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Copper (Cu) is essential to the electrification of society, yet primary Cu ores contain less than 1% metal, making
mining insufficient to meet the demands of the clean energy transition. Recycling offers a viable alternative,
reducing CO, emissions by up to 65%, but conductivity losses due to scrap-related impurities hinder its appli-
cation in high-performance systems. In this work, we introduce a recycling strategy for Cu recovered from
electric vehicle (EV) batteries, enabling direct and circular reuse. Through nanoscale analysis, we show that by

gettering impurities into nanoparticles spaced approximately 40 nm apart, they become effectively “invisible” to
conduction electrons. This self-cleaning mechanism maintains both electrical conductivity and mechanical
integrity, turning detrimental impurities into functional alloying elements and facilitating the sustainable reuse

of Cu.

1. Introduction

The discovery of copper (Cu) alloys marked a significant milestone in
human history, ushering mankind out of the Stone Age into the Bronze
Age and leading to applications ranging from plumbing to coinage
throughout the ages. Today, Cu is essential for sustainable energy pro-
duction and transmission due to its excellent electrical conductivity
coupled with strength and formability [1,2]. The global Cu demand is
expected to reach 53 million metric tons by 2050 (Fig. 1a) due to the
push for decarbonization and digital innovation [2-5]. Yet, stringent
environmental constraints and economic growth must be reconciled in
that context [4]. This raises concerns about the criticality of Cu given its
geochemical scarcity [1,2,6]. Therefore, additional Cu must enter the
supply chain from secondary resources (i.e., scrap recycling) to enable
the low-carbon energy transition [7,8]. Recycling Cu requires only about
10-15% of the energy needed for primary Cu production from ores [9]
while avoiding environmental challenges such as water scarcity [10]
and arsenic contamination [11] associated with mining Cu-containing
ores. Given that the current end-of-life (EOL) Cu recycling rate is
about 45%, a circular Cu economy is still far away [12,13]. While Cu
used for cabling homes and industry is long-lived, Cu in the upcoming
waves of short- and medium-lived consumer electronics, computers, and

electrification products should also be targeted to establish circularity
[9].

Electrifying the transportation sector through the adoption of elec-
tric vehicles (EVs) (Fig. 1b) offers an effective strategy to reduce
greenhouse gas (GHG) emissions from mobility and to decrease air and
noise pollution associated with internal combustion engine vehicles [14,
15]. In lithium-ion batteries (LIBs), Cu is used as a current collector (CC)
on the anode (usually graphite), maintaining electrical contact by
transporting electrons generated at electrodes to external circuits,
including the electric motor [16]. E-buses or E-trucks contain nearly 400
kg of Cu for electrical connections and 15-40 kg of Cu in the batteries
(depending on battery chemistry) [16,17]. Since sulfide- and
oxide-based Cu ores contain 0.1-2% Cu, only 1-20 kg of pure Cu can be
extracted for every ton of ore mined [3]. Therefore, recycling Cu from
the automotive sector presents an opportunity to boost Cu’s sustain-
ability, especially since global projections suggest that ~1.1 million
batteries will reach EOL by 2030 (LIBs have a lifetime of around 10-15
years) [18,19]. Additionally, recycling EV battery scrap can prevent
environmental problems such as soil pollution and fire hazards associ-
ated with improper battery disposal [20-22].

Recycling Cu involves specific metallurgical challenges compared to
primary production, mainly arising from the heterogeneous chemical
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compositions of scrap Cu, the presence of various alloying elements and
contaminants, and the complex microstructural changes that occur
during recycling [23]. These challenges are especially difficult to
circumvent because preserving chemical purity is vital for
high-conductivity applications. Mixed or lower-grade scrap often con-
tains detrimental impurities such as iron (Fe), nickel (Ni), cobalt (Co),
manganese (Mn), and chromium (Cr) [24]. These (anti-)ferromagnetic
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solutes in solid solution can markedly degrade the electrical perfor-
mance of Cu [25]. Elements such as lead (Pb), bismuth (Bi), and anti-
mony (Sb) are particularly harmful during processing because they can
form low-melting eutectics, leading to hot shortness, embrittlement, and
intergranular cracking [26]. Aluminum (Al), silicon (Si), and zinc (Zn)
are also common in recycled Cu feedstocks, but can often be partially
removed through oxidation or drossing techniques [24]. However,
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Fig. 1. The demand and recycling landscape for Cu from the EV sector. (a) Copper demand chart showing the annual Cu demand in 2050 to be greater than all Cu
consumed from 1900 to 2022 (source: https://www.stocktitan.net/news/WTCRF/li3-lithium-announces-shareholder-approval-of-name-change-to-reflect-jjlsqve7
8mae.html). (b) Chart showing the rising EV sales in China, EU, USA, and the rest of the world (source: https://www.iea.org/data-and-statistics/charts/elect
ric-car-sales-2012-2024). (c) Schematic representation of the circular economy of EV batteries, from material extraction to recycling practices (Adapted with
permission from Refs. [34,35]). (d, e) Scanning electron microscope (SEM) micrograph of representative recycled Cu foils from EV batteries and corresponding (f)
Energy dispersive X-ray spectroscopy (EDS) map of the foil showing the presence of Cu.
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pyrometallurgical refining methods are inherently difficult to operate
due to the imperative need for precise oxidation control during
remelting [9]. Copper readily oxidizes to CusO between 1065-1085°C,
creating a low-melting eutectic capable of penetrating grain boundaries
and becoming susceptible to hydrogen embrittlement via intergranular
decohesion when hydrogen is present [27,28]. Thus, deoxidation with
phosphorus (P) or lithium (Li) is essential for certain grades, such as
Cu-HCP (high-conductivity phosphorus-deoxidized copper) [29]. Dur-
ing melting and solidification, copper typically develops columnar
grains, attributed to its high thermal conductivity and low nucleation
rate [30]. Impurities such as tin (Sn), Zn, and Ni tend to promote a
transition from columnar to dendritic or cellular grain growth by
altering the liquidus-solidus interval and increasing constitutional
supercooling during recycling [24,30]. Moreover, these impurities can
form second-phase particles (e.g., CugSns, CugSb, NizSn) that promote
recrystallization by serving as nucleation sites, but can also act as stress
concentrators, leading to cracks under cyclic thermal or mechanical
stress [31,32].

