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The recycling of Lithium-Ion Batteries (LIBs) has gained increasing significance but presents considerable
challenges. During the mechanical crushing and sorting of spent LIBs, the resulting black mass exhibits a complex
chemical composition. Despite costly purification processes, impurities can easily contaminate the final recycled
materials. Understanding the role of these impurities is crucial, as they can impact the electrochemical perfor-
mance, material stability, and durability of the recovered active materials.

This study aims to investigate the impact of copper impurities from spent LIBs on the physical-chemical and
electrochemical properties of NMC811 (LiNipgMng 1C00102) and evaluate how crystallization procedures in-
fluence these properties. NMC811 was synthesized via oxalate co-precipitation, enabling precipitation without
additional complexing agents or an inert atmosphere, aspects that make the synthesis promising for integration
into closed-loop recycling of LIBs. Specifically, two levels of Cu?* doping (0.66 at.% and 1.09 at.%, relative to the
total metal concentration in the precursor blend) were investigated and compared with NMC synthetized in
absence of Cu. These doping levels were chosen based on the copper concentrations in leachates obtained from
dust in a pilot plant. Physical-chemical analysis revealed that copper can be incorporated into the NMC structure
without phase segregation, and low copper concentrations can enhance the electrochemical performance,
improving both specific capacity and capacity retention.

LIBs, in consideration of the varying lifetimes for batteries in different
applications (smartphones: about 2 years, other consumer electronics

1. Introduction

Lithium-Ion Batteries (LIBs) are a well-established and widespread
technology [1] thanks to their high energy density, good cycle life and a
low level of self-discharge. Today, the potential applications of LIBs have
been extended to electric vehicles (EVs) and hybrid electric vehicles
(HEVs), therefore, they play a crucial role in the energy transition and
their production/utilization is expected to increase further in the future
[2]. Hence, the production, diffusion and obsolescence of an increasing
quantity of Li-ion cells will lead to significant quantities of exhausted

3-4 years and electric vehicles >10 years) [3]. Furthermore, spent LIBs
contain many toxic but also valuable materials, including heavy metals
such as copper, cobalt, nickel, and hazardous organic chemicals such as
electrolytes and separators [4,5]. Their disposal in landfills can allow
heavy metals, fluorine, phosphorous and sulphur to seep into ground-
water, resulting in a long-term environmental impact [6]. In contrast, a
full recycling of electrodes collected post-mortem from spent batteries
would allow the processing of a considerable amounts of metallic and
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non-metallic species thus feeding important secondary sources for
addressing the shortage of natural resources [7]. Consequently, the
design and implementation of the sustainable recycling processes for
LIBs has become one important issue in battery industry [8]. As high-
lighted by the United Nations Sustainable Development Goals (SDGs),
efficient LIB recycling directly supports SDG 12: Responsible Con-
sumption and Production, SDG 13: Climate Action, SDG 9: Industry,
Innovation, and Infrastructure, and SDG 7: Affordable and Clean Energy
by reducing resource dependency, minimizing environmental impacts,
fostering technological innovation, and facilitating the transition to a
more sustainable and resilient energy infrastructure [9,10]. Moreover, it
is also important to underline that the recycling of valuable materials
from end-of-life lithium-ion batteries has been identified by the Euro-
pean Union as one possible strategy to preserve environment and make a
better use of resources thus reducing human footprint [11]. This is
particularly important given the emerging needs of the battery market
and the entry of new European players, who aim to use recycled mate-
rials to meet production demands.

Nowadays, there are three demonstrated recycling methodologies
[12,13]: pyrometallurgy, hydrometallurgy, and direct recycling
[8,14-17]. Among them, the hydrometallurgical process exhibits many
advantages, including the high yield of recovered cathode materials, low
electrical energy costs, and exhaust emissions [18]. Hydrometallurgy
proceeds through three major steps: physical pretreatment for the re-
covery of black mass (i.e. the powder made up of cathodic and anodic
components), metal extraction in solution by leaching, and metal re-
covery by precipitation [19-21]. Innovative hydrometallurgical recy-
cling processes integrate end of life treatment with resynthesis of new
cathode materials [22,23]. The main idea of these processes is to directly
synthesize a cathode precursor from the solution of the extracted metals
(Co, Ni, Mn). This way, the complex separation of the different metals
can be excluded, reducing the costs and the environmental impact.
However, the production of positive electrode materials from black mass
results in the incorporation of small quantities of spurious metals, such
as copper, aluminum, and iron, in the metal blend (i.e. Li, Co, Ni, Mn),
which originate from the battery cases, current collectors, surface
coatings, and separators. This contamination originates from the inef-
ficacy of the separation process of the black mass [24-28]. The incor-
poration of undesired amounts of spurious metals to the final active
material stoichiometry alters their physical and chemical properties and
may impact the resulting battery performance. Apparently recycled
layered oxides can tolerate different impurity levels for different dop-
ants (e.g., 0.2-3 % for Al, 0.5 % for Fe, and 2.5-6 % for Cu) having
limited impact on performance [5,26,29-31]. Overall, Cu impurities
originating from the anode current collectors, represent a challenging
case. In fact, starting from the hydrometallurgical digest solution, AlI>*
and Fe3" jons can be selectively precipitated by controlling the solution's
pH, whereas Cu?>* hydroxides suffer from larger solubility constants.
Accordingly, the effective removal of Cu®* requires increasing the pH to
values at which also Ni>*, Mn?*, and Co?* can precipitate, thus reducing
the recovery efficiency of these valuable metals [25]. To provide
context, the total copper contamination in recycled materials depends
on the specific recycling process. We have included typical contamina-
tion levels from various recycling techniques in Table S1 to offer insight
into this variation. On the other hand, previous studies have evidenced
that the copper impurities can be tolerated and even yield an improve-
ment in the electrochemical performance of the synthesized cathode
materials in terms of stabilization of the layered structure, and the
promotion of a facile lithium-ion transport in the solid state. Impurity
levels approaching 5 at.% Cu can be incorporated as dopants into the
NMC layered lattice and lead to an increase in the Li-transition metals
cation mixing degree [4,32]. Smaller Cu- doping (e.g. 0.2 at.% and 1 at.
%) limits the Li/Ni mixing in the lattice thus improving the cycling
stability and rate capability of NMC [33,34].

