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Cobalt is worldwide recognized as a critical and strategic raw material due to its relevance in the
rechargeable battery economy, combined with limited geological availability and uneven distribution.
Cobalt is also emerging for the production of electrocatalysts for hydrogen production, thus entering also
in the hydrogen economy. These two are the leading technologies in the energy storage and production
sector, and are expected to grow even further in the mid term future. The mindful and optimized use of
critical raw materials is thus pivotal, as it is urgent to combine the high technological performance
(directly associated with the use of such materials) with their adequate supply, acceptable cost, environ-
mental and societal sustainability. In this study, we propose a possible strategy to cross the path between
the two ecosystems — rechargeable batteries and hydrogen economy — for the valorization of Co derived
from the recycling of spent lithium-ion batteries in the production of electrocatalysts. The materials
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derived from the two main recycling strategies are fully characterized in terms of Co and carbon content,
structure, and morphology, and subsequently electrochemically tested under half cell conditions in alka-
line media for oxygen reduction reaction, oxygen evolution reaction and hydrogen evolution reaction,
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Introduction

Rechargeable batteries and the hydrogen economy (production
and use of hydrogen) are the leading technologies driving the
shift from fossil fuels to electrification of energy production
and storage." Alongside the several benefits from these two
major technologies (clean energy storage and production, high
efficiencies, scalability, and reusability), some specific chal-
lenges still affect both technologies. Indeed, lithium-ion bat-
teries (LIBs), water electrolyzers (WEs), and fuel cells (FCs)
today on the market provide high and relevant electrochemical
performance, granted by the presence of electrochemically
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demonstrating the feasibility of valorization.

active materials with high content of critical raw materials
(CRMs) such as Li, Co, Ni, Mn, graphite, Pt, Ir.

CRMs are so defined on the basis of their scarcity, poor sus-
tainability in the extraction process, uneven geological distri-
bution, and high market demand. The definition of CRMs, but
most importantly their use, supply, and recycling, is nowadays
worldwide constrained by several regulations, recognizing
their strategic role in the energy economy.>™°

Focusing on LIBs, the cathode materials are those reporting
the highest content of CRMs, as the most diffuse on the
market are LiCoO,, Li(Ni/Co/Mn)O,, Li(Ni/Co/Al)O,, LiMn,0y,,
and LiFePO,."”® For this reason, recycling strategies and
research are focused on the cathode. Several classes of
approaches have been reported and explored, including
pyrometallurgy,” hydrometallurgy,'®*>*? and
solvometallurgy. Globally, two main strategies can be
recognized behind these methods: the recovery of CRMs and
the direct recycling. The former is based on the degradation of
the cathode materials to recover Co and Ni (primary focus on
today’s industrial procedure) in the form of oxide or salt, with
sufficient purity to be reused (mainly in the LIBs value chain),
and it is the main strategy at the base of pyro- and hydro-met-
allurgical approaches. The latter is a more recent working
scheme, which emerged from the idea of closing the loop of
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the circular economy scheme: as the CRMs derived from re-
cycling of LIBs are often reused for the production of new
cathodic materials, the trend is to degrade cathodic materials,
avoid the separation step of CRMs, and directly resynthesize
new cathodes.'® This idea is implementable mainly starting
from hydro- and solvo-metallurgical approaches.'®*2° The pro-
duction of the so called “battery grade” cathode material (i.e.
materials with sufficient purity and structural/morphological
characteristics making them suitable for implementation in
LIBs and ensuring high performance) represents a challenge,
and at each step of cell manufacturing, the generation of scrap
is still very high, increasing the production cost and posing
the question of materials recycling and/or reuse.*"*>

In parallel, the hydrogen economy relies very much on
CRMs.>*%° 1deally, a large fraction of hydrogen will be pro-
duced using WEs, which use renewable energy, making the
process green and sustainable.’™*> WEs’ technology is some-
what mature, but some critical points have to be overcome
before large-scale commercialization. Hydrogen can be used as
fuel in FCs, where the chemical energy is transformed into
electricity without emission of greenhouse gases, closing the
circle of production and usage of hydrogen in a sustainable
way.>3

Proton exchange membrane (PEM) technologies, in particu-
lar, are the most efficient ones, but they are strictly dependent
on the usage of CRMs as electrocatalysts.*>” In PEM fuel cells
(PEMFCs), platinum supported over carbon (Pt/C) is strongly
used as both anode and cathode electrocatalyst.>®*?° The
loading on the cathode is higher due to the sluggish oxygen
reduction reaction (ORR).">*' In PEM water electrolyzers
(PEM-WESs), iridium oxide is used on the anode electrode and
platinum supported over carbon (Pt/C) on the cathode
electrode.*>** Both Pt and Ir are rare, scarce and very expen-
sive; this, in turn, increases the capital cost of the WEs, limit-
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ing their wide commercialization. Moreover, at the moment,
there is no established recycling chain in place to recover and
reuse platinum group metals (PGMs) or CRMs.***®

In parallel, alkaline technology relying on a liquid alkaline
supporting solution and an anion exchange membrane (AEM)
is gaining momentum and interest."”*® In fact, despite still
being inferior compared to PEM technology, alkaline and AEM
technologies can operate without PGMs on both anode and
cathode.>®*° Considering fuel cells, alkaline fuel cells (AFCs)
are not as efficient as a liquid electrolyte separates the anode
and cathode electrodes, which are positioned at a high dis-
tance (millimetre scale) and therefore they have high ohmic re-
sistance and low power density output.’®>' The introduction
of a solid polymeric AEM for fuel cell (AEM-FC) has critically
advanced this technology, making it comparable to
PEM-FCs.*>>® In AEM-FC, the anode is based on Pt/C but the
loading is low and it does not affect the overall cost.”* On the
contrary, due to the sluggish ORR, Pt/C loading on the cathode
is generally one order of magnitude higher compared to the
anode. In AEM-FC, Pt/C has been successfully replaced using
atomically dispersed transition metals (TMs) coordinated with
nitrogen on a carbon backbone (TM-N,-C) with TMs as Fe, Mn,
Ni, Co, etc.”>™° but also by TMs oxides capable of both acting
as intermediate scavengers and electrocatalytic active sites for
ORR in an alkaline environment.®*%*

