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The booming of the electric mobility together with the need of storing renewable energies have increased the
demand of lithium-ion batteries which will bring about increasing amounts of electronic waste. Besides, the need
for alternative sources of certain raw materials considered critical has changed the perception of determined
wastes, which are no longer considered residues but sources of raw materials. In this work, the active cathode
material present in end-of-life lithium-ion batteries (Ni, Co, and Mn) was used as secondary raw material, after
being properly separated, in the synthesis of a cobalt iron nickel manganese chromium black spinel ((Co, Fe, Ni,

Mn) (Fe,Cr)204). The pigment was used in the formulation of a ceramic inkjet ink which was deposited over a
single-fired porous tile and porcelain tile. Texture and brightness of the ink were not affected by the use of this
waste, thus presenting excellent prospects for the industrial ceramic application.

1. Introduction

Ceramic pigments are important additive materials used for deco-
rating products as well as supporting other properties of the obtained
ceramic products. The colour or shade of the ceramic pigment is always
derived from the chemical compounds of transition elements, such as
vanadium, iron, cobalt, manganese, nickel, copper, chromium, praseo-
dymium, etc [1]. They are considered the most expensive material in the
ceramic tile manufacture despite being used in small proportions rela-
tive to the total mass of the product. The reason for being such a costly
material is mainly because these transition elements needed to develop
the colouring properties are expensive, and because of that ceramic in-
dustry is focusing research on the development of pigments with alter-
native raw materials [2].

Ceramic pigment industry account for a consumption of approxi-
mately 5600 ton/year of CoO, worthing about 3.5 % in terms of global
demand of cobalt. Nickel consumption for the ceramic industry is esti-
mated in more than 800 ton/year, which stands for a 0.6 %. Although
this consumption is not very high in terms of global demand, the in-
crease in its demand due to battery manufacturing could affect the
supply in other sectors, such as the ceramic, and also the cost of
acquisition. Regarding manganese, its consumption in the ceramic in-
dustry is around 2000 ton/year, also negligible compared to the global
consumption, but also important as its use in the battery industry could
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bring about supply problems [3,4].

These raw materials are also used in the manufacturing of Li-ion
batteries whose demand is increasing exponentially due to the need of
storing renewable energies, the increase in the demand for portable
devices, and mainly, the immersion in an electric-vehicle revolution to
reach full decarbonization.

The European Commission launched in 2008 the European Raw
Materials Initiative whose main action is establishing a list of Critical
Raw Materials (CRMs) at the UE level. The reasons for a raw material to
appear in this list are for both economic importance and supply risk. This
list is updated every 3 years. The first CRM list appeared in 2011 where
Co was already included. Li appeared in the 2020 list for the first time
because, with the increase of electric vehicle batteries and energy stor-
age, the EU will need up to 18 times more lithium in 2030 and almost 60
times more in 2050, and this increase in demand may lead to supply
issues if not addressed [5]. In 2023, a fifth list of 34 CRMs was published
in Annex II of a Regulation proposal to establish a framework for
ensuring a secure and sustainable supply of critical raw materials [6]. In
this list, manganese becomes critical due to its supply risk increase as the
result of the decrease in the domestic supply from Bulgaria and Hungary
and the increase in the import reliance from South Africa and Gabon.
Additionally, nickel and copper were included in this list because,
despite not being classified as critical due to adequate supply diversifi-
cation, they are considered as strategic.
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Other countries have elaborated their own list of critical materials
like USA, Japan, South Korea, or Canada sharing nine materials that are
considered critical between all countries, including EU: antimony, co-
balt, gallium, indium, lithium, niobium, PGE/PGM, tungsten, and va-
nadium [7].