The correct amount of copper (Cu) is crucial for enhancing the
cathode properties. Excessive Cu impurities, however, can negatively
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impact its structure and performance [4,34]. For instance, high Cu
concentrations can lead to a lower tap density in the electrode due to the
formation of smaller, thinner primary particles and more porous sec-
ondary particles. Additionally, Cu impurities may increase cation mix-
ing, which in turn could result in poor rate capability and cycle
performance. In terms of safety, Cu impurities can be introduced in the
form of metallic Cu, which has been associated with sudden cell failure
shortly after charging [35]. This occurs due to Cu dissolution into the
organic electrolyte, migration across the separator from the cathode,
and subsequent deposition onto the surface of the lithium metal anode.
As a consequence, the understanding of the impact of copper on the
recycled materials crystal structure and electrochemical performance in
Li-ion cells is crucial to optimize the operating conditions of hydro-
metallurgical resynthesis processes. This work investigates the effect of
Cu impurity on the performance of NMC811 cathode materials synthe-
sized by simulating a recycling process. Specifically, we deliberately
incorporate well known amounts of Cu?>* impurities into NMC811 ma-
terial by modifying an oxalate co-precipitation process (OCP) previously
demonstrated by some of us in a full recycling process from a black mass
[23]. In particular, two levels of Cu?>* doping, 0.66 at.% and 1.09 at.% in
respect to the total metal concentrations in the precursors blend, have
been adopted. These doping values have been chosen considering the
expected copper concentrations found in the solution obtained by acid-
reductive leaching of the black mass from for a physical pretreatment
plant1 [36]. In this study, 1.09 % of Cu was found in the leachate of the
black mass without further purification, while 0.66 % was the concen-
tration observed after a purification step at a pH of 5. In addition, the
effect of pH during the co-precipitation process was investigated.
Importantly, this work demonstrates the successful use of oxalic acid as a
precipitating agent, which not only enables the synthesis of high-quality
materials but also offers a cost-effective and environmentally friendly
alternative to conventional inorganic bases such as sodium hydroxide or
lithium hydroxide. This method eliminates the need for additional
complexing agents or inert atmospheres, simplifying the overall syn-
thesis process [37,38]. Moreover, we found that the copper impurities
retain, which could be a detrimental impurity, can actually enhance the
electrochemical performance of the final product.

2. Experimental section
2.1. Materials synthesis

All NMC samples were synthesized via oxalate co-precipitation
method. Weighted amounts of NiSO4 - 6H20 (98 %, Thermo Scientific,
Waltham, MA, USA), CoSO,4 - 7H50 (98 % VWR Chemicals, Radnor, PA,
USA) and MnSO4 - H20 (99 %, Thermo Scientific, Saint Louis, MO, USA)
were fully dissolved in deionized water (DI water), with the desired
molar ratio of 8:1:1, formulating a 2 M metal sulfate solution at room
temperature. An aqueous solution of oxalic acid (1.5 M, Thermo Sci-
entific, MA, USA), was added for chelation and to enable the precipi-
tation of the metals oxalates (i.e. simulated synthesis precursors). Oxalic
acid is used because is not expensive, eco-friendly and able to form
control the nucleation and grain growth [39,40].

Precursor synthesis was performed in a jacketed reactor (Lenz
Laborglas GmbH & Co. KG, Wertheim, Germany) (height: 8 cm, diam-
eter: 6.2 cm, volume: 100 mL) at 60 °C using mechanical stirring (1000
rpm) for 24 h. This time has been chosen because, from the literature,
lead to the formation of ordered structure, reduces cation mixing, and
improves the crystallinity [41,42].

