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ABSTRACT

A novel process is proposed to produce nanostructured batteries anodes from spent lithium-ion batte-
ries. The electrodic powder recovered by the mechanical treatment of spent batteries was leached and
the dissolved metals were precipitated as cobalt carbonates. Two different precipitation routes were
separately tested producing cobalt carbonates with different Cu and Fe contents. Nanowire anodes were
produced by electrodeposition into nanoporous alumina templates from the electrolytic baths prepared
by dissolution of the precipitated carbonates. The electrochemical performances of the produced anodes
were evaluated as compared to nanowire anodes produced with the same electrodeposition method but
using a synthetic cobalt bath. The application of the carbonates produced by directly precipitating all the
leached metals gave nanowires with capacity about halved as compared to the nanowires electro-
deposited from the synthetic bath. Selectively removing Cu and Fe prior cobalt carbonate precipitation
yielded, in contrast, nanowires with capacity initially larger and then gradually approaching that attained
by the nanowire electrodeposited from the synthetic bath. A detailed analysis is presented describing the
role of metallic impurities in determining the capacity of the produced nanowires. The impact of the
illustrated results for the development of sustainable recycling processes of lithium-ion batteries is
discussed.

1. Introduction

The application of batteries has been steadily increasing over the
past two decades mainly driven by the growing market of con-
sumer electronics. In accordance with statistics, the global batteries
market has increased by 800% between 2000 and 2010 and
accounted for $54 billion (US.) in 2013 [1]. In this framework,
lithium ion batteries (LIBs) have attracted increasing attention
owing to their high energy and power density, long cycle life and
low self-discharge [2,3], arriving to cover currently the largest share
of the batteries market. A further huge growth in the production of
LIBs is expected during the following few years stimulated by the
transition to clean electric transportation. This transition is
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predicted to drive the global LIBs market to $32 billion by 2020. This
will dramatically increase the volume of spent LIBs, which is esti-
mated to reach 500 thousand tons by 2020.

The recycling of spent LIBs becomes then fundamental to pre-
vent the dispersion into the environment of hazardous elements,
which may result from inappropriate dismissal practices, but
particularly to sustain the demand of the materials needed to
produce new LIBs. Particularly, batteries electrodes materials
including strategic or critical raw materials such as graphite, cobalt,
nickel and manganese, which account for more than 50% of the
battery cost [4], need to be recovered and recycled into the batteries
manufacturing chain. Recycled battery materials such as cobalt,
nickel and manganese can be found in new batteries already today.
Hydrometallurgical processes can be implemented ensuring the
complete recovery of the different electrodic materials into sepa-
rate streams. Major bottleneck reducing the economic and envi-
ronmental sustainability of hydrometallurgical processes is


mailto:piergiorgio.schiavi@uniroma1.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2019.07.024&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2019.07.024
https://doi.org/10.1016/j.electacta.2019.07.024
https://doi.org/10.1016/j.electacta.2019.07.024

represented by the numerous and costly stages performed to
separate the different electrode materials. These numerous process
stages are mainly motivated by the complex chemistry of the bat-
teries cathodes. Originally, these were mainly composed of LiCoO»,
but, more recently, in order to reduce the batteries cost, cobalt has
been partially substituted with nickel and manganese, which has
driven the development of new cathode materials including, for
example, LiNiO», LiNixMn,Coy0,, LiNixCoyAl,O; and LiMn04 [5—8].
Cobalt, nickel and manganese exhibit extremely similar physical-
chemical properties and can be separated only by lengthy and
complex separation-purification stages, including leaching, pre-
cipitation, solvent extraction, stripping, electrowinning. These
impose large solvents consumption, the generation of large wastes
volumes, and elevate capital expenditures, which contribute to
compromising the economic and environmental sustainability of
hydrometallurgical recycling processes.

An effective strategy overcoming these limitations is the
intensification of hydrometallurgical processes by the integrated
recycling and production of electrodic batteries materials. The main
idea is that the different electrodic materials do not need to be
separated from any other if they are used to produce new batteries
electrodes. In this latter case, the solution obtained by leaching the
electrodic powder of spent LIBs can be directly used to “resynthe-
size” new batteries electrodes, thus excluding the downstream
costly and complex separation of the different metals.

Different methods have been recently implemented to “resyn-
thesize” cathode and anode materials from the leaching solution
generated by the hydrometallurgical treatment of spent LIBs. Wang
and co-workers [9—11]produced a mixed LiNixMnyCo,Oby co-
precipitation of nickel, manganese and cobalt from the purified
leaching solution. A similar process was proposed by Weng et al.
[12], whereby a separation stage was introduced to remove mag-
nesium impurities, which could negatively influence the electro-
chemical performances of the produced electrode material. A sol-
gel synthesis method was implemented following leaching with
malic acid by Yao et al. [13] to produce the cathode material
LiNixMnyCo,0,. A more convolute process including the combina-
tion of co-precipitation, hydrothermal and calcination processes
was performed by Li et al. [14] to produce a lithium-rich layered
cathode oxide Li12C0g13Nig13Mng5405.

