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The exponential rise in lithium-ion battery (LIB) demand is placing unprecedented pressure on critical metal
resources (e.g., Li, Ni, Co), while also generating large volumes of end-of-life battery waste. Although
recycling offers a sustainable alternative to virgin mineral extraction, residual impurities introduced
during recycling often degrade the performance of resynthesised cathode active materials. In this study,
we investigate the structure, morphology and electrochemical properties of LiNiggMng1C0g10>
(NMC811) cathodes resynthesised from metal salts recovered from spent LIB black mass through an
industrial-scale recycling process. The resynthesised cathodes achieved battery-grade purity (99.6%) and
exhibited comparable composition and crystal structure to the commercial reference, although
morphological deviations were observed due to impurity-induced effects during resynthesis. They
delivered an initial discharge capacity of 175.1 mAh g~ with a coulombic efficiency of 92.6% at 0.05C
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during the first formation cycle, tested in NMC||graphite full cells with an areal loading of 11.3 mg cm™*.
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At 0.2C, the discharge capacity reached 165.3 mAh g%, with 95.1% capacity retention after 50 cycles.

This study demonstrates the practical feasibility of incorporating recovered precursors into NMC811
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Introduction

Lithium-ion batteries are integral to the clean energy transition,
serving as the primary power source for electric vehicles (EVs)
and grid storage systems. As deployment accelerates, global
demand for LIBs has surged dramatically in recent years,
driving the need for critical metals such as lithium, cobalt,
nickel and manganese. This trend is reflected in recent EU
assessments, which project a several-fold increase in demand
for these materials by 2030.° However, the availability of these
resources is increasingly constrained by limited natural
reserves, geopolitical tensions, and growing competition across
industries.* Meanwhile, by 2030, over 1.2 million tons of spent
LIBs are expected to reach end-of-life, representing both
a sustainability challenge and a potential environmental
hazard.® Recycling is therefore an essential strategy to secure
critical materials, reduce dependence on primary mining, and
lower environmental impacts.

Among battery components, cathode active materials are the
most valuable targets for recycling because of their dominant
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cathode production, advancing circularity in LIB manufacturing, while also highlighting that impurity
sensitivity during resynthesis remains an important consideration.

contribution to battery cost, energy density, and lifespan.
Lithium nickel manganese cobalt oxides (NMCs) are widely
used for their balance of capacity, stability, and cost-
effectiveness, with Ni-rich variants such as NMC622 and
NMC811 increasingly adopted to achieve higher specific
capacities.® However, NMC cathodes are resource- and carbon-
intensive, and for NMC811, climate impacts from nickel
sourcing can vary by up to 74 kg CO,eq. per kWh, making it one
of the most environmentally burdensome stages in the supply
chain.” Using recycled precursors avoids this high-impact stage
entirely, and industrial-scale life cycle assessments show that
producing battery-grade cathode materials from mixed-stream
recycled LIBs can reduce overall environmental impacts by at
least 58% compared with mining-based supply chains.?
Reflecting the importance of these sustainability gains, the
European Union has introduced Regulation (EU) 2023/1542 on
batteries and waste batteries, which includes the battery pass-
port to ensure traceability across the value chain and sets
binding minimum recycled content targets by 2031 (16% cobalt,
6% lithium, 6% nickel).>'® These assessments and policy
measures together underscore the critical role of NMC cathode
recovery in building a resilient, traceable, and low-impact
battery supply chain.

Most industrial recycling processes rely on hydrometallur-
gical methods involving leaching, solvent extraction and/or
chemical precipitation to recover metals in the form of metal
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salts.'* However, these recovered precursors often carry residual
impurities originating from other cell components (e.g., current
collectors, casings and electrolytes)>'*** or from chemicals used
in the recycling process.'**> These residual contaminants such
as copper (Cu), aluminium (Al), and non-metallic elements can
compromise the purity, crystallinity and morphology of the
resynthesised NMCs, thereby degrading their electrochemical
performance.*'*?° For instance, Cu”" and AI’" ions can distort
the lattice structure of resynthesised NMC powders, promoting
undesired cation mixing that lead to decline in rate capability
and cycling stability.”** Non-metallic impurities, such as
sulphur, fluorine, and chlorine, although present in lower
concentrations relative to metallic species, are also significant,
yet less studied.”® These issues are especially critical for Ni-rich
NMCs, which are more susceptible to structural degradation,
thermal instability, and moisture sensitivity.>*?* As a result,
managing residual impurities in recovered precursors is critical
for meeting the stringent purity and performance standards
required for Ni-rich cathodes. While several studies have
explored the resynthesis of Ni-rich NMCs from recycled mate-
rials,"* no studies to date have evaluated the structural,
morphological, and electrochemical characteristics of NMC811
synthesised from industrially recovered metal salts obtained via
pilot-scale battery recycling. In this work, we present a case
study examining these characteristics for NMC811 cathodes
resynthesised from such pilot-scale recovered precursors.
Elemental analysis of the resynthesised NMC811 identified
trace impurities, including sulphur, sodium, and iron. Despite
this, the overall purity of NMC811 cathodes remained above
99.6%, consistent with industrial battery-grade specifications.
The resynthesised NMC811 cathode exhibited a discharge
capacity comparable to that of commercial benchmarks, with
excellent coulombic efficiency and enhanced capacity retention
in both NMC811||Li half-cell and NMC811||graphite full-cell
configurations. These results provide valuable insight into the
influence of impurities on NMC811 characteristics, particularly
with respect to morphology.