Battery recycling for material reclamation faces several challenges.
First, the diversity in LIB chemistry and structural designs complicates
the recycling process as contamination from the other battery compo-
nents is inevitable, resulting in complex mixed scrap streams [14]. Such
contamination is typically undesirable for applications because it de-
grades the functional properties of the reclaimed material. This, there-
fore, calls for additional refining steps or metal dilution, which are
expensive and defeat the purpose of sustainable recycling. In the case of
Cu, important properties to be maintained for electrical transmission are
high strength and conductivity. However, recycled Cu often contains
impurity solutes, crystalline defects such as dislocations and vacancies,
as well as microstructural interfaces, including twins, stacking faults,
and grain or phase boundaries. While these features can enhance me-
chanical properties, such as strength and ductility through
defect-mediated strengthening mechanisms, they also serve as potent
sources of inelastic electron scattering, thereby significantly reducing
electrical conductivity [33]. Achieving an optimal balance between
mechanical and functional properties necessitates a comprehensive
investigation of the recycled Cu’s microstructure, chemistry, and per-
formance across multiple length scales.

Fig. 1c shows a model of the sustainable circular economy of LIBs
from raw material extraction to EOL [34,35]. The current LIB recycling
industry prefers to handle production scraps as the chemistries are
known and with no contamination from usage. Depending on their state
of health, EV batteries can be repurposed for second-life use as sta-
tionary energy storage for grid balancing and powering light transport
devices like scooters and e-bikes. Once the batteries (from first and
second life) reach their EOL, battery cells must be discharged and dis-
assembled for material separation [14]. Recycling aims to reclaim some
critical materials, some of which are used as secondary raw materials for
battery production (i.e., direct recycling) or to manufacture other en-
gineering products, often with downcycled material grades. The current
battery recycling practice uses, in part, mechanical, pyrometallurgical,
or hydrometallurgical processes for material recovery, but more effi-
cient and sustainable technologies need to be developed in this sector
[34,36-38].

Here, we demonstrate the recycling of Cu material from EOL batte-
ries with lithium-nickel-manganese-cobalt-oxide (NMC811) cathode,
following physical separation (viz., shredding and density-based sort-
ing). Fig. 1d, e show the scanning electron microscope (SEM) images of
the recycled Cu foils with the corresponding energy-dispersive X-ray
spectroscopy (EDS) map (Fig. 1f), revealing the uniform distribution of
Cu at the microscale. The Cu foils were compacted into pellets before
being cast and then subjected to homogenization, hot-rolling, cold-
rolling, and annealing. To elucidate the influence of impurities on the
mechanical and functional properties of recycled Cu, advanced charac-
terization techniques - including electron backscatter diffraction
(EBSD), transmission electron microscopy (TEM), and atom probe
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tomography (APT) — were employed to probe the microstructure down
to the near-atomic scale.

2. Methods
2.1. Materials preparation

First, pellets were produced from scrap Cu foils obtained from an
industrial partner. The chemical composition (wt.%) of the scrap Cu foil
according to Inductively Coupled Plasma (ICP) wet chemical analysis is
shown in Table 1. The pellets were melted in a vacuum induction
furnace under a high-purity argon (Ar) atmosphere. The ingots were re-
melted five times to ensure chemical homogeneity. The melted ingots
were cast into a mold measuring 100 mm x 20 mm x 20 mm (length x
width x thickness). The cast slab was then homogenized at 1000°C for 6
h and water quenched. The homogenized sample was hot-rolled at
1000°C to achieve a 50% reduction in thickness. After hot rolling, the Cu
sheet was cold-rolled to an 80% thickness reduction, resulting in a final
thickness of 2 mm. Two annealing protocols were used to produce
different grain sizes after cold rolling. The cold-rolled sheets were
annealed at either 450°C or 550°C for 1 h, followed by water quenching.
For simplicity, the final states of the samples were labeled as “Cu450”
and “Cu550”.

2.2. Microstructure characterization

The microstructures of the investigated samples were characterized
by backscattered electron (BSE) imaging using a Zeiss-Merlin scanning
electron microscopy (SEM). Electron backscattered diffraction (EBSD)
and energy dispersive spectroscopy (EDS) analyses were conducted in
the same SEM equipped with the EDAX software. EBSD data was
analyzed using the OIM software (Version 9). Transmission electron
microscopy (TEM) analysis was carried out in an aberration-corrected
FEI Titan Themis 60-300 operated at 300 kV. Atom probe tomogra-
phy (APT) specimens were prepared from the bulk samples in a FEI
Helios Dual Beam Xe-Plasma focused ion beam (FIB). A local electron
atom probe (LEAP 5000XR, Cameca) was used in the laser-pulsed mode
for the APT experiments. All APT experiments were performed at 60 K,
125 kHz pulse rate, and 40 pJ pulse energy. APT data was analyzed using
the APsuite software (version 6).