The precipitate is separated by centrifugation and then dried for 24 h
at 60 °C to obtain a fine powder further calcined in air at 500 °C (heating
rate 2 °C/min) for 5 h. The resulting black powder was mixed, in a
mortar, with LiOH -H,0 as a source of lithium. Since lithium source also
impacts the final product, lithium hydroxide was chosen because it
typically exhibits the best electrochemcial performance and for its lower
melting point [43,44]. An excess stoichiometric ratio of 10 % LiOH -H,0



A. Giarrizzo et al.

was used to compensate the inevitable possible loss of lithium during
calcination at high temperature via gas phase or via dissolution in the
alumina crucible. The composite material was calcined in air at 500 °C
(2 °C/min) for 6 h and 850 °C (3 °C/min) for 12 h in a muffle furnace
(L3/11/B410, Nabertherm GmbH, Lilienthal, Germany), followed by
natural cooling. This temperature was chosen to minimize lithium loss
and reduce excessive cation mixing that occurs at higher sintering
temperatures [37,43].

The final products were carefully stored in vials in a desiccator. A
sketch of the synthetic process is reported in Fig. 1.

The effect of pH during the co-precipitation process was also inves-
tigated. Besides samples obtained in uncontrolled natural conditions
(pH < 1) where the precipitation pH is buffered by the oxalic acid/ox-
alate species in the solution, the precipitation of the mixed oxalate
precursor was also carried out under a controlled pH = 6.5. Experiments
at such an increased pH value were carried out with the objective of
enhancing the precipitation of manganese and controlling the nucle-
ation and growth [45,46]. Indeed, manganese oxalate is more soluble
than nickel and cobalt oxalates, which can decrease the stoichiometric
fraction of Mn in the precipitate compared to that found in the solution.
Increasing pH can mitigate this effect. To maintain the pH at 6.5,
controlled volumes of a 5.0 M sodium hydroxide solution (NaOH,
Emsure Supelco, Merck, Darmstadt, Germany) were added to the pre-
cipitation media. The preparation of the Cu-doped NMC was obtained by
adding weighted amounts of CuSO4 (Anhydrous 98 %, Thermo Scien-
tific, MA, USA) into the metal sulphate solution. All the synthetized
samples are reported in Table 1, indicating the stoichiometries, the
nominal concentration of the Cu impurities and the mixed oxalate pre-
cipitation pH.

2.2. Materials characterization

The chemical composition of all samples was determined by miner-
alization of the solids in acid solution and successive analyses of the
resulting solutions by an Inductively Coupled Plasma-Optical Emission
Spectrophotometer (ICP-OES, Avio 220 Max, Perkin Elmer). Minerali-
zation of the powders was performed using 0.045 g of solid; these were
placed in a 50 mL flask into which 4 mL of hydrochloric acid (37%ww,
VWR Chemicals, Radnor, PA, USA) 4 mL of nitric acid (65%ww, VWR
Chemicals, Radnor, PA, USA), and 2 mL of hydrogen peroxide solution
(30%ww, Merck, Darmstadt, Germany) were added. The samples were
subjected to magnetic stirring at a temperature of approximately 100 °C
for 1 h. The phase composition of samples and their structural features
were investigated by using X-ray diffraction (XRD) analysis with Cu Ka
radiation (A = 1.5406°A, 45 kV, 40 mA) within the 20 range from 10° to
90° on Philips X'Pert PRO diffractometer. Attenuated total reflectance

Chemical Engineering Journal 518 (2025) 164686

Table 1
A summary of the samples synthesized and their synthetic methods.
Nominal Stochiometry pH Cu add Sample ID
(%a0)
LiNig gCog.1Mng ;0» Not controlled 0 NMC
<D
LiNip gCop.1Mng 102 Controlled at 6.5 0 NMC_pH
LiNip gCog.1Mng 1Cug 006602  Not controlled 0.66 NMC_Cu(-)
<D
LiNip gC0g.1Mng 1Cup.010902  Not controlled 1.09 NMC_Cu(+)
(<1)
LiNip gCog.1Mng 1Cug 0002  Controlled at 6.5 0.66 NMC_pH_Cu
)
LiNiggC00.1Mng 1Cug 010002  Controlled at 6.5 1.09 NMC_pH _Cu
)

Fast-Fourier infrared spectroscopy (ATR-FTIR, Bruker LUMOS II) and
Raman microspectroscopy (DILOR LabRam confocal micro-Raman using
a 632 nm He—Ne laser) were employed to investigate the vibrational
properties of materials. In addition, X-ray photoelectron spectroscopy
(XPS) measurements were carried out to determine the chemical
composition at the surface of the sample particles. A Specs XPS system
with mono-chromatized Al Ka radiation (200 W, 12 kV) and a Phoibos
150 energy analyser (pass energy of 30 eV for the detail measurements)
was used. To avoid surface contamination, the samples were transferred
in inert gas atmosphere to the sample load lock of the XPS system. The
peak fit of the XPS results was done with CasaXPS, using Shirley-type
backgrounds and Gaussian-Lorentzian (GL30) peak shapes. All binding
energies were calibrated to the main Cls peak at 284.8 eV.

Thermo-Gravimetric Analyses (TGA) were performed using a Mettler
Toledo TGA/SDTA 850. TGA tests were performed in air flow (gas flow
of 60 mL/min) between 25 °C-900 °C with a heating rate of 10 °C/min.
High resolution-Field emission scanning electron microscopy (FESEM,
Auriga Zeiss) was employed to observe the morphology of the cathode
particles. Moreover, Energy-dispersive X-ray (EDX) spectroscopy ex-
periments have been carried out during SEM acquisition. Particle size
analysis was carried out using a laser diffraction particle size analyser
(Mastersizer 3000, Malvern).

