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om lithium-ion batteries: re-use
and the impact of ball milling for re-use†

Jian Peng,a Stefanie Maslekb and Neeraj Sharma *a

The growing demand for lithium-ion batteries over the last decade, coupled with the limited and

geographically confined supply of high-quality battery-grade graphite, underscores the importance of

recycling graphite from spent batteries. Ideally, recycled graphite, already optimised for battery

applications, can find application in new batteries, thereby reducing environmental impact and

potentially delivering excellent performance. This study focuses on assessing the electrochemical

performance of as-received and ball-milled recycled graphite obtained from two distinct battery waste

streams. After 100 cycles at a current of 20 mA g−1, capacities reach predominantly 313 mA h g−1 for

graphite recycled from LiCoO2‖ graphite batteries and 242 mA h g−1 for those recycled from

LiNixMnyCozO2 (x + y + z = 1)‖ graphite batteries. Nonetheless, there remains a noticeable disparity in

electrochemical properties between recycled graphite and commercial battery-grade graphite. One

additional processing step is undertaken: ball milling for different durations, to modify particle size and

morphology. As a result, after 3-hour ball milling, the average capacities increased by 10.5% and 20.2%

for recycled graphite derived from LiCoO2‖ graphite and LiNixMnyCozO2 (x + y + z = 1)‖ graphite

batteries, respectively. This work clearly demonstrates that recycled graphite can be employed in

second-life or batteries made from recycled materials and mechanochemical methods can be used to

improve performance.
Sustainability spotlight

Graphite is widely used in lithium-ion batteries and requires huge environmental and nancial costs to produce, purify and use. We show how graphite can be
effectively recycled from lithium-ion battery waste and re-used for the same application. This would allow for a more sustainable approach to realise our
energy transition away from fossil fuels and potentially enable cheaper and hence more accessible batteries. Therefore, this work directly aligns with UN
sustainable development goals: affordable and clean energy (SDG 7), industry, innovation, and infrastructure (SDG 9) and responsible consumption and
production (SDG 12).
1 Introduction

Due to their high energy density, relatively high operating
voltage (up to 4.7 V), and good long-term stability, Li-ion
batteries have gained widespread use in recent years.1 The
high energy density of Li-ion batteries allows for the portability
of everyday devices, including smartphones, laptops, and
wearables. Moreover, the majority of electric vehicles (EVs) opt
for Li-ion batteries as their power source due to their ability to
offer extended travel ranges, ease of maintenance, and fast-
charging capabilities.2 In addition to EVs, household and
large-scale energy storage systems oen use Li-ion batteries.
This has resulted in a dramatic increase in the consumption of
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18–1430
Li-ion batteries.3 For example, according to the global EV
market forecasted by Canalys,4 about 13.7 million EVs will have
been sold in 2023, representing 29% of the total annual car
sales. This rapid expansion in Li-ion battery production high-
lights the need for appropriate spent battery disposal methods.

A typical Li-ion battery comprises a cathode, an anode,
electrolyte, a separator, and casing components. Presently,
commercial cathodes encompass LiCoO2 (LCO), LiNixMnyCozO2

(NMC, x + y + z = 1), LiNi0.8Co0.15Al0.05O2 (NCA), and LiFePO4

(LFP), with the majority of anodes consisting of graphite.5

Although less than 5% of spent LIBs are thought to be recycled
properly,6 the percentage is foreseen to increase when the
recycling processes become more efficient, low-cost, and envi-
ronmentally friendly. Unlike high-value transition metals and
Li, graphite has typically been disregarded for many years.
However, its value has to be seen in a different light. Graphite
dominates in EV batteries accounting for the largest part,
a staggering 28.1 wt%, while Li and Co only account for 3.2 wt%
and 4.3 wt%, respectively.7 Furthermore, the demand for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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graphite is increasing to around 1.3 million metric tons this
year and is expected to reach 5.7 million metric tons in 2050,8 as
the battery market expands globally. Such a large-scale appli-
cation of graphite necessitates both a reliable production and
recycling process for high-quality graphite products.

Graphite is commonly found in nature and is a polymorph of
carbon.9 Natural graphite is typically classied based on its
mineral-oriented characteristics, such as vein (lump) graphite,
ake graphite and amorphous graphite. Vein graphite, charac-
terized by its high purity (>90% carbon) and well-dened crys-
talline form, is the ideal type directly suitable for batteries.10

However, its scarcity leads to high costs due to the limited
availability of such deposits. Alternatively, ake graphite, with
its widespread availability and good crystallinity, is more
commonly used as a precursor to make battery-grade graphite.11

The initial process of obtaining ake graphite involves mining
and extraction, which includes rock crushing to isolate
graphite-rich particles, followed by separation techniques to
increase the useful mineral content of ores, such as gravity
separation and froth otation.12 Various purication tech-
niques, such as roasting, microwave treatment, and acid
leaching, are employed to obtain higher-grade graphite. As an
example, the roasting-leaching process involves heating the
mineral at high temperatures (typically below 500 °C). During
this, impurities such as silicates react with NaOH to form water-
soluble alkali silicates that are removed through water-leaching.
Other impurities, such as Fe and Al, can be neutralized using
HCl/H2SO4. Following this process, nal graphite products can
attain a carbon content of 99.99%.13 It should be noted that,
despite their high efficiency and consistency, these techniques
remain costly and result in the production of acidic and alkaline
wastewater, posing environmental concerns.

