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Supporting critical raw material circularity –
upcycling graphite from waste LIBs to Zn–air
batteries†

Reio Praats,a Alexander Chernyaev,b Jani Sainio, c Mari Lundström, b

Ivar Kruusenberga and Kerli Liivand *a

The use of Li-ion batteries (LIBs) is continuously growing, leading to a corresponding increase in the

volume of end-of-life LIBs. Recycling of LIBs not only ensures the safe management of hazardous waste,

but also minimizes the losses of valuable materials. While for some battery metals, such as Co, Ni, and Cu,

industrial recovery processes have already been established, graphite is currently discarded as waste. This

research introduces an innovative approach to create a bifunctional oxygen electrocatalyst by using the

graphite waste fraction from hydrometallurgical recycling. Notably, we strategically utilized the residual

metals left in the graphite fraction to achieve high electrocatalytic activity for both the ORR and OER

under alkaline conditions. Our novel black mass-derived oxygen electrocatalyst was used as an air

cathode catalyst in Zn–air batteries and demonstrated a high power density of 104 mW cm−2 with out-

standing long-term stability of 80 hours. This work unlocks new opportunities for repurposing overlooked

graphite waste in energy conversion and storage applications.

Introduction

Lithium-ion batteries (LIBs) have widespread uses in our every-
day life, from portable devices to electric vehicles and even
heavy machinery. The International Energy Agency (IEA) pre-
dicts that there will be a 40-fold increase in LIB usage from
2020 to 2040, which will correspondingly increase the volume
of end-of-life batteries required to be recycled.1 Already in
2019, around 0.2 million tons of spent LIBs (SLIBs) were glob-
ally available to be recycled.2 Sustainably recovering secondary
resources from SLIBs through recycling not only guarantees
cost-effective and safe end-of-life management, but also safe-
guards critical materials from being lost. In addition, this
process plays a crucial role in fortifying the battery value chain
by recycling secondary resources and keeping them in a loop.
The majority of LIB recycling pathways primarily prioritize the
high recovery of cathode-active materials (Co, Ni, Li), due to
their higher value.3,4 However, it is worth noting that natural

graphite (NG) holds significant importance in energy techno-
logies and the steelmaking industry. Recognizing its potential
supply risks, the European Commission classified NG as a
critical raw material as early as 2011.5 In addition, the United
States has listed graphite as a critical and strategic mineral.6

Graphite holds immense significance across various industries
owing to its unique combination of metallic and non-metallic
properties, excellent electrical and heat conductivity, good
strength, chemical inertness, and heat tolerance up to
3600 °C.7 All these beneficial properties lead to diverse appli-
cations of graphite in sectors such as the steel industry, aero-
space and defence, electronics, transportation, construction,
and renewable energy.4,5 Therefore, it is imperative to priori-
tize the recycling of this critical material to ensure its sus-
tained availability and utilization across these vital industries.
In the industrial LIB recycling process, graphite is incorpor-
ated within the black mass, which is produced during the
mechanical pre-treatment step, where batteries are crushed
and sieved to form a mixture of small particles composed of
all LIB components.8 In the hydrometallurgical recycling of
black mass, the process typically involves leaching out most of
the cathode metals from the black mass. The remaining undis-
solved fraction, known as the leach residue, is typically treated
as waste, and disposed of. The leach residue consists of graph-
ite and other undissolved battery materials, like polymer
binder, conducting agent (carbon black), current collectors (Al
and Cu), and some undissolved cathode metals.9 LIBs typically

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3gc04315k

aNational Institute of Chemical Physics and Biophysics, Akadeemia tee 23, 12618

Tallinn, Estonia. E-mail: kerli.liivand@kbfi.ee
bDepartment of Chemical and Metallurgical Engineering, School of Chemical

Engineering, Aalto University, P.O. Box 16200, 00076 Aalto, Finland
cDepartment of Applied Physics, School of Science, Aalto University, P.O. Box 15100,

00076 Aalto, Finland

2874 | Green Chem., 2024, 26, 2874–2883 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 3
1 

Ja
nu

ar
y 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 7
:1

7:
02

 P
M

. 

