL LIBs black
mass before delithiation, instead of the expected Ni?* for pristine
LiNi;;3C013Mny30,. At the same time, no XPS spectral variations
were found for Co and Mn prior and after delithiation (Figs. S2
and S3). This finding calls for a partial delithiation of the pristine
cathode material of the EoL LIBs black mass, since the absence of
Li* must be accompanied by the oxidation of metals to ensure
the neutrality of the oxide (Li;_x(Nij;3C01/3Mny3)°*%**0,). Inter-
estingly, for all tested materials, the extraction of Li could be per-
formed without reaching potentials causing the oxidation of
water, which could be detrimental to the recovery of Li as well
as to the commercial cathode materials. In fact, water oxidation
could result in a local decrease in pH (H,0 — 10, + 2H" + 2e7)
on the battery material surface, leading to the dissolution of the
LIBs metal oxide [59,60] into the Li-rich solution, compromising
the purity of the finally recovered Li. Notably, the electrochemical
characterization of the LIBs waste (Fig. 4a) reveals a peak at a low
potential value of 0.25 V, which can be attributed to the oxidation
of metallic copper. As indicated in Table 1, the EoL LIBs black mass
contains about 13 mg/g of copper originating from the graphite
current collector. Consequently, at the potential required for the
oxidation of cathode materials and Li extraction, the simultaneous
oxidation of copper could occur, compromising the purity of the
recovered lithium. However, no associated peaks related to other
metallic impurities (Fe and Al) were detected. Potentiostatic
delithiation of the LIBs black mass demonstrated lower Li extrac-
tion yields compared to commercial cathode materials and, partic-
ularly, LiNiy;3Coq,3Mny30,. Specifically, the Li extraction yield was
approximately 70% with the theoretical amount of charge, reaching
83% with a 200% charge excess (Fig. 4b). This decreased Li extrac-
tion yield may be explained by the concomitant electrochemical
oxidation of metal impurities. Because of these additional faradaic
processes, the charge required to attain complete Li extraction may
be significantly larger than that necessary to achieve the delithia-
tion of pure cathode materials. In order to verify this hypothesis,
the electrochemical oxidation and extraction of metal impurities
(Cu, Al, and Fe) was investigated. Fig. 4(c) shows that the Cu extrac-
tion yield attained during Li extraction was about 80%. The Cu
extraction was generally higher at the lower applied potential of
1.5 V, which can be explained by remarking that the potential to
oxidize Cu is lower than that required to oxidize the cathode mate-
rials in EoL LIBs black mass. Al extraction yields did not show a
specific trend (Fig. S4), and the extraction yield associated errors
are high due to the heterogeneity of Al distribution in the black
mass (6 + 5 mg/g Table 1). The higher extraction yield attained
was 40% at 2 V and 200% charge excess. Since (i) no oxidation
peak/current associated with Al was found in the voltammetry,
(ii) Al oxidation produces insoluble Al,O3 in the solid phase, and
(iii) Al has amphoteric behaviour, we cannot exclude that its
extraction is induced by the increase of pH during the delithiation.
In fact, in all the delithiation experiments, including commercial
materials, pH at the end of delithiation increases from about 7
up to 10, due to water reduction at the counter electrode. It should
be noted that the removal of Al impurity using NaOH solution is a
common pre-treatment of LIBs black mass that could be used also
in this case to avoid contamination of Li solution obtained by aque-
ous delithiation. Negligible extraction of Fe was found within the
investigated potential range since Fe should be present as a steel
alloy composing the metallic case of batteries and its initial con-
centration in black mass is only 1 mg/g. XPS measurements dis-
played both the absence of Li (Fig. 4d) and Cu (Fig. 4e) after
delithiation, confirming their simultaneous extraction. Thus, Cu
oxidation could be responsible for the lower extraction of Li in
EoL LIBs black mass. On the other hand, the theoretical charge
for the complete oxidation of Cu (~40 C/g) corresponds to
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Fig. 4. (a) Linear sweep voltammetry from OCV to 1.5 V at 0.1 mV/s of EoL LIBs black mass. (b) Lithium extraction yields and faradaic efficiency (blue dots and lines) obtained
by potentiostatic delithiation. (c) Cu extrtaction yields obtained during potentiostatic delitathition. (d) Li 1s photoionization regions including the Mn 3p region. (e) Cu 2p XPS.