Recently, increasing attention has been devoted to the applica-
tion of transition metal oxides to produce conversion reaction-
based anodes of LIBs [15—17]. These anodes can ensure capacity
(~1000 mAh/g) significantly larger as compared to the graphite
anodes (~350 mAh/g) currently employed in LIBs [ 15]. Motivated by
this result, the direct synthesis of transition metal oxides anodes
from spent LIBs has been investigated. Spray pyrolysis was imple-
mented to synthesize nanocomposite NiggCog1Mng1011 porous
microspheres, which exhibited excellent specific capacity (1180
mAh/g) when employed as anode material in LIBs [18]. Hu et al. [19]
produced Co304 nanoparticles by hydrometallurgical treatment of
the electrodic powder recovered from spent LIBs and sol-gel syn-
thesis. On the other hand, transition metal oxides anodes are
characterized by large volume changes between charge and
discharge cycles, which causes cycle fading and thus hinder the
application in LIBs. This issue can be solved by the application of
transition metal oxides nanostructures. The application of metal
oxides nanostructures with purposefully tailored morphology can
decrease the strain determined by the volume changes, thus
enhancing the rate capability, and it can increase the specific sur-
face contact between the electrolyte and the anode. For this pur-
pose, the application of one-dimensional nanostructures including
nanowires and nanotubes has been proven to configure a
competitive technological solution.

Therefore, in order to directly produce high-performance and

low-cost conversion reaction-based anodes from spent LIBs, stra-
tegies allowing for the morphology controlled synthesis of transi-
tion metal oxides nanostructures must be integrated into the
recycling chain. With bulk synthesis methods, including, for
example, sol-gel synthesis and co-precipitation [19], and with spray
pyrolysis [18], it is difficult to effectively control the electrode
material morphology, which ultimately determines the attained
electrochemical performances.

In this article, we apply the electrodeposition technique to
directly synthesize nanowire anodes from spent LIBs. The proposed
route relies on the implementation of an electrodeposition method
previously developed by the authors to synthesize cobalt nano-
wires from cobalt sulphate solutions [20]. With this method, an
array of metal nanowires standing over a thin current collector
plate can be produced by electrodeposition into the nanopores of
anodized alumina templates and successive selective dissolution of
alumina. As compared to alternative nanowires strategies as, for
example, hydrothermal synthesis, this method allows effectively
controlling the nanowires length distribution and can ensure, at the
same time, direct formation of a metallic core covered by a thin
metal oxide layer. This can enhance the electronic conductivity and
prevent the application of conductive binders.

In order to evaluate the potential to implement the proposed
process at industrial scale, the electrodic powder recovered by in-
dustrial scale granulation and sieving of spent LIBs was used. This
introduces impurities into the process which could dramatically
influence the electrochemical performances of the produced
nanowires; typically such impurities have been excluded by pre-
vious studies through the lab-scale sorting of batteries and the
manual separation of the electrodic powder.

Overall, a recycling process is here proposed whereby the
electrodic powder is leached by sulphuric acid, and the dissolved
metals are successively precipitated as carbonates. These carbon-
ates are then used to prepare the electrolytic bath needed to
perform the nanowires electrodeposition. The impact of impurities
on the electrochemical performances of the produced electrode
material is evaluated. To this purpose, the following two different
process routes are evaluated: (i) directly precipitating all the
leached metals, including copper and iron impurities, to produce a
low-purity carbonate, (ii) selectively precipitating copper and iron
impurities and then precipitating the remaining metals to produce
a partially purified metal carbonates. The anodes produced from
the separated carbonates are benchmarked against the cobalt
nanowire anodes produced by implementing the same electrode-
position method with the electrolytic solution prepared by using
high-purity cobalt salt.