View Article Online
View Journal  | View Issue

http://rsc.li/greenchem
http://orcid.org/0000-0002-4435-0016
http://orcid.org/0000-0002-6655-6779
http://orcid.org/0000-0002-3628-8478
https://doi.org/10.1039/d3gc04315k
https://doi.org/10.1039/d3gc04315k
https://doi.org/10.1039/d3gc04315k
http://crossmark.crossref.org/dialog/?doi=10.1039/d3gc04315k&domain=pdf&date_stamp=2024-02-29
https://doi.org/10.1039/d3gc04315k
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC026005


contain approximately 20 wt% of graphite, which is presently
not recycled or recovered. Instead, it is discarded as a waste
fraction at the end of the recycling process.4 Handling critical
resources in this manner cannot be deemed sustainable or
economically viable. Several research groups have demon-
strated that the quality and structure of spent graphite may
undergo only slight changes after its initial use in a battery,
rendering it as a potentially valuable resource for the develop-
ment of new batteries or other applications.4,10–14

The escalating energy consumption and the climate crisis
have amplified focus on alternative green energy technologies,
such as fuel cells and metal–air batteries.15–17 However, these
systems require active electrocatalysts to enhance the oxygen
reduction reaction (ORR) and the oxygen evolution reaction
(OER) taking place in these devices. Currently, expensive Pt or
Pt alloys on carbon carriers and RuO2 or IrO2 are considered
the best commercial catalysts for the ORR and the OER,
respectively.18,19 Even though noble metal-based catalysts are
very efficient, their expensiveness and low durability make
them commercially undesirable.20–22 Therefore, there is
urgency to develop low-cost, durable, and active multifunc-
tional catalyst materials that can catalyse simultaneously both
the ORR and OER. Some of the most promising candidates for
substituting expensive noble metal-based catalysts are carbon-
based materials that are co-doped with nitrogen and transition
metal(s), like Fe and Co.23–26 Furthermore, carbon-based
materials are excellent catalyst supports, due to their low cost,
good electrical conductivity, durable structure, resistance to
acids and bases, and good adjustability.16,20,26–28 However, the
synthesis of a multifunctional catalyst material, which cata-
lyses both reactions simultaneously, can be a great challenge
due to the need for different catalytic sites and mechanisms.
Pioneering work on M–N–C-type catalysts was conducted by
Jasinski, who demonstrated that introducing transition metals
with nitrogen into the carbon lattice through pyrolysis signifi-
cantly enhances the activity of ORR electrocatalysts.29,30

Nowadays, M–N–C-type catalysts are typically prepared by
mixing nitrogen sources, high purity metal salt/oxides, and
carbon materials. Subsequently, the mixture is pyrolyzed to
introduce metal and nitrogen species into the carbon struc-
ture. This process leads to the formation of N–C and M–Nx-
type bonds, which are recognized as active sites for the ORR
and the OER.31–38 In addition to nitrogen species, metal nano-
particles encapsulated by carbon or metal oxides are well-
known OER active centres.39–42 The ability to catalyse both
oxygen reactions, good capacity, and long-term stability are
required characteristics for promising bifunctional oxygen
electrocatalysts that could be applied in rechargeable Zn–air
batteries (ZABs) as air cathode catalyst materials.32 Co–N–C-
type catalysts have shown high peak power densities and long-
term stabilities in ZABs, which make them favourable candi-
dates to be used commercially.39,42–48 In addition, carbon-sup-
ported multi-metallic catalyst materials, such as Co–Fe or Co–
Ni, have shown promising results. However, the precise mecha-
nism underlying the synergistic effects of multiple metals in
enhancing oxygen reduction reactions (ORRs) and oxygen evol-

ution reactions (OERs) remains unclear.49–53 These intelli-
gently designed materials often require multi-stage synthesis
steps and expensive reagents as carbon support materials and/
or metal complexes, which limit the commercialisation possi-
bilities of these materials. To date, there have only been a few
studies where recycled materials from SLIBs were used to syn-
thesise electrocatalysts for the ORR and the OER. In most of
these studies, the cathode or anode is manually extracted from
the used LIB and individually processed to extract Co salt or
used graphite. Yang et al.54 and Bian et al.55 recovered Co salt
from the SLIB cathode layer to synthesize a bifunctional
oxygen electrocatalyst. Graphite recovered from the anode layer
has been used as a precursor material for reduced graphene
oxide (rGO)-based catalyst materials.14,56–58 Liivand et al. suc-
cessfully synthesised a graphene-like bifunctional oxygen elec-
trocatalyst from black mass leach residue.58

This research presents a novel approach utilizing the leach
residue from hydrometallurgical recycling as a cost-effective
raw material for oxygen electrocatalyst production. This
residue, containing graphite and residual transition metals
(Co, Ni, Mn, and Cu), served as a source of carbon and metals,
enabling the synthesis of a highly active and stable bifunc-
tional electrocatalyst for enhancing both the ORR and OER.
Moreover, this synthesized catalyst exhibited exceptional per-
formance as an air electrode catalyst material in rechargeable
zinc–air batteries. This work aligns with the main purposes of
the circular economy, reducing the waste generated from
battery recycling while contributing to the development of
next-generation green energy technologies.