(f) XRD pattern of Li;_xNiy;3C0;3Mny/30, samples.

only ~9% of the theoretical charge (493 C/g) imposed for the oxida-
tion of EoL LIBs black mass and to ~3% of the total charge in the
case of 200% charge excess (1480 C/g). This suggests that Cu alone
cannot explain the lower Li extraction yields found with the EoL
LIBs black mass. An additional consideration about Cu impurities
should be done. Cu ions released after oxidation of metallic copper
can be reduced at the cathode side during the extraction of lithium.
In this way, high purity copper could be recovered at the cathode
side. However, if the aim is the recovery of lithium hydroxide in
a two-chamber electrochemical cell, the cathode side will be at a
high pH value and copper will precipitate as hydroxide, compro-
mising the recovery of Li. It should be remarked that, as shown
in Fig. 4(a), Cu oxidation occurs at a lower potential (0.15 V) with
respect to the oxidation of transition metals that compose the
cathodes (between 0.4 and 0.6 V). This potential gap could allow
for the selective oxidation of Cu prior to delithiation. Specifically,
a method for the separation of Cu could include: (i) applying a
potential of 0.15 V to the black mass of EoL LIBs to oxidize metallic
Cu to Cu®* and enable its dissolution in the electrolyte, (ii) once all
the Cu is oxidized, replacing the electrolyte solution with a new
one without copper, (iii) raising the potential to facilitate the oxi-
dation of cathode materials and the extraction of Li in a pure Li
solution.

Addressing the issue of low extraction yield that cannot be jus-
tified by the oxidation of metallic impurities, it should be noted
that, for EoL LIBs black mass, the Li extraction yield is higher at
the lower applied potential of 1.5 V (Fig. 4b), indicating that an
additional faradaic process may occur at higher potential absorb-
ing part of the total transferred charge and preventing that it is
used for the oxidation of cathode materials in EoL LIBs black mass.
The XRD pattern (Fig. 4f) of delithiated EoL black mass reveals a
new intense peak at low 2theta (12°) that is not present in the
commercial LiNiy;3Coq3Mny 50, after delithiation. It was recently
reported that for above 90% delithiation of LiNij;3C0;3Mny;30,
cathode material, the crystal structure is re-arranged with the for-
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mation of 3-MnO, with the appearance of the diffraction peak at
12°[1]. However, in our case after a 99% delithiation of commercial
LiNi;3C013Mny30,, this new crystalline phase (Fig. 3g) was not
found. In addition to the presence of metallic impurities, the main
difference of the EoL LIBs black mass from the tested commercial
cathode materials is the graphite content. In fact, the XRD peak
at a low angle could also be indexed to graphite oxide, in which
graphite layers increased their inter-distance as a consequence of
introduction of oxygen functionalities driven by oxidation. An
additional indication of graphite oxidation could derive from the
appearance of an amorphous broad peak in the XRD pattern of
delithiated EoL LIBs black mass (Fig. 4f yellow line). In fact, the gra-
phite oxidation process leads to a drastic change in the diffraction
pattern: while graphite has a typical peak at 2theta 27° (002), gra-
phite oxide is characterized by the increase of an amorphous signal
and a peak at low 2theta position, typically at 11° (001) [61]. To
prove the occurrence of graphite oxidation, linear sweep voltam-
metry was carried out using a working electrode composed of gra-
phite and PVDF as a binder (Fig. 5a). No significative faradaic
process, except water oxidation starting from 1.2 V, was observed.
Additionally, XRD measurements were repeated on electrodes with
the same composition (Graphite and PVDF) that were first used in
potentiostatic experiments at 2 V and applying the same amount of
charge used in the delithiation experiments. XRD measurements
revealed the absence of the low angle peak that can be attributed
to graphite oxide (Fig. S5). To further investigate the possibility
of graphite oxidation, Raman and FT-IR measurements were car-
ried out. Raman spectra (Figs. S6 and S7) display a significant
increase in the Iq/I; ratio after applying 2 V to commercial graphite
electrodes, while a weak band attributable to the C-O stretching
vibrations in the range between 1130 and 1170 cm~! was found
by FT-IR (Figs. S8 and S9). These results indicate the introduction
of defects is likely associated to the formation of oxygenated func-
tional groups at the surface of carbon. But likely, the extent of gra-
phite oxidation is not enough to contribute to an appreciable
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crystalline phase variation by XRD patterns. Indeed, electrochemi-
cal oxidation of graphite generally requires a higher applied poten-
tial (at least a cell potential of 5 V), and intercalated cations are
added to aid its exfoliation [62,63]. However, the possibility that
EoL graphite contained in the black mass can be more easily elec-
trochemically oxidized compared to pristine commercial graphite
should be considered. In fact, it was recently reported that lithia-
tion/delithiation of graphite during LIBs cycling aids the subse-
quent exfoliation towards the production of graphene oxide [64-
66].

