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With the increasing demand for rechargeable lithium-ion batteries arises an interest in the recycling

processes for such devices. Possible methods include a range of processing conditions yielding different

precursors which need to be integrated into upstream production. Here, we demonstrate a synthesis

method that is compatible with the organic precursor obtained from citric acid-based leaching of lithium

cobalt oxide (LCO) followed by acetone antisolvent crystallization. A lithium cobalt citrate (LCC)

precipitate is retrieved and used directly as a precursor to synthesize LiNi1/3Mn1/3Co1/3O2 (NMC111) via

a sol–gel method. The organic precursor is the only source of Co and provides a portion of the Li, while

complementary metal salts supply the remaining metals in stoichiometric amounts. The role of metal

salts (either acetates or sulfates of Ni, Mn and Li) is evaluated based on chemical composition and

material purity. Electrochemical evaluation of the material produced from metal acetates shows

comparable performance to that from a control material. The work connects previously studied methods

of downstream leaching and antisolvent extraction with the upstream production of a desired cathode

material through sol–gel synthesis. It is shown that our concept provides a path for avoiding primary and

hazardous extraction of cobalt as the citrates obtained from acetone antisolvent crystallization of LCO

can be applied as precursors for NMC111 synthesis, with few steps and applying only non-toxic solvents.
Sustainability spotlight

The transition from a linear to a circular economy is highlighted in the UN's SDG 7: Affordable and Clean Energy, among others. In this context, recycling
processes for lithium-ion batteries are encompassed, not only because the scarcity of the required metals may result in a higher price for the clean energy
enabled by the battery, but also because mining of specically cobalt is at risk of violating human rights as well as increasing the environmental impact. Our
method applies an upcycling aspect, where the metals from the now less used lithium cobalt oxide (LiCoO2) cathode material are reintroduced into a more
commercially viable cathode material based on lithium nickel manganese cobalt known as NMC. In addition, the process does not involve chemicals with
implications for safety and environment or release of harmful emissions.
1 Introduction

Lithium-ion batteries (LIBs) are the backbone of the electri-
cation of transport networks and are projected to be present in
even larger amounts in several technologies. LIB-based energy
storage capacity has grown from about 27 GW h (2009) to about
218 GW h (2019) with a current capacity around 600 GW h
(2023).1 It is expected that this growth rate will be sustained over
the next decade, with more than 2500 GW h projected to appear
on the market by 2030, depending on choice of scenario.1,2 This
market growth has just begun to result in a signicant mass of
tory, Uppsala University, Box 538, 75121,
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the Royal Society of Chemistry
critical raw material entering into the battery end-of-life stages,
as the life expectancy of LIBs in electric vehicles (EVs) is above
10 years and through the inclusion of those with shorter life-
times such as portable batteries in consumer products as well as
scrap material from LIB production facilities.3–5 Thus, it has
become even more essential to cultivate processes to contain
the valuable elements from battery waste in the market loop via
recycling.4,6

Lithium cobalt oxide (LCO) was the cathode material of the
rst generation of LIBs. Investigated for its intercalation ability
of Li, K. Mizushima and J. B. Goodenough published their result
of a “new cathode material”7 in 1980 and the rst commercial
rechargeable Li-ion battery was released on the market in 1991.8

Since then, LCO has fallen out of favor on the market, especially
for EVs, as cathodes containing nickel and manganese offer
higher capacities and lower costs than cobalt dominated
cathodes.5,9–11 In addition, mining of the toxic cobalt is con-
nected to human rights violations and child labor, most
RSC Sustainability, 2024, 2, 1773–1781 | 1773
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prevalent in the unstable Democratic Republic of the Congo
accounting for the majority of the world's total resources.3,11–16

Still, cobalt is present in the market-dominating cathode
material in the form of lithium nickel manganese cobalt oxide
(NMC) although in lower amounts.2,9 With the increasing need
for LIBs and thus for cobalt, upcycling of LCO into NMC would
be a desired approach in a circular economy to utilize the cobalt
present in the current waste streams of LCO.