2.3. Electrochemical measurements

The electrode formulation and manufacturing were carried out in a
dry-room with Dewpoint at —70 °C. The active material was mixed with
carbon black (Super-P, Timcal) and polyvinylidene fluoride (PVDF,
Solef) in a weight ratio of 8:1:1. Then, a suitable amount of N-Methyl-2-
Pyrrolidone (NMP, Sigma-Aldrich) solution was added dropwise to
evenly disperse the mixture, which was then coated onto an aluminum

Co salt Mn salt
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Fig. 1. Schematic diagram of the LiNig gCog 1Mng 10, preparation process via co-precipitation of the oxalic precursor in a jacketed reactor. The powder was then
filtered, washed several times, and the obtained precursor was calcined in multiple steps, as detailed in the text. Successfully, the final powders were used to fabricate
electrode films, which were cut into discs. These latter were used for electrochemical testing in coin cells.
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foil by a doctor-blade (for a thickness controlled at 200 pm) and sub-
sequently dried in a vacuum oven at 120 °C for 3 h to obtain the elec-
trode film. The film was then Cut into discs with a diameter of 10 mm
and dried again into a vacuum oven (Buchi tube) at 110 °C for 24 h and
stored into an argon-filled glovebox (Mbraun LABstar pro). A Whatman
glass fiber membrane (GF/A) was used as the separator to assemble the
coin cells in the glove box for the electrochemical tests. The used elec-
trolyte was a mixture of 1:1 vol% ethylene carbonate (EC) and dimethyl
carbonate (DMC), with a concentration of 1.0 M lithium hexa-
fluorophosphate (LiPF¢, Sigma-Aldrich). The electrolyte loading into the
coin cells was ~100 pL cm 2. Coin cells (type 2032) were assembled by
using a lithium disk with a diameter of 10 mm as the counter electrode.
The final cell formulation is Li|LiPFs,1.0 M in EC/DMC|NMC.

A NEWARE BTS 300 battery testing system was used to evaluate the
rate capability and cycling performance at 3.0 to 4.3 V (vs Li/Li") at
30 °C for 100 cycles at C/10 (1C = 200 mA).

VSP Bio-Logic instrument was used to perform Ciclic Voltammetries
(CVs) and Electrochemical Impedance Spectroscopy (EIS). CVs were
acquired at different scan rate between 3 and 4.3 V. For EIS, the fre-
quency range was set to 100 KHz-10 mHz with a signal amplitude of 10
mV.

3. Results and discussion
3.1. Characterization

The chemical compositions of the NMC811 samples obtained by ICP-
OES are shown in Table 2 in which the nominal and the experimental
values. All samples show a Ni:Mn:Co ratio very close to the nominal one,
i.e. 8:1:1. A systematic Mn-loss is observed for all samples likely related
to the slightly different solubility of the corresponding oxalate in com-
parison to the Ni and Co ones. For NMC _(Cu-), NMC_(Cu+), NMC pH_
(Cu-) and NMC pH_(Cu+) samples, the atomic content of Cu incorpo-
rated into the layered oxide has been also quantified (see Table 2)
highlighting a systematic smaller experimental value compared to the
nominal one. These results point to selective Cu loss due to the solubility
of copper oxalate: apparently Cu?" ions are not completely precipitated
from the precursors solution similarly to the Mn.

Turning to the impact of pH on the precipitation of the mixed
metallic oxalate precursor, the ICP-OES data show that buffering the pH
at 6.5 leads to an increase in Mn content: this provides indirect evidence
of the expected promotion of manganese oxalate precipitation
(approximately +14 %) [47]. On the other hand, the control of pH at 6.5
also slightly limits the incorporation of copper ions in the final NMC811
materials. One may speculate about the possible formation of a Cu?*-
oxalate coordination complex at pH = 6.5 that reduces its incorporation
in the insoluble precipitate.

The effects of Cu®* ions on the crystal structure of layered NMC811
cathode particles were investigated by XRD. As shown in Fig. 2a, for all
the prepared cathode samples, strong diffraction peaks are observed in
the XRD pattern from 10° to 90°, corresponding to the expected peaks of
the trigonal a-NaFeOj structure (R3” m space group) [48-51]. Additional
small peaks are observed in the 20-35° range (see Fig. 2b), which can be
attributed to the presence of impurities, like lithium carbonate (Li;CO3),
sodium sulfate (NaySOy4), and lithium sulfate (Li»SO4). These sulfates

Table 2
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originate from the precursors used during co-precipitation. Specifically,
at a pH of 6.5, sodium from NaOH is introduced to control the pH, which
may lead to the formation of NasSOg4. In fact, sodium sulfate is found
only in pH-controlled materials. Moreover, these materials show a
higher tendency for lithium to form lithium carbonate, suggesting that
increasing the precipitation pH results in a higher content of this car-
bonate impurity. In contrast, the material without pH control mainly
contains Li»SO4, with a lower amount of lithium carbonate.

The formation of residual lithium compounds (RLCs) is one of the
most important problems of Ni-rich cathode materials [52-56], as it
causes a loss of Li" ions and reduces capacity. This reduction is due to a
carbonate layer on the surface that hinders Li" ion diffusion.