2. Materials and methods
2.1. Recovery process — electrolytic baths

A scheme of the implemented recycling process is reported in
Fig. 1. Exhausted LIBs were collected, granulated and sieved by an
Italian waste disposal company (SEVal s.r.L.). Following granulation
(Fig. 1-1), a sample of 50 kg was sieved by using a vibrating sieve
(Fig. 1-2) with a grid's mesh size of 0.5 mm, which allowed sepa-
rating the electrodic powder. Metal extraction was performed by
leaching (Fig. 1-3) 200 g of electrodic powder using sulphuric acid
and hydrogen peroxide as oxidant and reducing agent, respectively,
allowing attaining a metals extraction yield up to 96% [21]. Elec-
trodic powder was leached with HySO4 1.3 M in a jacketed glass
reactor at controlled temperature of 85 °C. A solid to liquid ratio of
1:10 was employed and the leaching was carried out under stirring
for 3 h. Following leaching, a filtration was performed to separate
the residual carbon fraction. The extracted metals were then
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Fig. 1. Scheme of the proposed synthesis processes.

recovered by following a one-step or a two-steps precipitation
routes. With the two-steps precipitation route (Fig. 1, left branch),
the pH of the filtrated solution was initially raised to and main-
tained at pH 6.5 by using NaOH 6 M to selectively precipitate
copper and iron (Fig. 1-4). After filtration (Fig. 1-5), Na,CO3 was
added to the purified solution until reaching pH 8.5 (Fig. 1-6). A
purified carbonate (PC) was thus precipitated and then filtered
(Fig. 1-7). With the one-step precipitation route (Fig. 1, right
branch), the selective precipitation of copper and iron was dis-
carded and all the extracted metals were simultaneously precipi-
tated. To this purpose, Na,CO3 was added to the solution until pH 10
was reached, which led to the precipitation of low purity carbon-
ates (LC). As compared to the two-steps precipitation route, the
one-step precipitation considerably simplifies the recycling process
by decreasing the number of process stages, and it can increase the
recovery yield of cobalt by excluding the partial precipitation of
cobalt taking place during the selective separation of copper and
iron at pH 6.5. The recovered metal carbonates were washed with
distilled water until the Na* concentration was lower than 200
mgL~. The electrolytic baths were then obtained by dissolving the
carbonates in the smallest amount of H,SO4 and adding 1 mL of
H,0,. These concentrated solutions were diluted to a volume of
50 mL with distilled water, and 50 gL™! of H3BO3 were added to any
electrolytic bath. The content of any metal in the electrolytic so-
lutions was measured by atomic absorption spectroscopy (AAS —
Analytic Jena ContrAA300).

2.2. Synthesis of nanowires-based electrodes

The anodes were synthesized by a template electrodeposition
method recently proposed by the authors [20,22]. Nanowires were
synthesized by electrodeposition into the nanopores of an alumina
template generated by a one-step anodization of low-purity
aluminium. Electrodeposition was performed in a magnetically
stirred three-electrode jacketed glass cell at constant temperature

of 35+ 0.2 °C. A 25 x 20 mm Pt gauze, Ag/AgCl saturated electrode
and anodic alumina with exposed area of 1.3 cm? were used as
counter, reference and working electrode, respectively. The elec-
trolytes employed to perform the electrodeposition were obtained
by dissolving purified carbonates or low purity carbonates. The
electrodes produced from purified or low-purity carbonate solu-
tions will be denoted throughout the article as PC and LC electrodes
(PCE and LCE), respectively. The electrodeposition was performed
by applying a constant voltage signal of —8 V vs Ag/AgCl for 50 ms
and then the current was kept at zero for 2000 ms. These two
pulses were cycled until 2/3 of the alumina nanopores length was
filled by the electrodeposited metals. The as obtained electrode was
employed as working electrode to perform the sub-sequent copper
electrodeposition. The same electrochemical configuration adopted
for the electrodeposition of metals from the carbonates solutions
was used for Cu electrodeposition, but a copper plate was used as
counter electrode. Copper electrodeposition was carried out until a
copper thin film uniformly covered the external surface of the
alumina template. This allowed forming a copper current collector
composed by copper nanowires connected to a thin copper plate.
Finally, alumina and aluminium were completely removed by se-
lective etching in NaOH 6 M. This left an array of free standing
cobalt nanowires connected to the copper current collector. The
obtained electrodes were punched to obtain disks with geometrical
surface area of 0.5 cm?.

2.3. Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were performed by using a three-electrode poly-
propylene T-cell, with the produced electrodes employed as
working electrode, and two lithium disks employed as counter and
reference electrode. Two Whatman glass fiber membranes were
used to separate the anodic and the cathodic side. Commercial 1 M
LiPFg in 1:1 v/v ethylene carbonate: dimethyl carbonate solution
(Solvionic) was used as electrolyte. Each cell was assembled in an
argon-filled glove box with a content of O, and H,O less than
1 ppm. CV was run with a scan rate of 0.2 mVs~! over the 0.01-3V
vs LiT/Li voltage range. EIS was performed in the 200 kHz—10 Hz
frequency range, using 10 mV amplitude AC pulses. CV and EIS were
carried out using VSP BioLogic instrument. Galvanostatic tests were
performed using Maccor Series 4000 Battery Test System in a two-
electrode cell configuration, under a charge/discharge current
density of 2 Ag™! (referred to the amount of CoO in SBE).