As the rst generation of large scale LIBs enter the waste
stream, pyrometallurgical and hydrometallurgical recycling
processes specic to lithium-ion batteries are promoted.4,17

Current approaches include the shredding of the active
components of the battery to produce what is commonly known
as “black mass” fromwhich the valuable metals (Ni, Mn, Co and
Li) are extracted using different methods, mainly through heat
or acid treatments.3,4 The industrial processes were initially
mainly based on pyrometallurgy. However, in recent years,
larger focus has been placed on developing the hydrometal-
lurgical methods to increase the recycling yield of lithium and
decrease energy use, among other aspects.4,18,19 In most of these
hydrometallurgical processes, the black mass is subjected to
strong inorganic acids that dissolve the metals which then are
recovered via different purication and recovery tech-
niques.4,17,19,20NH3 or NaOH could also be applied in the process
to control the pH or as precipitation agents.17,19,21 In sum,
leaching takes place in hydrometallurgy.

However, some of the added chemicals can cause release of
poisonous gas or industrial safety issues among other
aspects.22,23 These complex processes may be examined with the
aim to ease the application of the produced metal salts in the
synthesis of new cathode materials, e.g., with organic acids
which degrade without toxic emissions.22 A recent study by
Cerrillo-Gonzalez et al.22 demonstrate leaching of LCO with
citric acid using copper as a reduction agent. Thus, in the
absence of H2O2, the copper present in black mass could
improve the acid dissolution and recovery yield. In addition,
Xiao et al.24 has shown the effective use of citric acid to leach
both transition metals and lithium from NMC111 black mass
with minimal pre-processing. There are also recent reports of
solvent extraction and stripping of Ni, Co and Mn in citric acid
media while applying ultrasound for process intensication.25

Additionally, organic precursors for resynthesis of cathode
materials can be recovered as precipitates via antisolvent crys-
tallization as discussed by Xuan et al.26 The use of citric acid in
combination with antisolvent crystallization is therefore of
interest as this could combine the advantages of limited toxi-
cological hazards with simple processing and remanufacturing.

The successful integration of these downstream processes
into the synthesis of materials would signicantly simplify the
owsheet for cathode recycling while improving the upstream
production. As several studies discuss various processes,18,27–29

we here highlight two relevant synthesis methods. Co-precipi-
tation is a common practice of NMC cathode material synthesis
using materials recovered from spent LIBs, in which transition
metal precursors (oen either in the form of hydroxides or
carbonates) are mixed in desired proportions. A chelating or
precipitation agent such as NH3 or NaOH is added while
1774 | RSC Sustainability, 2024, 2, 1773–1781
monitoring the pH.18,27,28,30,31 However, for primary production
of NMC cathodes or in the form of supplements, transition
metal sulfate salts could be applicable.32–36 Sintering is then
applied aer a lithium source is added (oen in the form of
carbonates obtained directly from LIB recycling or in the form
of hydroxides originating from primary resources as well as
converted precipitates from LIB recycling) followed by calcina-
tion.18,28 Advantages with co-precipitation are cost-effectiveness
and scalability as well as the production of well-dened round
agglomerates where the shape, morphology and particle shape
are tunable by several parameters.27,28

In contrast, the sol–gel procedure consists of dissolving
a stochiometric amount of the desired transition metals (for
example in the form of acetates or nitrates) in distilled water
and adding a chelating agent such as citric acid.29,36–41 By stir-
ring at an intermediate temperature with a xed pH, the solu-
tion forms a gel which is then treated thermally and
mechanically in several steps.27,29 As a result, the material is
produced at lowered process temperatures and of homoge-
neous composition with controlled morphology and uniform
particle size distribution. The method could therefore be of
interest with materials requiring high surface area.27,29 As an
example, Çetin et al.37 utilized citric acid as a chelating agent
and transition metal acetates when preparing an NMC material
by the sol–gel method. While co-precipitation is a better solu-
tion than the sol–gel method for upscaling in general,18,27–29 the
citrate concentration for the former has an optimal ratio of max
0.01 (citrate to metal ions)23 whereas the latter can tolerate up to
2 equivalents.37 In fact, when using organic acids as leaching
agents, the sol–gel method is more applicable as the organic
acid also acts as a chelating agent.20