Concerning AEM-WE technologies, they seem to be more
promising compared to alkaline WE, as the usage of the solid
polymeric membrane helps the separation of gases and their
pressurization compared to alkaline WE. In AEM-WE, the most
promising anode electrocatalyst where oxygen evolution reac-
tion (OER) occurs, relies on Ni,~Fe;;_OOH, which in an alka-
line environment is stable, durable, and has high electro-
catalytic activity®*®” Other TMs and their oxides have also
been investigated.*® At the cathode side, where hydrogen is
developed during the hydrogen evolution reaction (HER),
nickel-based electrocatalysts supported over carbon seem to be
promising.*® In a recent comprehensive review, various TMs
(Ni, Mo, Fe, Co, etc.) as metallic nanoparticles, alloys, oxides
(single and mixed), supported over carbon matrices were
studied with promising results.®®*°

Based on these scenarios, in the present study, we propose
the valorization of products and scraps derived from LIB’s re-
cycling paths and exploit them for reactions of interest taking
place at the electrodes of AEM-FCs and AEM-WEs. ORR is a
bottleneck taking place at the cathode side of AEM-FCs, while
HER and OER are both limiting reactions, taking place at the
cathode and anode of AEM-WE, respectively.>”° The strategies
and procedures for LIBs’ cathode recycling have been pre-
viously investigated by our group, exploring both the possi-
bility to recover CRMs for their subsequent use'® and the
possibility to directly resynthesize the cathode material.”* The
products obtained from these recycling paths are considered
for other relevant applications.

Indeed, in this manuscript, two recovery strategies and
upcycling routes have been investigated. An initial recovery
route considered was the principal industrial route that con-

This journal is © The Royal Society of Chemistry 2026
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sists of the recovery of cobalt, with its separation from the
waste cathode components. The second strategy instead
intends to resynthesize the cathode material directly without
separation. The products of both recovery strategies containing
Co as the main TM of interest were mixed with high surface
area carbon black and tested as PGM-free electrocatalysts for
ORR, OER and HER in alkaline media to highlight their poten-
tial application in these specific reactions to replace expensive
critical materials.

Experimental
Materials preparation

The idea behind the selection of materials is presented in
Fig. 1.

The initial black mass has been recovered from spent
smartphone batteries disassembled after discharge (by immer-
sion in a saline solution for two days and drying overnight).
They were manually dismantled to recover the cathode side,
from where the powder was carefully scratched from the
current collector. The final powder sample is labelled “Black

with

mater

*Black Mass sample
N
\/) \

Degradation of the black
mass to separate and
recover step by step
metals as oxide/salts.

Degradation of the black mass,
avoid the separation steps of metals
for the direct resynthesis/healing of

the cathode materials

Fig. 1 Recycling of LIBs: a sketch of the two main strategies outlined
from literature analysis and the positioning of the samples considered in
the present paper within the LIBs value chain.
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Mass” in the following and has been characterized by XRD,
XPS, XRF, SEM, TEM, EDX and ICP-OES analysis prior to the
following use.

The black mass has been subjected to two distinct pro-
cesses. With the first one, the black mass is degraded through
a solvometallurgical approach using choline citrate, ethylene
glycol, and citric acid as a deep eutectic solvent (DES). The
obtained product is then thermally treated to obtain a solid
mass that can be washed (water leaching) to recover Li in solu-
tion as LiCl. The remaining solid is further thermally treated
to obtain metal oxides, as previously described; this thermal
treatment is explored in the range of 300°-500 °C.'® An inter-
mediate product is thus obtained, the precursor of the metal
oxides with a high content of carbon fraction, highly depen-
dent on the temperature of the heating treatment, is here
exploited and tested for the formulation of electrocatalysis,
hereafter labelled as “Metals_Pre_X” in the following, with X
indicating the temperature of the thermal treatment.

With the second process, the black mass is degraded
through the use of a different DES, based on a mixture of
choline citrate-ethylene glycol. In this case, it is possible to
directly resynthesize the cathode material at the end of the re-
cycling procedure; the temperature of the heating treatment
can be varied in the 550°-850 °C temperature range. The
samples derived from this procedure are labelled
“Res_Cath_X” in the following, where X indicates the tempera-
ture reached during the resynthesis.”* The full list of samples,
together with sample labelling and experimental conditions
for their obtaining is reported in Table 1 for convenience.

Investigation

XRD data have been collected with the use of a Rigaku
Miniflex 600 powder diffractometer (Cu Ka radiation), in an
angular range 5°-80°, 0.2 step size, 10 deg min~". Inductively
Coupled Plasma-Optical Emission Spectroscopy data have
been collected wusing a ICP-OES, Thermo Scientific
CAP7400Duo instrument, equipped with a quartz torch, a
charge injection detector and a CetacASX-560 autosampler.
Samples have been obtained by dissolving the solid materials
in an acidic aqueous matrix, with a calibration curve based on
5 standard solutions from 5 ppm to 30 ppm. Carbon content
has been estimated through elemental analysis with
PerkinElmer PE2400-Series II, CHNS/O analyzer. Energy-dis-

Table 1 Samples considered in the present paper together with the experimental conditions considered for their preparation

Sample Origin Treatment Expected composition Ref.

Black mass Recovered from spent LIBs Mechanical disassembly LiCoO, active material, —
carbon, polymeric binder

Metal_Pre_300 Solvometallurgical treatment of Choline chloride-ethylene glycol based full dissolution. Co oxides, carbon 16

Metal_Pre_400 the black mass sample The so-obtained product has been dried and undergone a

Metal_Pre_500 thermal treatment at 300°, 400°, and 500° C, respectively.