Experimental section
Procurement of leach residue and synthesis of the catalyst
material

LIBs from used laptops and mobile phones were subjected to
industrial crushing, whereupon magnetic separation and
sieving processes were used to generate a Co-rich black mass.
Before our research, this black mass had previously undergone
hydrometallurgical treatment, as reported by Chernyaev
et al.,59 which effectively leached out the majority of cathode
metals, leaving behind the graphite-rich waste fraction. This
graphite-rich leach residue was used as the starting material in
this research, referred to as the raw material. The raw material
consists mainly of graphite with additional impurities such as
plastics (separator and binder) and traces of undissolved
metals (Co, Ni, Al, Mn, Cu).59 To synthesize the catalyst
material, we used the raw material directly or subjected it to a
heat treatment process to eliminate the organic impurities and
binder. For the heat treatment, the raw material underwent
flash pyrolysis at 800 °C for 1 hour under an argon atmosphere
(99.999%, Elme Messer), resulting in a material referred to as
HT-Bat-res. To introduce nitrogen into the raw material or HT-
Bat-res, we employed dicyandiamide (DCDA, Sigma-Aldrich,
Germany) and polyvinylpyrrolidone (PVP, Sigma Aldrich,
Germany, Mw: 40 000) in a ratio of 1 : 20 : 0.1, respectively. To
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obtain a homogeneous raw material : DCDA : PVP mixture in
ethanol, 2 hours of sonication was applied. In the case of the
heat-treated raw material, a mixture of HT-Bat-res : DCDA : PVP
was subjected to ball milling (BM) for two rounds of 30 min
each using 4 g of 0.5 mm ZrO2 balls in a mixture of ethanol
and water (2 : 1) as the medium. Subsequently, the dried mix-
tures were subjected to flash pyrolysis for 2 hours at 800 °C
under an argon atmosphere, resulting in a catalyst known as
Bat-res-N (N-doped raw material) or HT-Bat-res-BM-N (ball-
milled and N-doped HT-Bat-res). An emphasis was placed on
ensuring the repeatability of the synthesis process; therefore,
at least three distinct syntheses per catalyst material were per-
formed, and good repeatability was achieved.

Physical characterisation

Scanning electron microscopy (SEM, Mira 3, Tescan, Czech
Republic) combined with an energy dispersive X-ray spectro-
meter (UltraDry Silicon Drift) and NSS microanalysis software
(EDS, Thermo Fisher Scientific, USA) was used to analyse the
surface morphology and bulk phase composition of the
studied materials. The crystallinity and phase composition of
these materials were analysed by powder X-ray diffraction
(XRD) using a PANalytical X’Pert3 powder XRD instrument
(CuKα radiation, λ = 1.54182 Å), with step size of 0.04° at 45 kV
and 40 A. Raman spectra for the analysis of carbon structures
of the materials were recorded using a confocal Raman micro-
scope (Renishaw inViaTM, UK) with a 532 nm wavelength laser
beam. Data analysis and fitting were performed by applying
the Voigt function in the OriginPro (OriginLab Corporation,
USA) program. N2 adsorption–desorption analysis was used to
determine the porosity and specific surface area at nitrogen
boiling temperature (77 K). The specific surface area was
measured by using the Brunauer–Emmett–Teller (BET)
method and the pore size distribution was determined with
DFT calculations. X-ray photoelectron spectroscopy (XPS) was
carried out with a Kratos Axis Ultra spectrometer with mono-
chromated Al Kα radiation using a pass energy of 40 eV, an
X-ray power of 75 W and an analysis area of approximately
700 µm × 300 µm. The sp2 carbon 1s peak at 284.5 eV was
used as a charge reference. The elemental composition was
determined from the peak areas of high-resolution core level
spectra after Shirley background subtraction using equipment-
specific sensitivity factors.

Electrochemical measurements

The ORR and the OER were studied with the rotating disk elec-
trode (RDE) method using a Gamry potentiostat/galvanostat
Interface 1010E instrument with a three-electrode system,
where Ag/AgCl2 (3 M KCl) was used as the reference electrode,
a graphite rod was used as the counter electrode, and a
0.2 cm2 glassy carbon (GC) electrode coated with the catalyst
was used as the working electrode. An Origalys speed control
unit and a rotator were used for the RDE method with rotation
rates from 3600 to 400 rpm. The prepared catalyst ink has a
concentration of 4 mg ml−1 in ethanol containing 1 μl
mgcatalyst

−1 of 5 wt% Nafion™ solution. The suspension was

previously sonicated for 1 h and, thereafter, 4 × 5 μl of catalyst
ink was pipetted onto clean GC electrodes, resulting in 0.4 mg
cm−2 catalyst loading. For easier comparison, all measured
potentials were recalculated to values vs. reversible hydrogen
electrode (RHE) by using the Nernst equation:

EðRHEÞ ¼ EAg=AgCl þ 0:059 pHþ E°
Ag=AgCl ð1Þ

where EAg/AgCl is the experimentally measured potential vs. Ag/
AgCl and E°

Ag=AgCl ¼ 0:210V at 25 °C. ORR measurements were
performed in 0.1 M KOH solution at room temperature, satu-
rated with O2 (Elme Messer, 5.0), and the gas flow was held
constant over the solution throughout the experiment.
Experiments were controlled with Gamry Instruments
Framework software. OER measurements were carried out in
N2 (Elme Messer, 5.0)-saturated 1 M KOH solution at room
temperature and the gas flow was held constant over the solu-
tion throughout the experiment. The iR-drop was eliminated
from the OER polarization curves by compensating each of
them through iR-drop elimination with respect to the solu-
tion’s ohmic resistance. The ohmic resistance was determined
from the EIS data obtained in the frequency range of 100 kHz–
1 Hz (with 10 mV modulation) at the open circuit potential.
The resistance value was obtained from the Nyquist plot by
determining the real part of the impedance when the imagin-
ary part was zero. For electrocatalytic activity assessment, a
minimum of three separate RDE measurements, each with
three electrodes, were conducted for each synthesized catalyst
material.

Zinc–air battery (ZAB) experiments were conducted by using
a custom-made test cell. An air electrode with active surface
area of 0.79 cm2 consisting of a gas diffusion layer (GDL,
Sigracet 28BC by SGLCarbon, Germany) and a catalyst layer
coated on the GDL, with a final loading of 1 mg cm−2, was
used. Ti mesh was used as an air electrode current collector.
For comparison, a commercial catalyst of 20% PtRu (1 : 1 ratio)
on a carbon support (FuelCellstore, USA) was also used as an
air electrode catalyst material. A 6 M KOH + 0.2 M Zn(Ac)2 elec-
trolyte and a polished Zn plate (1 mm, 99.9%) were used to
complete the ZAB cell. All measurements were conducted at
room temperature. A PGSTAT30 potentiostat/galvanostat
(Metrohm Autolab, The Netherlands), controlled by the NOVA
2.1.5 program, was used to control the ZAB tests. Galvanostatic
charge–discharge cycling curves were obtained using 30 min
charge and 30 min discharge processes at a current density of
10 mA cm−2. The specific energy density and capacity were
obtained with a complete discharge test and calculated based
on the mass of consumed Zn. At least three different ZAB cells
were tested to evaluate the maximum discharge power density
for each synthesized catalyst material.

Results and discussion
Physicochemical characterisation of the samples

The starting material in this research was black mass leach
residue (Fig. 1a), primarily comprised of graphite. However, it
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also contained remnants of other battery materials from the
cathode (Co, Li, Mn, Ni), the current collectors (Cu and Al),
and the binder material (PVDF, a source of F). These com-
ponents were confirmed through SEM-EDX analysis (Table 1
and Fig. S1 in the ESI†) and XRD (Fig. S2†). The XRD diffracto-
gram confirmed the presence of a high intensity peak at
around 26.5° for graphite (ICDD: 96-901-1578). In addition,
the residue contained Li1.44Co3O6 (ICDD: 96-155-0393),

LiMn2O3 (ICDD: 96-151-3968), SiO2 (ICDD: 96-900-5033), Cu
(ICDD: 96-901-2044), CoO (ICDD: 96-900-8619) and Al2O3

(ICDD: 00-010-0173), based on peaks in the XRD diffractogram.
This is a typical composition for the black mass leach residue,
which has traditionally been found to be very
heterogeneous.58,59 The heat treatment of leach residue suc-
cessfully removed the PVDF, as demonstrated by the absence
of elemental F in the treated materials, based on SEM-EDX
mapping (Fig. S3† and Table 1). In addition, the results in
Table 1 and Fig. S1, S3–S5† show that the relative concen-
trations of metals in the bulk increased with the heat treat-
ment(s), showing the removal of organic phases. The removal
of the binder played a role in breaking down the larger graph-
ite chunks into smaller and more uniformly sized particles, as
observed in Fig. 1a and b. Initially, the sizes of particles in the
raw material were between 25 and 50 μm and exhibited a rela-
tively roundish shape with a smooth surface (Fig. 1a). The
introduction of nitrogen doping resulted in the development
of compact and rough structures on the surface of the catalyst
material, indicating the successful nitrogen doping of the
graphite surface (as shown in Fig. 1c and d and Fig. S6†). In

Fig. 1 SEM micrographs of (a) the raw material (black mass leach residue) and the (b) HT-Bat-res, (c) Bat-res-N and (d) HT-Bat-res-BM-N catalyst
materials at 1000× magnification.