2.2.1. Estimation of precipitate volume fraction

The distinct differences in matrix and precipitate compositions allow
for the estimation of the volume fractions of the precipitates from the
APT datasets using the Lever rule expressed as:

Co= V,Co+ (1-V,)Cn

Where C, is the overall composition of the APT tip, C, is the
composition of the precipitates, C,, is the composition of the matrix and
V, is the volume fraction of the precipitates. A plot of (C, — C,) against
(G, — Cp) yields a straight line with the slope as V,, similar to the
equation of a straight line.

2.2.2. Estimation of particle size

The Nearest Neighbor Distribution protocol in the APsuite software
(version 6) is first used to determine the maximum fixed distance (dpax)
between the clusters. A fifth-order nearest-neighbor distribution is then
used to define the large clusters which are the precipitates. Other atoms
within some distance L greater than d are assumed as members of the
cluster while taking clusters above a certain minimum number of solute
atoms (Npin). The average volume of the clusters (Vextent) is then esti-
mated by using the cluster-finding protocol in the APsuite software
(version 6). Since the precipitates are spherical, the average particle size
is then estimated using the equation for the volume of a sphere.
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Table 1

Composition of as-received Cu scrap by wet chemical analysis.
Elements Al C Co Fe Li Mn Ni P Si Zn Cu
Scrap Cu 0.19 0.53 0.13 0.17 0.11 0.18 0.26 0.068 <0.02 0.11 Bal.

2.2.3. Estimation of interparticle spacing

The interparticle spacing between the precipitates is also estimated
using the cluster-finding protocols in the APsuite software (version 6)
described above. The parameters are all set by following the procedure
described above and elsewhere [39]. The positions of the particles ob-
tained in 3D are then used to estimate the 2D first nearest neighbor
distance between the particles. However, we note this nearest neighbor
distance is taken from the center of the particles and must be converted
to the distance between the spheres. This is simply done by using the
expression (dip = dcenter — 2R), where djp is the average interparticle
spacing, dcenter iS the average interparticle spacing between the centers
of two spherical particles and R is the average radius of the precipitates.

2.3. Mechanical property measurements

Flat-dog bone specimens of 20 mm total length (gauge length = 12
mm, gauge width = 2 mm, and thickness of 2 mm) were used for room
temperature uniaxial tensile tests at a constant strain rate of 1 x 10351,
A digital image correlation (DIC) method (Aramis system) was used to
evaluate the local strain evolution during tensile testing. The tensile
specimens were ground and polished to a mirror finish before the tensile
tests. The tensile tests were repeated three times for each annealing
condition to ensure reproducibility.

Nanoindentation tests were conducted using a diamond Berkovich
tip (Synton-MDP AG, Switzerland) attached to a KLA G200 Nano-
indenter XP head. Before testing, the tip area function was calibrated
using fused silica. Room temperature measurements were performed
using the continuous stiffness measurement (CSM) method, yield hard-
ness (H), and elastic modulus (E) values as a function of increasing
penetration depth. The maximum allowable drift rate was set to 0.05 nm
s and the load rate was fixed at 0.05 s!. Hardness (H) and elastic
modulus (E) values were extracted using the Oliver and Pharr method,
with the maximum indentation depth set to 1000 nm.

2.4. Electrical resistivity measurements

The electrical resistivities of the samples were probed in a LINKAM-
HFS600 system with four tungsten probes. Before testing, all samples
were ground and polished to a mirror finish without noticeable
scratches. The resistivity was determined following the standard Van der
Pauw method [40]. Sample shape or probe positioning asymmetries
were corrected as outlined by Bishara et al. [41]. At least three speci-
mens were tested for each condition.

2.4.1. Estimation of electrical resistivity

The underlying theories and equations used to model the resistivity
in the modified code are based on fundamental principles of solid-state
physics and materials science. This considers the different microstruc-
tural and atomic contributions to the electrical resistivity. Here, a model
composition CuFeq 11Nip.27C00.0sMng 11 (at.%) based on the chemical
information from the APT analysis is used to estimate the electrical re-
sistivity at fixed grain sizes, while varying (a) the amount of the main
impurity element (Fe) and (b) the volume fraction of the nanoparticles.
The total resistivity (p,,.;) of the copper alloy is the sum of the intrinsic
resistivity of pure copper, the resistivity contributions from impurities,
nanoparticles, and grain boundaries.

Intrinsic resistivity of pure Cu: p¢, (T) = po(14+a(T-Ty)), where p, is the
intrinsic resistivity of pure Cu, o is the temperature coefficient of re-
sistivity and Ty is the reference temperature (often taken as room tem-
perature, 293.15 K).

Resistivity contribution from impurities (solid solution): p.iute
>~ i(Aj-ci), where A; is the empirical constant specific to each impurity
element i (represents the resistivity increase per atomic percentage of
the impurity) and c; is the atomic percentage concentration of impurity i.

Resistivity contribution from nanoparticles: p,,= B x (fup/dyp), where B
is the empirical constant representing the strength of the scattering due
to nanoparticles, fy, is the volume fraction of nanoparticles and dy, is the
diameter of nanoparticles.

Resistivity contribution from grain boundaries: pgg = Cgrain/dgrain,
where Cgqin is the empirical constant representing the impact of grain
boundaries on resistivity and dgq;, is the average grain size of the Cu
matrix.