Graphite extracted by this means oen features plate-like
structures that are anisotropic. Anisotropic ake graphite
reportedly encounters an issue with Li-ion intercalation during
battery cycling. This is attributed to the majority of Li-ion inter-
calation occurring through the edge-plane surface, which can
hamper battery capacity and reversibility. To address this
problem, upgrading ake graphite to spherical graphite is
necessary for commercial use.12 To obtain spheroidized graphite,
at the industrial scale, typically natural graphite (NG) is pre-
ground with a classier mill, followed by the rounding process
using a rounding machine such as an Alpine Particle Rounder
(APP). As reported, the x50 of nal products can range from 12.5–
20.5 mm.14 Apart from the spheroidization, commercial graphite
anodes generally have to be pre-lithiated before use in Li-ion
batteries, or pre-lithiated in situ during the formation cycle.
The pre-lithiation process not only compensates for the Li ion
loss due to solid electrolyte interface (SEI) formation but provides
a stable redox potential for the anode.15 The reaction at the
graphite surface and in bulk can be described as:

xLi+ + xe− + 6C / LixC6 (1)

Presently, the predominant anode material for commercial
batteries comprises a mixture high-purity natural graphite ob-
tained from the processes above and synthetic graphite.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Typically, synthetic graphite is produced through the carbon-
ization of disordered carbon, with a purity of over 98%, at
extremely high temperatures (exceeding 2500 °C).16 This heat
treatment induces the reorganization of disordered carbon into
a layered graphite structure.17 Synthetic graphite can then be
spheroidized by using a ball mill to achieve a better orientation
of products.18 The type of graphite input, synthetic or natural,
and their ratios used in batteries vary based on the targeted
application and manufacturer. In electric vehicle or stationary
applications, Li-ion battery anodes typically consist of an
average composition of 65% synthetic graphite and 35% natural
graphite. For electronic batteries, the ratio of synthetic to
natural graphite is approximately 1 : 1.19 State-of-the-art
graphite can normally deliver 346.9 mA h g−1 in the initial
cycle and 323.2 mA h g−1 aer 400 cycles at 0.1C.20 However, its
performance is rate-dependent; at higher rates, e.g., 3C, it can
deliver approximately 210 mA h g−1 aer 100 cycles.21

Clearly signicant purication and processing is undertaken
to produce anode-ready graphite, and it is optimised with a large
energy cost. Therefore, recycling waste, including electrode
materials, from spent batteries and re-using it to produce new or
second-life batteries or even alternative products has become an
active avenue for research and development in the last decade.
Many of the spent electrode materials can be recovered and
reused in new batteries. Recycling batteries conventionally
follows a certain series of steps. Batteries are typically crushed,
steel, Cu and Al from the casing and current collectors are
physically separated and the resultingmass is termed blackmass.
This has a combination of a cathode, an anode and electrolyte.
Graphite is not as widely recovered compared to transition
metals, in part due to the cost, but also due to the ability to simply
“remove” it from the black mass by a thermal treatment in air,
converting graphite into CO2. In doing so, all the mining, puri-
cation and optimisation steps are effectively lost. The used
graphite is likely to retain many of these features, e.g., spheroi-
dized, and so can be recovered and re-used. For example, Yang
et al. regenerated spent graphite materials from phone batteries
by thermal treatment and an “environmentally friendly” acid
leaching process. The regenerated graphite produced a relatively
stable capacity of 320 mA h g−1 aer 40 cycles at 0.1C.22 For
further recovering the irreversible capacity, recycled graphite
powders underwent coating with carbon materials.23 Chen et al.
utilized pitch, a derivative of petroleum, to restore the coating
layer of puried graphite. This treatment resulted in a capacity of
355mAh g−1 aer 450 cycles, accompanied by a 79% reduction in
energy consumption and 90% reduction in harmful pollutant
emissions.24 In a similar vein, Liu et al. combined the acid
treatment with the carbon coating, followed by the 800 °C
thermal treatment. This treatment yielded a recycled graphite
product with a capacity of 428 mA h g−1 aer 200 cycles at 0.5C.25

Other studies exploring graphite recycling are listed in Table 1.
Battery grade graphite requires extensive processing, ranging

from mining and purication to spheriodization, which has
signicant energy and chemical requirements, and thus strate-
gies to re-use processed graphite are attractive. However, the
scale needs to be appropriate to meet demands and make the
process commercially viable. It is noted that battery-grade
RSC Sustainability, 2024, 2, 1418–1430 | 1419
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Table 1 Selected literature on recycling graphite

Number Material source Method Electrochemical properties Year Reference

1 NMC black mass Bioleaching and
calcination

Specic capacity higher than 400 mA h g−1

at 100 mA g−1 with a retention of 100% aer
200 cycles

2022 30

2 Spent LIB laptop
batteries

Water leaching and
puried by DMC washing
and calcination

Specic capacity of 325 mA h g−1 at 0.1C with
75% capacity retention over 1000 cycles

2022 31

3 Spent LIB laptop
batteries

Flash recycling and dilute
acid treatment

Specic capacity of 325 mA h g−1 at 0.1C with
77.3% capacity retention aer 400 cycles
when coupled with an LFP cathode