Here, the synthesis of the NMC111 cathode material via the
use of organic precursors obtained from recovered precipitates
of upcycled LCO is investigated. In short, during sol–gel
synthesis either metal acetates or metal sulfates (Ni, Mn and
additional Li) were added to mixed metal precipitates (Co and
Li) obtained from citric acid leaching of LCO followed by anti-
solvent crystallization of metal citrates. The innovation in this
research lies in utilizing citrates directly, without necessitating
their conversion into carbonates or hydroxides. The work
highlights the benets of a sol–gel synthesis using comple-
mentary nickel, manganese, and lithium acetate salts with the
citric acid-based precursors. Secondly, it provides a proof-of-
concept method to utilize the cobalt in a rened process for
separate handling of discarded LCO batteries. As a result, it is
possible to develop LCO upcycling processes that require only
non-toxic chemicals before being implemented in the produc-
tion of NMC111, utilizing no primary resource of cobalt.

2 Materials and methods

The proposed method consists of a number of steps where pure
LCO underwent downstream and upstream production of
NMC111, see Fig. 1. For the recovery of Li and Co, LiCoO2 was
leached by a solution of citric acid and then precipitated using
acetone antisolvent crystallization (downstream). The obtained
precursor was resynthesized into NMC, using the lithium cobalt
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Graphical scheme of the downstream and upstream processes of upcycling LCO to NMC111, comparing utilization between comple-
mentary metal salts in sol–gel processing, denoted as the acetate route (top) or sulfate route (bottom). LCC refers to lithium cobalt citrate. The
(im)purity of the produced NMC is further discussed below, see e.g., the discussion of the normalized XRD diffraction patterns.
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View Article Online
citrate (LCC) precipitate together with complementary metal
acetate or sulfate salts in a sol–gel process (upstream).
2.1 Materials

Downstream processes included citric acid (C6H8O7, $99.5%)
and acetone (C3H6O $99%) as well as the material to be
recovered, lithium cobalt oxide (LiCoO2, $99.8%). Lithium
acetate dihydrate (C2H3O2Li$2H2O, $99.0%), nickel acetate
tetrahydrate (C4H6NiO4$4H2O, $98%) and manganese acetate
tetrahydrate (C4H6MnO4$4H2O, $99%) or lithium sulfate
monohydrate (Li2SO4$H2O, $99.0%), nickel sulfate hexahy-
drate (NiSO4$6H2O, $98.5%) and manganese sulfate mono-
hydrate (MnSO4$H2O, $99%) were used in the upstream
production of new batteries. For production of half-cells, 1.0 M
LiPF6 in ethylene carbonate and dimethyl carbonate (EC/DMC
in 50/50 (v/v) ratio) and N-methyl-2-pyrrolidone (NMP) were
used. All the chemicals were purchased from Sigma Aldrich
except technical acetone retrieved from VWR, and used without
further purication. The mono-element standards of Li, Co, Ni,
and Mn (1000 mg L−1 in 2–5% HNO3) were purchased from
VWR chemicals for inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) analysis of leaching samples.
2.2 Downstream