2.5. Electrochemical measurements

The Cu450 and Cu550 current collectors (CCs) were first cut to a disc
geometry (150 um thick, ¢ = 10 mm) [42]. To prepare the graphite
electrode, a conventional 90:2:8 mass ratio of 5-um graphite powder
(Graphene Supermarket, 99%), Super P carbon black (Imerys, >99%)
and polyvinylidene fluoride (PVDF, Merck) was used. The slurry was
prepared inside a fume hood, using N-methyl-2-pyrrolidone (NMP,
Merck, anhydrous 99.5%) as the solvent and mixed with a Thinky mixer
(ARM-310, Intertronics) to achieve a homogeneous slurry. The slurry
was then cast to 100 um using a pipette and an adjustable wet film
applicator. Each 150 um-thick (Cu450 and Cu550) CC was placed be-
tween two glass plates of the same thickness to achieve a uniform cast.
The electrodes were dried under a fume hood at 80°C overnight and
subsequently under a vacuum at 80°C, before being transferred into an
Ar glovebox.

A symmetrical configuration was used for the electrochemical
impedance spectroscopy. Two similarly prepared synthesized graphite
electrodes were used in a Swagelok cell (Cambridge Energy Solutions).
The cell was prepared in a glovebox with 1 mm steel spacers and was
filled with 1 M LiPF6 in EC:DMC (v/v, Mersk) electrolyte.

The galvanostatic dis-/charging was done in a CR2032 half cell. The
cells were prepared inside an Ar glovebox using the synthesized graphite
(¢ = 10 mm) as the cathode and Lithium foil as the anode. Along with
these components, a cell guard PP separator, one stainless steel spring
(MTI), and two spacers (1 mm total thickness, MTI) were used, complete
with 100 uL of 1 M LiPFg in EC:EMC (50:50 v/v, Merck) electrolyte.
Following assembly, the coin cells were left overnight before electro-
chemical testing was carried out under ambient conditions.

Galvanostatic cycling and electrochemical impedance spectroscopy
(EIS) tests were performed using a Biologic VSP-300 potentiostat. EIS
was carried out in the range of 7 MHz — 1 Hz frequency range at 10 mV
sinus amplitude at OCV (~2 V vs Li/Li"). Charging and discharging were
performed in the voltage range of 1.5 V — 0.05 V. One slow formation
cycle at C/20 was initially carried out to establish a stable solid-
electrolyte interphase (SEI), followed by 2 cycles at C/7 and 3 cycles
at C/3.

3. Results
3.1. Starting microstructure

Differential scanning calorimetry (DSC) analysis (Fig. 2a) of the cast
sample shows a single exothermic event related to melting, with no
discernible solid-solid phase transitions. The melting point is estimated
to be 1074 + 2.2°C, which is about 10°C lower than that of pure Cu
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Fig. 2. (a) DSC heating/cooling curves of the as-cast sample showing the melting and solidification processes. (b) EBSD inverse pole figure (IPF) map of the as-cast
sample. (c) 3D reconstruction map revealing the nanoscale elemental distribution in the as-cast recycled Cu. (d) Proximity histogram showing the compositional
difference between the matrix and nanoparticles. (e) Corresponding zoomed-in image of the selected region in (d).

(1085°C), indicating impurity-induced melting point depression. Elec-
tron backscatter diffraction (EBSD) analysis (Fig. 2b) indicates a single-
phase face-centered cubic (FCC) structure of the cast sample with an
average grain size of 85.6 + 11.9 ym. To map the distribution of im-
purities within the raw material arising from contamination during
battery recycling, we used atom probe tomography (APT), with its high
chemical sensitivity and nanoscale spatial resolution [43]. The
elemental distribution in the as-cast sample already shows
near-spherical particles within the Cu matrix, revealed by the 2.3 at.%
(Fe + Co) isoconcentration surface (Fig. 2c). The mass spectra (Fig. S1)
identified Fe, Mn, Si, O, Ni, Co, and Si as the main impurities introduced
during recycling. These impurities are also present in the annealed
samples, which will be discussed later. Composition profiles calculated
as a function of distance to the isosurface [44] in Fig. 2c¢ (i.e., proximity
histograms) are shown in Fig. 2d, e . Trace amounts of the impurities
(<0.3 at.%) in the Cu matrix are seen, while the particles show signifi-
cant enrichment in Fe (18.08 at.%), Co (5.15 at.%), and Ni (3.38 at.%).
The chemical compositions of the matrix and particles of the as-cast
sample are summarized in Supplementary Table 1.

3.2. Mechanical and electrical properties

CCs are exposed to compressive and tensile forces in operation,
where mechanical loads (vibrations and shocks) are exerted externally
on the batteries (such as in electric vehicles). Moreover, the electrode
materials expand and contract during charge and discharge cycles,

generating mechanical stresses that could cause delamination of active
materials from the collector, bending, or cracking of the thin metal foils
used in CCs, resulting in short circuits or structural failure [45-47].
Thus, understanding and managing mechanical stress in batteries is
crucial for improving performance, durability, and safety. Fig. 3a plots
the engineering stress-strain curves for the Cu450 and Cu550 samples.
The Cu450 sample has a yield strength (cy) of 138 + 4.6 MPa, an ulti-
mate tensile strength (c,) of 233 + 3.2 MPa, whereas the Cu550 sample
exhibits 6y = 109 £ 5.8 MPa and 6, = 215 + 2.8 MPa. Both samples
undergo a prolonged strain hardening, resulting in high elongations to
fracture of 84.7 £ 1.2% and 87.1 £+ 0.9% for the Cu450 and Cu550
samples, respectively. The yield strength of the commercial (18 um
thick) Cu CC foil, serving as reference material in this study is 79 MPa
[48]. Furthermore, nanoindentation measurements (Fig. S2) show that
both Cu450 and Cu550 materials exhibit good resistance to localized
plastic deformation, an approximate qualitative metric for formability.