Table 1 Elemental composition of the studied materials based on
SEM-EDX mapping (Fig. S1†)

Element
Raw material
(wt%)

HT-Bat-res
(wt%)

Bat-res-N
(wt%)

HT-Bat-res-
BM-N (wt%)

C 79.6 82.88 80.77 75.84
O 15.05 13.43 15.33 18.63
Co 0.77 1.99 2.28 3.42
Mn 0.04 0.24 0.26 0.38
Ni — — 0.17 0.21
Al 0.39 0.39 0.46 0.45
Cu 0.43 0.52 0.51 0.49
F 3.05 — — —
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the case of HT-Bat-res-BM-N, the ball-milling treatment led to
a reduction in the size of the supporting graphite particles. In
addition, these graphite particles appeared less roundish,
instead displaying a flatter and thinner structure compared to
the supporting material of the original raw material sample
(Fig. S6†). XRD analyses of the pyrolyzed materials revealed
that the undissolved active cathode material has undergone
reduction, resulting in the formation of metal oxides and/or
metallic species. These findings suggest that the graphite
present in the leach residue can function as a reductive agent
during the thermal treatment. Furthermore, in addition to
graphite, it has been shown that aluminium in the presence of
a carbon source can facilitate the thermal reduction of the
cathode material.60 Hu et al. have demonstrated that when
subjected to higher temperature roasting in the presence of
graphite, both Co and Ni exhibit a greater tendency for
reduction into metallic species as compared to Mn, which pre-
dominantly remains in the oxide state at 900 °C.61 Based on
the transition metal traces, it was observed that Co exhibited
the highest relative metal content (3.42%) in the HT-Bat-res-
BM-N sample (Table 1). This finding suggests the potential for-
mation of more stable Co–N–C active centres within the bulk
of the material, which could enhance the stability of metallic
Co.62

This observation was further corroborated by the XRD ana-
lysis (Fig. S7†), which revealed the disappearance of the CoO
peak and a noticeable increase in the intensity of the Co(0)
peak after N-doping. Subsequent to the heat treatment of the
materials, distinct metallic Co (Co(0), ICDD: 96-901-1624)
peaks became evident in the XRD patterns of the HT-Bat-res,
Bat-res-N and HT-Bat-res-BM-N samples, indicating the suc-
cessful decomposition of Li1.44Co3O6. In the case of the Bat-
res-N and HT-Bat-res-BM-N materials, the majority of Co
existed in the Co(0) form, while for HT-Bat-res, Co was predo-
minantly present as either Co4O4 or Co(0), as discerned from
the XRD diffractograms. These results confirm that a substan-
tial proportion of Co is reduced into its metallic form during
the N-doping process, presumably integrated into the Co–N–C
active centres within the material’s bulk. Moreover, the diffrac-
tograms of Bat-res-N and HT-Bat-res-BM-N also indicate the
presence of cobalt carbide (C0.01Co, ICDD: 98-061-7394). The
incorporation of Co nanoparticles into the carbon support
material poses a significant challenge. However, it has been
established that carbon nanotubes (CNTs) can form in the
presence of cobalt nanoparticles and DCDA during the pyrol-
ysis of carbon-based materials. The initiation of CNT growth
on carbon is catalysed by metallic Co, which is often sub-
sequently encapsulated within the CNTs. Our previous
research has documented the growth of these CNTs under
similar conditions.58,63 In addition, XRD analysis identified Cu
peaks (ICDD: 96-901-2044) in the diffractograms of the HT-Bat-
res, Bat-res-N and HT-Bat-res-BM-N materials. The ID/IG ratio,
determined from the Raman spectra (Fig. S8†) of the studied
materials, revealed that with every process step, a higher gra-
phitization rate and a lower surface defect level in the carbon
lattice were achieved. It is important to note that the D-band