Li-ion batteries (LIBs) are the energy storage devices commonly used
nowadays. A modern LIB consists of a cathode and an anode separated
by a porous separator immersed in a non-aqueous electrolyte using LiPFg
in a mixture of ethylene carbonate (EC) and at least one linear carbonate
selected from dimethyl carbonate (DMC), diethyl carbonate (DEC), or
ethyl methyl carbonate (EMC) [8]. The active material used in the
cathode is normally a double oxide of lithium and one or more transition
metals, most commonly cobalt, nickel, and manganese. For many years,
lithium cobalt oxide (LiCoO5) (LCO) was used as cathode active material
due to its high specific energy. However, the high cost of cobalt made
manufacturers change to other types of chemistries in which cobalt was
substituted by other transition metals. In this manner, new materials
appeared such as: lithium manganese oxide (LiMny04) (LMO), lithium
nickel manganese cobalt oxide (LiNi,MnyCo,02) (NMC), lithium iron
phosphate (LiFePO4) (LFP), lithium nickel cobalt aluminium oxide
(NCA), and lithium titanate (Li;TiO3) (LTO). Each of these materials
confers different properties to the battery in terms of specific energy,
specific power, life span, performance, safety, and cost. LCO was then
substituted by NMC, with different proportions of nickel, manganese,
and cobalt, and, although the market tends to the use of LFP, NMC is
currently being predominant [6-11].

Global demand for Li-ion batteries is expected to soar over the next
decade, with the number of GWh required increasing from about 700
GWh in 2022 to around 4.7 TWh by 2030, accounting for an increase of
27 % per year [12]. The increase in the demand for portable devices,
energy storage systems, and mainly, electric vehicles will bring about an
increase in the amount of electronic waste generated in the next years,
and more specifically, an increase in the amount of Li-ion battery waste.
The recycling of this waste will therefore be challenging. It is projected
that 705,000 tons of end-of-life batteries will be disposed by 2025, a
figure that should hit 9 million tons a year by 2040 [13]. So, battery
waste can turn into an infinite source of raw materials if well managed.

In the last decades, the production of ceramic pigments from in-
dustrial wastes has gained increasing interest as the valorisation of a
residue, that will become the raw material for another product falls in
the concept of the circular economy. As previously explained, LIBs
contain in their composition some valuable materials such as Co, Ni, and
Mn that can be used in the synthesis of ceramic pigments, if properly
recovered. This residue is particularly interesting in synthesizing
ceramic black pigments because it can substitute three virgin raw ma-
terials considered critical. Moreover, the environmental advantages of
using these wastes as raw materials are the inertization of highly haz-
ardous wastes into ceramic products, mitigating their colossal environ-
mental impact, and reducing virgin raw material consumption [14].

In a previous study undertaken by this research group, cobalt
aluminate blue spinel (CoAl;04) was synthesized using cobalt oxide
recovered from LCO active cathode material of spent lithium-ion bat-
teries [15]. However, the hydrometallurgical process needed for
recovering cobalt oxide from the active cathode material implies the use
of a great number of chemical reagents with high toxicity and chal-
lenging to handle, resulting in processes that are environmentally un-
friendly and economically unfeasible. For this reason, the direct use of
the recovered cathodes in the synthesis of ceramic pigments was then
studied.

In this work, the synthesis of a black ceramic pigment using NMC
cathode recovered from spent lithium-ion batteries is reported,
enhancing the circular economy and sustainability. To do so, a great
number of disposed lithium-ion batteries were chemically analyzed and
classified in terms of their cathode chemistry in a first step. This clas-
sification was followed by an automatized separation process of the
cathode and a series of by-products mainly enriched with nickel and
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copper. The selected ceramic pigment was then synthesized with a total
substitution of CoO, NiO, and/or MnO by the recovered cathode NMC.
Finally, the ceramic pigment was used in the formulation of a ceramic
inkjet ink that was used in the decoration of two types of industrial
single-fired ceramic tiles: porous wall and porcelain.

2. Experimental
2.1. Materials

Around 250 spent LIBs from laptops of different brands and models
were used to carry out this study. Current legislation does not oblige LIB
manufacturers to identify the active cathode material chemistry used,
although this fact is expected to change in the coming years with the
implementation of the new European Regulation 2023/1542 [16] which
will force the labelling of batteries containing some general information
such as the chemistry, the capacity, or the critical raw materials present
in the batteries. However, until this implementation occurs, discarded
batteries that are currently available do not have their active cathode
material chemistry identified. So, the first step that was undertaken in
this study was the manual dismantling for cathode separation and
chemical determination in order to create a database of LIBs from lap-
tops classified according to their active cathode material chemistry.
Fig. 1 shows the classification obtained in the analysis of 250 spent LIBs.