We measured the electrical resistivities of the samples and compared
them to those of commercial CCs (Fig. 3b) [47]. The resistivity increases
from 1.74 pQ cm for the commercial Cu CC to 2.68 uQ'cm (Cu550) and
3.94 uQcm (Cu450), respectively. Notably, the Cu550 sample exhibits a
significantly lower electrical resistivity compared to commercial Al CCs,
indicating the potential viability of recycled Cu as an alternative current
collector material [47]. Furthermore, as Cu is the standard anode CC, the
recycled Cu samples exhibit superior electrical conductivity — reflected
in lower resistivity values — relative to other commonly considered
negative CC materials such as Ti, Fe, and Ni [49].
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Fig. 3. Mechanical behavior and mesoscale microstructure of the Cu450 and Cu550 samples. (a) Tensile stress-strain curves and (b) Electrical resistivity of the
recycled Cu CCs compared to other commercial CCs [47]. (c—f) EBSD phase and inverse pole figure (IPF) maps showing the recrystallized grains of the Cu450 and
Cu550 samples with respect to the normal direction. The phase maps reveal a single-phase FCC structure. Black lines refer to the grain boundaries (GBs), and red lines
refer to “TB” which denotes twin boundaries. (ND = normal direction; RD = rolling direction).

Fig. 3c-f show the mesoscale microstructure of the Cu samples as
determined by EBSD analysis. EBSD phase maps (Fig. 3c and 3e) confirm
the FCC structure of the Cu450 and Cu550 samples. The average grain
sizes (excluding annealing twin boundaries) of the Cu450 and Cu550
samples are 16.1 + 12.3 ym and 34.3 £+ 13.6 um, respectively. For
comparison, the average grain size of a high-purity (99.99%) commer-
cial Cu CC with 18 um thickness is estimated as 830 + 37.4 nm
(Fig. S3a). Grain refinement typically increases strength by introducing
a higher density of grain boundaries acting as effective barriers against
dislocation motion (i.e., Hall-Petch effect) [50]. However, in the case of
the 18-um-thick commercial Cu CC with ultrafine grain size, its low yield
strength (79 MPa) [48] relative to recycled Cu is attributed to the low
dimensionality of the sample (thin foil).

3.3. Nano-structural and compositional analysis

Since grain boundaries (GBs) are prone to segregation by solutes
[51], we first analyzed the GB elemental segregation in the Cu550
sample (Fig. 4a). The 1D compositional profile (Fig. 4b) along the GB
shows substantial enrichment of O (up to 4.4 + 0.96 at.%) at the GB
(around 5 nm in the thickness direction). We then analyzed the
elemental distribution by APT in the grain interior. Fig. 4c shows the 3D
reconstruction of the elemental distribution in the Cu550 sample. Using
isoconcentration surfaces delineating regions containing over 5 at.% Fe
and 2 at.% Co, precipitates of near-spherical shape are revealed
(Fig. 4d). The one-dimensional compositional profiles calculated as a
function of the distance to these isosurfaces [44] (Fig. 4e) and its cor-
responding close-up analysis (Fig. 4f) show that these nanoprecipitates
are enriched in Fe (30.32 at.%) and Co (8.01 at.%). Meanwhile, only

trace amounts of Fe (0.08 at.%), Co (0.03 at.%), and Ni (0.27 at.%) are in
the matrix.

The Cu450 sample contains similar spherical nanoprecipitates
enriched in Fe (37.88 at.%) and Co (15.11 at.%) shown in Fig. S4. The
amounts of Fe and Co in the matrix are 0.11 at.% and 0.04 at.%,
respectively, which are slightly higher than those in the Cu550 sample.
GB analysis also shows up to 4.7 + 0.97 at.% of O at a GB of the Cu450
sample (Fig. S4). As a reference, the chemistry of the commercial Cu CC
was also analyzed by APT (see Fig. S3). As anticipated, only trace
amounts of Si and O are seen, with no precipitates present. We then
analyzed the distribution of solute elements at a GB of the commercial
Cu CC and observed no prominent O segregation at the GB relative to the
grain interior (Fig. S3). The average chemical compositions of all the
samples are provided in Supplementary Table 1. In the Cu450 sample,
APT analysis reveals that the average particle size is 3.4 + 0.6 nm, the
average volume fraction of the precipitates is ~1.35%, and the inter-
particle spacing is about 9.2 nm. In the Cu550 sample, the precipitate
volume fraction is ~0.15% with an average particle size of 5.4 + 1.9 nm
and an average interparticle spacing of ~40.8 nm. A summary of all
relevant microstructural information is shown in Supplementary
Table 2.