Finally, the role of conductive carbon was also considered. To
evaluate the electrochemical stability of conductive carbon, linear
sweep voltammetry of an electrode composed by Super P:PVDF
(9:1) was performed (Fig. 5a). An oxidation current starting from
1.2 V and a peak at about 1.7 V were found. The same results were
found also in the EoL LIBs black mass and in the other linear sweep
voltammetries of the commercial cathode materials conducted at
up to 2 V (Fig. S10). It was reported that the electrochemical stabil-
ity of conductive carbon in LIBs is compromised above 4.4 V vs. Li/
Li* (1.2 V vs. Ag/AgCl), and parasitic reactions occur depending on
the oxygen functional groups originally present on the carbon sur-
face, adsorbed water, and graphitization degree. In particular,
below 4.8 V vs. Li/Li* (1.6 V vs. Ag/AgCl), the main reactions involve
carbon surface functionalization group while, above 4.8 V, interca-
lation of anions is the dominant reactions, especially with high
graphitization degree carbon [67,68]. During potentiostatic delithi-
ation at 2 V (5.2 V vs. Li/Li*), all the described parasitic reactions
are permitted. To evaluate the oxidation of carbon contained in
EoL LIBs black mass, XPS measurements were carried out. In
Fig. 5(b), C 1s spectra of EoL LIBs black mass prior and after the
delithiation process (2 V, 200% charge excess) were reported. A
prominent difference between the two samples can be seen due
to the introduction of several carbon functional groups after
delithiation. In particular, the C 1s XPS spectrum of EoL LIBs black
mass prior delithiation shows the contribution of aromatic sp? C at
284.0 eV with a moderately extended tail at the high BE side,
accounting for the presence of defective C sites (sp®) and slightly
oxidized C moieties (epoxy, -COOH) [69,70]. After delithiation,
an extended oxidation of the carbon species can be detected, with
an increased intensity corresponding to hydroxyl, epoxy, carbonyl,
carboxyl, and carbonate groups, with a concomitant diminution of
the sp? defective component. On the other hand, conductive carbon
(Super P) was also added during the formulation of slurry for the
preparation of electrodes using commercial cathode materials
where almost quantitative extraction of Li was reached (LiNiys-
Coy3Mny30,). In fact, the oxidation of conductive carbon added
to the LiNiy;3C01;3Mn; 30, cathode materials did not undergo any
oxidation, as displayed in Fig. 5(c), where the lineshapes of the
two C 1s spectra prior and after delithiation are nearly identical.
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This can be explained in terms of the relative amount of cathode
materials and conductive carbon in the commercial LiNi;;3Coq/3-
Mn; 30, and EoL LIBs black mass electrodes. LiNij;3C01;3Mnq;30,
commercial electrodes are composed of 80% LiNij;3Co1;3Mny;30;
and 10% of Super P, while, in the case of EoL LIBs black mass, Super
P was not added during the formulation of slurries since conduc-
tive carbon is already present in the black mass and comes from
both anode and cathode materials. Consequently, considering the
composition of black mass (Table 1), the cathode material con-
tained in the EoL LIBs black mass is ~40%, about half in comparison
to the commercial cathode material, and probably with double the
amount of conductive carbon (20%). Because of the lower amount
of cathode materials and the higher amount of conductive carbon,
in EoL LIBs black mass, the current consumed by the oxidation of
conductive carbon will be higher compared to electrodes prepared
by using the commercial LiNi;;3Mn;3C01305.