Lithium cobalt oxide was leached using a 1.5 M citric acid
aqueous solution in a solid to liquid ratio of 25 g L−1 by soni-
cation at 60 °C for 48 hours. The citrate-based precursor was
recovered from the leach liquor by slow addition of an equal
volume of acetone to the leachate using antisolvent crystalli-
zation with acetone as described by Xuan et al.26 The resulting
solution was le to crystallize for 48 hours at room temperature
aer which it was ltered. In addition, nine samples from the
leach solution were collected at specied times for a period of
70 hours, for a total of three experimental runs. Each sample
was collected with a syringe and ltered using syringes equip-
ped with membrane lters (VWR, pore size of 0.2 mm, PTFE)
upon sampling.
2.3 Upstream

The sol–gel procedure used in this work is an adaptation of the
methodology described by Çetin et al.37 Aer determining the
© 2024 The Author(s). Published by the Royal Society of Chemistry
composition of the organic LCC precursor from antisolvent
crystallization, a stoichiometric ratio of Ni, Mn and Co (1 : 1 : 1)
was dissolved in distilled water, where the Co from the LCC
precipitate was mixed with either Ni and Mn acetate salts
(acetate route) or Ni and Mn sulfate salts (sulfate route). Li was
added in the form of lithium acetate or lithium sulfate,
respectively, to reach a molar ratio of Li to total transition metal
of 1.05 together with an adequate amount of citric acid to reach
two molar equivalents to the organic precursor. The solution
was stirred at 250 rpm and heated at 65 °C until the water
evaporated. The resulting powder was ground and calcined, rst
at 350 °C for four hours in a quartz tube furnace and then again
before a second calcination step at 900 °C for another ten hours,
all under oxygen ow (0.5 L min−1).
2.4 Characterization methods

2.4.1 ICP-OES. The metal content of the downstream
precipitate was determined via induction coupled plasma-
optical emission spectroscopy (ICP-OES) using a Thermo
Scientic iCAP 7000plus. The solid sample was rst dissolved in
an aqueous HNO3 solution of 5% v/v of the concentrated (69.5%
w/w) HNO3 (69.5% w/w) in a solid to liquid ratio of 1 mg mL−1

until a clear solution was formed. Aer that, the resulting liquid
sample was further diluted with Milli-Q water to obtain metal
concentrations within the detection limit of the instrument.
The mass-based dilution was employed to minimize errors
introduced during the dilution process. The liquid samples
collected during leaching were diluted with aqueous HNO3 at
a mass-based dilution factor of approximately 100 to maintain
themetal concentrations within the quantication range of ICP-
OES. The mass of each sample before and aer dilution was
precisely recorded to obtain the accurate mass-based dilution
factor. Mass-based standards used in the ICP measurement
were prepared by diluting concentrated metal standards at
specic mass-based dilution factors. Following that, the mass-
based metal concentration, representing the metal content
per unit mass of the leaching solution, was obtained and used
in this work. Similarly, the upstream NMC powder was analyzed
through ICP-OES.

2.4.2 Raman spectroscopy. The downstream precipitate
was analyzed using a Micro-Raman spectroscopy system
(Renishaw Invia, Wotton-under-Edge, UK) equipped with
RSC Sustainability, 2024, 2, 1773–1781 | 1775
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a 785 nm excitation laser. A deep-depletion charge-coupled
device detector was used for signal collection and spectra
were measured with a 20× objective (numerical aperture = 0.4;
Leica, Wetzlar, Germany). The laser power density at the sample
plane was ∼0.1 mW m2 using standard mode. The extended
scan spectra with a spectral range of 400–1800 cm−1 were ob-
tained using the exposure time of 20 seconds and two times of
accumulation. The soware package WIRE 2.0 (Renishaw Invia)
was used for spectral acquisition and the rapid removal of
spurious peaks. Control of the system performance was ach-
ieved using a silicon wafer peak at 520 cm−1 before and during
the experiment.