This study showed that almost 40 % of the current discarded laptop
batteries present an NMC chemistry. However, this percentage is ex-
pected to increase with the reduction in the use of LCO chemistry due to
its cost.

For pigment synthesis, reagents shown in Table 1 were used.

In the synthesis of the black pigment with NMC cathode, the use of
chromium oxide and iron oxides was also needed in order to reach the
composition of the selected pigment. Besides, the use of cobalt, nickel,
and manganese oxides was also needed in order to prepare the standard
pigment for comparison.

For ink preparation, tripropylene glycol methyl ether, and dipropy-
lene glycol methyl ether supplied by Univar Solutions, and synthetic
polymer dispersant provided by Lubrizol, were considered as main
constituents for formulating the test ceramic inkjet inks.

2.2. Classification, separation process and characterization of the
recovered cathode

For the classification step, the spent batteries were manually
dismantled, and the active cathode material was separated from the rest
of the components for its chemical characterization. Lithium was
analyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES) using an Agilent model 5100 SVDV spectrometer, fluorine
was determined by ion-selective electrode (ISE) potentiometry using a

Fig. 1. Classification of discarded laptop batteries according to the chemistry of
their active cathode material.
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Table 1
Reagents used in the synthesis of the black pigment.

Reagent Formula Supplier Purity (wt%)
Cobalt Oxide Co304 Alfa-Aesar 99.9
Nickel Oxide NiO Alfa-Aesar 99.9
Manganese Oxide MnO, Fluka 99.5
Chromium Oxide Cry03 Fluka 99.6
Iron Oxide Fe,03 Merck 99.9

Metrohm model 692 pH/Ion meter, and the rest of the major and minor
components was determined by wavelength dispersive X-ray fluores-
cence (WD-XRF) using a PANalytical model AXIOS spectrometer. Apart
from the chemical composition, the identification of crystalline struc-
ture was also determined using a BRUKER Theta-Theta model D8
Advance diffractometer. Besides, the morphology of the cathode parti-
cles was studied using a scanning electron microscope (SEM) using a
FEG-ESEM Quattro S from Thermo Fisher.

With these results, a database with the lithium-ion batteries classi-
fied by the cathode chemistry used in their cells was obtained. This
classification was necessary in the subsequent separation process to
select those with an NMC chemistry [17].

The current separation technologies are based on dismantling and
shredding processes to obtain the so-called “blackmass”, which is
composed of the anode and cathode active materials and some
contamination coming from the collectors, shells, etc. This “blackmass”
cannot be directly used as secondary raw material in other processes
without being submitted to a hydrometallurgical process, with the
concerns this process presents. For this reason, an automatic separation
process capable of separating the active cathode material from the rest
of the components was designed and patented. This separation process
involves a first cutting step of the external shell of the individual cells
using blades, followed by different heat treatment processes and stirring
processes in an aqueous medium to obtain the cathode with little
contamination from the foils, anode material, separator, and electrolyte
[18].

2.3. Pigment preparation from cathode recovered from LIB waste

A ceramic pigment is usually a metal transition complex oxide ob-
tained by a calcination process which must fulfill three main re-
quirements: (a) thermal stability, maintaining its identity when
temperature increases; (b) chemical stability, maintaining its identity
when fired with glazes or ceramic matrices; and (c) high tinting strength
when dispersed and fired with glazes or ceramic matrices [19].

Due to their composition, active NMC cathode materials recovered
from LIBs are prime candidates for the synthesis of some pigments. The
Colour Pigments Manufacturers Association (CPMA) stablishes a clas-
sification of the ceramic pigments following a chemical-structural
criteria [20]. Group XIII of the CPMA classification is the most
numerous, corresponding to those ceramic pigments with a spinel
structure. According to the composition of the cathode recovered, cobalt
iron nickel manganese chromium black spinel ((Co, Fe, Ni, Mn) (Fe,
Cr)204) was considered a good candidate to be synthesized with this
alternative source of raw materials, as it is expected that 100 % of NiO,
MnO, and Co304 can be provided through the NMC recovered cathode.