Experimental methods
NMC811 material synthesis

All the metal sulphates used for NMC811 resynthesis were
recovered from spent LIB black mass through proprietary recy-
cling processes developed by Altilium Clean Technology. For
comparison, the commercial sulphates (99.9% purity), including
NiSO,-6H,0, CoSO,-7H,0, and MnSO,-H,0, were purchased
from HD chemicals, UK and served as a control to evaluate the
impact of feedstock purity and synthesis conditions.

The NMC(OH), precursor, targeting the ideal LiNi, gMng ;-
Coy 10, stoichiometry, was prepared in a 10 L reactor using co-
precipitation method, as reported in previous studies employ-
ing either recovered or commercial sulphates.”®*” The sulphates
were dissolved in deionised (DI) water and heated to 80 °C for
de-aeration. 1.5 M sulphate solution, along with 4 M NaOH and
1 M NH,-OH were introduced into the reactor under a contin-
uous N, gas flow. The pH was maintained at 11.3, and the
reaction temperature at 60 °C, with a stirring rate of 600 rpm.
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After 20 hours, the resulting hydroxide precursor was filtered,
thoroughly washed, and then dried under vacuum at 120 °C
overnight.

The dried precursor was then ground and homogenised with
a stoichiometric amount of LiOH using an agate mortar and
pestle. The resulting mixture was calcined in a tube furnace at
800 °C for 15 hours, with a heating and cooling rate of 5 °
C min~"'. Finally, the metal oxide powder was mechanically
milled to achieve a particle size below 10 pm. The resulting
NMC811 samples included NMC-R1 and NMC-R2, both syn-
thesised from recovered sulphates, and NMC-CS, synthesised
from commercial sulphates. NMC-R2 underwent an additional
impurity removal step developed by Altilium Clean Technology
as part of their proprietary recycling process. A commercial
NMC811 material purchased from BASF, Germany was used as
a benchmark and is referred to as NMC-BASF.

Structural characterisation

All NMC811 samples were subjected to microwave digestion
(MARS 6, CEM) using 4 mL of 69 wt% nitric acid (HNO;) and
2 mL of 37 wt% hydrochloric acid (HCI) per 0.05-0.1 g of
sample. The resulting solutions were then analysed by induc-
tively coupled plasma mass spectrometry (ICP-MS 7900, Agilent
Technologies) to quantify elemental composition. NMC powder
morphology was characterised using scanning electron
microscopy (SEM) with a JEOL 6010LA instrument and a Zeiss
Sigma instrument for higher magnifications. PXRD measure-
ments of powder samples were performed using a Rigaku
MiniFlex600 benchtop X-ray diffractometer with Co Ko radia-
tion, operated at 15 mA and 40 kV. Note that cobalt radiation (4
= 1.788 A) was used instead of the more common Cu Ko, (A =
1.5406 A). The incident X-ray beam included a Ni KB filter,
a 13 mm open X-ray mask and a 2.5° Soller slit. Data collection
was performed in goniometer mode using a thin glass sample
holder, with a scan speed of 10° min~" over a 3-90° scan range
and step width of 0.01°. Rietveld refinement was carried out
using GSAS-1l software.?®** The tapped density of the NMC811
samples was measured using a Micromeritics GeoPyc 1360, with
each value averaged over ten repetitions. The skeletal density
was determined using a Micromeritics AccuPyc II 1340 helium
pycnometer at ambient temperature under a helium atmo-
sphere, also averaged over ten measurements. The pH of the
water extract was measured to assess the surface alkalinity of
the powders. A 10 wt% suspension of NMC811 samples in DI
water was stirred for 1 h at 25 + 2 °C in a sealed vessel to
minimise CO, absorption. The particle size distribution was
obtained using a laser diffraction particle size analyser (Anton
Paar PSA 1190), with each reported value averaged from three
independent measurements. The specific surface area was
measured by nitrogen adsorption-desorption using a Micro-
meritics 3Flex surface characterisation analyser and calculated
using the Brunauer-Emmett-Teller (BET) method.