2.4.3 XRD. The crystal structure of the downstream and
upstream samples was analyzed using a Bragg–Brentano
geometry Siemens D5000 X-ray diffractometer with a Cu Ka

(1.5406 Å) and Kb (1.5443 Å) radiation at 40 kV and 40 mA. The
sample preparation consisted of a wet grinding in ethanol. The
ethanol dispersion was then deposited on a clean silicon
surface and dried at room temperature. A scan speed of
0.6° min−1 within a range of 10 to 90° and an increment of 0.02°
was applied.

2.4.4 Scanning electron microscopy. The morphology of
the upstream samples was analyzed using a microscope Zeiss
1550 with an InLens detector. The sample was deposited on
a conductive carbon plate and then placed in the chamber. The
electron beam energy was varied from 5 to 20 kV.

2.4.5 Half-cell cycling. NMC111 powder from the acetate
route, as described in Fig. 1, was mixed with 5% of PVdF in NMP
solution and carbon black in an 8 : 1 : 1 ratio, and then ball-
milled for 30 min at 30 Hz. An aluminum sheet with a thick-
ness of 250 mm was covered with the obtained slurry and dried
overnight at 70 °C in a vacuum oven. Aerwards, electrodes
were punched to 13 mm diameter and dried again at 120 °C
inside a glove box for 12 hours using a Büchi oven. The NMC111
mass loading ranged between 5 and 6 mg cm−2. Pouch cells
were assembled using a metallic Li sheet as the anode, and 100
mL of the LiPF6 in EC/DMC 50/50 electrolyte. For the separators,
Fig. 2 Metal concentration as a function of time during leaching of Co
secondary y-axis. Error bars represent the deviation of three leaching ex

1776 | RSC Sustainability, 2024, 2, 1773–1781
2 sheets of Celgard 2500 were used. For comparison, a “control”
cell was tested using the same electrode and cell preparation
procedures using an NMC111 material from CustomCells.
Assembled cells were allowed to rest for 10 hours and were then
cycled 50 times between 2.8 V and 4.2 V using a C-rate of C/2.5
using an ARBIN cycling equipment. At least three half-cells were
measured for each sample from the acetate route as well as for
the control material.
3 Results and discussion
3.1 Downstream

The downstream process as depicted in Fig. 1 is comprised of
two sequential steps. The rst involves leaching of LCO using
citric acid. The leaching curve of metal concentration as
a function of time for ultrasonic leaching of LCO using citric
acid is shown in Fig. 2. Each resulting metal concentration
value is an average of three repeated ICP-OES measurements.
The results show that the cobalt concentration increases over
time reaching a plateau with the concentration of 4978.84 ±

91.19 mg kg−1 aer 50 hours of extraction, i.e., 38.4 ± 0.7% of
Co extracted into the solution. The lithium concentration
increased over the studied time from 1019.62 ± 72.50 mg kg−1

(leaching efficiency of 66.8 ± 4.8%) aer 50 hours to 1286.56 ±

53.84mg kg−1 (leaching efficiency of 84.3± 3.5%) aer 72 hours
with no sign of a plateau. The concentration of the leach liquor
is similar to that of lithium and cobalt as those from NMC111 as
shown by Xuan et al.26 and those of pure LCO as presented by
Cerrillo-Gonzalez et al.22

The leaching with monoprotic organic acids is oen per-
formed in the presence of H2O2, acting as a reducing agent, to
increase the leaching efficiency of the organic acid.19 In the
present study, no additional reducing agent was used. Here, we
use ultrasonication responsible for the formation of cavitation
and increased diffusion of the leaching agent, resulting in an
increased leaching efficiency.24,26 Furthermore, previous studies
report on the possibility of citric acid acting not only as
(blue) presented on the primary y-axis and Li (red) presented on the
periments.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a chelating agent but also as a mild reducing agent. In that case,
the citric acid was oxidized into dicarboxyacetone via a decar-
boxylation.43,44 The possible reductionmechanism in the case of
LCO with citric acid remains to be determined.