2.4. Electrodes characterization

Field emission scanning electron microscopy (SEM, Zeiss Auriga)
was employed to characterize the morphology and size of elec-
trodes. Focused ion beam (FIB, Orsay Physics - Cobra Ga column)
was used to generate electrode cross sections. The chemical
composition of the electrodes was determined by energy dispersive
X-ray spectroscopy (EDX, Bruker QUANTAX 123 eV). X-ray photo-
electron spectra were obtained using a modified Omicron Nano-
Technology MXPS system. The spectra were excited by
monochromatic Al ko or achromatic Al Ko and Mg Ko photons
(hv =1486.7, 1486.6 and 1253.6 eV, respectively), generated oper-
ating the anode at 14—15kV, 10—20 mA. Use of different photons
was necessary in order to overcome interference of photoemission
and Auger signals, whenever possible, and to enhance resolution.
Experimental spectra were theoretically reconstructed by fitting
the peaks to symmetric Voigt functions and the background to a
Shirley or a linear function. XPS atomic ratios (+10% associated
error) were obtained from experimentally determined area ratios,
corrected for the corresponding theoretical cross sections and for a



square root dependence of the photoelectrons kinetic energies. All
the samples were mounted on amagnetic stainless steel tips with a
conductive adhesive tape, and the upper surface of the holder was
covered with Teflon tape to mask lines from the tips which could
have been detected because of the small diameter of each sample.
Peak assignments were given by reference to previous literature
reports [23].

3. Results and discussion
3.1. Electrolytic baths and electrodes characterization

The granulated spent LIBs were separated into two fractions by
sieving. The fraction below 0.5 mm was mainly composed of
graphite, carbon and cathodic material, while the fraction above
0.5 mm contained plastics, metallic case fragments, copper and
aluminium coming from the current collectors (Fig. S1 of Sup-
porting Information). The fraction below 0.5 mm was leached and
the leach liquor composition is reported in Table 1. Cobalt was the
predominant metal contained in the electrodic powder. This result
can be explained by observing that LiCoO, was the cathode material
employed in first generation LIBs, with LiCoO, covering about the
40% of produced LIBs [6,9]. Surprisingly, relevant amounts of Cd and
Zn were found in the leach liquor (Table 1). Cd and Zn are not
employed to produce LIBs, and their presence in the leach liquor
should be here imputed to the contamination of the processed LIBs
feedstock with different types of batteries. This contamination
typically occurs at industrial scale owing to the inefficiencies of the
currently implemented batteries sorting methods, which largely
rely on manual operation. The obtained leach liquor was processed
by following the two routes reported in Fig. 1. PC and LC carbonates
were characterized (Table S1, Supporting Information) and
employed as raw materials for the production of the electrolyte
baths. Table 1 reports the composition of the electrolytic baths
obtained from low purity carbonate (LC), purified carbonate (PC)
and synthetic cobalt salt (SB). These data demonstrate that the
precipitation at pH 6.5 could selectively remove iron, thus
decreasing the copper concentration in the electrolytic bath pre-
pared with the PC carbonate by 20 times, as compared to the
application of LC carbonate. Any other metal (Co, Ni, Mn, Cd)
exhibited very similar concentration in the two electrolytic solu-
tions prepared with the LC and the PC carbonate, respectively. We
remark that further purification/separation of the metals would
require to introduce complex and costly process stages, including
for example, solvent extraction. While this would allow to recover
the metals as high purity grade salts [21], it would considerably
increase the capital and operating process expenditures, compro-
mising the sustainability of the recycling process. For this reason,
the low purity LC and PC carbonates were used, without further
purifications, as raw materials for the synthesis of nanowires
electrodes by electrodeposition. Fig. 2 shows SEM images of the
produced electrodes. A compact and ordered array of nanowires
with narrow length distribution was obtained for any produced
electrode. Average nanowires length and diameter were around
4 um and 50 nm, respectively. The nanowires portion composed of
the metals electrodeposited from the PC and LC carbonates