A transmission electron microscopy (TEM) image of a larger, near-
spherical nanoprecipitate embedded in the FCC Cu matrix in Cu550 is
displayed in Fig. 4g. At high resolution, multiple twinning interfaces are
visible in the precipitate (Fig. 4h). The precipitate displays a 3R (i.e.,
three-layer stacking of close-packed planes with rhombohedral Bravais
lattice) crystal structure according to the corresponding fast Fourier
transform (FFT) image (Fig. 4i). Internal boundaries of the precipitate
visible in the TEM images (Fig. 4g and 4h) are identified as twin
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Fig. 4. APT analysis and nanoscale structural characterization of Cu550 sample. (a) 3D reconstruction map of APT tip with GB. (b) 1D compositional profile
indicating oxygen segregation across the GB. (c) 3D reconstruction map revealing the elemental distribution of Cu with impurity atoms. (f) Reconstruction map from
(C) in the z-view showing FeCo-rich nanoparticles in the FCC matrix. (e) 1D proximity profile displaying the compositional changes between the matrix and
nanoparticles. (f) Corresponding zoomed-in image of the region in (E) indicated by the dashed rectangle. (g) BF-TEM image depicting nanoprecipitate embedded in
FCC matrix. (h) High-resolution TEM image showing the matrix-nanoparticle interface and two twin variants in the nanoparticle. (i) Corresponding Fast Fourier
Transform (FFT) pattern taken from the dashed region in (h) depicting the relationship between the twin variants.

interfaces through analysis of the corresponding FFT image of an area
including two regions with common [lTO]R zone axis (inset of Fig. 4h):
overlapping 110 spots for the two regions confirm that the interface
plane is a mirror plane. The precipitate thus presents rhombohedral
{110}y twins. In comparison, the nanoprecipitates observed in the
Cu450 sample (Fig. S5) exhibit a characteristic 9R structure, defined by
a nine-layer stacking sequence. This structure can be conceptualized as
resulting from the periodic insertion of stacking faults every three hex-
agonal close-packed layers within a 3R framework, thereby producing
the observed nine-layer periodicity. The presence of these stacking faults
is corroborated by the faint streaks visible in the corresponding fast
Fourier transform (FFT) image (inset of Fig. S5b). In contrast to the 3R
precipitates, the 9R variants are free of twinning. It is noteworthy that
the formation of both 3R and 9R precipitates has been widely associated

(a) (b)

with martensitic transformation pathways [52].

3.4. Integration into a battery cell

To assess the electrochemical performance of the recycled Cu, coin
and symmetric cells were fabricated using Cu450 and Cu550 samples as
current collectors, along with commercial graphite as the anode active
material. Details of the cell preparation and experimental parameters
are included in the Methods section. Fig. 5a shows the electrochemical
impedance spectroscopy (EIS) of the symmetrical graphite anode using
Cu450 and Cu550 as the current collectors. The bulk resistance/
impedance from the electrodes is shown by the purple and green semi-
circles for Cu450 and Cu550, respectively. The Cu550 electrode has
ca. 4.5 times higher conductivity. These electrodes were further tested in
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Fig. 5. Electrochemical impedance spectroscopy (EIS) and performance of the recycled Cu CC. (a) Electrochemical impedance spectroscopy (EIS) measurements
comparing the impedance response for the Cu450 and Cu550, displaying distinct charge-transfer conductivity. The reduced charge transfer conductivity suggests
enhanced ionic transfer from the electrolyte to the graphitic anode when Cu550 CC is used. (b-c) Galvanostatic charge-discharge profiles at different C-rates (C/7 and
C/3) comparing the electrochemical rate performance between the samples Cu450 and Cu550.
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a half-cell configuration at two different C-rates to test the performance
of the battery produced using recycled copper as the current collector.

Fig. 5b and 5c present representative galvanostatic charge-discharge
profiles of the graphite half-cells at current rates corresponding to C/7
and C/3, equivalent to complete charge and discharge durations of 7 h
and 3 h, respectively. The electrochemical performance aligns with the
EIS results: at lower charge rates, the Cu450 sample exhibits higher
capacity, whereas at higher charge rates, the Cu550 sample outperforms
Cu450. This response is likely attributed to the enhanced electrical
conductivity of the Cu550 current collector, which facilitates improved
charge transport under high-rate conditions.

4. Discussion
4.1. Microstructural influence on electrical resistivity

The fundamental challenge of Cu recycling from spent batteries lies
in impurity incorporation from other cell components, which can
significantly influence microstructural evolution and degrade electrical
conductivity. Our analysis identifies Co, Ni, Mn, and Fe as the principal
impurity elements present in the recycled Cu, consistent with their
origin from NMC cathode or stainless steel casings [14]. While these
impurities can enhance the mechanical strength of Cu through solid
solution strengthening, they simultaneously act as effective inelastic
electron-scattering centers. This effect arises from their strong (anti-)
ferromagnetic spin coupling. Mn exhibits antiferromagnetic tendencies
while Fe, Co, and Ni are ferromagnetic, leading to pronounced
spin-disorder scattering and, consequently, a significant reduction in
electrical conductivity [25]. The resistivity coefficients of the four main
solute contaminants vary quite significantly in the literature within the
following ranges [53,54]: 10.6-12.0 pQ-cm per 1 at.% Fe; 2.9-3.4
pQ-cm per 1 at.% Mn; 0.6-7.3 pQ-cm per 1 at.% Co; and about 1.2 pQ-cm
per 1 at.% Ni, all of which apply to the solid solution matrix. From the
theoretical point, the resistivity was calculated based on the composi-
tion of the APT-measured Cu matrix solid solution of the two samples.
Fig. 6a illustrates the effect of Fe concentration on the electrical re-
sistivity of a Cu solid solution. As the Fe amount increases from 0.1 at.%
to 1 at.%, the resistivity increases rapidly from ~20 pQ-cm to ~35
pQ-cm, highlighting the strong scattering effect of Fe impurities in the
Cu matrix. For perspective, pure copper, according to the International
Annealed Copper Standard (IACS), exhibits 100% electrical conductivity
- equivalent to 0.581 S-cm™ or a resistivity of 1.72 pQ-cm at room
temperature. In comparison, the measured resistivity of the Cu550
sample is 2.68 pQ-cm. This nearly six-fold increase can be largely
attributed to impurity-driven electron scattering, where even a minor
addition of 0.1 at.% Fe in the Cu matrix can elevate the resistivity
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considerably, given Fe’s resistivity coefficient in Cu (~11.3 pQ-cm). As a
result, the electrical conductivity drops by approximately 40% relative
to pure Cu, highlighting the pronounced sensitivity of Cu’s electrical
performance to dilute impurity concentrations.