Aer leaching, antisolvent crystallization using acetone as an
antisolvent was applied, as illustrated in Fig. 1. The metal
concentration (Li and Co) of the precipitates was analyzed by
ICP-OES with each resulting metal concentration value as an
average of three repeated ICP-OES measurements. By assuming
the formation of metal anhydrous citrate, the amount of citrate
in the solid was calculated by subtracting the metal mass from
the total mass of the product. The nal concentrations of
lithium and cobalt in the solid sample are 0.964 ± 0.014 mmol
g−1 and 3.5758 ± 0.0061 mmol g−1 of precipitate, respectively,
whereas the citrate concentration is calculated to be 4.073 ±

0.058 mmol g−1. This translates into a total metal to citrate ratio
of roughly one. The specic complex formed cannot be eluci-
dated via this approach, but it leaves the possibility of a mixture
of lithium citrates and cobalt citrates or a lithium cobalt citrate
(LCC) precipitate.

It is important to note that in the case of actual recycled LCO
cathodes, the components such as Al and Cu, originating from
current collectors, inevitably affect the leaching process,
resulting in a solution containing Cu and Al.22,26 Previous
studies45 have demonstrated that the presence of Cu and Al
(6.4 mol%metal base) in the organic acid-based NMC precursor
leads to a notable decrease in discharge capacity. Therefore, it is
essential to remove impurities before leaching, reduce impurity
levels by controlling the antisolvent crystallization process, or
further purify the precipitates from the antisolvent step to
decrease the impurity content. Still, as the presence of Cu is
shown to increase the recycling yields of Li and Co,22,42 leaching
of black mass rather than pure lithium cobalt oxide could
possibly increase the yields measured in this work. Herein, LCO
was chosen in this stage to demonstrate the concept of upcy-
cling. Clearly, further investigation into reducing impurity
levels to acceptable thresholds in future work is necessary to
apply it in battery recycling.
Fig. 3 Raman spectrum of the LCC precipitate (blue) in comparison to
the spectrum of citric acid (black).

© 2024 The Author(s). Published by the Royal Society of Chemistry
The recovered LCC precipitate is further characterized by
Raman spectroscopy and compared to the spectra of citric acid,
see Fig. 3. The spectrum of the LCC precipitate does not fully
present the typical spectral features of citric acid; rather it is
characterized by a set of broader and displaced bands compared
to the dened peaks of citric acid. For the LCC precipitate, many
of the distinctive bands of citric acid such as the carboxylate
symmetric stretching band, ns(COO)46,47 around 1400 cm−1, are
broadened. This suggests the presence of interactions between
the carboxylic groups of the citrate with the different metal ions
and the formation of complexes. In addition, the n(C]O)47 band
between 1691 and 1735 cm−1 and the deformation modes,
v(COO),46 which are seen between 500 and 800 cm−1 in the citric
acid spectra, are not visible in the spectra of the LCC precipitate.
Additionally, citric acid in a complex will yield a spectrum with
fewer visible peaks, as seen by Kartal et al.47 for the [CoK4(m10-
C6H5O7)2]n complex. This suggests that the LCC precipitate
likely consists of lithium citrates and cobalt citrates, but other
additional lithium and cobalt containing carboxylate salts
cannot be excluded. Since a signicant part of the peaks are
broadened and weakened a more detailed description of the
precipitate is inhibited. Nevertheless, the precipitates are water
soluble, and are thus compatible with the synthesis approach
used further on during the upcycling.
3.2 Upstream

The desired composition of the synthesized material in this
work was NMC111. Although Ni-rich cathode materials are
more common on the market today, as described above, this
work provide a proof-of-concept of a method producing equal
amounts of Co to other transition metals. This highlights the
possibility of upcycling from LCO utilizing the resources effi-
ciently, possibly in a single waste stream, which could be
a stepping stone for further work. Thus, the LCC precipitate
from antisolvent crystallization was further used in the
upstream production as an organic precursor in the sol–gel
synthesis method, either in the acetate route or sulfate route, as
presented in Fig. 1. Samples produced using the two different
complementary salts are compared by XRD. The normalized
diffraction patterns from the two upstream methods can be
seen in Fig. 4, in comparison to the one of the control sample
and the diffraction lines of NMC111 (ICDD: 04-014-7636),
Li2SO4 (ICDD: 00-020-0640) and MnCoNiO4 (04-019-8823).