The synthesis of the black ceramic pigment (referenced as BP-CAT)
consisted of the stoichiometric mixture of the different raw materials
in an agate mortar. The mixing of raw materials consisted of 50 wt% of
NMC cathode, 10 wt% of Fe;03, and 40 wt% of CrOs. Then, the mixture
of reagents was introduced in mullite crucibles and calcined in an
electric laboratory furnace, using a 10 °C/min heating rate until 1200 °C
with a dwell time of 1 h. A standard pigment (referenced as BP-STD) was
prepared following the same calcination conditions but using commer-
cial oxides for its formulation, that is, NiO, MnO, Co304, Cro03, and
Fe203.
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2.4. Inkjet ink formulation strategy

Ceramic inkjet inks are made up of complex mixtures consisting,
mainly, of a solid constituent comprising (singly or jointly) inorganic
pigments/refractory material/ceramic frits, organic solvents, and dis-
persants [21]. The stability and jettability, the printing resolution, and
the layer uniformity deposited onto ceramic substrates are key factors in
formulating suitable inks for inkjet printing.

In this context, and in accordance with the specifications and re-
quirements of the technology under consideration, the selection of the
different components was influenced by factors such as: chemical
compatibility of those with the inkjet system construction components;
the chemical nature of both the solid particles and the liquid constitu-
ents; the methodology, the temperature, and energy applied during the
particle size reduction stage; the evaporation rate of the components at
the printhead; and the initial and final particle size and specific surface
area of the solid particles.

The preparation of the slurries for inkjet technology was carried out
following the subsequent stages.

Stage 1: Mixing process combining organic solvents with various
additives and solid particles. The slurry was prepared with a 40 %
solids content, consisting of a 50:50 mixture of both glycol-ether
based solvents, a synthetic polymer dispersant, and the black
pigment.

Stage 2: Comminution was processed by means of LabStar bead-mill
laboratory agitator from Netzsch (to simulate the industrial process),
until attaining both a particle size to d99 < 1.0 pm and a filtering
capacity of 20 ml through a Sartorius syringe filter of 5 pm. The
micronization process was carried out by preparing 6 kg of the test
ceramic inkjet ink. The milling was performed using zirconia
tetragonal stabilized with Y spheres (average diameter of 300 pm) as
the grinding media. For effective grinding, the volume fraction of the
grinding media was 90 % of the volume mill capacity.

Stage 3: Verification of the physical properties of the test ceramic
inkjet ink: particle size, rheological behaviour and viscosity, density,
electrical conductivity, colloidal stability, filtering, and printing ca-
pacity. The particle size distribution was determined by laser
diffraction using a MASTERSIZER 3000 laser diffraction analyser
from MALVERN. The viscosity was conducted using a Brookfield
DVE viscosimeter from BROOKFIELD. The density was measured
using a DMA 38 densimeter from ANTON PAAR GmbH. The elec-
trical conductivity was carried out using an EC Meter BASIC 30+
conductimeter from CRISON INSTRUMENTS. Finally, experimental
printability tests were conducted to evaluate the behaviour of the
test ceramic inkjet ink by means of an Inktester from People and
Technology, integrated with a XAAR 2001 GS12 piezoelectric
printhead, that generates ink drops of approximately 30 pm in
diameter. Consistently, a standard “waveform” at 6 kHz was
employed, with variations in the electric working voltage. High-
resolution images at 720 dpi were reproduced on the ceramic sub-
strates (i.e. single-fired porous and porcelain tiles) to evaluate the
technical and aesthetic properties. Fig. 2 shows the design of the
printing standards employed in this study.

The firing step was carried out in a laboratory electric furnace using
different firing cycles depending on whether the ceramic tile was single-
fired porous or porcelain.

2.5. Chromatic property analysis

Colorimetric measurements were performed by analyzing the chro-
matic co-ordinates (L*, a*, and b*) using a Macbeth model Colour-Eye
7000A spectrophotometer, a D65 light source, and CIE 10° standard
observer according to the Commission Internationale de I’Eclairage
(CIE). CIELab system represents the sample colour on a three-
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Fig. 2. Printing standards design.

dimensional scale, expressed as brightness L*, changing from 0 (black)
to 100 (white), a* (0> red, <O green), and b* (0> yellow, <0 blue).