Removing these impurities from the Cu solid solution phase and
partitioning them into secondary-phase precipitates appears as the most
promising strategy for thermodynamically “self-cleaning” the Cu matrix
of recycled battery materials. The term self-cleaning is here used for two
main reasons: First, the nanoparticles undergo spontaneous “self-as-
sembly”, i.e., thermal activation facilitates diffusion-driven nucleation
and growth, processes that are thermally activated and energetically
favored based on the system’s phase equilibria. From APT analysis
(Fig. 2c—e), we see that FeCo-rich nanoparticles are present even in the
as-cast state, indicating inherently low solubility of these elements
within the Cu matrix. Second, the thermodynamically driven parti-
tioning of impurity solutes from the solid solution into discrete pre-
cipitates actively purifies the Cu matrix to improve its compositional
integrity. In this context, scattering theory suggests that a spacing be-
tween precipitates larger than the electron mean free path determined
by ambient temperature phonon scattering [55] should optimize con-
ductivity. The mean free path of conduction electrons in Cu at room
temperature due to inelastic phonon scattering is 40-50 nm under
standard conditions [56]. Nanoprecipitates act as electron-scattering
centers, with their contribution to electrical resistivity being inversely
related to their size and directly proportional to their volume fraction
[25,57].

According to the APT analysis, the average particle spacing between
the nanoprecipitates is ~9.2 nm in the Cu450 sample and ~40.8 nm in
the Cu550 sample. Given that the electron mean free path at room
temperature exceeds the average interparticle spacing in the Cu450
sample (~9.2 nm) by approximately a factor of four, significant electron
scattering at particle-matrix interfaces is expected. In contrast, the larger
interparticle spacing in the Cu550 sample (~40.8 nm) closely matches
the intrinsic electron mean free path in pure Cu limited by phonon
scattering, suggesting minimal additional scattering from nano-
precipitates in this case [56]. The electron scattering is hence deter-
mined primarily by the matrix phonons in Cu550 as the “self-cleaned”
matrix from which the contaminants escaped and partitioned into the
nanoparticles appears as rather “pure Cu” to the electrons. This suggests
that the contribution to the electron scattering at the matrix-particle
interfaces becomes “unseen” to the conduction electrons. In other
words, any particle spacing equal to or larger than the
phonon-determined electron mean free path does not harm the mate-
rial’s electrical conductivity beyond the level set by phonon scattering.
While the resistivity increases with the volume fraction of nano-
precipitates due to interface scattering,
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Fig. 6. Theoretical estimation of the resistivity. (a) Effect of Fe solute amount in the matrix on the bulk resistivity. (b) Influence of volume fraction of nano-

precipitates on bulk resistivity.
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Fig. 6b indicates that this contribution is comparatively minor (i.e., a
second-order effect). Apart from the matrix-precipitate interface being
an electron-scattering site, lattice defects inside the precipitates can also
cause inelastic electron scattering [31,58]. The 9R nanoprecipitates in
the Cu450 sample contain stacking faults, while twins are present in the
3R nanoprecipitates of the Cu550 sample. Since the carrier scattering by
twin interfaces is an order of magnitude lower than that of stacking
faults, the resistivity of the 9R nanoparticles is higher than that of the 3R
nanoparticles [59,60]. However, because of their low volume fractions,
the nanoprecipitate effect on the electrical resistivity is likely small
compared to phonon scattering, solute impurity scattering in the Cu
matrix and the role of the particle spacing as discussed above. In the
microstructural design of recycled Cu, removing the contaminant matrix
solutes Fe, Ni, Co, and Mn from the Cu solid solution is thus the main
matrix purification step. This necessitates the formation of precipitates
driven by sufficiently high chemical potential gradients of the solute
elements, enabling their effective segregation and immobilization at
relatively low temperatures and short diffusion times — thereby mini-
mizing the thermal energy required for heat treatment [31].

4.2. Yield strength contributions

From a mechanical perspective, pure copper is inherently soft;
however, the incorporation of impurity atoms into the Cu lattice en-
hances its strength via solid solution strengthening. These solute atoms
introduce local lattice distortions and compositional inhomogeneities,
which impede dislocation motion and thus increase the material’s
resistance to plastic deformation [61]. GBs act as effective obstacles to
dislocation movement; consequently, reducing grain size enhances the
strength of the metal following the Hall-Petch relationship [50]. GBs are
also a major contributor to resistivity in polycrystalline metals due to
their strong scattering of charge carriers [62,63]. GB segregation can
also increase or decrease resistivity depending on the impurity element
and distribution [64,65]. In the current scenario, we see significant O
segregation to GBs for both the Cu450 and Cu550 samples, but this is
expected to be rather insignificant at room temperature, where phonon
and solute scattering dominate [66]. The GB enrichment is believed to
occur via oxygen diffusion to the GB (high chemical affinity between Cu
and O makes this favorable) to establish an equilibrium between the
grain interior and the GB to lower the system’s Gibbs free energy [67].
This leaves the formation of the nanoprecipitates from the solute im-
purity atoms in the Cu matrix as the most effective balanced hardening
and cleaning effect for the current recycled Cu alloys by impeding
dislocation motion (i.e., precipitation strengthening) without harming
conductivity [31]. The yield strength (cy) of the studied alloys originates
from cumulative strengthening contributions expressed as:

0y = 0o + 0gp + 04 + 0p

Where o, is the lattice friction stress of Cu, gy is the grain boundary
strengthening contribution, o4 is the dislocation strengthening contri-
bution and ¢, is the precipitation-strengthening contribution. The lattice
friction stress of Cu is 25 MPa [68].