Electrochemical characterisation

Coin cell components (CR2032) and Li metal foil were
purchased from Guangdong Canrd New Energy Technology Co.,

This journal is © The Royal Society of Chemistry 2025
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Ltd. 1.0 M LiPFs in ethylene carbonate (EC) and dimethyl
carbonate (DMC) electrolyte, sodium carboxymethyl cellulose
binder (CMC, M,, = 250 000) and Whatman GF/A glass micro-
fiber were purchased from Sigma Aldrich. All chemicals were
used as received without further purification.

The slurry for all the NMC811 cathodes were prepared by
mixing 90 wt% NMC811 powder with 6 wt% pre-prepared PVDF
binder solution (5 wt% in NMP) and 4 wt% carbon black. The
slurry for graphite anode was prepared by mixing 90 wt%
graphite powder with 10 wt% pre-prepared sodium carbox-
ymethyl cellulose (M,, = 250 000) binder solution (5 wt% in DI
water). The slurries were well-mixed in a centrifugal mixer
(Thinky, ARE-250 CE) for 10 min at 2000 rpm. The NMC811
cathode and graphite anode electrodes were then coated from
slurries onto battery-grade Al and Cu foil, respectively. The
coated electrodes were dried at 80 °C for 6 hours followed by
vacuum drying for 24 hours. The 1.0 cm circular electrodes were
cut, with the areal loading of the NMC811 cathodes ranging
from 11 to 17 mg cm ™2, primarily due to differences in material
characteristics, as all electrodes were coated under identical
processing conditions. The average areal loadings of NMC-R1,
NMC-R2, NMC-CS, and NMC-BASF electrodes were 12.9, 11.3,
16.7, and 15.2 mg cm 2, respectively, with variations controlled
within 4% across replicate samples. All electrodes were tested
without calendering to evaluate the intrinsic electrochemical
performance of the active materials under standard lab-scale
conditions. Coin cells were then assembled inside a glovebox
(H,0 < 0.5 ppm, O, < 0.5 ppm) using lithium metal (12 mm) as
the counter electrode for half-cell tests, or graphite as the anode
for full-cell tests with N/P ratios controlled between 1.05 and
1.15. The graphite electrodes were not pre-lithiated prior to
assembly, consistent with standard commercial full-cell
configurations in which the lithium inventory is provided
exclusively by the cathode. The Whatman GF/A glass microfiber
separator was saturated with 100 puL of 1 M LiPF¢ (EC/DMC, 1: 1
by vol). Assembled cells were rested for 12 hours at room
temperature before formation cycling to ensure electrolyte
wetting. Three independent cells were tested to confirm
reproducibility.

For NMC||Li half cells, long-term cycling experiments were
performed at a rate of 0.33C within a voltage window of 3.0-
4.2 V for 50 cycles. For high-loading coin cells, 50 cycles were
conducted to differentiate electrode performance, assess
cycling stability, and enable analysis of structural evolution.
Prior to the cycling tests, two formation cycles were carried out
at a rate of 0.05C between 3.0 and 4.2 V. For NMC||graphite full
cells, three formation cycles were performed at a rate of 0.05C
between 2.2 and 4.2 V. Rate capability testing was then carried
out sequentially at 0.2C, 0.3C, 0.5C, 1C, and 2C, with each
condition tested for 5 cycles, followed by cycling at 0.2C for an
additional 50 cycles. All cycling measurements were conducted
at 25 + 1 °C using a LAND battery testing system with temper-
ature controlled by a Neware environmental chamber. Electro-
chemical impedance spectroscopy (EIS) was conducted on
NMCS811||Li half cells over a frequency range of 1 MHz to 0.1 Hz
with a signal height of 10.0 mV at room temperature before
cycling and after discharging the cells to 3.0 V at the 50th cycle.

This journal is © The Royal Society of Chemistry 2025
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Notably, the 1C rate was defined as 160 mA g ' and applied
consistently across all NMC811 samples in both half-cell and
full-cell tests.

Results and discussion
Material characterisation

In the resynthesis of NMC811 cathodes, the precursor cathode
active material (pCAM) was prepared using a conventional co-
precipitation method. Two batches of leachate obtained from
spent LIBs at a pilot-scale recycling facility were used to syn-
thesise samples designated as NMC-R1 and NMC-R2. NMC-R2
was produced from a leachate that underwent an additional
impurity removal step. A comparison sample was synthesised
from high-purity (>99.9%) commercial metal sulphates under
identical conditions (denoted as NMC-CS). A commercial
NMC811 (denoted as NMC-BASF) was included for bench-
marking purposes. As quantified by ICP-MS, NMC-R1 and NMC-
R2 exhibited stoichiometries closest to the ideal 8:1:1
composition, whereas the CS and BASF samples contained
comparable Ni content yet with higher Co and lower Mn
contents (Table S1).