Res_Cath_550  Solvometallurgical treatment of ~ Choline citrate-ethylene glycol based full dissolution. The = LiCoO, 71

Res_Cath_650 the black mass sample so-obtained product has been exploited for direct

Res_Cath_750 resynthesis with final thermal treatment at 550°, 650,

Res_Cath_850 750°, and 850 °C, respectively.

This journal is © The Royal Society of Chemistry 2026 Nanoscale
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persive X-ray fluorescence (XRF) qualitative analysis was per-
formed using a Bruker Artax 200 spectrometer with a Mo
anode Xray tube. For XPS characterization the powder
samples were spread onto In foils attached to the sample
holder with conductive scotch tape. XPS measurements were
performed using an Omicron NanoTechnology Multiprobe
MXPS system equipped with a monochromatic X-ray anode
(Omicron XM-1000) and an achromatic dual X-ray anode
(Scienta Omicron DSX 400). The experimental conditions
adopted were the following: excitation by Al Ka photons (hv =
1486.7 eV, monochromatic X-ray radiation) and Mg Ko
photons (Av = 1253.6 eV, achromatic X-ray radiation), both gen-
erated operating the anode at 14 kV, 16 mA, and a take-off
angle of 21° with respect to the sample surface normal. All
narrow-range photoionization regions were recorded with a 20
eV pass energy, while the survey spectra with 50 eV pass
energy. The binding energy (BE) of the C 1s line at 284.8 eV,
associated to adventitious carbon species, was used as an
internal standard reference for BE scale (accuracy of 0.1 eV).
The achromatic Mg Ka source was used taking advantage of its
high intensity and low electrostatic charge-inducing capability
during measurement. On the other hand, the monochromatic
Al Ka source allowed for a better resolution, but suffered from
a lower S/N ratio and a higher charging effect on the sample.

The Co 2p experimental spectra were theoretically recon-
structed by fitting the secondary electrons background to a
Shirley function and the elastic peaks to symmetric pseudo-
Voigt functions described by a common set of parameters
(position, FWHM, Gaussian-Lorentzian ratio) free to vary
within narrow limits. The Gaussian-Lorentzian ratio varied
between 0.8 and 0.9. Experimentally determined area ratios
(with 10% associated error) were used to estimate XPS atomic
ratios between relevant element components, after normaliza-
tion for the corresponding photoionization cross sections
according to Scofield calculations’ and for the square root of
photoelectron kinetic energy.

Morphological analysis has been performed with a Zeiss
Gemini 500 on samples previously metallized with Au:Pd
70:30. TEM, STEM and EDS-STEM data of the samples have
been acquired using a Thermo Fisher Talos F200X microscope.
Image acquisition and EDS were collected using a beam
energy of 200 kV. For the characterization, small amounts of
sample powder were sonicated for fifteen minutes in isopro-
panol. The obtained mixture was drop-cast onto Cu holey TEM
grids, and let dry.

Electrochemistry

The derived materials were first mixed with commercially avail-
able carbon black, particularly Ketjenblack EC-600JD (KJB,
Nanografi), in a ratio of 50:50. The mixing was done using a
mortar for 30 minutes, until a uniform blend of the electroca-
talyst was obtained, which was afterwards used to configure
the working electrode. Subsequently, an electrochemical ink
was produced by mixing 5 mg of the aforementioned powder
blend in a solution containing 985 pl of isopropanol (Alfa
Aesar) and 15 pL of Nafion® D-520 (5 wt%, Alfa Aesar). The
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inks were probe sonicated for 30 minutes to achieve a homo-
geneous consistency with a very good suspension. Using a
Pine WaveVortex rotating disk electrode (RDE) assembly con-
nected with a Pine bipotentiostat, electrochemical analyses
were carried out in a typical three-electrode configuration. The
reference electrode was Ag/AgCl, whereas a graphite rod
worked as a counter electrode. For HER and OER, the working
electrode was configured by drop casting the electrochemical
ink equivalent to 0.6 mg cm™> mass loading on the glassy
carbon disk (having a geometric area of 0.1963 cm?) of RDE
(E5 series) using a precision pipette and dried at room temp-
erature. Similarly, for ORR measurements, the working elec-
trode was configured by depositing the same 0.6 mg cm™>
mass loading on the glassy carbon disk (0.2376 cm?®) of the
rotating ring disk electrode (RRDE, E6R2 series). The HER and
ORR measurements were carried out in N,-saturated 1 M KOH
(pH 14), while the ORR measurements were recorded in O,-
saturated 0.1 M KOH (pH 13). All the electrochemical measure-
ments were recorded under hydrodynamic conditions while
maintaining the RDE or RRDE rotation speed at 1600 rpm. In
this work, all the potential values are presented on a reversible
hydrogen electrode (RHE) scale by adding the factor of Eag/agci
+ 0.0591pH to the measured potential, where Epgagci Was
0.197 V. For each analysis, i.e., HER, OER and ORR, linear
sweep voltammograms (LSVs) were acquired in the respective
potential windows at the scan rate of 5 mV s~ after running
multiple cyclic voltammetries to achieve a steady trend in the
current values.

During the ORR measurements, the potential of the Pt ring
of RRDE was fixed at 1.2 V. By monitoring the disk current
(Iaisi) and ring current (I4ig), peroxide yield (%) and number
of electrons during ORR (n) were estimated according to
eqn (1) and (2), respectively, where N is the collection
efficiency (38%) of the RRDE.

Peroxide (%) = (ZOOIring/N)/(Idisk + Iring/N) (1)
n= 4Idisk/(ldisk + Iring/N) (2)

Note that the ORR electrochemical data are presented after
manual background subtraction.