3. Results and discussion
3.1. Cathode characterization

The chemical composition of the NMC cathode recovered is shown in
Table 2.

The chemical analysis shows the contamination that the active
cathode material undergoes derived from the cutting agents as well as
the metallic collectors that support the anode and cathode, Cu® and AI°
respectively. This contamination level must be minimised and constant
among different batches of NMC cathodes to obtain a by-product that
can be used as raw material without causing variations in the final
product. Moreover, considerable concentrations of P and F are also
present in the composition coming from the electrolyte and binder. The
Li values obtained are indicative of a certain level of battery degrada-
tion, as the Li content present in cathodes of unused batteries is between
the range of 15.5-16.0 wt%. The XRD patterns are given in Fig. 3.

The sample presented very low crystallinity, showing a high degree
of degradation. Even though, the characteristic phases of the cathode
structure were identified, together with those that are formed due to the
degradation process itself, spinel Co304 and rock salt phase NiO [22].
Moreover, a little peak of CuO was also identified, coming from the
current collector at the anode.

The morphology of the particles was also studied by SEM (Fig. 4).

It can be observed that there are two types of particles, ones that are
bigger and round, and others that are smaller and more irregular in
shape. The spherical particles have a particle size between 5 and 10 pm
and consist of granular primary particles, which is the typical
morphology of NMC cathodes. The smaller particles may have been
generated during the separation process due to the breakage of these
spherical particles and they present a particle size below 5 pm.

3.2. Pigment characterization

The chemical composition of the pigments synthesized, both the one
with recovered NMC cathode and the standard, is shown in Table 3.

Fig. 5 shows the XRD patterns and aspect of the black pigment syn-
thesized using the NMC cathode recovered from Li-ion batteries as an
alternative source of Co, Ni, and Mn.

XRD confirmed the development of the characteristic crystalline

Table 2
Chemical composition of recovered NMC cathode.

Element (wt%)

C0,03 53.5
NiO 13.3
MnO 11.1
Al,O4 1.48
Fe,0; 2.04
Ca0 0.11
MgOo <0.01
Li,0 11.4
P,0s 1.03
Cuo 3.03
F 2.5
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Fig. 3. XRD patterns of recovered NMC cathode.

structure of the pigment selected, that is a spinel structure (Co, Fe, Ni,
Mn) (Cr,Fe)204. Besides, a minor phase of spinel LiMn;04 was identified
which formation is due to the presence of lithium in the composition of
the pigment provided by the use of the recovered NMC cathode as
alternative raw material.

3.3. Characterization of the test ceramic inkjet ink

Particle size is a critical parameter for ensuring effective inkjet per-
formance within printheads (preventing them from clogging). It is
crucial that 99 % of the particles are below 1.0 pm. However, excessive
reduction in particle size can lead to ink instability due to particle
agglomeration and settling, which may also result in colour loss. Table 4
shows the characteristic diameters of the test ceramic inkjet ink after the
comminution stage.

The reduction in size was carried out in two stages: first, the pigment
was adapted in a planetary mill to achieve particle sizes below 20 pm,
followed by a second milling process using high shear ball milling at
2700 rpm for 110 min.

Viscosity measurements assess the ink performance from storage to
its deposition onto a ceramic surface using inkjet technology. The ink is
expected to exhibit Newtonian behaviour with relatively low viscosity.
Rheological parameters were determined by controlling shear rate and
measuring shear stress at 40 °C.

The viscosity results, jointly with density and electrical conductivity
data, are detailed in Table 5.

Regarding the density and electrical conductivity of the de-
velopments, no significant differences were observed compared to the
scientific studies found in the state-of-the-art [23,24], which means that
it can be introduced in the same print heads as the conventional inkjet
inks. This fact confirms the technical feasibility of reintroducing lithium
battery cathodes into the composition of ceramic inkjet inks as an
inorganic black pigment.