The industrial black mass used as feedstock in the recycling
process contained Al (3.5 wt%), Cu (1.2 wt%), Fe (0.2 wt%), and
other elements such as Ca, Mg, and Na (Table S2). The identity
and content of impurities in the resynthesised and commercial
NMC811 samples were further determined by ICP-MS and SEM-
EDS analyses (Fig. 1). Cu, a potential impurity from the anode
current collector, was absent in resynthesised NMC powders.
Although Al was detected, its content remained sufficiently low
at ~0.015% and was approximately the same in all samples
including commercial NMC-BASF. These results confirm that
current collector debris in LIB black mass can be effectively
removed likely through physical separation or precipitation
during the hydrometallurgical process, and Al or Cu are not the
primary impurities of concern in resynthesised NMC cathodes.
Trace amounts of Ca and Fe were detected only in NMC-R1 and

NMC-BASF]H
S
Na
NMC-CS A
Fe
Ca
NMC-R2
NMC-R1
00 01 02 03 04 05 06

Residual impurity content (wt.%)

Fig. 1 The content of major impurities in commercial and resyn-
thesised NMC811 samples.
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NMC-R2. These persistent elements that are challenging for
complete removal during recycling process reduce the overall
purity of the final NMC811 products.

A significant amount of S was found in resynthesised
samples with values of 0.49% for NMC-R1 and 0.24% for NMC-
R2, in contrast to only 0.03% for NMC-BASF. NMC-CS sample
synthesised using commercial metal salts, however, had only
slightly lower S content (0.17%) than NMC-R1 and -R2. This
indicates that co-precipitation, a process during which the di-
ssolved metal sulphates form NMC(OH), precipitate upon pH
adjustment, would be the primary source of S impurity in final
NMC powders.* In addition, due to the use of high-
concentration sulphuric acid in the recycling process for
metal leaching, the excess sulphate ions in the leachate could
serve as another source of S impurities in resynthesised NMC."*
Sulphate impurities in co-precipitated pCAM are known to be
pH-dependent, with residual sulphur levels decreasing mark-
edly above the point-of-zero-charge.** In the case of recovered
metal precursors, the presence of excess sulphates and other
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® —— Difference
= | Bragg
=5 NMC-R1
>
=
)
c
[ | | I I
A A
{1 L 1 ! L L 1

10 20 30 40 50 60 70 80

2 theta (deg)
C © Calc. data
Observed
Background
—— Difference
=) | Bragg
8
2
‘»
c
[}
<

2 theta (deg)

Fig. 2 Rietveld refinement pattern of PXRD data. (a) NMC-R1. (b) NMC-R2. (c) NMC-CS. (d) NMC-BASF.
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impurities may interact with pCAM surfaces and modify surface
charge characteristics, potentially shifting the effective point-of-
zero-charge. Such shifts could alter sulphate adsorption-
desorption equilibria during precipitation, reducing the effi-
ciency of sulphur removal and contributing to the elevated
residual sulphur content observed in the resynthesised NMC
samples. Nevertheless, the purity of resynthesised NMC811
cathodes (99.65% for NMC-R2) exceeds the threshold of battery-
grade cathode active materials, validating further detailed
structure characterisation and performance evaluation.

Powder X-ray diffraction (PXRD) was used to elucidate the
crystal structures and assess the structural integrity of various
NMC811 samples. The diffraction patterns in Fig. 2 exhibited
sharp, well-defined Bragg reflections characteristic of a single-
phase layered structure with rhombohedral symmetry (R3m
space group), consistent with the a-NaFeO,-type structure.*> No
secondary phases were detected within the resolution limits of
the diffractometer.
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Table 1 Rietveld refinement results of NMC811 samples
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Sample a/b () c(d) v (A% Tt003)/T(10) GOF Ryp (%) Li/Ni occupancy (%)
NMC-R1 2.870(2) 14.189(4) 101.30(2) 1.86 0.72 4.09 1.5(6)

NMC-R2 2.872(4) 14.20(3) 101.97(3) 1.87 0.69 4.0 0.98(4)

NMC-CS 2.875(2) 14.199(5) 101.45(5) 1.98 0.95 414 0.95(4)

NMC-BASF 2.871(2) 14.196(2) 101.37(1) 2.19 0.81 5.72 0.91(3)

To further evaluate deviations in the lattice parameters,
PXRD data were subjected to Rietveld refinement (Table 1). A
key parameter used to assess cation distribution within the
crystal lattice of NMC811 materials is the intensity ratio of the
(003) to (104) reflections, denoted as Ijos)/l104).>> This ratio
serves as an indicator of cation mixing between Li and Ni ions,
with higher values suggesting lower degrees of -cation
disorder.** The commercial NMC-BASF demonstrated the
highest Ioo3)/I(104) ratio of 2.19, indicative of minimal cation
mixing and a well-ordered layered structure. By contrast, NMC-