solutions extends from the top to about 1/3 of the nanowire length
while the copper nanowires current collector covers the remaining
length (Fig. 2E). The same structure was obtained for both PCE and
LCE but, as it is apparent from enlarged cross sectional images
(Fig. 2C—D), the electrodes obtained by electrodeposition from the
PC carbonate solution are characterized by nanoflakes covering the
nanowires surface. The appearance of nanoflakes can be imputed to
the precipitation of cobalt hydroxide. The reduction of water and
protons taking place along with the electrochemical reduction of
metals at the working electrode surface increases the local pH and
thus enables the precipitation of cobalt hydroxide, provided that
the concentrations of Co?* and OH™ are sufficiently high [24].
However, unlike the PCE electrode, the SEM images of the LCE
electrode do not evidence the presence of nanoflakes covering the
nanowires surface. The absence of cobalt hydroxide nanoflakes
over the LCE electrode can be attributed to different mechanisms.
Firstly, the amount of copper that is electrodeposited along with
cobalt during the synthesis of the LCE electrode is much larger as
compared to the synthesis of the PCE electrode. Therefore, even
after the pH triggering cobalt hydroxide precipitation is attained,
the growth of the cobalt hydroxide nanoflakes over the LCE elec-
trode can be masked by the concurrent electrodeposition of
metallic copper. This effect can be negligible during the synthesis of
the LCE electrode owing to the lower partial copper electrodepo-
sition current. Moreover, cobalt and cobalt alloys can catalyse
proton and water reduction much better than copper [25]. LCE
electrode was mainly composed of copper (Tables 2 and 3). This
may decrease the water reduction rate and thus prevent or slow
down the pH increase required to sustain cobalt hydroxide
precipitation.

EDX and XPS analysis were performed to characterize the bulk
and the surface composition of the nanowires, respectively. Table 2
reports the atomic compositions derived by EDX of PCE and LCE
electrodes. For comparison, the atomic composition analysis of the
SBE electrode produced by electrodeposition from a synthetic co-
balt solution is included in Table 2. EDX results (Table 2) reveal
significant differences between the LCE and PCE electrodes, with
the LCE electrodes characterized by a 4 times larger copper atomic
fraction and significantly lower cobalt and oxygen atomic fractions.
Particularly, the cobalt atomic fraction is about halved in LCE
electrodes as compared to the PCE electrodes.

In order to explain the larger copper content in LCE electrode,
we notice that copper is the most noble metal in the LC electro-
deposition bath (Table 1) and is thus characterized by the lowest
cathodic reduction potential. Accordingly, while the cathodic po-
tential is, during electrodeposition, large enough to sustain the
electrochemical reduction of all the metals in the solution, the
electrochemical reduction of copper proceeds with the largest
overpotential, which increases the copper reduction rate as
compared to the other metals. This can in turn increase the faradaic
efficiency of copper leading to the synthesis of a copper rich
electrode.

In Fig. 3A, the XPS survey scan of the two electrodes are re-
ported. The relative atomic ratios among main peaks are reported
in Table 3. Several metal peaks were detected, owing to the het-
erogeneity of the PCE and the LCE electrodes. The intense F 1s and F

Table 1

Composition of the leach liquor and of the electrolytic baths [gL~'] obtained from low purity carbonate (LC), purified carbonate (PC) and synthetic cobalt salt (SB).
Solution Co Ni Mn Cu Fe cd Zn Al Li
Leach liquor 19.6+1.9 4.7+0.6 3.3+0.9 0.9+0.1 0.6+0.1 0.5+0.01 0.4+0.05 1.1+0.1 3.2+0.1
PC 45.9 134 11.8 0.1 0.01 1.2 0.9 - -
LC 47.7 14.3 9 2.2 12 1.1 0.9 - -

SB 50 - - -
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Fig. 2. Cross sectional (A) and top-view (B) SEM images of PCE. Cross sectional enlarges of PCE (C) and LCE (D). E) EDX mapping after cross sectional FIB milling of PCE.

Table 2
Electrodes composition [at.%] obtained from EDX analysis.
Electrode Co Ni Ccd Mn Zn Fe (0]
PCE 471 13 2.5 13 2.0 1.8 323
LCE 222 43 25 - - 24 258
SBE 773 - - - - - 227
Table 3
Relative atomic ratios obtained from XPS and EDX analyses.
Electrode analysis Co/Cu Co/Cd Co/Ni
PCE XPS 3.5 11 14
EDX 4.0 18.4 36.2
LCE XPS 13 39 5.7
EDX 0.5 8.8 52

Auger peaks, as well as the (-CF,-),-related component of the C 1s
peak at 292 eV, are due to Teflon tape used for mounting of the

Intensity/arb. u.