2022 32

4 Spent LIB laptop
and automotive
electronics batteries

Two-stage calcination and
acid leaching

Specic capacity of 173 mA h g−1 at 1C with
97.9% aer 100 cycles

2019 33

5 Panasonic Li-ion
MH12210 cells

Subcritical CO2 electrolyte
extraction and thermal
treatment

Specic capacity of 345 mA h g−1 at 0.1C with
99.8% aer 100 cycles

2016 34
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graphite, whether articial or natural, can be utilized for
producing coated spherical graphite. In May 2023, the United
States imported natural graphite at approximately $2135 per
tonne and articial graphite at $5464 per tonne. Specically for
battery-grade graphite, the price range in North America is esti-
mated to be between $8700 and $10900 per tonne.26 Compara-
tively, the cost of graphite recycling comprises the expense of
black mass ($300 per tonne, containing about 22 wt% of
graphite) and processing ($100–$120 per tonne).27 Reclaimed
graphite can undergo further enhancement through processes
such as ball milling or spheroidization. Recycled graphite is
priced at only about 20% of the cost of virgin natural graphite.
Additionally, during the recycling process, valuable secondary
transition metals such as Co, Ni, and Mn can also be recovered,
adding to the economic viability. The recovery efficiencies for Li,
Co, and graphite are reported at 99.3%, 98.1%, and 83.6%,
respectively.28 The cost assessment by Gutsch is consistent with
market reports, indicating that the total cost of manufacturing
a new cell is around $94.5 per kW h−1. However, recycling cells
via hydrometallurgy incurs costs of only $6.8 to $8.6 per kW h−1

for manufacturing, with electricity costs averaging about $0.18
per kW h−1 (in Europe), representing merely 13% of the expense
of producing fresh cells.29 Considering the cost advantages of
recycling based on these studies, the additional step of ball
milling is unlikely to dramatically increase costs.

In this work, the electrochemical properties of recycled and
ball-milled recycled graphite are evaluated from two different
input sources. The impact of ball milling time and its impact on
electrochemistry is determined. Key ndings show that an
optimal amount of ball milling time is required to produce the
best electrochemical performance in terms of capacity.
2 Results and discussion
2.1 Characterization of recycled graphite

Certain contaminants, even in trace quantities, such as Co, Cu,
Fe, K, Li, Mg, Mn, Na, and Ni, can signicantly inuence the
physiochemical and electrochemical properties of graphite.35
1420 | RSC Sustainability, 2024, 2, 1418–1430
To determine impurities in the recycled graphite powder,
inductively coupled plasma mass spectrometry (ICP-MS) was
employed, revealing metallic element impurities at around
0.17%. Fig. 1(a) displays the primary impurities with concen-
trations exceeding 5 mg kg−1. The dominant impurity in pris-
tine recycled graphite from LiCoO2‖ graphite batteries (PRG-
LCO) is Co at 1131 mg kg−1, followed by Al at 118.4 mg kg−1,
Fe at 74.2 mg kg−1, and Li at 55.7 mg kg−1. This outcome is
closely linked to the components of commercial lithium-ion
batteries, where Li and Co form cathode compositions, as
seen in LiCoO2, Al serves as the current collector and Fe is
presumably from the steel casing, as it is hard for Al to be dis-
solved in the sulphuric acid leaching system and oxidises in the
presence of hydrogen peroxide. Furthermore, as noted by Yang
et al., Na (66 mg kg−1) is likely derived from the NaCl solution
used for the pre-treatment.22 Al-containing impurities are also
identied in X-ray diffraction (XRD) data (Fig. 1(b)), as Al2O3 at
2.9(3) wt%. The lattice parameters of Al2O3 and graphite are
shown in Table S1.†

In contrast, the predominant impurities in pristine recycled
graphite from LiNixMnyCozO2 (x + y + z = 1)‖ graphite batteries
(PRG-NMC) consist of Al at 1481 mg kg−1, Ba at 560 mg kg−1,
and Zr at 417 mg kg−1, followed by Fe, Li, Si, and Co. These
elements are commonly found in recycled battery materials.36–38

It's worth noting that Zr and Ba may be introduced from
thermal batteries (ZrBaCrO4). Moreover, Ba has been employed
as a bulking additive in lead-acid batteries to enhance revers-
ibility under high-rate conditions.38 With the exception of Ba
and Zr, the other impurity elements were similar to those found
in the ICP analysis of PRG-LCO. Likewise, the XRD pattern of
PRG-NMC (Fig. 1(c)) reveals the presence of impurities such as
Al2O3 and possibly the alloy Ni0.3Fe0.7, whose lattice parameters
are shown in Table S2.† It's worth noting that the XRD pattern
contains additional unidentied peaks, denoted as ‘V’. There
was no evidence of known Co-containing phases in the XRD
data, suggesting the presence of amorphous or nanoscale Co
compounds. However, it's important to consider the limits of
detection for XRD. In laboratory XRD, contaminants with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Recycled graphite powder characterisation, (a) elemental impurities with concentrations higher than 50mg Kg−1, (b) Rietveld-refined fit of
structural models with XRD data for PRG-LCO, (c) Rietveld-refined fit of structural models with XRD data for PRG-NMC, (d) fitted C 1s XPS spectra
for PRG-LCO, (e) fitted C 1s XPS spectra for PRG-NMC and (f) fitted C 1s XPS spectra for commercial graphite powder (Sigma-Aldrich). Note: “V”
corresponds to unidentified peaks.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2024, 2, 1418–1430 | 1421
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Fig. 2 Comparison of the impact of ball milling on PRG, Raman spectra of (a) PRG-LCO and (b) PRG-NMC, (c) XRD patterns in selected 2q
regions highlighting the (002) reflection of (d) PRG-LCO and (e) PRG-NMC,microstructures of (e) PRG-LCO, (f) PRG-LCO-3h, and (g) PRG-LCO-
30h, and microstructures of (h) PRG-NMC, (i) PRG-NMC-3h, and (j) PRG-NMC-30h.