The reections from the sample prepared by the acetate
route (4a) are consistent with single phase NMC111 (4d, in dark
red) as the expected reections for a single-phase NMC111 (e.g.,
(003) and (104)) are present without any other impurity peaks.
In addition, the splitting of (006) and (012) reections is clearly
dened with a narrow prole of all diffraction lines for the
acetate sample (replicate 2). Similarly, the control sample con-
taining NMC111 (4c) is exhibiting a pattern with very close
resemblance to that for the sample from the acetate route. On
the other hand, the diffraction pattern for the sample from the
sulfate route (4b) shows diffraction peaks inconsistent with the
ones of NMC111. The peaks are consistent with the ones of
lithium sulfate (4d, in yellow), one of the added precursors,
RSC Sustainability, 2024, 2, 1773–1781 | 1777
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Fig. 4 Normalized XRD patterns from 10 to 90° 2Q collected for samples from (a) the sulfate route and (b) the acetate route (below denoted as
replicate 2), and (c) control NMC111. In (d) peaks for LiMn1/3Co1/3Ni1/3O2 (ICDD: 04-014-7636), Li2SO4 (ICDD: 00-020-0640) and MnCoNiO4

(04-019-8823) are shown together with identification of relevant reflections (003, 006, 012 and 104) and dashed lines for comparison of the
significant reflections in LiMn1/3Co1/3Ni1/3O2 (i.e., NMC111) up to 70°.
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which could be an effect of the strong chelating effect by sulfate
on this material48, as well as the mixed metal oxide phase
MnCoNiO4 (4d, in light blue). It can be noted that other phases
consistent with various combinations of lithium oxides with
either Ni, Co or Mn could be present. Within the scope of this
work, no further identication was performed as the conclusion
is clear that using metal sulfates for the LCC precipitate does
not result in a single-phase NMC111. Thus, citric acid leaching
and acetone antisolvent crystallization is not compatible with
sol–gel using complementary metal sulfate salts.

The characterization by XRD does not only allow determi-
nation of the material's purity, but defects in the NMC crystal
structure can also be estimated using peak ratios. For NMC111,
this can be done using the ratio of the (003) to the (104) peaks,
where a value larger than 1.2 indicates a well-ordered structure,
with Li in its correct position without negative effects on the
electrochemical performance.49 Two replicates of samples from
the acetate route (replicate 1 and replicate 2) were investigated
with XRD and compared to each other as well as to the control
sample, see Fig. S1.† The XRD patterns show that both replicate
1 and replicate 2 present a single-phase NMC111, where the
peak ratio I003/I104 is calculated to values of 1.49 (replicate 1)
and 1.32 (replicate 2), which can be compared to a value of 1.58
for the control. The ratios are above 1.2 indicating a well-
ordered structure. In addition, the well-dened splitting of
the peaks (006) and (012), also seen in Fig. 4 for replicate 2,
Fig. 5 SEM images of samples from the acetate route, namely (a) replicat
25k.

1778 | RSC Sustainability, 2024, 2, 1773–1781
suggests a minimal cation mixing and an ordered, layered
structure.31,49

The metal content of the NMC111 prepared by the upstream
process was further analyzed by ICP-OES. For the two replicates
produced in the acetate route, the molar equivalence to Co is in
average: 2.60 ± 0.48 (Li), 0.9765 ± 0.0042 (Ni) and 0.9966 ±

0.0086 (Mn). The molar equivalence between the transition
metals is as expected for NMC111, although with a lower Li
content than expected, possibly resulting from evaporation
during the calcination process.