sample (see Experimental Section). Apart from the prevailing
contributions of Co (2p, 3p and 3s) and Cu (2p, 3p and 3s) states,
also Cd 3d, Zn 2p and Ni 2p peaks can be traced from inspection of
Fig. 3 for the LCE electrode, while the PCE electrode presents those
same elements plus Si (2p and 2s), coming from the aluminium
template. Notice that the contemporary presence of Co and Cu as
the major components hampers an identification of Mn through its
most intense peak, Mn 2p, because of the overlapping of the cor-
responding ionization region with the sequence of either Co LMM
Auger excited by Mg Ko photons or Cu L3M; 3My 5 Auger lines, when
Al Ko photons are employed. As for the relative assignments, Cu 2p
is a complex peak in LCE and PCE, and it shows, after curve fitting,
the coexistence of Cu(I) and Cu(Il) oxides. As shown in Table 3, the
trend in relative atomic ratios of Co vs. Cu, Cd and Ni shows vari-
ations with respect of the bulk analysis afforded by EDX. Only in the
case of Co/Ni, a close comparison can be made among the XPS and
EDX ratios (14 vs. 9.53; 5.7 vs. 5.2, respectively for PCE and LCE),
which calls for a nearly homogeneous in-depth distribution of Ni in
LCE and a moderate surface enrichment in PCE. In the other two
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Fig. 3. A) Wide range photoemission spectra of PCE and LCE with relative assignments, taken with Mg ko achromat. B) Co 2p3/2,1/2 photoemission regions of PCE and LCE taken
with Al ke. monochromatic radiation.



cases, the Co/Cd and Co/Cu ratios indicate an opposite behaviour of
PCE and LCE, the former experiencing a relative surface depletion of
cobalt, and the latter an enrichment.The combination of Cd 3ds; BE
and Cd Auger MyN4sN4s5 kinetic energy results in a value of
785.6 eV for Cd modified Auger parameter, o/, which reveals the
presence of CdO and/or Cd(OH),. Based on the binding energy and
the lineshape of Ni 2p peaks, these peaks are assigned to Ni(OH);
with the possible presence of a minor quantity of NiO. In order to
further investigate the cobalt oxidation state, Co 2p spectra of the
two samples are reported in Fig. 3B. Their lineshape reveal the
presence of Co(II) oxide in both PCE and LCE samples, with binding
energy values of 780.8 and 780.6, respectively, which closely
compare with literature reports (780.4). An additional component
results only for LCE at 778.5 eV and can be assigned to Co(0) [26].

3.2. Electrochemical evaluation

The produced electrodes were employed as working electrodes
in a half-lithium cell. Fig. 4A displays the evolution of the current
versus potential attained during the second cycle of the cyclic
voltammetry performed by scanning the potential over the range
0.01-3.0 V with rate equal to 0.2 mVs~ The cyclic voltammogram
of the LCE electrode is qualitatively similar to that obtained with
the SBE electrode where CoO is the only electroactive material.
Particularly, cathodic and anodic peaks are detected for the two
electrodes at nearly identical potential values. This indicates that
the lithium storage follows the same mechanism in the SBE and LCE
electrodes. Particularly, the cathodic peak at about 1.7V can be
ascribed to the reduction of CoO and to the formation of Li»O, while
the peak at 2.1V during the anodic scan is determined by the
oxidation of cobalt to CoO and by the Li* extraction [27—30]. The
other faradaic peaks on the cyclic voltammograms can be ascribed
to the reversible electrochemically driven polymerization origi-
nated by electrolyte reduction over the low potential range
[29,31,32].

The cathodic and anodic peaks determined by CoO reduction/
formation and by the reversible electrolyte polymerization were
also found for PCE (Fig. 4A). However, a significant increase in the
current associated to these peaks was observed with PCE. This can
be attributed to the larger amount of CoO contained in PCE. By
combining EDX (Table 2) and XPS (Table 3) analyses, it can be
indeed derived that the cobalt amount in PCE is larger than in LCE
(Table 2), and that, in accordance with the Co 2p results, cobalt is
almost completely present as CoO at the surface of PCE (Fig. 3B).
Further, XPS analysis reveals that LCE is characterized by a relevant
metallic cobalt component (Fig. 3B), with a significantly lower CoO
component on the nanowires surface, as compared to PCE. The
lowest amount of cobalt was attained, in accordance with EDX
analysis, with LCE.

Further cathodic peaks, undetected with LCE and SBE electrodes,
appeared in the cyclic voltammogram of the PCE electrode, which
can be attributed to the impurities. Particularly, a cathodic peak
close to the reversible electrolyte reduction was detected at 0.7 V
followed by another cathodic peak at 0.3 V. The cathodic peak at
0.7 V could be ascribed to Cd-Li alloying, which can occur after CdO
reduction according to the following reaction scheme [33]:

CdO + 2Lis Cd + Liy0 (1)

Cd + 3Li sLisCd )

Reactions Eq. (1) and Eq. (2) contribute to the transferred charge
with a specific capacity contribution equal to 418 mAhg~! and 628
mAhg~!, respectively. We notice that Zn-Li alloying might also take
place over the same potential range following ZnO reduction [34].
The cathodic peak at 0.3V could be attributed to the reduction of
manganese oxide to metallic manganese and the formation of Li>O
[35]. In order to explain why the contributions of Cd and Mn could
be detected with the PCE electrode while they were absent with the
LCE electrode, we remark that, according to the XPS analysis, PCE
electrodes were characterized by a CdO surface enrichment when
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compared with LCE electrodes (Table 3), and that Mn could not be
detected by EDX analysis of the LCE electrode (Table 2).