Results and discussion

The materials used for the preparation of the electrocatalysts
have been characterized in terms of composition, structure,
and carbon content. The XRD analysis is reported in Fig. 2a
and reveals that the black mass sample is composed of a
layered cathode compatible with LiCoO, (LCO) and/or
Li(Ni/Co/Mn)O, (NMC) systems (ref. card 98-018-2442, the
LCO and NMC present the same crystallographic structure and
very similar cell parameters), a fraction of deeply delithiated
LCO and/or NMC phase (reference 98-017-2912), and a fraction
of Co30,4 (98-006-9375), not surprisingly considering material
is coming from disposed LIBs. The black mass sample has
been further characterized to determine the chemistry of the

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 XRD patterns obtained for the black mass (a), Metal-Pre series (b), and Res_Cath series (c) samples together with the reference compounds
(LiCoO, card 98-018-2442 and partially delithiated Lip 35C00; card 98-017-2912, cobalt oxides i.e. Coz04 card 98-006-9375, CoO card 98-002-

8505) and corresponding SEM images (d—j).

cathode: the elemental composition has been explored
through XRF, CHNS, and ICP analysis, and full information
can be found in Table S1 and Fig. S1. The sample presents Li
and Co with a ratio different from the one expected by the
LiCoO, pristine compound (0.67:1 Li: Co), compatible with
the degraded state of the battery. Carbon is also present, but
in a small amount. Overall, these results confirm that the
black mass is derived from spent LIBs based mainly on LCO
cathode material; the carbon content is associated with the
formulation of the electrode, generally involving the presence
of 3-8% of conductive carbon and polymeric binder. The mor-
phology of the sample (Fig. 2d) demonstrates a large distri-
bution of particle size; moreover, the EDX maps (Fig. S3a)
further confirm the dominant contribution of Co. Other
elements (Mn, Ni, F, P) are revealed in very low amounts
(0.5 at%) and are again compatible with traces from the cell
components (electrolyte residues, binder).

The series Metal Pre presents a strong evolution of the
phase composition with the temperature as evident from the
XRD data reported in Fig. 2b. We recall here that the whole

This journal is © The Royal Society of Chemistry 2026

Metal_Pre series is derived from a step of a solvometallurgical
process that aims to recover separately Co and Li.'° Co is
obtained after the water leaching of the soluble Li fraction; Co
is retained in the carbonaceous matrix and subsequently con-
verted into crystalline oxide with intermediate temperature
treatments.'® Based on this, it is straightforward to rationalize
the data obtained for this series. The sample treated at 300 °C
appears as amorphous, and from the compositional point of
view, the carbon content is extremely high (about 70% as from
Table S1). Cobalt is the only metal present, as detected from
XRF and ICP analysis. ICP also excludes the presence of
lithium, demonstrating the efficiency of the separation
process. The sample is composed of small particles, in the
20-50 nm range with almost spherical shape (see Fig. 2e and
Fig. S3b). Both the phase composition and the morphology
changes moving to the Metal Pre_400: in the corresponding
XRD pattern, some reflections appear on the background, still
strongly modulated. The reflections are compatible with the
Co30, and CoO phases (ref. 98-006-9375 and ref. 98-002-8505);
their broadening suggests these species are not fully crystalline
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and/or have small diffraction domains. The carbon content is
decreased with respect to the Metal_Pre_300 case, but is still
very high (~50%). The particles present a wide distribution in
shape and dimensions, with agglomerates of small primary
particles together with large, well-formed crystals with pointed
shape (1 pm), characteristic of spinel structures. Finally, for
the Metal_Pre_500, the carbon content is strongly diminished
(~13%), the crystal phases revealed by the XRD analysis are
Co30, and CoO with higher crystallinity, as also confirmed by
the more ordered morphology and larger particles, with highly
ordered micrometric crystals. In this series of samples, the
composition changes significantly as the carbon content is
very high and variable (10-70%), while the Co is found as
oxide with different degrees of crystallization.

Differently, the series Res_Cath is obtained from the
resynthesis step of a solvometallurgical process for the re-
cycling of LIBs.”" Co and Li are expected to be present, while
the carbon content should be very low. These considerations
are confirmed by the phase and compositional analysis
reported in Table 2. The XRD of the whole series (Fig. 2¢) evi-
dences the presence of LCO as the dominant crystalline phase;
nevertheless, Coz0, is always present as a secondary fraction,
as evident from main reflections at 32 and 37 deg. The carbon
content is very low (<1%), but the presence of cobalt oxide
impurities make these samples not compatible with the
electrochemical grade and standards required for battery appli-
cation, classifying these batches as production scraps. The
carbon content is negligible, as expected from the synthesis
procedure and thermal history of the sample, while the Li and
Co ratio is quite low, in the range of Li: Co 0.7-0.9:1 (under-
stoichiometry of Li). This is compatible with the presence of
Coz0, as a secondary phase. Overall, this confirms the low
quality of these resynthesis batches that can thus be classified
as production scrap not meeting the standards for the appli-
cation in LIBs.

Beside the characterization of the bulk materials, the
surface chemistry has been characterized through implemen-
tation of XPS analysis (Fig. 3) and morphological investigation
(Fig. 4), as it represents the key aspect in determining the final
electrocatalytic performance. The raw XPS spectra in the Co 2p

Table 2 Compositional analysis for all the samples considered in the
present study. Carbon content from CHNS, Li and Co quantification
from ICP analysis, and other eventual metal traces from XRF, EDX
analysis

Other
Sample C/w%  Co/molar%  Li/molar%  elements/<1%
Black mass 2.61 1 0.73 Mn, Ni, F, P,

Si, Cu, Al
Metal_Pre_300 69.00 1 — Cl
Metal_Pre_400 53.54 1 — Cl
Metal Pre_500 13.73 1 — Cl
Res_Cath_550 019 1 0.74 Zr, Si, Fe
Res_Cath_650 0.09 1 0.73 Zr, Si, Fe
Res_Cath_750 0.09 1 0.81 Zr, Si, Fe
Res_Cath_850 0.04 1 0.90 Zr, Si, Fe

Nanoscale

View Article Online

Nanoscale

Intensity / a.u.