Apart from the crystal structure, the battery performance
would also be inuenced by the morphology of the particles of
the active cathode material, which was studied by SEM for
replicate 1 and replicate 2. Fig. 5 shows the difference in particle
morphology between the control sample and the samples
produced using metal acetates as determined with SEM at
magnications of 25k. The overall morphologies are compa-
rable, with both materials exhibiting the expected two-stage
morphology, that is, larger particles over a micrometer in size
composed of an agglomerate of small oxide blocks. Control
NMC111 shows agglomerates consistent with the morphology
of the product of co-precipitation with a well-dened round
shape,27,28 while replicate 1 and replicate 2 have less denite
particles likely resulting from the grinding process. The repli-
cates together with the control have similar sized crystals
around 200–300 nm offering similar active areas.
e 1 and (b) replicate 2 together with (c) the control at a magnification of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Half-cell electrochemical cycling performance of NMC produced from the acetate route compared to the control NMC111 sample. (a)
Discharge capacities and coulombic efficiencies of three half-cells using synthesized NMC compared to control NMC111, (b) charge–discharge
profiles between 2.8 and 4.2 V for cycles 1, 2, 25, and 50 for the acetate route and the control.
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For electrochemical evaluation, a set of half-cells using NMC
produced via the acetate route (replicate 1 and replicate 2), see
Fig. 1, were assembled and galvanostatically cycled for 50 cycles
using C/2.5 rate. The control NMC111 was also electrochemi-
cally cycled with the same experimental parameters. For all the
samples, cycling of at least 3 half-cells was repeated to ensure
reproducibility of results. As shown in Fig. 6a, the average
discharge capacities over 50 cycles are around 120–130mA h g−1

while coulombic efficiencies are above 90%. Fig. 6b displays
voltage proles of cycling control NMC111 and NMC produced
via the acetate route. The cells show similar discharge and
charge voltage proles as well as total discharge and charge
capacities, however, the reversibility (i.e., coulombic efficiency)
of the 1st cycle of the synthesized NMC is higher than that of
control NMC111 (see solid and dashed light blue lines in
Fig. 6a). Overall, the electrochemical results indicate that the
NMC produced via the acetate route provides similar perfor-
mance to that of the control NMC111.
4 Conclusion

This work is a proof-of-concept of the upcycling of cobalt from
LCO in a few steps using only abundant and safe chemicals
providing a path of completely avoiding cobalt mining for
battery production. The proposed scheme with the sol–gel
approach has been shown to be compatible with precursors
produced by the citric acid-based leaching using complemen-
tary metal acetate salts. With minimal preprocessing the
material is upcycled into an NMC111 battery using 100% recy-
cled Co. The morphology and crystal structure of the synthe-
sized NMC are comparable to those of the control NMC111,
with well-dened agglomerates and minimal cation mixing.
Electrochemical measurements show that NMC111 produced
via the acetate route provided a charge capacity of around
150 mA h g−1 at the 1st charge, followed by capacities of around
120–130 mA h g−1 in the following cycles, when cycled between
2.8 V and 4.2 V at C/2.5 rate. The electrochemical cycling results
– in addition to the physical characterizations – conrm the
similarity of the synthesized NMC111 to the control NMC111.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The stability of the material is not affected by the recycling
process and citrates have been proven to be compatible in the
sol–gel synthesis of the cathode material applying comple-
mentary metal acetate salts. NMC111 produced from this
simplied upcycling process results in commercially viable
materials, effectively keeping both lithium and cobalt from
waste streams and in the production loop of new cathode
chemistries.

To upgrade this proof-of-concept into an industrially appli-
cable process, the proposed method should be further studied
using black mass as feed. This work should also serve as an
offset to continue with an investigation of sol–gel synthesis of
LCO into other NMC chemistries with higher Ni content.
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