intensity is influenced not only by vacancies and topological
defects, but also by the presence of impurities.64 It is believed
that the removal of various impurities from the graphite frac-
tion is the key factor in this work that influences the intensity
of the D-band. The ID/IG ratio decreased from 0.72 to 0.50 with
the removal of binder and organic phases. This effect can be
attributed to the greater abundance of diverse oxygen groups
that become attached to both the surface and edges of graph-
ite following the acidic treatment (leaching) of the black mass.
With N-doping of the samples, even lower ID/IG ratios were
achieved, i.e. 0.40 and 0.28 for the Bat-res-N and HT-Bat-res-
BM-N materials, respectively. These observations indicate that
the introduction of N– and Co– into the carbon support
material framework enhances the degree of graphitization, as
corroborated by prior research that has been conducted. The
introduction of graphitic nitrogen into the carbon framework
after N-doping can contribute to the stabilization of graphitic
planes in the carbon material, and thus promotes a more
ordered and crystalline structure.65 In addition, the cobalt and
cobalt oxides present in the sample may also serve as catalysts
for the transformation of amorphous carbon into graphitized
carbon.66 Furthermore, the combination of various treatment
steps increased the specific surface area (SBET) and porosity of
the materials in the following order: raw material < HT-Bat-res
< Bat-res-N < HT-Bat-res-BM-N, as shown in Fig. S9.† The
removal of binder and organic phases from the leach residue
increased the specific surface area from 2.4 to 9.9 m2 g−1.
Notably, ball milling of the HT-Bat-res material has a pro-
nounced impact on the surface area of the HT-Bat-res-BM-N
material, which reached 46.8 m2 g−1. This outcome is favour-
able, as an increased surface area and porosity of the catalyst
support material enhance mass transport within the material
and introduce additional defects on the carbon surface. These
defects can serve as anchoring sites for N– and metal
species.14,38,42 In order to obtain further insights into the poss-
ible extent of N-doping of the graphite support material, XPS
analysis of the Bat-res-N and HT-Bat-res-BM-N materials was
performed. Carbon, oxygen, nitrogen, and various Li-ion
battery metals (Co, Li, Mn, Ni, Al, and Cu) were found in the
samples by XPS analysis. The atomic concentrations are given
in Table S1.† Fig. 2 shows the obtained and deconvoluted
carbon, nitrogen and cobalt spectra of the two samples. The C
1s spectrum consists of a main asymmetric peak at 284.5 eV,
which can be assigned to the sp2 carbon. At binding energies
between 285 and 289 eV, there will be some additional contri-
butions from other types of carbon–carbon, carbon–oxygen
and carbon–nitrogen bonds,67–69 and N-peak fitting results for
Bat-res-N and HT-Bat-res-BM-N (fitting parameters shown58)
are presented in Table 2. The difference in the N-doping level,
5.6 at% for Bat-res-N vs. 6.4 at% for HT-Bat-res-BM-N, agrees
well with the conclusion that ball milling leads to a reduction
in the graphite particle size, resulting in a higher specific
surface area and a greater number of defects in the carbon
lattice. The Co 2p spectra (Fig. 2c) have been fitted with two
components: metallic Co and Co(II).58 The Co(II) component
can contain contributions from both the CoO and Co–N
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bonds.70,71 These defects provide more favourable sites for
nitrogen groups to attach during the doping process. Pyridinic
N, which is considered to be the most efficient nitrogen group
for enhancing the ORR and OER,72 has a concentration of 50%
for the Bat-res-N catalyst and 55% for the HT-Bat-res-BM-N
catalyst. The surface concentrations of Co were 0.1% and 0.4%,
for Mn they were 0.5% and 0.9% and for Li they were 1.4%
and 0.6%, respectively, for Bat-res-N and HT-Bat-res-BM-N. The
concentration of battery metals on the catalyst surface, as
determined through XPS analysis, exhibits a marked disparity
compared to their concentration in the bulk of the studied
materials, as determined from the EDX data. Concentrations
are notably different especially for Co (0.4 at% vs. 3.42 wt%)
and Al (2.1 at% vs. 0.45 wt%) in the case of the HT-Bat-res-BM-
N sample. This variation in measurements is likely attributed
to the inherent distinctions between the analysis method-
ologies. XPS captures data exclusively from the material’s
surface, penetrating to only a few atomic layers (typically up to
10 nm). In contrast, EDX analysis delves deeper, characterizing
the material’s bulk, with a penetration depth of approximately
one μm. These findings suggest that the residues of Al, Mn,
and Li are more prevalent on the surface of catalyst materials.
In contrast, Co appears to be primarily integrated into the
carbon support material, possibly forming bonds with active
Co–N–C centres. This phenomenon could be related to the dis-
tinct reduction behaviours observed during the roasting
process. It appears that Co undergoes reduction primarily to
its metallic form, while other elements tend to remain in their
oxide states, as discussed with respect to XRD analysis.

Electrocatalyst activity towards the ORR and OER

The modifications carried out on the black mass leach residue
have increased its surface area and porosity, potentially
leading to the formation of Co–N–C active centres that could
promote the ORR and OER. The electrocatalytic activity of the
synthesised materials as catalysts was first tested with regard
to the ORR in 0.1 M KOH solution. The linear sweep voltam-
metry (LSV) curves and the determined electrochemical charac-
teristics of the catalyst materials are presented in Fig. 3a and
Table 3, respectively. The Eonset value increased with every fol-
lowing treatment step, showing that the N-doping of the
material enhanced the electrochemical activity, with the
highest values being for the Bat-res-N and HT-Bat-res-BM-N
catalysts, at 0.875 V and 0.890 V, respectively. The half-wave
potential (E1/2) and limiting current density ( j ) of the HT-Bat-
res-BM-N catalyst were 0.795 V and 4.81 mA cm−2, respectively,
demonstrating its excellent ORR performance. The formation
of these active centres and the increased surface area were cor-
roborated through a comprehensive analysis involving XRD,
SEM-EDX, XPS and N2 adsorption/desorption analyses.
Notably, the HT-Bat-res-BM-N catalyst exhibited the highest
specific surface area, a crucial attribute for enhancing the ORR
because it allows for a greater capacity to host active centres.38