1422 | RSC Sustainability, 2024, 2, 1418–1430 © 2024 The Author(s). Published by the Royal Society of Chemistry
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quantities lower than 5 wt% may not be detectable especially if
they are nanosized.39

To delve deeper into the surface composition, X-ray photo-
electron spectroscopy (XPS) measurements were undertaken on
the PRGs. In all XPS spectra, a distinct graphite peak at 284.8 eV
and a satellite peak at 286 eV corresponding to the C]C bond
environment are evident. Notably, the C 1s XPS spectra of
recycled graphite (Fig. 1(d) and (e)) display multiple peaks
spanning from 287 to 291 eV and these can be tted to indicate
the presence of C–O bonds, C]O bonds, and carbonate (CO3),
respectively.40 Interestingly, clear carbon–oxygen peaks are also
discernible in the C 1s XPS spectra of commercial battery-grade
graphite powder but to a lower intensity than the PRG (Fig. 1(f)).
The presence of these oxygen functional groups implies that the
surface of the PRG underwent oxidation during the recycling
process or is more oxidised than the commercial battery-grade
graphite powder.

Scanning electron microscopy (SEM) images shown in Fig. 2
suggest that the optimal spheroidized graphite (battery-grade
graphite) that is used in LIBs has been modied with use and
the recycling/recovery process. Therefore, in order to recover the
particle morphology, this work examined the impact of ball
milling PRG, where two durations were used which are 3 h and
30 h and samples were denoted as PRG-LCO-3h and PRG-LCO-
30h, respectively. The structural and morphological changes
were examined with Raman, XRD, and SEM as shown in Fig. 2.
The G and D bands in the Raman spectra (Fig. 2(a)) are found at
around 1560 cm−1 and 1360 cm−1 respectively. The G band
corresponds to the stretching vibration of all pairs of sp2 atoms
in graphite-type layers, while the D band represents the ring
breathing mode of sp2 carbon rings. The intensity of the D band
indicates the presence of defects in carbon containing
powders.41 Table 2 presents the intensity ratio of the D band and
G band (ID/IG), as well as positions of G and D peaks. In terms of
PRG-LCO, the ID/IG ratio decreases from 0.20 to 0.05 aer 3-hour
ball milling (PRG-LCO-3h), which is close to the value of
commercial graphite (Sigma-Aldrich). However, the ID/IG
increases to 0.14 when ball milling is continued for 30 hours
(PRG-LCO-30h). The ID/IG ratio of PRG-NMC follows a trend akin
to that of PRG-LCO, decreasing from 0.21 in PRG-NMC powder
to 0.03 aer 3-hour ball milling, subsequently increasing to 0.17
aer 30-hour ball milling. This suggests that 3-hour ball milling
removes the defects in the recycled graphite. However, longer
duration milling generates additional defects, possibly
Table 2 Analysis of Raman data of pristine and ball-milled recycled
graphite powders

Sample ID/IG
Position D
(cm−1)

Position G
(cm−1)

PRG-LCO 0.20 1349.4 1579.7
PRG-LCO-3h 0.05 1339.9 1566.1
PRG-LCO-30h 0.14 1337.0 1562.6
PRG-NMC 0.21 1344.6 1571.9
PRG-NMC-3h 0.03 1343.6 1569.3
PRG-NMC-30h 0.17 1340.3 1566.1
Sigma graphite 0.04 1343.8 1568.8

© 2024 The Author(s). Published by the Royal Society of Chemistry
indicating an optimal milling time. Furthermore, it is noted
that the D band and G band positions shi to lower wave-
numbers aer ball milling in both PRG-LCO and PRG-NMC
cases. This shi is consistent with the previous work of Li
et al.42 who showed that ball milling results in peak shis in
Raman data, corresponding to a more disordered carbon
structure. It is however interesting to note that extended ball
milling times may have additional impacts on the defect-
structure and this is an area for further study.

The XRD pattern of PRG-LCO, PRG-LCO-3h, and PRG-LCO-
30h (Fig. 2(c)) shows that the (002) reection of graphite shis
to lower 2q values, from 30.92° to 30.85° aer 3 h of ball milling
and increases marginally to 30.87° aer 30 h of ball milling but
remains below PRG. This shows that 3 h of milling expands the
stacking (c) axis of graphite while longer milling times have
a slightly smaller expansion. The larger lattice parameter may
suggest a more facile Li-insertion capacity. Furthermore, the
impact on out-of-plane crystallite size (Lc) distribution based on
XRD data can be estimated from the peak width, as shown in
the equation below:43

Lc ¼ kl

b cos q
(2)

where Lc is the out-of-plane crystallite size, which is calcu-
lated from the full width at half maximum, b, of the (002)
reection, with k = 0.91. There is a decreasing trend in Lc from
34 nm for PRG-LCO, to 27 nm for PRG-LCO-3h, and to 14 nm for
PRG-LCO-30h, as shown in Table S3.†44 In the case of PRG-NMC
samples, the (002) reection shis to a higher 2q, changing
from 30.88° to 30.91° aer 3 h of ball milling and further to
31.00° aer 30 h of ball milling. This implies that the stacking
axis decreases in the case of PRG-NMC samples aer the ball
milling process. The Lc changes from 31 nm for PRG-NMC and
to 17 nm for PRG-NMC-30h, as shown in S3. The Lc change in
both PRG-LCO and PRG-NMC indicates a reduction in crystal-
lite size distribution along this axis or a more nanocrystalline
nature with ball milling.