The final stage of ink characterization involved printing. Before
entering the print head, the ink was filtered through a 5 pm membrane.
It was subsequently applied to both a single-fired porous tile (fired at a
maximum temperature of 1100 °C) and a porcelain tile (fired at a
maximum temperature of 1190 °C). This procedure was undertaken
both with the inkjet ink formulated with the innovative ceramic pigment
(using a ceramic pigment synthesized with the recovered NMC cathode,
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Fig. 4. Morphology of NMC cathode particles (magnification 500x and 2000x).

Table 3

Chemical composition of the pigments synthesized (BP-CST and BP-STD).
Element (wt%) BP-CAT BP-STD
Cry03 40.9 42.5
CoO 27.5 29.6
Fe,03 9.5 9.9
NiO 7.3 7.8
MnO 7.1 7.7
Si0, 0.7 1.2
Al,O03 0.8 1.0
CaO <0.01 <0.01
MgO <0.01 <0.01
Li,O 3.2 <0.01
P,0s 0.7 <0.01
CuO 1.5 <0.01
F 0.17 <0.01

BP-CAT), and that formulated with the standard pigment (using com-
mercial reagents, BP-STD). Figs. 6 and 7 illustrate the appearance of the
tiles after firing.

No defects were observed in either the single-fired porous tile or the
porcelain tile, the texture and brightness obtained being appropriate.

The results for the colorimetric parameter measurements are
detailed in Table 6.

Slight differences were observed when the samples were fired at
different temperatures. Specifically, firing at a higher temperature led to
a slight decrease in the brightness (L*) and red hue (a*) values, while the
b* chromatic coordinate, indicating a blue hue, remained practically
unchanged and negative. Consequently, both firing conditions resulted
in black colour, with differences imperceptible to visual inspection.
Compared to the inkjet ink prepared with the standard pigment, no
significant differences were noted, except for a slightly more negative b*
chromatic coordinate, indicating a slightly bluer hue.

3,0

4. Conclusions

The results obtained in this study showed that the cathodes recov-
ered from spent lithium-ion batteries, after suitable separation, could be
used as raw materials in the manufacture of ceramic pigments for inkjet
applications.

The use of certain virgin raw materials (nickel, cobalt, and manga-
nese oxides specifically) could be reduced or eliminated by their sub-
stitution with a recovered cathode of NMC chemistry in the synthesis of
certain ceramic pigments, which substitution percentage would depend
on the specific composition of the cathode recovered and the type of
pigment synthesized.

It was demonstrated that the formation of a secondary spinel due to
the presence of lithium in the composition of the cathode recovered did
not affect the texture or brightness of the ink once deposited over a
ceramic tile and fired (single-fired porous tile and porcelain tile).

These results illustrated the reformation of Li-ion battery waste into
ceramic pigments, providing not only waste management benefits for
the battery industry but also alternative sources of raw materials for the

Table 4
Values of the characteristic diameters of the test ceramic inkjet ink.

Characteristic diameters (pm)

dio dso doo dog
0.169 0.302 0.518 0.687
Table 5

Viscosity, density, and electric conductivity of the formulated ink.

Viscosity (40 °C) Density (25 °C) (g-em™3)  Electric conductivity (uS/cm)

(mPa-s)
12rpm 20 rpm
15.35 15.20 1.387 0.09
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Fig. 5. XRD pattern and aspect of synthesized black pigment.
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Fig. 6. Design applied over single-fired porous tile (1100 °C): (a) BP-CAT, (b) BP STD.

Fig. 7. Design applied over porcelain tile (1190 °C): (a) BP-CAT, (b) BP-STD.

Table 6
CIELab coordinates of the ink deposited over two different substrates fired at
different temperature.

T (°C) L¥ a* b*
BP-STD 1100 40.3 -1.1 -1.8

1190 38.9 ~1.4 -1.9
BP-CAT 1100 40.6 -1.2 —2.1

1190 38.6 -1.5 -2.2

ceramic industry.

The introduction of the new black pigment derived from the recov-
ered battery cathode resulted in favourable outcomes in the formulation
of a new ceramic inkjet ink. The comminution/milling process and the
final physical properties of the formulations confirmed the viability of
the proposed separation process. Parameters such as experimental
printability enabled the production of decorated ceramic tiles with
colorimetric properties comparable to those of inkjet inks formulated
from commercial inorganic black pigments.
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