Remarkably, the presence of copper impurities does not result in the
formation of copper oxide or other copper-related compounds, indi-
cating that copper is likely incorporated into the cathode structure.
These findings are consistent with previous evidence reported in the
literature [30,57-59] and confirm that the overall layered structure is
retained. Due to the comparable size of Cu?* with Ni%*, Co®" and Mn *,
these metals randomly occupy the same atomic site in the crystal lattice
whereas the occupation of the LiT site is unlikely [30].

In the inset of Fig. 2a we also show a magnification of the diffraction
peak assigned to the (003) plane of the trigonal phase. This peak shifts
toward lower angles for samples prepared at pH = 6.5 as well as for Cu-
doped samples, thus suggesting an expansion of the c-axis of the lattice
[60]. Generally speaking, an anisotropic distortion of the layered lattice
in the c-direction promotes a greater diffusivity of lithium ions during
charge and discharge in cells and improves the capacity and stability of
materials [56,61]. To confirm this expansion, Rietveld refinement was
performed on all the samples, with the results reported in Table S2 and
Fig. S1. As shown, the introduction of Cu impurities leads to an expan-
sion of the c-axis and an increase in the unit cell volume, likely due to the
larger ionic radius of Cu compared to the other transition metals.
Notably, the sample NMC pH_Cu(+) exhibits the largest changes in these
parameters.

The comparison of ATR-FTIR spectra of all samples is shown in the
Fig. 2c¢ to confirm the nature and extent of the surface contamination by
carbonate [62]. All samples show four main bands at ~ 850, 1100, 1410
and 1470 cm L. The bands at 850, 1410 and 1470 cm~! confirms the
presence of lithium carbonate (i.e. CO3~ symmetric and asymmetric
stretching vibrations centred around 1410 and 1470 cm ™ respectively,
and out-of-plane vibrations at 850 cm’l) [62-65]. The broadband at
1100 cm™! is due to the residual sulphate moieties [66], possibly orig-
inating from the synthesis, as already seen in the XRD analysis [67].
Overall, the ATR-FTIR spectra of the various samples are very similar
showing no changes between the different materials related to the
impact of the pH or the copper content. The Raman investigation of
samples is shown in the Fig. 2d to provide further information on local
structure [68]. All Raman spectra reveal two main strong bands around
540 and 1000 cm L. The most intense band at 540 cm ™! is related to the
transition metal-oxygen vibrations of the NMC811 oxide lattice [54].
The peak exhibits significant broadening, due to the mixing of the three
transition metals. In particular, it consists of the overlap of specific vi-
brations of the Ni—O, Mn—O, and Co—O bonds in the variable sur-
rounding coordination environments [69,70].

According to analysis done by Roland Jung et al. [70], at around

Metal Element Atomic Percentages derived from ICP-OES for different NMC811 samples. Comparison between nominal and

experimental stoichiometry.

Sample ID Nominal stoichiometry Experimental stoichiometry

NMC Liz,00Nig.§C00.1Mno.102 Liz.00Nio.82€00.11Mng,0702
NMC_pH Li; 00Nio.8C00.1Mn,102 Li; 03Ni0.78C00.11Mno,0802
NMC_Cu(-) Lij.00Nio.§C00.1Mng,1CU0.006502 Li.01Ni0.80C00.11Mn0,07CU0.005402
NMC_Cu(+) Liz,00Nip.§C00.1Mn.1CU0.010902 Liz.00Nio.81C00.12Mno,07CU0.008002
NMC_pH_Cu(-) Lis 00Nio.8C00.1Mn,1CUl0.006502 Li1 04Ni0.77C00.10Mno,08Cl0.004002

NMC_pH_Cu(+)

Lij.00Nio.§C00.1Mng,1CU0.010902

Li 05Ni0.76C00.11Mn0.08Cl0.006402
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Fig. 2. (a) XRD patterns of the prepared cathode samples and the magnified (003) peak from 18.0° to 19.5°. Reference NMC811 (blue navy) is reported for
comparison. (b) Magnified patterns in the range between 20 and 35° to detect impurity phases in the cathode samples; lithium carbonate (red line), lithium sulfate
(purple line) and sodium sulfate (dark green line) were reported as reference. (c) FTIR-ATR patterns of the prepared cathode samples. (d) Raman spectra of the
prepared cathode samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

1000 ecm~', NMC811 can show a broad band related to the metallic
carbonates LioCO3, NiCO3, CoCO3, and MnCOs3. Our observation is in
line with the literature confirming with a third independent analysis the
presence of inorganic carbonates on the surface of all samples [70,71].