1 1 1 1 1
800 795 790 785 780

Binding Energy / eV

1
805
Fig. 3 Co 2p XPS spectra recorded with Mg Ka radiation of (a) black

mass; (b) Metal_Pre_300; (c) Metal_Pre_400; (d) Metal_Pre_500; (e)
Res_Cath_550; (f) Res_Cath_750; (g) Res_Cath_850.
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Fig. 4 STEM Bright field images for all the samples presented in the
study at two different magnifications: 23kx (first two columns) and
94kx (last two columns). (a) and (i) represent the black mass, (b) to (d)
and (j) to (1) represent Metal_Pre_300, 400 and 500 respectively, while
(e) to (h) and (m) to (p) represent Res_Cath_550, 650, 750 and 850.
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photoionization region recorded with the intense Mg Ka
source are reported in Fig. 3, allowing for a straightforward
comparison of all samples. All spectra show the Co 2p spin-
orbit doublet with the low-BE j = 3/2 and high-BE j = ; portions
separated by an energy of 15 eV (AEgg). In all the samples of
the Metal_Pre series (Fig. 3b-d), an intense contribution in the
2pss2 part at 781.5 €V can be seen, followed by a broader and
less intense feature around 787 eV. The resulting lineshape is
similar to the one previously reported for CoO, where Co>*
centers are coordinated by O®  anions in an octahedral
environment, resulting in a high-spin (HS) t,° e,
configuration.”*”7® Curve-fitting deconvolution of the high-
resolution (Al Ka) Co 2p spectrum of the Metal Pre 500
sample (Fig. S2 and Table S2) shows a satisfactory match with
the known final state multiplet reported for highly correlated
Co compounds. In fact, the 2p3/, portion of the spectrum was
fit to 3 components associated with the two charge-transfer
final states (2p~*3d®L™" and 2p~'3d°L?, low BE) and the high-
BE unscreened 2p '3d’ state, commonly reported as a
satellite.”>”®”” Turning to the Co 2p spectra of the Res_Cath
series (Fig. 3e-h) they all appear very similar except for a prob-
able charge-induced broadening in the Res_Cath_750 sample.
In the Res_Cath samples the lineshape is different from the
Metal_Pre series, with a main 2p;/, component falling at 780.0
eV and an apparent satellite around 790 eV. The position and
the shape of the spectral features is compatible with the litera-
ture data on LiCoO, (LCO), where the Co*" contribution is
expected to be predominant.””®® Indeed, curve-fitting of the
high resolution spectrum of Res_Cath_650 sample (Fig. S2 and
Table S2) enabled deconvolution of experimental data using
the reported doublet (red curves) for the low-spin (LS) octa-
hedral Co®" ions (t,,°), which includes the charge-transfer final
state (2p~'3d’L™" at 779.9 eV) and the unscreened (satellite)
final state (2p '3d°® at 789.9 eV).”’®»®> Furthermore, some
weaker additional components (blue curves) were required to
account for residual intensity in the 781-787 eV range.
According to the literature, a satisfactory curve-fitting was
achieved using contributions from tetrahedral HS Co®" ions
(e*t,?) in the 2p~'3d%L™", 2p~'3d°L 2, and 2p~'3d’ final states
at increasing BE.*"® It is to be noted that a mixed Co**/Co**
composition is also compatible with the trace presence of the
Co30, spinel. Finally, the black mass sample (Fig. 3a) displays
a Co 2p lineshape rather similar to the one in Res_Cath series,
though with slightly broader features and a less defined satel-
lite, which point at the presence of LiCoO, with a probable
more significant contribution from Coz;0,. Globally, the XPS
analysis reveals that the Metal Pre series is compatible with
the presence of CoO, though due to the broad signals
recorded, a contribution from Co;0,cannot be ruled out; the
Res-Cath series shows the presence of LiCoO, as a major com-
ponent and a minor fraction of Co;0,4. Along the two series,
the effect of heat treatment temperature can hardly be dis-
cerned. Overall, the XPS conclusions are in line with the
results obtained from XRD, showing a negligible evolution of
the phase and surface composition with the temperature
reached during the preparation, while the two series are
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different in terms of phases: Co oxides for the Metal-Pre
series, and LiCoO, for the Res-Cath series. Finally, it must be
considered that the species determined in the pristine
powders are considered as the starting configuration of the
electrodes and are expected to possibly evolve under the
working conditions (i.e. under alkaline media exposure).®*%*
This eventual surface evolution is highly beneficial as the
surface recontruction leads to the formation of the active sites,
involving phenomena related to amorphization and/or for-
mation of Co defective surface species, including oxides and
hydroxides.?*%°

The morphology of the powders changes with the tempera-
ture explored in the preparation: indeed, the particles obtained
at low temperature are spherical and in the range of 100 nm,
while their dimension and shape evolve up to the formation of
pointed micrometric particles with the highest temperature
reached in the resynthesis. Overall, to summarize the results
for this series, the dominant compound is LiCoO, with no
carbon residue and a significant variability in the morphology.