R1, which exhibited the lowest purity (99.41%) among all
samples, showed a I(p03)/I(104) Tatio of 1.86, a Li/Ni cation mixing
of 1.5% and a reduced unit cell volume of 101.30(2) A®.
Although I(g3)/I(104) values of NMC-R2 and -CS were still lower
than NMC-BASF, their Li/Ni cation mixing was below 1%. This
consistent trend between sample purity and structural integrity
indicates the negative impacts of the residual impurity
elements that destabilise the layered arrangement and promote
the undesired nickel ion migration into lithium sites.

Fig. 3 SEM images of NMC811 samples. (a and b) NMC-R1. (c and d) NMC-R2. (e and f) NMC-CS. (g and h) NMC-BASF.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Electrochemical performance of NMC811||Li half-cell measurements. (a) Summary of the ICEs and discharge capacities. Error bars
represent standard deviation based on three independent cells. (b) Cycling performance at 0.33C. The 1C rate was defined as 160 mA g™,

The SEM images in Fig. 3 revealed distinct morphological
differences among the NMC samples. NMC-R1 showed the most
irregular morphology, consisting of loosely agglomerated
secondary particles with non-uniform shapes and sizes. NMC-
R2 displayed more defined secondary particles with partial
sphericity, although the overall size distribution remains broad.
In contrast, NMC-CS exhibited well-developed spherical
secondary particles with improved size uniformity, closely
resembling the morphology of the commercial NMC-BASF.
Such compact and homogeneous structures are characteristic
of high-quality cathode materials.

a ) »
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N 400-
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To complement the SEM observations, key physical proper-
ties of the NMC samples, including particle size distribution,
skeletal and tapped densities, pH of water extract, and specific
surface area, were measured (Table S3). NMC-R1 had the
smallest particle size (Ds, = 9.27 pm) and the lowest skeletal/
tapped densities (3.43/2.53 g cm ), consistent with its irreg-
ular and loosely packed morphology. NMC-R2 had a larger
median size (D5, = 12.70 um), similar to NMC-CS and NMC-
BASF, but showed the broadest distribution (Do — Dyy =
16.86 um) and relatively low skeletal/tapped densities (3.72/
2.59 g cm ™), indicating porous secondary particles with limited
packing efficiency. In comparison, NMC-CS and NMC-BASF

c
<00 NMC-R1
o  NMC-R2
A NMC-CS
<& NMC-BASF
= 200 -
K
<]
100
0 T T
0 100 200 300
Z' (Ohm)

Fig.5 Nyquist plots of EIS measurements and their fits at room temperature of NMC811||Li half cells. (a) Equivalent circuit model used for fitting.
(b) Before cycling. (c) After 50 cycles at 0.33C. Fitted lines are overlaid on experiment data (symbols). The 1C rate was defined as 160 mA g~ .
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exhibited higher skeletal/tapped densities (4.10/2.67 and 4.26/
2.89 ¢ cm 3, respectively) and narrower size distributions (Doo —
Dy = 14.05 and 11.35 pm, respectively), reflecting their
uniform, well-packed secondary particles. The pH of the water
extract was comparable for all samples (11.7-11.8), suggesting
similar surface alkalinity. Overall, NMC-R2 demonstrated
material properties approaching those of the commercial

Table 2 The fitted resistance values of EIS measurements

Before cycling After 50th cycles

Sample Rs (Q) Rsf (Q) Rct (Q) RS (Q) Rsf (Q) Rct (Q)
NMC-R1 2.56 22.09 318.1 3.37 194.4 79.48
NMC-R2 2.3 6.36 278.3 2.96 92.3 91.34
NMC-CS 2.32 58.56 224.9 4.19 55.2 75.58
NMC-BASF 2.68 41.21 205.3 5.04 16.84 42.74
a After formation NMC-R1
81—— 50" cycle
< H1-M
< 44
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£
H1
3 0
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benchmark (NMC-BASF), although slight irregularities in
particle shape and packing remained. These morphological
characteristics directly influenced powder packing behaviour
and density. As a result, NMC-CS and NMC-BASF, with their
compact spherical particles, achieved higher tapped densities
and more efficiently packed electrodes (15-16 mg cm™2),
whereas the irregular morphologies of NMC-R1 and NMC-R2
led to lower packing densities and reduced areal loadings (11-
12 mg cm ?).