The elemental composition and chemical state of the elements in the
surface layer of the NMC811 particles was studied by XPS measure-
ments, the results of the quantitative analysis are compiled in Table S3
and relevant detail spectra are displayed in Fig. S2-S5. Starting with the
results of the quantitative analysis (Table S3), Cu could only be detected
for the samples NMC pH Cu(—) and NMC _pH Cu(+). In case of the
samples NMC_Cu(—) and NMC_Cu(+), the Cu concentration was below
the detection limit, which can be estimated to be ~0.02-0.03 at.% under
the applied measurement conditions. As seen before, the surface of the
NMC particles of these two samples was covered by a comparatively
thicker layer of carbonaceous species which reduces the signal from the
NMC material, as indicated by increased C contribution and significantly
lower Ni, Mn, and Co concentrations. Significant concentrations of Na,
in case of the materials which were prepared under pH control, and S
could be detected for the samples originating from the precursors used
during co-precipitation. Coming to the discussion of the detail spectra
(Fig. S2-S5), due to the low Cu concentration only a weak peak is
detected in the Cu 2p spectra (Fig. S4) of the samples NMC pH_(—) and
NMC_pH_(+) at 934.1 eV, a binding energy characteristic for Cu®"
species [72]. The analysis of the NMC transition metals (spectra in the
Mn 2p, Co 2p and Ni 2p regions, Fig. S2) is complicated by multiplet
splitting effects and overlap with Auger features [73], we therefore
mainly discuss the shape and position of the spectra. All spectra reveal a

slight shift to lower binding energies for the samples with pH control,
which could indicate small changes of the oxidation state or the chem-
ical structure. For example, the Ni 2p3,, main peak is detected at
~855.3 eV for the samples with pH control (Fig. S4) and at ~855.6 eV
for the samples without that. Similarly, a shift from ~780.3 to ~780.6
eV is observed for the Co 2p3,2 peak. The observed peak positions as well
as the absence of the satellite feature at ~787 eV in the case of Co, point
to an average oxidation state close to +3 for these two metals. The
spectra in the Mn2p region contain a Ni Auger feature, which overlaps
with the Mns,, peak. As a consequence, the Mn2p; /2 peak was used for
comparison instead, which was detected for the pH samples at ~654.1
eV and for the others at ~654.5 eV. Taking into account the spin-orbit
splitting of the Mn2p peak doublet (A = 11.7 eV), this translates to
Mng,/» peak positions of 642.4 eV and 642.8, respectively; which points
to an average oxidation state between Mn®* and Mn**. The spectra in
the Li 1 s region (Fig. S2-s4) and O 1 s spectra (Fig. S3-S5) confirm what
seen with XRD, Raman and FTIR. Indeed, In Li 1 s, signals can be
attributed to Li from NMC [74] LioCO3, LioSO4 while, in O 1 s spectra, we
can find signals from Li>O (528.3 eV), NMC (529.8 eV), O=C/carbonate
species (531.6 eV, which also includes sulfate oxygen), and O—C species
(533.2 eV).

The morphology of precursors and NMC-based materials have been
studied by SEM-EDX. As shown in Fig. S6, the particles in all precursor
samples display the typical spherical shape and they are composed of
numerous primary nanosheets with different thicknesses and sizes,
which are similar with those reported in the previous works [38,75,76].
However, the precursors synthesized at pH 6.5 display a more elongated
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shape compared to those synthesized without pH control. This change in
the morphology suggests that pH significantly influences the growth of
secondary particles. In this context, primary particles refer to the
nanosheets that directly form during nucleation, while secondary par-
ticles are larger, aggregated structures composed of these primary
nanosheets.

The morphology of the cathode samples is displayed in Fig. 3. It is
noted that, the prepared cathode active materials have an aggregated
form of primary particles after calcination at 850 °C. Polygonal particles
can be seen in the figure for all samples, which are formed by the re-
action between the precursor and lithium hydroxide during the high
temperature sintering process [60].

The distribution of atomic species in the NMC particles has been
investigated by EDX mapping (Fig. S7): homogeneous distributions of
Ni, Co, Mn and Cu can be observed. A quantitative characterization of
the particles size has been performed by a particle size analyser for both
the precursors and final NMC materials, as number and as volume dis-
tributions. The results of particle size analysis are shown in Fig. S8.
Fig. S8a indicates that the precursor particles have similar sizes, sug-
gesting that the presence of copper impurities and/or pH-controlled
synthesis does not significantly influence their dimensions, as shown
in the SEM images. After the calcination, a decrease of the particle size is
observed. Overall, the sizes remain comparable among the series, as
shown in Fig. S8b. Turning to the particle size distribution in terms of
volume density (Figs. S8c and S8d), the precursor particles show two
distinct peaks: one at 0.6 pm and another at 15 pm. The peak at 0.6 pm
represents the majority of the particles, which are small in size and
therefore occupy a minimal volume. While they have a high number
density, they contribute only a small fraction to the total volume of the
material, which is more relevant in terms of mass. This explains why
they appear more prominently when analyzing the data based on
number density (Fig. S8a), where the focus is on particle count rather
than volume. In contrast, the peak at 15 pm corresponds to a smaller
number of larger agglomerates that, despite their lower number density,
contribute more significantly to the volume and mass of the material.
Overall, the precursor particle sizes across different samples are similar,
likely due to the consistent synthesis process. However, after calcina-
tion, particle agglomeration occurs, resulting in a more uneven distri-
bution, as shown in Fig. S8d and detailed in Table S4. This suggests that

| NMC_Cu(-
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the final cathodes contain agglomerates of varying sizes compared to the
more uniform precursor particles. Table S4 reports the mode of particle
size, calculated from measurements taken with the particle size analy-
ser, for both the precursors and the final powders.