The LSV polarization curves at different rotation rates for the
Bat-res-N and HT-Bat-res-BM-N catalysts can be seen in
Fig. S10a and S10b,† respectively. The Koutecky–Levich (K–L)
plots (Fig. S10c and S10d†) were derived from the LSV curves.
These plots exhibit a consistent linearity and parallelism
across all the examined potentials, implying that the reaction
is predominantly limited by mass transport. Based on the K–L
plots, the number of electrons (n) transferred per O2 molecule
(Fig. S10b and S10d†) was calculated. The results indicated
that the oxygen was reduced mainly via a 4e− pathway, where
O2 is directly transformed into H2O without forming inter-
mediate H2O2.

73 The Tafel plots in Fig. S10e† show that the
HT-Bat-Res-BM-N and Bat-res-N catalysts exhibit similar slopes
of −52 mV dec−1 and −60 mV dec−1, respectively. Remarkably,

Fig. 2 X-ray photoelectron spectra of the Bat-res-N and HT-Bat-res-BM-N samples: (a) C 1s region, (b) N 1s region and (c) Co 2p region.

Table 2 N-peak fitting results based on XPS analysis (data from Fig. 2)

Name of
the sample

Pyridinic
N/N–Co Pyrrolic N Graphitic N N oxide

Bat-res-N 50% 29% 11% 10%
HT-Bat-res-BM-N 55% 24% 11% 9%
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these values align with those commonly observed for Pt-based
catalysts. This suggests that the rate-determining step in the
reaction mechanism is primarily associated with the initial
reduction of O2.

74 A comparison of the OER activity between
the studied materials is shown in Fig. 3b and Table 3. Again,
HT-Bat-res-BM-N showed the highest activity with E (V)
@10 mA cm−2 = 1.648 V vs. RHE, while HT-Bat-res and Bat-res-
N showed higher potentials of 1.675 V and 1.759 V vs. RHE.
The untreated raw material also demonstrated good activity
towards the OER with E (V)@10 mA cm−2 = 1.648 V vs. RHE,
which can be attributed to traces of metal oxides in the bulk
raw material. XRD analyses demonstrated the presence of
Co4O4 in the raw material (Fig. S2†). Co4O4 implies a com-
pound with a combination of cobalt atoms in different oxi-
dation states, including cobalt(II) and cobalt(III). The presence
of multiple oxidation states suggests a mixed valency, which
tends to be effective in catalysing the OER.75 The N-doped
materials exhibit a Tafel slope (Fig. S10f†) of 140 mV dec−1

and 119 mV dec−1 for Bat-res-N and HT-Bat-res-BM-N, respect-
ively, while the undoped materials exhibit Tafel slopes of
71 mV dec−1 (raw material) and 97 mV dec−1 (HT-Bat-res). The
increase of Tafel slopes for the N-doped materials could indi-
cate that mass transfer is the rate limiting step and the
effective electrode surface area is lower.40 HT-Bat-res-BM-N
showed excellent activity and stability towards both the ORR

and OER due to the formation of electrochemically active Co–
N–C and Co(0) species. Multi-metal catalyst materials have
good ORR/OER bifunctional electrocatalytic activity due to the
synergistic effect of the metals, but the concrete effects of
multi-metallic catalyst materials are still under debate.49,50,76