The morphology of PRG-LCO particles before/aer ball
milling is shown in Fig. 2(e–g). PRG-LCO shows a combination
of bar shaped and spherical structures, with a diameter ranging
from approximately 14 to 20 mm (Fig. S1†). Upon closer exami-
nation, Fig. 2(e), the sample consists of stacked akes and small
agglomerated particles. The bright areas result from the elec-
tronic accumulation on the particle surface,42 which may be
associated with impurities in accordance with our ICP results,
Fig. 1(a). Interestingly, only ake-like layers that are smoother
are observed aer ball milling, as depicted in Fig. 2(f) and (g).
The smoother surfaces may be achieved through centrifugal
forces resulting from the rotation and abrasion between the
powder and balls. In comparison to PRG-LCO-3h, PRG-LCO-30h
exhibits more apparent damaged and fragmented layers, most
likely a consequence of the extended ball milling time. As
shown in Fig. 2(c)–(e), the morphology is highly dependent on
the ball milling time and conditions. The PRG-NMC powder
exhibits a similar phenomenon to PRG-LCO powder before and
aer ball milling, as depicted in Fig. 2(h)–(j). Aer ball milling,
RSC Sustainability, 2024, 2, 1418–1430 | 1423
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only ake-like layers remain. The main distinction is that ball
milling results in relatively smaller fragmented akes compared
to PRG-LCO. The at or ake-like morphology observed in
graphite powder aer the ball milling process aligns with the
previously mentioned trend of Lc.

In summary, the impact of ball milling appears to be: 3-hour
ball milled PRGs are less defective (based on the ID/IG ratio);
both 3-hour and 30-hour ball milled PRGs are more disordered
(based on the shi of the Raman peaks); both have smaller
crystallite size distributions along the 002 axis (based on peak
widths in the XRD data); and particle morphology is highly
dependent on ball milling time (SEM images). However, certain
parameters depend on the nature of samples. For example,
PRG-LCO, PRG-LCO-3h and PRG-LCO-30h have a larger stack-
ing axis (based on the 002 2q position) compared to PRG-LCO;
conversely, both the PRG-NMC-3h and PRG-NMC-30h have
a smaller stacking axis compared to PRG-NMC. These parame-
ters can be optimised in future targeted work and mechano-
milling recovered/recycled LIB materials may provide an
opportunity to tune physiochemical properties.
2.2 Electrochemical properties of recycled graphite

The electrochemical properties of PRG and ball-milled PRG are
shown in Fig. 3. In Fig. 3(a), during the rst discharge,
a signicant plateau is observed at around 0.75 V for PRG
samples and 0.6 V for commercial battery-grade graphite. As
noted in the work of An et al.,45 the organic electrolyte used in
lithium-ion batteries has a reduction potential of approximately
1.0 V. This plateau implies that the electrolyte decomposes
during discharging at 0.75 V or 0.6 V and forms a solid elec-
trolyte interface (SEI) on the surface of graphite. The formation
of the SEI, which consists of insoluble Li2CO3 and organic
compounds such as ROLi and ROCO2Li, results in the addi-
tional consumption of lithium ions during the initial discharge
cycle. The rst discharge is a convolution of SEI formation and
intercalation into graphite. A higher initial discharge capacity of
over 400 mA h g−1 for PRG compared to a relatively lower value
of 343 mA h g−1 for commercial graphite was noted. This
suggests that impurities in recycled graphite may induce extra
side reactions or produce subtly different SEI components,
depleting more lithium ions during this initial discharge.
Fig. 3(b) illustrates the cycling performance of both PRG and
commercial graphite. Notably, commercial graphite exhibits
a slight gradual capacity increase with the number of cycles,
eventually reaching 370 mA h g−1 in the 100th cycle. In contrast,
the capacity of PRG decreases during cycling. Of particular note,
PRG-NMC experiences a signicant decline aer 35 cycles
(reproducibly), with a discharge capacity of 231 mA h g−1 at the
end of the 100th cycle.

Ball milling has modied the physiochemical properties,
and consequently, a relatively higher initial discharge capacity
of 451 mA h g−1 and 712 mA h g−1 for PRG-LCO-3h and PRG-
LCO-30h respectively was observed. Similar capacities of
464 mA h g−1 and 722 mA h g−1 respectively were noted for PRG-
NMC-3h and PRG-NMC-30h during the initial cycle. Aside from
the rst cycle, the subsequent cycles typically overlap, except for
1424 | RSC Sustainability, 2024, 2, 1418–1430
the gradual capacity decay with each cycle (Fig. S2†). It is
interesting to note that the 30 h ball milled samples show
distinctly different 1st (dis)charge proles compared to
unmilled and 3 h milled cases. Typically, the plateau at 0.8 V is
longer and the charging curve shows a gradual increase in
potential rather than remaining close to 0 V and then increasing
rapidly at the end of charge. This is indicated by the arrows in
Fig. S2(c).† This may suggest a more capacitive charge storage
mechanism which would correlate with more surface area from
a smaller particle size distribution as noted in the XRD data or
subtly different kinetics for the intercalation reaction.