The strengthening contribution from grain boundaries is expressed
as: o = ky,d~°5. The Hall-Petch coefficient, k, is 110 MPa'um'/? for Cu
[68] and d is the average grain size of the matrix. According to the
average grain sizes from EBSD, the oy, for the Cu450 and Cu550 samples
are estimated as 27.4 MPa and 18.7 MPa, respectively.

The dislocation strengthening contribution, o4 is expressed as o4 =
aMGb./p, where a is a geometric constant (0.2), M is the Taylor factor
for fcc metals (3.06), G is the shear modulus of Cu (42.1 GPa), b is the
magnitude of Burger’s vector (0.255 nm) and p is the dislocation den-
sity. The dislocation densities obtained from the EBSD analysis for the
Cu450 and Cu550 samples are 33.97 x 10'2m?2and 23.62 x 102m’
2. respectively. The dislocation strength is hereafter estimated as
04(Cu450) = 38.3 MPa and 64(Cu550) = 31.9 MPa.
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The precipitation strengthening contribution, ¢, is typically associ-
ated with the interactions between dislocations and precipitates, where
the dislocations either shear or bypass the precipitates. The precipitate
size, volume fraction, shape, orientation, spacing, and coherency with
the matrix mainly influence the degree of strengthening. In the current
study, we estimate the strengthening contributions of the precipitates as:
6p =0y — Ggy — 64 — 0. 0p is found to be 47.3 MPa for the Cu450 sample,
while a final value of 6, = 34.3 MPa is obtained for the Cu550 sample.

We acknowledge that Cu is primarily used for its excellent conduc-
tivity, but its limited strength complicates microstructural modifications
during recycling due to the strength-conductivity tradeoff [31]. Thus, in
this scenario, selecting lower annealing temperatures (<450°C) will
result in high strength but at the cost of a significant loss in electrical
conductivity.

4.3. Recycled Cu in a battery cell

Given the aforementioned oxygen enrichment at GBs and the negli-
gible role of phonon scattering under direct current (DC) conditions,
particular emphasis should be placed on evaluating the alternating
current (AC) conductivity. In this study, AC conductivity was assessed
via electrochemical impedance spectroscopy (EIS) over a frequency
range spanning from a few megahertz down to 1 Hz. A pronounced
difference in the high-frequency region of the bulk impedance spectra
was observed between the Cu450 and Cu550 electrodes. This discrep-
ancy is likely attributed to oxygen enrichment at the grain boundaries,
where the formation of oxygen-rich regions induces space charge zones
that contribute to increased impedance in the high-frequency regime
[69]. This was especially noticeable for Cu450, which has a smaller
average grain size. This additional impedance can be minimized when
the thickness of the CC is reduced from 150 pm, in this case, to a value
comparable to the commercial CC, i.e., 18 um. Alternatively, via a sec-
ondary treatment to remove the trace oxygen trapped in the GBs. A
secondary effect that was observed at slow charging speeds was a higher
capacity for the case of Cu450. This indicates that these O-rich GBs may
also have the possibility to store additional lithium. This is in line with
CuO being a conversion-type anode material [70]. Nevertheless, the DC
(dis-)charging remains comparable for Cu450 and Cu550, especially at
medium charging rates of C/3, which agrees with the previous argu-
ments that phonon scattering and solute scattering are the dominant
mechanisms of electron conduction at room temperature. This demon-
strates the viability of the recycled material for a second life.

5. Conclusions

From an economic standpoint, a closed-loop recycling framework for
battery materials enhances their sustainability by extending the
extracted raw material’s lifespan. Despite progress in battery recycling,
the current operational costs remain high, making it challenging for
manufacturers to adopt these practices fully. Another significant chal-
lenge lies in meeting the stringent purity requirements for battery ma-
terials, which are nearly unattainable when incorporating recycled
components into battery production. This limitation arises from the
potential risk of compromised material properties. In the case of Cu CCs,
99.99% purity Cu with 97-101% IACS electrical conductivity is the
widely accepted operational standard in LIBs [16,47]. However, the
main outcome of our study is that 100% recycled Cu, with a significant
drop-off in electrical conductivity (~45 to 65% IACS) could still be good
enough for reuse as a new battery component, a solution in which
closed-loop recycling is achieved. This is made possible by a matrix
cleaning effect together with an optimal nanoparticle spacing that bal-
ances scattering with strength, as discussed above. Furthermore, recy-
cled copper can also be commercialized in non-electrical applications,
including the production of plumbing tubes, roofing sheets, and heat
exchangers. These findings highlight that recycling copper from spent
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batteries provides a significant secondary resource to bolster the copper
supply chain. This approach not only supports the production of new
batteries but also contributes to establishing a sustainable and viable
circular economy.
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