Performance as an air electrode catalyst in zinc–air batteries

To assess the synthesized catalyst’s viability for end appli-
cation, we constructed a zinc–air battery (ZAB) (Fig. S11a†).
This allowed us to evaluate the catalyst’s bifunctional perform-
ance when employed as an air cathode catalyst material. For
comparison purposes, we also employed a commercial catalyst
consisting of 20% PtRu/C as the air electrode catalyst material.
All the studied catalyst materials showed very similar open
circuit potential values (Fig. S11b†) of 1.40 V for HT-Bat-res-
BM-N and 1.45 V for PtRu/C. The peak power density (Fig. 4a)
for HT-Bat-res-BM-N was 104 mW cm−2 at a current density of
173 mA cm−2, which is 32 mW higher than what was achieved
with a 20% PtRu/C catalyst-based ZAB. By comparing the char-
ging and discharging polarization curves of the catalysts, HT-
Bat-res-BM-N has the higher discharge voltage; however, all
catalyst materials have similar charge voltages, as can be seen
from Fig. 4b. Complete discharge tests were carried out to cal-
culate the specific capacity and energy of the constructed ZAB
(Fig. 4c and Table 4). The highest specific capacity of 765 mA h
g−1 was achieved with the HT-Bat-res-BM-N catalyst. Both the
N-doped catalysts demonstrated higher power density than the
raw material-based catalyst, showing the enhancement effects
of nitrogen doping and the increased surface area, which pro-
vides a greater number of active centres for both the ORR and
OER. The stability of the catalyst materials was tested during
charge–discharge cycling at a current of 10 mA cm−2 with a
30 min charge and discharge time, as can be seen in Fig. 4d.
The HT-Bat-res-BM-N catalyst showed outstanding stability up
to 80 cycles with an average round-trip efficiency of 55% and a

Fig. 3 RDE electrochemical characteristics of the studied materials: (a) ORR polarization curves at 1600 rpm in O2-saturated 0.1 M KOH solution
and (b) OER polarization curves at 1600 rpm in N2-saturated 1 M KOH solution.

Table 3 Electrochemical characteristics of the raw material and
different catalysts

ORR OER

Catalyst
Eonset
(V vs. RHE)

E1/2
(V vs. RHE)

j
(mA cm−2)

E (V)@
10 mA cm−2

Raw material 0.745 0.327 2.98 1.648
HT-Bat-res 0.767 0.370 2.92 1.675
Bat-res-N 0.875 0.755 4.53 1.759
HT-Bat-res-BM-N 0.890 0.795 4.81 1.648
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voltage gap of 0.95 V. In contrast, 20% PtRu/C showed an
initially higher round-trip efficiency (60%) and a smaller
voltage gap (0.79 V), but its performance started to decrease
quickly after 10 potential cycles showing the superior cycling
stability and efficiency of the HT-Bat-res-BM-N catalyst.

The performance and stability of HT-Bat-res-BM-N do not
currently surpass those of the top catalysts employed in
ZABs.38,42,46,47,51,53 However, it is important to note that all
these reference catalysts were synthesized using costly and pre-
cious pure materials and complicated synthesis routes.
Table S2† provides a comparative overview of bi- or trimetallic
bifunctional N-doped carbon catalysts for ZABs.

The catalysts developed in this research offer a significant
advantage, as they are synthesized from industrial recycling
waste, facilitating the responsible and sustainable use of criti-

cal resources. Furthermore, this approach introduces an inno-
vative, straightforward, and economically efficient method for
repurposing waste graphite derived from LIBs.

Conclusions

In this study, we revealed the undiscovered potential of the Li-
ion battery black mass leach residue, typically discarded as
industrial hydrometallurgical recycling waste, as a valuable
raw material for synthesis of electrocatalytically active bifunc-
tional oxygen electrocatalysts. By taking advantage of the metal
impurities present in the black mass leach residue, we incor-
porated nitrogen and Co into the graphite support material
through a ball milling and pyrolysis modification process. The
resulting material, HT-Bat-res-BM-N, exhibited high electro-
catalytic activity for both the ORR and OER.

This remarkable performance can be attributed to the
development of electrocatalytically active nitrogen and cobalt
centres, as well as an increased surface area compared to that
of the original material. We further assessed the applicability
of these battery waste-derived catalysts by employing them as
air electrode catalyst materials in a zinc–air battery. HT-Bat-
res-BM-N demonstrated an impressive power density of
104 mW cm−2 and outstanding stability, withstanding

Fig. 4 ZAB results of the studied catalysts and the 20% PtRu/C catalyst: (a) discharge polarization curves and power density curves, (b) charge and
discharge polarization curves, (c) complete discharge test, (d) galvanostatic charge/discharge cycling.

Table 4 Specific capacity and specific energy of the studied catalysts
and PtRu/C

Name of
the sample

Raw
material Bat-res-N HT-Bat-res-BM-N

20%
PtRu/C

Specific capacity
(mA h g−1)

762 729 765 688

Specific energy
(W h kg−1)

705 723 780 705
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80 hours of charge–discharge cycling at 10 mA cm−2. Notably,
it outperformed the commercial 20% PtRu/C catalyst in this
application. This research highlights the previously undiscov-
ered value of the Li-ion battery leach residue as a valuable
resource for the preparation of transition metal-doped carbon-
based materials, which holds great promise for enhancing
energy conversion and storage devices. The catalysts developed
in this research provide notable advantages by utilizing indus-
trial recycling waste and promoting responsible resource use.
In addition, this approach presents an innovative, cost-
effective method for repurposing waste graphite from LIBs.
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