All the voltammetric cycles recorded for the different electrodes
are reported in Fig. S2. Overall, the current peaks and the reaction
potential values no longer varied during the experiment starting
from the second cycle, providing an indication of reaction revers-
ibility. Additional peaks detected at the first cycle can be attributed
to the expected electrolyte decomposition.

The electrochemical performance of produced electrodes was
evaluated by galvanostatic charge-discharge cycling. Galvanostatic
charge/discharge capacity and voltage profiles are reported in
Fig. 4B and C, respectively. For comparison, the galvanostatic
charge-discharge curves obtained at the same current with the SBE
electrode, which was characterized in our previous work [20], is
included. The analysis of the SBE electrode is here intended to
quantify the electrochemical performance that could be obtained
by using a high-purity cobalt salt during the electrodes synthesis.
Accordingly, evaluating the electrochemical performances of the
PCE and LCE electrodes as compared to the SBE electrode can
provide a direct indication about the advantage to introduce
additional stages into the proposed recycling process (Fig. 2)
allowing further purifying/separating the metals recovered from
spent LIBs.

At this point, it is worth to notice that the approach most
commonly followed to quantify the specific capacity of the elec-
trode is to divide the electrode capacity by the mass of the elec-
troactive species, which are here represented by the metal oxides
covering the metallic nanowire core [20,36,37]. However, specific
capacity normalized by the mass of the electroactive species could
be reported only for the SBE electrode (Fig. 4B blue axis), where
CoO is the only electroactive material and could be accurately
quantified. Differently, in the PCE and LCE electrodes, multiple
metals oxides were found, making it difficult the estimation of the
electroactive material loading and thus excluding the evaluation of
the specific capacity. For this reason, the performances of the PCE,
LCE and SBE were compared in terms of the electrode capacity
(Fig. 4B, left axis). Particularly, we compared the evolutions of the
electrodes capacities attained during galvanostatic charge/
discharge cycles conducted at a current density of 2Ag™, referred to
the mass of CoO in the SBE. We emphasize that this comparison is
here justified by considering that all the electrodes have identical
geometric area and are composed of nanowires with identical
length, number density and diameter. The derivation of the specific
capacity normalized by the total mass of nanowires including the
oxide layer and the metallic core minus the mass of the copper
current collector was reported in the Supporting Information for
the PCE electrode.

The LCE electrode exhibits capacity always lower as compared to
the PCE and SBE electrodes (Fig. 4B). This is in agreement with the
reduced current densities detected by the cyclic voltammogram of

the LCE electrode. The lower capacity can be ascribed to the larger
copper amount found in LCE (Table 2). Taking constant the elec-
trodeposition template volume, an increased copper fraction re-
duces the cobalt loading, which determines a lower capacity with
respect to the SBE and PCE. As demonstrated in our recent work
[20], copper nanowires synthesized with the implemented elec-
trodeposition method cannot provide a significant faradaic
contribution to the total recorded capacity.

In agreement with the analysis of the cyclic voltammograms
(Fig. 4A), during the initial charge/discharge cycles, the PCE elec-
trode exhibited capacity significantly larger compared to the LCE
and SBE electrode. Particularly, the PCE electrode exhibited during
the second cycle a capacity about 60% higher than the SBE electrode
capacity. The PCE electrode capacity gradually decreased during the
following cycles until reaching the minimum value of 0.09 mAh
during the 40™ cycle. Following this minimum, the recorded ca-
pacity increased and then closely followed the evolution of the SBE
electrode capacity during the successive 250 cycles.