We attribute the ill-defined morphology of NMC-R1 and -R2
to the presence of a range of impurity ions that interfere with
particle nucleation and growth during the co-precipitation
process for NMC811 hydroxide precursor formation. Sulphate
can influence morphology via pH-dependent adsorption, which
modifies crystal growth and particle structure.** Lee et al. re-
ported that excess SO,>~ ions can hinder the growth of primary
particles and lead to reduced growth of secondary particles,

(o3

After formation NMC-R2
81— 50" cycle

S H1-M
c 41
T | M-H2
5 0- H1
S W
S

4

30 32 34 3.6 38 40 42
Voltage (V vs. Li*/Li)

12 After formation NMC-BASF
—— 50" cycle
—~~ H1'M
w87
>
< H2-H3
e 41 M-H2
5 oA H1Y
s}
©
44
-8 .

30 32 34 36 38 40 4.2
Voltage (V vs. Li*/Li)

Fig. 6 Differential capacity plots of NMC811||Li half cells. (a) NMC-R1. (b) NMC-R2. (c) NMC-CS. (d) NMC-BASF.
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yielding spherical but more porous secondary particles with
smaller sizes compared to sulphate-free conditions.** Similarly,
Fe**/Fe®" ions can also promote the formation of sheet-like or
porous primary particles, further leading to irregular secondary
structures,* and Al’* jons can inhibit crystal growth and result
in smaller secondary particles with a broad size distribu-
tion.”>**%” These results indicate that interactions with residual
impurities during pCAM synthesis can lead to morphological
variations, which subsequently influence the properties of the
final cathode material.

Electrochemical performance in NMC811||Li half cells

Fig. 4a summarises the average initial discharge capacities and
initial coulombic efficiencies (ICEs) of NMC811||Li half cells
during the first cycle at 0.05C within the voltage window of 3.0-
4.2 V, with full statistical data provided in Table S4. The initial
discharge specific capacities for NMC-R1, NMC-R2, NMC-CS,
and NMC-BASF were 157.4, 175.3, 174.4, and 187.7 mAh g,
respectively, while the corresponding ICEs were 87.4%, 93.0%,
87.4%, and 88.0%, respectively. The lowest discharge capacity
in NMC-R1 can be attributed to its higher degree of cation
disorder, and ill-defined particle morphology. NMC-R2 exhibi-
ted the highest ICE (93.0%) among all samples, while also
delivering a comparable discharge capacity to NMC-CS, the
material synthesised from commercial-grade metal salts. The
relatively lower ICEs of NMC-CS and NMC-BASF may result from
their higher mass loadings, which can promote side reactions
and limit lithium utilisation during the first cycle. A minor
voltage-uptake feature was observed at the beginning of charge
in NMC-CS (Fig. S1), which is characteristic of Ni-rich NMCs
and typically arises from surface equilibration processes such as
the oxidation of residual lithium species during the initial
formation cycle.**** This feature may possibly contribute to the
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slightly lower ICE but has no measurable effect on the subse-
quent electrochemical performance in our study. Nevertheless,
both the initial capacity and ICEs of NMC-R2 fall within the
range reported for resynthesised or regenerated NMC811 cath-
odes in the literature (Table S5), and the NMC-CS and
commercial NMC-BASF also show values consistent with high-
quality NMC811.121%4>-46

To further evaluate their electrochemical performances,
cycling tests (Fig. 4b) were conducted at a current rate of 0.33C.
After 50 cycles, all samples demonstrated comparable capacity
retention, with values of 92.1%, 94.1%, 93.2%, and 93.6% for
NMC-R1, NMC-R2, NMC-CS, and NMC-BASF, respectively.
Electrochemical impedance spectroscopy (EIS) was then per-
formed to assess interfacial and charge-transfer characteristics
during cycling. The Nyquist plots displayed a typical profile
comprising two semicircles at high to medium frequencies and
a sloped line at low frequencies (Fig. 5). The R, specifies the
ohmic resistance of the electrolyte solution. The first semicircle
in the high-frequency region is attributed to the surface film
resistance of the cathode-electrolyte interphase (Ry), while the
second semicircle in the medium-frequency region corresponds
to the charge transfer-resistance (R.). The low-frequency tail is
associated with the Warburg impedance, reflecting lithium-ion
diffusion within the electrode material.*”**

All samples exhibited comparable impedance values before
cycling, indicating consistent cell preparation (Table 2). After 50
cycles, NMC-R1 displayed the highest resistance, attributed to
its disordered morphology, impurity enrichment, and partial
cation disorder, which together hindered Li* transport.*>* In
contrast, NMC-BASF maintained the lowest values for both R,
(42.74 Q) and Ry (16.84 Q), followed by NMC-CS, while NMC-R2
showed slightly higher resistance yet remained markedly lower
than NMC-R1. These trends are consistent with the morpho-
logical characteristics observed before and after 50 cycles