As shown in Fig. 3(e), the discharge capacity of PRG-LCO
decreases to 328 mA h g−1 in the second cycle and further
decreases to 292 mA h g−1 by the 100th cycle. PRG-LCO-3h
maintains a capacity of approximately 360 mA h g−1, with
a slight increase with each cycle until the 65th cycle. In contrast,
PRG-LCO-30h exhibits relatively unstable electrochemical
properties. The capacity of PRG-LCO-30h remains above 400
mA g h−1 but then uctuates between the 50th and 100th cycles.
This behaviour is noted in all PRG-LCO-30h cells tested,
showing a stable decline until a certain cycle number and this is
followed by larger uctuations. In the PRG-NMC cells, PRG-
NMC-3h exhibits a gradual capacity decline with the progres-
sion of cycling, while PRG-NMC-30h experiences a steeper
decrease, ultimately both reaching around 310 mA h g−1 in the
100th cycle, as shown in Fig. S4.† Aer 100 cycles, it is evident
that graphite samples subjected to 30h-ball milling exhibit
a notably shorter plateau at approximately 0.1 V in comparison
to their 3h-ball-milled counterparts, as illustrated in Fig. 3(d)
and Fig. S4(b).† To mitigate the inuence of individual battery
cell differences, the average 1st and 100th discharge capacities
along with their variations of PRG before and aer ball milling
are summarized in Fig. 4. Aer 100 cycles, PRG-LCO-3h shows
approximately a 10.5% higher discharge capacity compared to
PRG-LCO and 23.6% higher discharge capacity than PRG-LCO-
30h. The error bar of PRG-LCO-30h in the 100th cycle is rela-
tively larger, which further demonstrates variability in the
cycling stability of this sample. PRG-LCO-3h appears to be
signicantly more stable and produces a higher capacity with
cycling compared to both PRG and PRG-LCO-30h. Therefore
a short ball-milling treatment appears to enhance the electro-
chemical performance of these recycled inputs. Likewise, in the
case of PRG-NMC, 30 h ball milled cells deliver higher capacities
over 100 cycles but reach a similar capacity to PRG-LCO-3h and
PRG-NMC-3h of around 300 mA h g−1 in the 100th cycle.
Compared to PRG-LCO-30h, PRG-NMC-30h exhibits smaller
variability. It is noteworthy that, aer 100 cycles, some of the
PRG-LCO-30h coin cells exhibit higher capacities, approxi-
mately 320 mA h g−1, as illustrated in Fig. 3(d) and (e), while
others demonstrate lower capacities at around 230 mA h g−1.
This variability arises from the aforementioned side reactions
(and discussed below), contributing to a substantial error bar
for PRG-LCO-30 h in the 100th cycle as shown in Fig. 4.

The average potential of graphite is commonly around 0.1 V
as reported in numerous studies including commercial
samples.46–48 The average discharge potential of PRG-LCO is
0.094 V in the rst cycle and 0.099 V in the 100th cycle. For PRG-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical performance of PRG, PRG-3h and PRG-30h. (a) First cycle charge–discharge curves of PRG-LCO, PRG-NMC and
commercial (Sigma) graphite, (b) discharge capacity versus the cycle number of selected cells, (c) and (d) first cycle and 100th cycle charge–
discharge curves of PRG-LCO cells, and discharge capacity versus the cycle number of ball milled cells, (e) PRG-LCO and (f) PRG-NMC.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2024, 2, 1418–1430 | 1425
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Fig. 4 1st and 100th cycle capacity comparisons of PRG electrodes
with the errors determined using identical cycling conditions.
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LCO-3h, the average discharge potential drops to 0.080 V in the
rst cycle, later stabilizing at a similar value (0.098 V) to the non-
ball-milled PRG-LCO by the 100th cycle (Table 3). The voltage
prole of PRG-LCO-3h (Fig. 3(c)) reveals an extended plateau at
0.1 V relative to PRG-LCO, leading to a reduction in average
potential. Conversely, PRG-LCO-30h exhibits a prolonged
plateau at 0.8 V instead of 0.1 V, resulting in an increase in
average potential to 0.162 V in the rst cycle which also
decreases with cycling. These ndings are consistent with
previous research.49–51 In the case of PRG-NMC, ball milling
time appears to increase the average potential, from 0.071 V to
0.074 V in PRG-NMC-3h and to 0.134 V in PRG-NMC-30h in the
rst cycle. This trend persists in the 100th cycle. This nding
suggests that the ball milling process can modify the voltage
prole and adjust the average potential.

To further analyze the alterations on the surface of graphite
electrodes with milling and electrochemical cycling, PRG-LCO
cells were used as an illustrative case. The morphology of the
PRG-LCO and ball-milled electrodes aer 100 cycles was
examined using SEM (Fig. 5). As shown in Fig. 5(b), PRG-LCO
presents sphere-like deposits that could be composed of
Li2CO3 and Li-alkyl carbonates as stated in the previous
research.52 These deposits likely form due to the interaction
between the electrolyte LiPF6 (EC/DMC = 1 : 1) and the surface
layer of graphite. Likewise, the electrode surface of PRG-LCO-3h
Table 3 Average potentials of recycled graphite before and after ball
milling

Sample name

Average potential (V)

1st cycle 100th cycle

PRG-LCO 0.094 0.099
PRG-LCO-3h 0.079 0.098
PRG-LCO-30h 0.162 0.144
PRG-NMC 0.071 0.081
PRG-NMC-3h 0.074 0.096
PRG-NMC-30h 0.134 0.118
Sigma graphite 0.076 0.091

1426 | RSC Sustainability, 2024, 2, 1418–1430
is covered by similar deposits. PRG-LCO-30h shows decompo-
sition of the glass ber (separator) and this appears to bond
with the surface layers of graphite, as shown in Fig. 5(f).
Structures containing glass bre from the separator are found
on the electrode surface. These structures are likely to disrupt
the uniformity of the SEI layer. The growth of and interaction of
the glass bre with the graphite surface may be why the capacity
drops off rapidly aer a certain number of cycles. It is noted that
methods to avoid glass bre interaction as noted in Fig. 5(f)
would include varying the electrolyte, pressure on the cell or
employing a coating layer. Commercially, polyethylene separa-
tors are typically used and therefore the degradation of glass
bre separators may not be pertinent for such applications.