The morphology and elemental distributions have been
characterized further as they have deep impact on the final
electrocatalytic properties; the STEM images are reported in
Fig. 4, and coupled with EDX maps in Fig. S3. For the black
mass, morphological analysis shows almost-spherical particles
with dimensions which span from 500 nm to 2 mm. The par-
ticles show a bimodal order: (i) a sintered-like structure, with
smaller entities which adhere to form the bigger objects and
(ii) a dense structure which shows no hollowness. These two
structures appear to be present simultaneously in the powder.
A similar discontinuous structure can be seen for the
Metal_Pre series, with inclusion of bigger, ordered crystals
inside a discontinuous structure for the Metal Pre_500.
Finally, for the Res_Cath series, particles on form of denser,
defined crystals can be seen, with almost no presence of
different structures. For this series, an important increase in
crystal dimensions can be noticed following the increase in
temperature. For the 550 and 650 samples, particles appear
faceted, tending to spherical, with dimensions in the range
30-50 nm. An increase in temperature between 650 °C and
750 °C, and between 750 °C and 850 °C produces a ripening,
which leads to an increase in dimensions of the particles, and
to a loss of a defined geometric shape. EDS was used to define
the chemical nature of these structures. By EDS mapping, it
was possible to associate the dishomogeneous structure visible
in the black mass and in the Metal Pre samples to a carbon-
rich phase. Apart from the carbon areas, all the samples
showed homogeneous cobalt and oxygen distribution, with
Co/O at ratio in line with the stoichiometry of the main phases
expected by XRD; LiCoO, for black mass and Res_Cath, and
Co3;0, for Metal Pre. Chlorine is visible as a minority com-
ponent (<4 wt%) in all the Metal Pre series, while it appears
as traces (<1 wt%) in the black mass. No chlorine signal was
detected for the Res_Cat series. Along Cl, also P, S, Ti, and Mn
were detected as trace elements (<1 wt%) in the black mass,
Zr, Si and Fe for the Res_Cath and Si for the Metal_Pre. The
presence of such trace elements, with particular attention for
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N and Cl impurities, has already been considered and dis-
cussed. Although they can be considered as contaminants
derived from the specific production routes of the samples
considered in this studies, the introduction of N and Cl can
actually present a benefical role. Indeed low doping level
(~1-2%) has been associated with a synergistic effect, for-
mation of edditional defects and active sites, and improved
ORR activity by modulation of the electronic density of the car-
bonaceous matrix.?*%”

EDS is unable to detect and quantify Li. Still, Selected Area
Electron Diffraction (SAED) helped us to qualitatively confirm
XRD results regarding the presence of a LCO phase. SAED
highlighted the presence of both trigonal LiCoO, and cubic
Co30, for the black mass sample, and exclusively LiCoO, for
the Res_Cath series. For the Metal_Pre series, Co;0, was the
only visible phase. By the study of FFT on HR-TEM images, no
fringes related to graphitic carbon were visible, suggesting its
presence in the form of amorphous C.

All the samples are thus of potential interest for application
in ORR, HER, OER as they present cobalt oxide in various
forms (nanometric to micrometric particles, disordered and
crystalline, supported on carbon or without carbon content).
For this reason, all the samples have been tested as possible
active materials. The results are presented for the two series of
samples derived from the strategies reported in Fig. 1, i.e. the
recovery of critical raw materials (first strategy) and the direct
resynthesis of cathode materials (second strategy).

Upgrading LIB waste sample using the first strategy - recovery
of CRMs

Oxygen reduction reaction electrocatalytic activity for Metal-
Pre-X samples. The results related to the ORR in alkaline
media obtained from the electrocatalysts obtained through the
first valorisation route, with the formation of cobalt oxides, are
reported in Fig. 5.
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Fig. 5 Oxygen reduction reaction (ORR) performance of the samples of
the Metal_Pre_X series supported over 50% KJB. (a) Disk current
density, (b) ring current density, (c) peroxide production and (d) number
of electrons exchanged.
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As discussed, the three samples representing this series
differ in the carbon content and crystallinity/morphology of
the cobalt oxides formed during calcination. When consider-
ing onset potential (E,,) derived from the sigmoidal current-
potential ORR curves, the values obtained are 810 mV vs. RHE
for Metal_Pre_400, and 875 mV vs. RHE for Metal_Pre_500,
and 865 mV vs. RHE for Metal_Pre_300. The half-wave poten-
tial (E;;,) of these electrocatalysts during ORR ranges from
0.700 V vs. RHE (Metal Pre_300) and 729 mV vs. RHE
(Metal_Pre_500). The limiting current was in the range of
2.0 mA cm™? and 2.6 mA cm™? (Fig. 5a), which was lower com-
pared to the theoretical value, indicating a non-complete four-
electron reaction mechanism. From the ring current densities
(Fig. 5b), it can be seen that as the overpotential initially
increases, the ring currents shoots up and then shows a
declining trend. It is noteworthy that the Pt ring surrounding
the glassy carbon electrode of RRDE is used to real-time detect
peroxide content produced at the disk deposited with the elec-
trocatalyst. Therefore, the implication of ring current can be
seen on the peroxide production profiles of the electrocatalysts
shown in Fig. 5c. Remarkably, the peroxide produced
increased at low overpotentials and decreased at high overpo-
tentials, indicating that these electrocatalysts have the ability
to reduce the peroxide intermediate at higher overpotentials.
The number of electrons exchanged is reported in Fig. 5d and
it varied from ca.3.0-3.2 at 600 mV vs. RHE to ca. 3.2-3.5at0V
vs. RHE.

Hydrogen evolution reaction and oxygen evolution reaction
results for Metal-Pre-X samples. LSVs reporting HER and OER
electrocatalytic activities of the samples prepared using the
first upgrading strategy are reported in Fig. 6a and b, respect-
ively, whereas the corresponding Tafel plots are provided in
the SI as Fig. S6a and b. Also, in this case, the differences
among the three electrocatalysts consisted of the temperature
treatment that the samples were subject to.

Both HER and OER electrocatalytic activities were poor
independently of the temperature treatment of the samples of
the series Metal_Pre_X (X = 300, 400 and 500 °C). The best per-
forming sample among the three explored was Metal_Pre_300.
HER overpotentials were measured as 480 mV at —10 mA cm >
(Fig. 6a) and OER overpotentials were 569 mV at 10 mA cm™
(Fig. 6b). The worst performing sample was Metal_Pre_500,
treated at 500 °C with HER overpotentials of 580 mV at

2

o
w
S

a o b«
=3 [
5 25
<10 <
£ €0
320 >
g '§15
830 S 10
s §
540 55
(&) [&]
solwde < BIE - o o 1] S—
10 08 -06 -04 -02 12 14 16
Potential / V vs RHE Potential / V vs RHE
Fig. 6 (a) HER electrocatalytic activity and (b) OER electrocatalytic

activity of the samples of the Metal_Pre_X series supported over 50%
KJB.
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-10 mA cm™? and OER did not cross 10 mA ¢cm™>
density even at 800 mV overpotential (Fig. 6b).