The mass variations from the TGA results for the samples is shown in
the Fig. 4.

A slight initial mass change, indicated by *, is observed only in
samples with a high copper concentration (NMC_Cu(+) and NMC pH_Cu
(+)). Unlike the other samples, these exhibit a slight weight gain, likely
caused by the surface oxidation of copper. A second minor mass change
occurs in all samples between 60 °C and approximately 150 °C, which
can be attributed to dehydration reactions. Further weight losses,
occurring at approximately 230 °C and 300 °C, are characteristic of the
release of HpO and CO». According to the literature [62], these changes
are associated with the thermal decomposition of surface contaminants
such as hydroxides, carbonates, and their hydrates. These surface con-
taminants may include compounds like CoCO3-xH,0 and MnCO3-xH50,
which can release H,O and CO at approximately 220 °C and 320 °C,
respectively. Another possible contaminant is NiCO3-2Ni(OH),-xH20,
which exhibits one CO, weight loss at 250 °C and two H20 weight losses
at 125 °C and 300 °C. The final weight loss, observed in all samples at
temperatures above 800 °C, corresponds to the thermal decomposition
of the cathode material itself. Therefore, the thermal analysis confirms
that the introduction of Cu does not affect the properties of the cathode
materials.

3.2. Electrochemical performance of cathode electrodes

The impact of Cu impurities on the electrochemical performance of
NMCB811 cathode materials has been analysed by galvanostatic cycling
tests as shown in the Fig. 5. The potential profiles obtained during the
cycling are presented in Fig. S9. For all samples, the charge curves
exhibit a pronounced slope between 3.6 V and 4.3 V vs. Li. This
behaviour is primarily attributed to the oxidation of Ni** to Ni*',
accompanied by the extraction of lithium ions [77]. The presence of this
slope suggests that nickel redox reactions dominate the electrochemical
behaviour of these materials. Instead, Cu?* does not participate directly
in the redox processes but it can influence the electrochemical behaviour
[78,79]. Indeed, as shown in Table 3 and Fig. 5a, the discharge specific

> AL

—
NMC_pH_Cu() |

Fig. 3. SEM images of cathode material particles, with and without Cu impurities, acquired at xX50K magnification.
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Fig. 5. (a) Specific capacity vs cycle number plot at 0.1C. (b) Rate capability performance of the electrodes from 0.1 to 3C. Theoretical specific capacity is 200
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Table 3

Measured specific discharge capacities in the 1st and 10th cycle and specific
capacity retentions in all half-cells between the 10th and 50th/100th cycle at
0.1C. (results based on data from Fig. 5a).

Sample Discharge Discharge Retention Retention
Capacity at 1st ~ Capacity at Rate at 50th Rate at 100th
cycle (mAh/g) 10th cycle cycle (%) cycle (%)

(mAh/g)

NMC 112.71 131.90 88.49 73.76

NMC_pH 131.70 131.95 87.34 77.79

NMC Cu(-) 11291 138.67 90.54 74.02

NMC _Cu(+) 122.71 143.11 88.79 75.43

NMC_pH_Cu 133.51 142.08 90.03 81.59

-)

NMC pH Cu 121.63 135.62 98.81 93.16

+)

capacity after the first ten cycles is higher in Cu-doped materials
compared to pristine cathode materials.

Overall, these features suggest that the presence of copper impurities
partially improves the capacity. This effect is in line with previous
studies as reported in Table S5 which compare pristine NMC samples
with those containing varying atomic percentages of copper. These
comparisons confirm that copper incorporation enhances capacity,
possibly by facilitating lithium-ion extraction [32]. This improvement is
likely due to an increased lithium diffusion coefficient, resulting from
the expansion of the unit cell and the formation of more favourable
particle structures. This effect is especially important because slow
lithium-ion diffusion kinetics are a well-known limitation in high-
capacity nickel-rich cathodes, leading to irreversible capacity loss dur-
ing the first cycle [80].

The cycling performance of all cells shown in Fig. 5 highlight a
gradual increase in specific discharge capacity during the first 10 cycles.
This behaviour is possibly due to the partial decomposition of carbonate
species that occurs in the early stages of cycling [70,75]. In particular,
surface impurities can form a resistive film around the NMC811 parti-
cles, which must partially break down before delithiation can proceed.
This phenomenon leads to an increased overpotential during the first
charge/discharge cycles [70]. After a few cycles, the decomposition
seems to disappear as seen from a decrease in the overpotential and in
the calculated hysteresis. (Fig. S9 and Table S6). These results empha-
size the need to optimize both synthesis methods and storage conditions.
Storing the material in a dehumidified environment or potentially
reducing the amount of lithium used during synthesis could be effective
strategies to minimize surface impurities. This, in turn, would contribute
to improving the materials electrochemical performance. After these
initial cycles, all materials exhibit a slow and gradual decline in ca-
pacity, with the exception of NMC pH Cu(+), which demonstrates
exceptional stability compared to the other samples (Table 3 and
Fig. 5a). The superior cycling stability of the NMC pH_Cu(+) cathode
can be attributed to its enhanced structural integrity. Therefore, despite
the slight decrease in capacity, higher copper concentrations contribute
to remarkable cycling stability. Furthermore, the Coulombic efficiency
(Fig. 5a) shows that for all samples, the efficiency stabilizes after the first
cycle, indicating that the charge and discharge processes are highly
reversible. Moreover, to evaluate the impact of copper incorporation on
battery longevity over hundreds of cycles, long-term cycling data are
presented in Fig. S10. Despite the typical decline in specific capacity
observed in Ni-rich cathodes, the cathodes with Cu impurities retain
their specific capacity more effectively than the NMC sample after 300
cycles, confirming the beneficial effect of Cu in mitigating the cathode
degradation process.