210
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Fig. 7 Electrochemical performance of NMC811||graphite full-cell measurements. (a) Summary of the ICEs and charge capacities. Error bars
represent standard deviation based on three independent cells (b) rate performance. The 1C rate was defined as 160 mA g~* across all NMC811
samples. The average areal loadings of NMC-R1, NMC-R2, NMC-CS, and NMC-BASF electrodes were 12.9, 11.3, 16.7, and 15.2 mg cm™2,

respectively.
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(Fig. S2 and S3), where more coherent and uniform particle
structures were associated with greater interfacial stability.
Hence, the EIS analysis highlights the combined influence of
morphology and composition on the electrochemical behaviour
of Ni-rich cathodes.™

Differential capacity plots were used to further analyse the
redox behaviour and phase transitions (Fig. 6). These curves
provide detailed information on the electrochemical processes
occurring during lithium extraction and insertion. In Ni-rich
cathodes such as NMC811, several distinct redox peaks are
typically observed during charging. These peaks correspond to
phase transitions from the initial hexagonal phase to a mono-
clinic structure, followed by further transformation to more
lithium-deficient hexagonal phases (H1-M-H2-H3).>>** In this
study, peak maxima were identified at ~3.65 V, 3.75 V, 3.9 V,
and 4.2 V, consistent with previously reported values.** The H1-

View Article Online
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H2 region contributes the majority of the capacity, while the
H2-H3 region provides only a limited capacity (<20 mAh g~*).5

NMC-BASF exhibited sharp and well-defined redox peaks,
indicating uniform phase evolution, low cation disorder, and
excellent structural integrity. In contrast, NMC-R1, NMC-R2,
and NMC-CS displayed broader and less distinct peaks, indi-
cating greater heterogeneity in the local electrochemical envi-
ronment. After 50 cycles, a minor shift of the redox peaks to
higher potentials during charging and lower potentials during
discharging was observed for all the samples except NMC-BASF,
likely arising from increased interfacial resistances.®® The
negligible peak shifts observed for NMC-BASF aligned with its
minimal impedance values. In addition, the onset of the H2-H3
phase transition in NMC-BASF occurred at a relatively lower
voltage compared to the other samples, allowing it to access
more high-voltage capacity and therefore deliver a higher
discharge capacity.””

a b
250 T — . 100.0 16 yYR——
= 000 OOCOZX er formation NMC-BASF
- OXCN K R [99.8 —
o B st i ol 06 & 12 107cycle
< 200- N \» Uopo —— 30" cycle
S & r99.4 S > Y 50" cycle
Z (992 5 g H2-H3
& 150 990 § E {7-M
& J T 0= 4l cgLic, | || M-H2
® Logg.g .2 >
S (986 E & \
o) | 04
5 1007 & O NMC-BASF 984 = O ) "y
S ® O NMC-R2 (982 O 4
2 A A NMC-CS ' 7
50 T T T T 98-0 T T T T T T
0 10 20 30 40 50 30 32 34 36 38 40 42
Cycle number Voltage (V)
c d
12
After formation NMC-R2 124 After formation NMC-CS
—— 10" cycle 10" cycle
~ 84——30"cycle ~ |—30"cycle
> —— 50" cycle > 81— 50Mcycle
e c -
<é: 4- H1-M <E(
3 H2-H3 E
N Ce-LiC, M-H2 >
B o 9
S S S
44 4
30 32 34 36 38 40 42 30 32 34 36 38 40 42
Voltage (V) Voltage (V)
Fig. 8 (a) Cycling performance in NMC811||graphite full cells at 0.2 C. (b) dQ/dV plot of NMC-BASF. (c) dQ/dV plot of NMC-R2. (d) dQ/dV plot of

NMC-CS. The 1C rate was defined as 160 mA g~* across all NMC811 samples. The average areal loadings of NMC-R1, NMC-R2, NMC-CS, and
NMC-BASF electrodes were 12.9, 11.3, 16.7, and 15.2 mg cm ™2, respectively.
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Overall, NMC-R2 exhibited comparable capacity retention to
NMC-BASF. However, its morphological differences may be
associated with the higher interfacial resistances observed in
EIS, and the slight peak shifts in the dQ/dV profiles indicate
increased polarisation, which can in turn limit accessible
capacity and affect long-term electrochemical kinetics. Consis-
tent with this, extended 1C half-cell cycling (Fig. S4 and Table
S6) showed that both NMC-BASF and NMC-R2 maintained
~95% capacity retention after 50 cycles, and decreased to 92.6%
and 91.5%, respectively, after 100 cycles.