These results can be rationalized considering the synergis-
tic combination of the carbon matrix with amorphous and
nanometric cobalt oxides, as evidenced by the XRD, CHNS,
and TEM analysis presented in the first section. The
Metal_Pre_500 sample presents a higher content of electroche-
mically active cobalt oxides with respect to the carbon matrix,
but the larger and ordered particles are not effective in contri-
buting to the HER and OER.

The testing of this series of samples demonstrates that
their use in OER and HER is not adequate. In fact, for OER in
alkaline media, an overpotential of 300 mV can be easily
achieved, comparing the results obtained in literature with
NiFe-based materials.*® Similarly, the overpotentials for HER,
using platinum group metal-free (PGM-free) electrocatalysts,
mainly Ni/C and NiMo/C, showed an overpotential of
50-200 mV at 10 mA cm™2.*® The high production of peroxide
might suggest a possible exploitation of these materials in
hydrogen peroxide production.®®

current

Upgrading the LIB waste sample using the second strategy —
direct resynthesis of cathode materials

The second upgrading strategy is intended to form Co as the
initial form of LiCoO, used in the fresh cathode of LIBs. Four
samples went through this second strategy, all of them sub-
jected to leaching and a final heat treatment step with temp-
eratures of 550 °C (Res_Cath_550), 650 °C (Res_Cath_650),
750 °C (Res_Cath_750) and 850 °C (Res_Cath_850). These four
samples were mixed with KJB (50:50 ratio) and they were
tested electrochemically towards the ORR (Fig. 7), HER
(Fig. 8a) and OER (Fig. 8b).

Oxygen reduction reaction electrocatalysis for samples series
Res_Cath_X. E,, for these electrocatalysts was evaluated and
ranged between 860 mV vs. RHE (Res_Cath_650) and 865 mV
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Fig. 7 Oxygen reduction reaction (ORR) performance of the samples of
the Res_Cath_X series supported over 50% KJB. (a) Disk current density,
(b) ring current density, (c) peroxide and (d) number of electrons
exchanged.
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activity of the samples of the Res_Cath_X series supported over 50%
KJB.

vs. RHE (Res_Cath_850). No clear relationship between this
parameter (E,,) and the temperature treatment was detected.
Ey;, of these electrocatalysts ranged from 700 mV vs. RHE
(Res_Cath_850) to 746 mV vs. RHE (Res_Cath_750). The limit-
ing current density ranged between ca. 2.0 mA cm > and
3.8 mA cm™> (Fig. 7a). Also in this case, the values measured
were lower compared to the theoretical value, indicating an
incomplete four-electron reaction mechanism. For single atom
Fe-N-C type electrocatalyst, the ORR current density around
6 mA cm? is known owing to its higher ORR activity and par-
ticularly selectivity for direct 4-electron oxygen electroreduc-
tion. However, for Co, relatively inferior interaction with
oxygen is known due to slightly less favourable electronic
structure compared to Fe, which comes out as a preference for
bielectronic or 2 x 2 stepwise ORR activity.*® Even carbon-sup-
ported Co electrocatalysts in the typical configuration of Co-
N-C have previously shown low limiting current densities
under similar conditions.’>" The ring current densities were
measured and reported in Fig. 7b and the peroxide produced
was reported in Fig. 7c. In general, for this set of samples, the
peroxide produced increased with the overpotentials, stabiliz-
ing at high overpotentials. This recorded trend was different
from the previous set of electrocatalysts, where peroxide was
reduced at higher overpotentials (Fig. 7c). Overall, the samples
acquired during this stage presented lower peroxide yield,
where the samples Res_Cath_850 and Res_Cath_750 produced
peroxide less than 20%. Fig. 7d reports the number of elec-
trons exchanged, which in this case decreased with increased
overpotentials. The number of electrons varied from 3.6-3.8 at
600 mV vs. RHE to ca. 3.3-3.7 at 0 mV vs. RHE. These values
are slightly higher with respect to the previous set of electroca-
talysts (Metal_Pre_X). For comparison, the ORR activity of Pt/
C, from our previous study,’” is presented in Fig. S4. No doubt
the activity profile in terms of E,, and E,, is inferior compared
to Pt/C, the peroxide yield remains comparable.

Hydrogen evolution reaction and oxygen evolution reaction
results for samples series Res_Cath_X. LSVs related to HER,
considering Res_Cath_X series (X = 550 °C, 650 °C, 750 °C and
850 °C) are reported in Fig. 8a, while LSVs done for measuring
OER electrocatalytic activity of the same set of electrocatalysts
are reported in Fig. 7b. HER overpotentials of this set of elec-
trocatalysts are much lower compared to those recorded from
the other set of electrocatalysts (Fig. 5a). HER overpotentials
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varied between 330 mV (Res_Cath_850) and 350 mV
(Res_Cath_550) (Fig. 8a). A slight relationship between overpo-
tentials and temperature treatment can be detected, with over-
potentials slightly decreasing with increased temperature.
Moreover, the sample Res_Cath_850 exhibited the least Tafel
slope of 87.9 mV dec™' as shown in Fig. S7a. These results
were, in turn, comparable with the previous electrocatalytic
activity reported by our research group.®*’® Considering OER,
the overpotentials ranged between 403 mV (Res_Cath_550) and
418 mV (Res_Cath_850) (Fig. 8b). These overpotential values
are generally high, since commonly overpotentials below
300 mV are desired. Among the PGM-free electrocatalysts for
OER, NiFe oxides can be considered state of the art electrocata-
lysts. Therefore, for comparison we have included the OER
activity of the NiFe oxide from our previous study (with over
potential ca. 291 mV) in SI as Fig. S5b.°®> While the activity is
lower than that of state-of-the-art electrocatalysts, the value of
waste-derived electrocatalysts should not be underestimated.
Future research efforts can focus on reducing overpotentials and
enhancing the performance of spent battery-derived electrocata-
lysts. Anyways, interestingly, the sample Res_Cath_550 demon-
strated the lowest Tafel slope of 89.8 mV dec™" while the other
counterparts showed Tafel slopes between 105.5 and 107.7 mV
dec™ as shown in Fig. S7b. Besides, the samples were mixed
with carbon, and the latter undergoes corrosion when operating
at high potentials. However, to the best of our knowledge, no
trials of these materials recovered from waste were tested for the
OER in alkaline media, giving room for further improvement,
especially when mixed with other transition metals in a desired
ratio and morphological configuration.