To verify the ability of the method to selectively extract Li with-
out causing the dissolution of other cathode elements, ICP analysis
of the resulting electrolyte at the end of any delithiation experi-
ment was carried out evidencing a negligible extraction of Co, Ni,
and Mn (concentration lower than 0.01 mg/L, extraction lower
than 0.03%). Additionally, if Co, Ni, and Mn were simultaneously
extracted with Li during the potentiostatic delithiation, they would
be present as divalent cations in the aqueous solution and could be
reduced at the counter electrodes. Accordingly, the extraction yield
of Co, Ni, and Mn determined by analysing the concentration in the
electrolyte solution could be underestimated. Although the applied
potential is oxidative and it is unlikely that the metals are reduced
to divalent form, as confirmed by all the XPS measurements
reported throughout the paper, to exclude the possibility of metals
reduction to the counter electrode, in the case of EoL LIBs black
mass, the digestion of the counter electrodes used during the three
delithiations was performed to evaluate if Co, Ni, and Mn were
electrodeposited after any triplicate of potentiostatic delithiations
(same cathode material type, potential, and charge). Using this
approach an extraction of 0.03% of Co, 0.05% of Ni, and 0.01% of
Mn was found after ICP analysis of solution resulting from the
counter electrodes digestion in the case of EoL LIBs black mass
delithiations.

4. Conclusions

Aqueous electrochemical delithiation of LiMn;04, LiCoO,, and
LiNi;;3Mny3C04/30, was performed allowing to attaining Li extrac-
tion yields of 95%, 97%, and 99%, respectively. The faradaic efficien-
cies associated with the maximum extraction yields were 80%, 95%,
and 99%, with negligible co-extraction of Co, Ni, and Mn during all
the potentiostatic delithiations. As compared with the application



P.G. Schiavi, A.G. Marrani, O. Russina et al.

of commercial cathode materials, a lower Li extraction yield (80%)
was observed when the electrochemical delithiation was per-
formed by employing an EoL LIBs black mass. The influence of all
the materials composing the EoL LIBs black mass on the attained
Li extraction yield and faradaic efficiency was evaluated. The
decreased Li extraction yields cannot be justified by the concomi-
tant oxidation of metallic impurities, particularly Cu, due to its
low amount and the associated charge required for oxidation.
While electrochemical characterizations did not reveal any fara-
daic process involving graphite within the potential range explored
in the delithiation experiments, Raman of delithiated EoL LIBS
black mass and FT-IR measurements of commercial graphite could
suggest a little extent of graphite oxidation along with Li extraction
mainly attributable to the functionalization of amorphous surface
carbon of graphite. A clear oxidative process is, in contrast, evident
for Super P conductive carbon within the potential range used in
the delithiation experiments. The oxidation of carbon was con-
firmed by comparing pristine and delithiated XPS C 1s spectra of
EoL LIBs black mass. Several carbon functional groups were found
after delithiation, corresponding to hydroxyl, epoxy, carbonyl, and
carboxyl functionalization, confirming the oxidation of carbon,
most likely originating from conductive carbon. Indeed, it is not
possible to distinguish with certainty between the oxidation of
conductive carbon and graphite contained in the EoL LIBs black
mass. Nevertheless, to improve Li extraction yields and faradaic
efficiency, aiming to reduce energy consumption and implement
the process on a larger scale, the carbonaceous fraction should be
separated from the black mass. In this view, two primary strategies
can be pursued to separate the carbonaceous fraction from the
black mass before the delithiation process. Specifically, graphite
and conductive carbon can be removed either through froth flota-
tion or, as an alternative, carbon can be selectively removed from
graphite through thermal treatment. This latter procedure could
help to definitively determine whether the oxidation of carbon is
also associated with graphite and not solely with Super P conduc-
tive carbon in the case of EoL LIBs black mass. The proposed recy-
cling idea based on the charge mechanism of LIBs cathode
materials in water could be evaluated as a promising strategy for
the production of green H; in an integrated water electrolyser add-
ing Li as high-value product coming from the anode side where
generally oxygen is produced.
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