Electrochemical performance in NMC811|graphite full cells

Full cell tests were performed for three samples, i.e., NMC-R2,
NMC-CS and NMC-BASF, to further investigate the influence
of precursor purity and particle morphology on battery perfor-
mance. The performance trend observed in full cells was
consistent with that in half-cell testing (Fig. 4 and 7). NMC-R2
and NMC-CS delivered initial discharge capacities of approxi-
mately 175.1 and 177.6 mAh g, respectively, at a rate of 0.05C,
slightly lower than that of NMC-BASF (190.5 mAh g~ ). The C-
rate tests demonstrated that NMC-BASF maintained the high-
est discharge capacity across all tested current rates (Fig. 7b).
Despite the differences in absolute discharge capacity, NMC-R2
and NMC-BASF exhibited comparable relative capacity reten-
tion across all C-rates (Fig. S5).

The cycling performance of NMC811 ||graphite full cells was
evaluated over 50 cycles within a voltage window of 2.2-4.2 V
(Fig. 8a). After 50 cycles, the specific discharge capacities
reached 143.2 mAh g~' for NMC-CS, 152.6 mAh g~ ' for NMC-
R2, and 153.5 mAh g~ for NMC-BASF. The full cell based on
NMC-R2 exhibited the highest capacity retention (95.1%),
surpassing that of the cell using commercial NMC-BASF
(89.3%).

In the full-cell dQ/dV plots (Fig. 8b-d), the H2-H3 phase
transition of NMC-CS and NMC-BASF became more
pronounced compared with the half-cell configuration, as the
cathode experienced a higher effective potential in full cells.
From the 10th to the 50th cycle, the redox peaks of NMC-CS and
NMC-BASF shifted to higher potentials compared with NMC-R2,
indicating increased polarisation in the full-cell configuration.*
This behaviour contrasted with the half-cell measurements,
where NMC-R2 exhibited higher resistance for both Ry and R,.
This evolution in the full cells could be attributed to accumu-
lated lattice strain from the H2-H3 transition, alongside kinetic
and transport limitations intrinsic to full cells. Accessing the
H2-H3 region contributes to higher discharge capacity, but
repeated cycling through this high-voltage transition is known
to induce lattice strain and inter- and intra-granular micro-
cracking, which can promote material degradation.’*
Evidence of microcrack formation in NMC-BASF (Fig. S6) is
consistent with these observations. In contrast, NMC-R2
exhibited broader yet largely unshifted dQ/dV features and did
not display a distinct H2-H3 peak within the tested voltage
window, indicating greater kinetic heterogeneity but a less
pronounced high-voltage phase-transition response. This may
be partly attributed to its higher S content, as Savina et al.
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reported that sulphate-containing NMC811 exhibited smoother
phase transitions and partial suppression of the H2-H3 trans-
formation at high potentials, thereby mitigating structural
degradation during cycling.*® The slightly higher Mn content in
NMC-R2 compared with NMC-CS and NMC-BASF may also play
a role, as diffused Mn*" at particle surfaces has been suggested
to stabilise the structure and improve retention.*® However,
SEM images (Fig. S6) also showed signs of increased surface
porosity in NMC-R2 after 50 cycles, which could allow greater
electrolyte penetration and accelerate surface degradation upon
further cycling. Therefore, although NMC-R2 showed encour-
aging electrochemical performance largely driven by its
intrinsic structural features, its longer-term stability remains
limited due to its suboptimal particle morphology. This indi-
cates that further optimisation is required before undertaking
extended lifespan evaluations.

Conclusion

This study provides a comprehensive assessment of NMC811
cathodes resynthesised from industrially recovered precursors,
establishing the link between residual impurities, material
crystallinity, morphology, and electrochemical performance.
Although the resynthesised samples contained higher levels of
impurities such as sulphur, sodium, and iron compared with
commercial references, NMC-R2 achieved a purity of 99.6%,
meeting the industrial threshold for battery-grade materials.
NMC-R2 also delivered competitive half- and full-cell perfor-
mance than both commercial cathodes and those synthesised
from commercial metal salts. However, the findings indicate
that impurities present in the recovered precursors had
a notable impact on primary and secondary particle formation,
resulting in broader particle size distributions and less compact
morphologies.

From a sustainability perspective, life cycle assessment
modelling (Tables S7 and S8) indicates that producing Ni-rich
NMC cathodes from Altilium's recycled precursors can reduce
cradle-to-gate greenhouse gas emissions by ~60% compared
with mined raw materials, and by 22% and 39% relative to
conventional hydro- and pyro-metallurgical recycling routes,
respectively, with a further 20-25% reduction achievable using
UK-based renewable electricity. These findings align with re-
ported hydrometallurgical recycling reductions of 8-22%, and
up to 49-54% under high secondary supply scenarios, indi-
cating that our performance falls within or exceed the expected
range for advanced recycling pathways when compared with
primary production.®

Overall, this work demonstrates the feasibility of producing
battery-grade NMC811 from recovered precursors while deliv-
ering strong environmental benefits. It also provides a clear
basis for future optimisation of precursor processing and
material engineering to support industrial scale-up.
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