XPS studies of fresh and cycled electrodes were also under-
taken, as shown in Fig. 6. The C 1s spectrum of the fresh PRG-
LCO electrode (Fig. 6(a)) displays a narrow peak at 284.5 eV,
corresponding to graphite. A satellite peak at around 285.3 eV is
attributed to the carbon bonding with only C or H atoms,53

which can be identied in PRG-3h and PRG-30h patterns
(Fig. 6(c) and (e)). In addition to the C–C bonds, some oxygen-
containing functional groups are detected, which may come
from the carbon black and the recycling procedure of graphite,
i.e., from leaching or heat treatment in air during recovery. As
shown in Fig. 6(a), relatively broad peaks at 286.3, 288.3, and
290.6 eV are assigned to a single carbon–oxygen, carbon con-
nected to two-oxygen, and carbon connected to three-oxygen
environments respectively.

Aer 100 cycles, the intensities of oxygen-containing peaks
increase. This is indicative of the SEI layer, with electrolyte
solvents, such as EC and/or DMC reacting to form a larger
proportion of carbon–oxygen environments. For example, the
SEI layer may include lithium alkyl carbonate (R–CH2–OCO2Li)
and Li2CO3, as mentioned in the previous literature.54 PRG-3h
shows a larger peak intensity assigned to CO3

2− which indi-
cates that more Li2CO3 is formed. In the PRG-LCO-30h case not
only is the CO3

2− intensity increased relative to PRG but the
carbon to single oxygen environment is dramatically increased
relative to both PRG and PRG-3h. The PRG-LCO-30h XPS spectra
show a dramatic increase in all the carbon–oxygen environ-
ments. Other SEI components, such as LiF and phosphates,
from the degradation of LiPF6, are identied as shown in
Fig. S5.†55 On linking these results to the changes observed with
SEM and electrochemistry, PRG-LCO-30 shows an increase in all
the carbon-oxygen environments suggesting a larger difference
in the surface layers and this may be correlated with a reduction
in capacity. PRG-3h shows an increase in CO3

2− and PRG shows
an increase in the carbon single-bonded oxygen environments
with cycling. It would be good in future work to understand
whether there is a key marker that can be targeted to optimise
PRG performance.

Longer ball milling times result in smaller graphite particles,
or in other words, a larger surface area.56 Considering the SEM
and XPS results, the increase in surface area may offer more
opportunities for SEI deposition, which also correlates with
a higher initial discharge capacity noted in PRG-LCO-30h and
a larger plateau at 0.75 V as shown in Fig. 3(c) and (e).
Furthermore, as the graphite electrode undergoes roughly
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of fresh electrodes, (a) PRG-LCO, (b) PRG-LCO-3h, and (c) PRG-LCO-30h and electrodes after 100 cycles, (d) PRG-LCO, (e)
PRG-LCO-3h, and (f) PRG-LCO-30h.
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a 30% volume change during charge and discharge,57 the
internal stress resulting from volume expansion and contrac-
tion can potentially fracture the graphite surface, generating
new surface areas for SEI formation on subsequent cycles.
Consequently, PRG-30h exhibits a more active surface reaction
than the other two samples, illustrated by a wider variety of
carbon–oxygen environments found in the XPS data aer 100
cycles. It is worth noting that these reactions consume the
© 2024 The Author(s). Published by the Royal Society of Chemistry
battery's electrolyte, can disrupt the uniformity of the SEI, and
ultimately lead to undesirable cycling instability again as
observed for PRG-30h. In summary, an appropriate ball milling
time (around 3 hours) can enhance the electrochemical prop-
erties of recovered graphite powders from spent LIBs. Further
renement of the work by adjusting ball mill speed, jar/ball
media, and jar/sample ratios and the use of wet milling with
various agents are promising for future work and optimisation.
RSC Sustainability, 2024, 2, 1418–1430 | 1427
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Fig. 6 C 1s XPS pattern of fresh electrodes, (a) PRG-LCO, (b) PRG-LCO-3h, and (c) PRG-LCO-30h and electrodes after 100 cycles, (d) PRG-LCO,
(e) PRG-LCO-3h, and (f) PRG-LCO-30h.
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3 Conclusion

Recycled graphite powders from various sources may exhibit
varying compositions and electrochemical properties. Speci-
cally, graphite recycled from LCO batteries features a lower
weight ratio of impurities and demonstrates superior average
discharge capacities of around 2.8% higher during the initial
cycle and 29.3% higher in the 100th cycle compared to graphite
recycled from NMC batteries. Nonetheless, both recycled
graphite variants exhibit a notable difference in electrochemical
properties when compared to commercial graphite.