Rate capability tests were performed at various current rates: 0.1C,
0.2C, 0.5C, 1.0C, and 3.0C, with 1C corresponding to 200 mAh/g. All
samples exhibited similar electrochemical behaviour, showing close
performance across different current densities. Notably, when the cur-
rent was returned to 0.1C after cycling at higher rates, the electrodes
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recovered nearly all their initial discharge capacity. The NMC pH_Cu(+)
cathode, in particular, delivered a specific capacity of 134.46 mAh/g
upon returning to 0.1C, fully recovering its specific capacity and
demonstrating outstanding stability over 80 cycles.

To confirm the idea that Cu could enhance the capacity by the in-
crease in the lithium diffusion coefficient, cyclic voltammetries at
different scan rates were performed to investigate the lithium diffusion
coefficient for all the materials. The results are presented in Fig. S11-S12
and Table S7. Both pH and copper impurities were found to influence the
diffusion coefficient in a similar way, leading to an increase compared to
pristine NMC. Notably, the materials with copper exhibited the highest
diffusion coefficients, consistent with the trends observed in the galva-
nostatic cycling and rate capability tests. Therefore, the samples syn-
thesized with controlled pH and Cu impurities exhibited the highest
values. Overall, these findings may help explain the improved capacity
observed in copper-doped materials compared to NMC and NMC_pH.
After the CV experiments, we also performed EIS analysis to investigate
the solid electrolyte interface (SEI) formation and charge transfer
resistance. Fig. S13 shows the results, where only one depressed semi-
circle can be observed for the samples. To determine whether the
semicircle is related to ionic motion across the Cathode Electrolyte
Interface (Rcgp) or to the charge-transfer phenomena (R¢r), we consid-
ered the frequency at the maximum of the semicircle. From the Table S8,
the frequencies are all greater than several hundred ohms and, as re-
ported in many articles [81,82], they are correlated with charge transfer
phenomena (10-1000 Hz), which is also confirmed by the calculated
time constant. This allows us to calculate the charge transfer resistance,
which is 426, 356, 363, 372, 318, and 292 Q, respectively, for NMC,
NMC pH, NMC Cu(-), NMC_Cu(+), NMC pH_Cu(-), and NMC pH_Cu
(+). These results confirm the beneficial effect of Cu impurities on
charge transfer properties.

Finally, post-mortem SEM images were acquired for NMC and
NMC pH_Cu(+) to investigate the effect of copper impurities on the
formation of microcracks. Fig. S14 shows the two materials before and
after cycling, revealing how NMC pH Cu(+) exhibits fewer visible
microcracks in the cross-sectional images compared to pristine NMC,
suggesting that copper doping helps mitigate the formation of micro-
fractures during cycling.

4. Conclusions

This study investigated the influence of copper (Cu?") impurities on
the crystal structure and electrochemical performance of NMC811
cathode materials. Cu?" impurities were carefully introduced via an
oxalate co-precipitation process to simulate concentrations typically
found during the hydrometallurgical resynthesis of cathode materials
from end-of-life batteries.

The results demonstrate that Cu?" is incorporated into the crystal
lattice without forming separate oxide phases, leading to an expansion
of the c-parameter and a reduction in cation mixing. These structural
changes could improve lithium-ion diffusion and enhance the electro-
chemical stability of the material.

Electrochemical tests revealed that Cu-doped samples exhibited
higher initial specific capacity and improved cycling stability compared
to pristine NMC811. In particular, the NMC _pH_Cu(+) sample showed an
outstanding cycling stability, with a capacity retention of 93 % after 100
cycles. These findings suggest that Cu impurities, instead of being
detrimental, can act like a dopant, enhancing material properties under
controlled conditions. Indeed, NMC pH Cu(+) shows better lithium
diffusion coefficient, charge transfer resistance and less microcracks
after cycling.

In addition to NMC811, the results of this study are applicable to a
variety of other cathode materials and stoichiometries. The observed
contamination levels in the recycled materials allow for the re-synthesis
of different cathode materials, thereby increasing the flexibility and
applicability of our approach in the broader battery recycling sector.
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This work underscores the potential for utilizing these findings in the
recycling of a wide range of battery chemistries. Future studies should
explore the effects of multiple impurities, such as Fe and Al, simulta-
neously introduced into the same material to understand their combined
interactions and potential synergies. Moreover, Cu impurities and Cu-
induced local defects can be tolerated or controlled via crystallization
pathways, processing conditions and thermal treatment.

These approachs would provide deeper insights into optimizing
recycled cathode materials and reducing purification costs, thereby
advancing sustainable recycling strategies for lithium-ion batteries.
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