In order to investigate the mechanisms responsible for the
evolution of the PCE electrode capacity shown in Fig. 5B, SEM and
XPS analyses of the PCE electrode were repeated at the end of
galvanostatic charge-discharge cycling test. SEM images (Fig. 6)
reveal random depositions (bright spots, Fig. 5B) on the electrode
surface and the nanowires structure that was maintained un-
changed after 250 cycles. On the other hand, as it can be seen from
cross sectional SEM image (Fig. 5A), the like-solder junction [38]
between the copper nanowires current collector and the PCE
nanowires appears to be damaged after cycling, leading to the
partial detachment of PCE nanowires. This detachment can lead to
an increase in the interfacial impedance and could thus justify the
fading of recorded capacity [39]. In order to ascertain the increase
in the interfacial impedance, EIS was carried out at the end of
galvanostatic cycling and the derived Nyquist plot was compared
with that attained with the pristine electrode. The Nyquist plots
attained with the PCE electrode before and after galvanostatic
cycling are reported in Fig. 6A. Pristine electrode spectra can be
described by the equivalent circuit model Re(RctQdl)WCin, where
Re is the electrolyte resistance, Rct is the charge transfer resistance,
Qdl is the constant phase element capacitance of the porous elec-
trode, W is the Warburg diffusive element and Cin is the interca-
lation capacitance [40,41]. For the cycled electrode, an additional
depressed semi-circular shape, which can be imputed to SEI for-
mation, was found, and the equivalent circuit model, generally
accepted at  high-to-medium frequency ranges, is
Re(RctQdl)(RseiQsei)WCin [39—41]. Excluding the increase in the
total impedance due to the SEI, the charge transfer resistance (Rct)
increased from about 30 to 60 Q after cycling (Fig. S4, Table S2). This
increase in charge transfer resistance could be imputed to the
isolated active regions forming by the current collector detachment
during cycling, which could thus justify the capacity fading. XPS

Fig. 5. A) cross sectional and top view (B) SEM images of PCE after galvanostatic cycling.
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measurements on PCE electrode recorded after cycling have shown
that the main surface contributions are given by cobalt oxide, dis-
played in Fig. 6B, and carbonates, as revealed by the intense C 1s
peak at ~290 eV. (Fig. S5). This latter peak can be related to SEI and/
or to the electrochemical driven polymerization of the electrolyte
that occurs at low potential range. The presence of cobalt oxide and
SEI as the prevailing components on the PCE surface justifies the
close capacity trends of PCE and SBE electrodes. Indeed, the elec-
trochemical performances of the SBE electrode are mainly deter-
mined by cobalt oxide and SEI, as discussed for the cyclic
voltammetry of SBE (Fig. 4A). This is also confirmed by the similar
voltage profiles obtained after 100 cycles for PCE and SBE (Fig. 4C).
XPS analysis confirms that cobalt remains the relevant metallic
component in PCE after electrode cycling, as apparent from the
survey XPS spectra (Fig. 6B) and quantified by the relative surface
atomic ratios (Table S3). On the other hand, a significant relative
reduction in the amount of Cd and Ni vs. the Co amount was found
on the electrode surface (Table S3). XPS of pristine PCE was char-
acterized by a surface enrichment in CdO and NiO while Mn was
found during EDX characterization. These metals oxides are char-
acterized by a lithium storage mechanism that involves a high
theoretical specific capacity [33,35,40,42]. Probably due to their
dissolution into the electrolyte [43], the electroactive Cd, Ni and Mn
species gradually decreased on electrode surface during cycling,
justifying the capacity fading recorded during the first 40 cycles.

4. Conclusion

A new recycling process was proposed to directly produce
transition metal nanowires anodes from spent LIBs. The process
relies on the electrodeposition from solutions prepared using the
metals recovered from the batteries electrodic powder. Two
different routes were evaluated for the metals recovery, producing
cobalt carbonates with different amounts of impurities, thus lead-
ing to the production of a low purity (LCE) and partially purified
(PCE) anode. The performances of these anodes were benchmarked
against a nanowires anode (SBE) produced by the same electro-
deposition method using synthetic cobalt solution. Main conclu-
sions of the study can be described as follows:

The LCE exhibited capacity lower than the SBE and the PCE. This
can be imputed to the significantly larger copper fraction found in
the LCE, which was determined by the larger copper concentration
in the recovered carbonate. The mechanisms governing the charge/
discharge cycling were the cobalt oxide reduction/formation and
the reversible electrolyte polymerization.

The capacity of the PCE was significantly larger than that
attained by the SBE and the LCE during the initial forty galvano-
static charge/discharge cycles and then it closely followed the
evolution of the SBE capacity. The larger initial capacity was
determined by the surface enrichment of PCE by CdO and ZnO
(resulting from the contamination of the employed LIBs feedstock
by different batteries types) and NiO. However, XPS analysis
confirmed that such species were lost during cycling, the cobalt
oxide and the electrolyte becoming eventually the only electro-
active species contributing to the LCE capacity. This can explain the
almost identical capacity values attained by the PCE and the SBE
following the initial forty cycles.

In accordance with the illustrated study, the metal carbonate
recovered after electrodic powder leaching and selective precipi-
tation of copper can be employed as precursor to electrodeposit
nanowires anodes yielding electrochemical performances similar
or improved as compared the nanowires electrodeposited by using
a synthetic cobalt bath. This paves the way to the simplification of
the batteries recycling chain excluding the costly and lengthy
separation of the different metals allowing, at the same time, to
produce a high-performance batteries electrode.
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