In the endeavor to enhance the electrochemical character-
istics of recycled graphite with a single, easy-to-access step, ball
milling was used for durations of 3 and 30 hours with the
intention of modifying its particle size and surface properties.
Assessments using Raman spectroscopy and scanning electron
microscopy (SEM) conrmed the effective reduction of defects
in particles while concurrently increasing their surface area as
a consequence of extended ball milling. In the case of PRG-LCO,
a 3-hour ball milling session substantially improved the average
discharge capacity by 13.5% during the initial cycle and main-
tained a 10.5% higher capacity retention aer 100 cycles.
Conversely, in the instance of PRG-LCO subjected to 30 hours of
ball milling, SEM observations revealed a signicant interaction
between the graphite and the glass ber separator aer 100
cycles, leading to a rapid capacity reduction. This unexpected
outcome raises the possibility that the increased surface area of
the graphite may trigger the decomposition of the glass ber
separator during cycling, potentially introducing safety
concerns for battery applications.
1428 | RSC Sustainability, 2024, 2, 1418–1430
In the case of PRG-NMC, an extended ball milling time (30
hours) enhances the electrochemical properties of recycled
graphite. The discharge capacity is improved by 12.3% and
79.5% in the rst cycle and by 20.2% and 28.5% in the 100th
cycle aer 3-hour and 30-hour ball milling, respectively.
Notably, the optimized ball milling time may vary based on the
nature of graphite powders, as revealed in this study. Interest-
ingly, PRG-LCO-3h, PRG-NMC-3h and PRG-NMC-30h all
produced very similar capacities aer 100 cycles. Notably, we
found that the ball milling can tune the average potential of the
graphite anode. Typically, longer ball milling time leads to
higher average potential. Overall, this work shows the impor-
tance of characterising single battery chemistry waste streams
and the potential use of mechanomilling following graphite
recovery as a means to re-use graphite in lithium-ion batteries.
4 Experimental
4.1 Powder materials preparation

Recycled graphite powders, including recycled graphite-LCO
and recycled graphite-NMC, were provided by Mint Innova-
tion.58 It is noted that recycled graphite-NMC was obtained from
NMC-rich batteries provided by Environsteam59 and then pro-
cessed by Mint Innovation.58 Spent batteries were found in
small electronic equipment which contained LiCoO2 or LiNix-
MnyCozO2 (x + y + z = 1) cathodes and graphite anodes. The
batteries were disassembled and black mass was extracted and
processed. Both types of black mass underwent two dilute sul-
phuric acid with hydrogen peroxide metal leaching steps at 45 °
C using 15% solids in liquid loading. The remaining unreactive
© 2024 The Author(s). Published by the Royal Society of Chemistry
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graphite was separated from the liquid, washed with tap water
and then dried at 60 °C overnight. Commercial battery-grade
graphite powder was bought from Sigma-Aldrich.

Recycled graphite powder was subjected to ball milling for
various times using a Retsch PM-100 ball mill employing
a zirconia grinding bowl and f 10 mm zirconia balls. The ball-
to-powder mass ratio was approximately 20 : 1, and the rotation
speed was set at 400 rpm.

The choice of the two balling milling times, 3 and 30 h, was
designed to examine two extremes of the ball milling process.
One that is short while another that is large and times longer
than 30 h are likely to be highly unfeasible for industrial
uptake. Therefore, the work was designed to provide boundary
conditions so that future researchers can rene their work.
Further renement of the work by adjusting ball mill speed,
jar/ball media, and jar/sample ratios and the use of wet milling
with various agents are promising for future work and
optimisation.

4.2 Battery preparation and cycling

The electrochemical properties of recycled materials were
measured using CR2032 coin cells. The electrode mixture was
composed of 80 wt% active material, 10 wt% carbon black
(Timcal C65), and 10 wt% polyvinylidene uoride (PVDF, MTI).
N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, 99.5%) was then
added as the solvent to form a slurry. The slurry was magneti-
cally stirred overnight. The slurry was then pasted on copper at
400 mm thickness using a doctor blade. This was then vacuum
dried at 100 °C overnight. Next, the foil was pressed under 100
kN m−2 for an hour and then punched into f 12 mm discs. The
entire battery assembly was completed in an Ar-lled glovebox.
1 M LiPF6 in 1 : 1 EC/DMC (Sigma-Aldrich, 99.99%) and glass
bre (GF/FWhatman) were used as electrolyte and the separator
respectively. Lithium metal (from Carnd) was used for the half
cells. For electrochemical cycling, the graphite half-cells were
measured between 0.01 and 3.00 V with a constant current of
20 mA g−1.

4.3 Characterization of powder materials and electrodes

Samples were characterised as powders, electrodes or cycled
electrodes. For cycled electrodes, these were extracted from
the coin cell under an Ar atmosphere, dried and wherever
possible data were collected with air sensitive sample holders,
e.g., for XRD.

Inductively coupled plasma mass spectrometry (ICP- MS)
was used to identify the elemental impurities present in the
samples. The Raman data were obtained on an inVia Reex
Raman spectrometer using a diode laser of wavelength 532 nm.
X-ray diffraction (XRD) patterns were recorded with a Pan-
alytical Empyrean diffractometer with Cu-Ka radiation for the
PRG powders and electrodes. The surface morphology of the
powders and electrodes were observed with scanning electron
microscopy (SEM) on an FEI Nova NanoSEM 230 and 450
operated at 5 kV. The surface composition of electrodes were
analyzed by X-ray photoelectron spectroscopy (XPS), a Thermo
ESCALAB250i using a monochromatic Al-Ka so X-ray source.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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