Interestingly, compared to the samples obtained pursuing
the first strategy, the ORR electrocatalytic activity is much
improved, both in terms of E,,, and E;,, but also as lower per-
oxide produced during ORR. In fact, at higher overpotentials,
peroxide produced is roughly 15% with numbers of electrons
exchanged above 3.7. Interestingly, also the HER and OER
values are much improved, probably thanks to the different
oxidation state of the Co within the mixture. The results are
still a bit far from state of the art PGM-free electrocatalysts for
OER and HER, however these results are quite promising and
deserve further investigation.

Comparison with literature

Recovery of cobalt from the spent LIBs is one of the key
focuses on contemporary research and development efforts in
the paradigm of energy conversion and storage. As discussed,
the reapplication of recovered cobalt into the batteries could
lead to a complex route; however, its valorization and utiliz-
ation in parallel energy technologies could open up new
avenues in the pursuit of sustainability. In this regard, follow-
ing two different strategies, waste cobalt was upgraded to serve
as electrocatalysts in diverse electrochemical reactions. To
begin with, cobalt-based electrocatalysts were derived from the
spent batteries analyzed first for ORR in fuel cells, where the
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sample ‘Res_Cath_850’ exhibited an E,, of 885 mV vs. RHE,
along with the least production of peroxide, with electron
transfer number always remaining above 3.7 in 0.1 M KOH
(pH 13). Res_Cath_850 sample also outperformed the other
counterparts in HER and OER activities, giving the corres-
ponding overpotentials of 330 and 418 mV vs. RHE, respect-
ively, in 1.0 M KOH (pH 14). With the same aim, recently,
Wang et al. recycled the spent LIBs and produced cobalt
nitride nanoflowers that realized an ORR E,, of 938 mV in a
nearly 4-electron ORR route during RRDE measurements in
1.0 M KOH.”® The same study demonstrated the OER and HER
potentials of 1.512 V vs. RHE and —188 mV vs. RHE for the
cobalt nitride nanoflowers. In our previous report, we wit-
nessed the 277 mV HER (1.0 M KOH) overpotential of the
spent lithium cobalt oxide-based cathode, while the sample
leached with deep eutectic solvent followed by a heat treatment
ensured the ORR E,, of 850 mV vs. RHE with peroxide yield
below 20% in 0.1 M KOH.®* Moreover, Ruan et al. recycled dis-
carded graphite from the anode of spent LIBs and used it to
produce ORR electrocatalysts with Fe and N doping, which
exhibited ORR activity with E,, of 0.91 V vs. RHE and excellent
4-electron ORR selectivity in 0.1 M KOH.** With similar aim,
Liivand and coworkers attempted to produce electroatalyst
from the spent batteries graphite in the post-metallurgical
waste residue with in situ doped by the impurity Co that deli-
vered efficient ORR activity in 0.1 M KOH with E;,, as high as
0.849 V.” In research reported by Arif et al., lithium cobaltate
was recovered from spent LIBs by treating the waste with citric
acid, followed by a heat treatment and the obtained material
displayed the OER overpotential of 550 mV vs. RHE.’
Moreover, the impact of thermal treatments on the electro-
catalytic activities of LIB-derived materials has also been
analyze.””®® The performance comparison of the sample
Res_Cath_850 with the recently reported LIB-derived electroca-
talysts is shown in Table S3 for HER and OER, whereas
Table S4 compares the ORR activities.

Conclusions

Cobalt is worldwide recognized as critical raw material (CRM)
due to its central role in rechargeable batteries technology,
where it is exploited in the cathode compartment. Cobalt is
also emerging as an appealing alternative to platinum group
metals (PGMs) based electrocatalysts in hydrogen production,
combining good performance with lower cost than PGMs.
Today, cobalt is one of the key elements that drives the devel-
opment of industrial recycling of spent lithium-ion batteries
(LIBs), as its recovery represents the main economic driving
force in the implementation of recycling procedures. Recycling
of spent-LIBs is performed at industrial level and allows for
the recovery of Co in form of metal or oxides while new strat-
egies are actively developed at research level for the direct
resynthesis of new cathode materials from the spent-LIBs.
With the aim to maximize and optimize the utilization of
cobalt, in the present paper, we explore the possibility to
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produce electrocatalysts from cobalt oxides (representative pro-
ducts or byproducts of the industrial recycling routes of spent-
LIBs) and from LiCoO, (representative of products or bypro-
ducts of new direct recycling procedures). This study confirms
that the products derived from these two recycling strategies
can be exploited as promising electrocatalysts for: (i) the
oxygen reduction reaction and eventually hydrogen peroxide
production by tailoring the synthesis toward higher faradaic
efficiencies, (ii) the hydrogen evolution reaction and (iii)
oxygen evolution reaction. The ultimate substitution of PGMs
in fuel cells and electrolyzers is paramount and further inte-
grations of transition metals coming from different sources
will be extremely valuable within the core of circularity and
hence open new research fields.

As a perspective, this approach can be extended to other
relevant spent LIBs cathode, such as Li(Ni/Mn/Co)O, oxides
(NMC) and LiFePO, (LFP) to further tune the electrocatalytic
properties and valorise production scraps.
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