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The increasing global demand for energy has led to a rise in the usage of lithium-ion batteries (LIBs), which
ultimately has resulted in an ever-increasing volume of related end-of-life batteries. Consequently,
recycling has become indispensable to salvage the valuable resources contained within these energy
storage devices. While various methods have been developed for the recovery of valuable cathode
metals from spent LIBs, the anode's active material, graphite, is mostly lost from circulation. This study
introduces an innovative method to valorize black mass leach residue, a waste product from industrial
hydrometallurgical LIB recycling processes. Predominantly composed of graphite and minor metal
residues, this material can be converted into a valuable bifunctional oxygen electrocatalyst. This
transformation is achieved by doping the leach residue with nitrogen and through the incorporation of
carbon nanotubes into the modified matrix, to enhance the surface area and conductivity of the
produced electrocatalyst. These novel catalyst materials can enhance the oxygen reduction reaction and

oxygen evolution reaction in zinc—air batteries (ZAB). The best catalyst material exhibited
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Accepted 16th December 2024 a commendable power density of 97 mW cm™2in ZAB, demonstrating stable performance over 70 hours

of continuous charge—discharge cycling. This research represents a significant advancement in the
shrewd utilization of LIB recycling waste, which further enhances the goal of closed-loop materials
rsc.li/rscsus circularity.
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Sustainability spotlight

This study presents a novel approach to valorizing black mass leach residue, a waste product from lithium-ion battery (LIB) recycling, by converting it into a high-
performance bifunctional oxygen electrocatalyst. This research advances global sustainability by recycling end-of-life LIBs into valuable materials, directly
supporting SDG 12 (responsible consumption and production) through waste reduction and conservation of critical resources like graphite. By upcycling LIB
leach residue into oxygen electrocatalysts for use in zinc-air batteries and fuel cells, the study also promotes SDG 7 (affordable and clean energy). Furthermore, it
aligns with SDG 13 (climate action) and SDG 15 (life on land) by reducing waste, fostering green energy technologies, and minimizing environmental impacts
associated with resource extraction.

Introduction portable electronics, and renewable energy storage solutions,
the imperative for efficient end-of-life (EoL) LIB recycling
As the global production of Li-ion batteries (LIBs) continues to ~ practices has become increasingly pronounced. For example,
rise, driven by the escalating demand for electric vehicles (EVs), the demand for LIBs in EVs increased to 550 GW h in 2022,
which was equivalent to a year-on-year increase of approxi-

o 1 . . .
“National Institute of Chemical Physics and Biophysics, Akadeemia tee 23, 12618 mately 65%." Such a rapld rate of increase has raised concerns

Tallinn, Estonia. E-mail: kerli.livand@kbfi.ce about the environmental impact related to all aspects of LIBs
*Department of Applied Physics, School of Science, Aalto University, P. O. Box 15100, ~production, use and EoL management, where incorrect disposal
00076 Aalto, Finland or inefficient treatment methods can be potentially hazardous

‘Department of Chemistry and Materials Science (CMAT), School of Chemical  or lead to a loss of critical resources like Li, Co, Ni, Mn, Al, Cu,
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magnetic separation etc.) followed by hydrometallurgical and/or
pyrometallurgical processes to recover valuable metals from the
black mass.>* In many cases, hydrometallurgical treatment of
spent LIB (SLIB) waste results in a black mass leach residue,
which is mainly comprised of graphite (used as an anode active
material), Cu/Al from the current collectors as well as other
insoluble materials like binder and separator, and some
undissolved cathode active materials.” There is about 20 wt% of
graphite in LIBs which is often unrecovered and is discarded as
waste after the recycling process. Recycling graphite is impor-
tant for both preserving the environment and conserving
resources.*” Both the European Commission and the US
government have recently listed natural graphite (NG) as a crit-
ical material, recognizing its limited number of mining loca-
tions worldwide — with China responsible for about 67% of
current global production.®*® Synthetic graphite is produced
from unsaturated carbons, which are heated to 2500 °C, making
this process more CO, intensive and generally more expensive
than production of NG."»** Therefore, there is an urgent need
for the recovery and reuse of graphite from EoL LIBs to help
reduce reliance on diminishing primary resources. The global
transition towards more sustainable and environmentally
responsible energy sources has sparked a growing interest in
the development of efficient and eco-friendly energy conversion
technologies like fuel cells and metal-air batteries. Within this
domain the advancement of oxygen electrocatalysts plays
a pivotal role in the development and commercialisation of
these electrochemical devices."*™* Presently, the most effective
catalysts for enhancing the oxygen reduction reaction (ORR) are
comprised of platinum (Pt) or Pt-alloys supported on carbon
carriers.’ Similarly, for the oxygen evolution reaction (OER),
metallic oxides such as RuO, and IrO, have demonstrated
superior performance.’” While such catalysts exhibit high effi-
ciency, they encounter challenges related to their stability under
harsh conditions, which is compounded by reliance on expen-
sive platinum-group metals (PGMs) that renders them
commercially undesirable.'”** Consequently, the need for more
cost-effective and efficient bifunctional oxygen electrocatalysts
has led the scientific community to explore alternative materials
and methods for energy conversion and storage. Graphite-based
and derived materials—including fullerenes, carbon nanotubes
(CNTs), and graphene—have been the subject of intense
investigation in recent years due to their potential applications
as electrocatalysts or support materials for electrocatalysts. This
interest can be attributed to their favourable electrical proper-
ties, high specific surface area, and the ability to undergo
surface functionalisation.” For instance, metal-nitrogen-
carbon (M-N-C) materials have emerged as highly promising
oxygen electrocatalysts for the substitution of their PGM-based
counterparts, due to their unique structural and compositional
features.”** It is well known that C-N bonds exhibit good
electrocatalytic activity towards ORR and this phenomenon
derives from the more electronegative N-atoms, which distorts
the associated electron cloud, making the C atoms relatively
more positive. As a result of this electrochemical modification,
the carbon can act as active O, adsorption site that leads to
increased carbon disorder and enhanced electrical
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conductivity.>** Typically, these active electrocatalysts incor-
porate not only carbon and nitrogen, but also transition metals,
such as iron, cobalt, or manganese.”>* The active centres for the
ORR are primarily carbon-coordinated nitrogen atoms, and the
presence of metals serve an important role in the formation of
pyridinic nitrogen - which has been found to be one of the most
active N-groups.”® In contrast for OER, transition metals and
metal oxides, together with pyridinic-N, are considered the
active centres that drive the reaction.””?® In addition, for
bifunctional ORR/OER electrocatalysts, both types of reaction
active sites are desirable, typically involving a combination of
carbon-nitrogen and metal/metal oxides deposited within the
carbon structure.”»** One novel and promising avenue of new
raw materials for the synthesis of bifunctional oxygen electro-
catalysts lies in the upcycling of graphite from LIBs.*** In
earlier studies, manually extracted graphite from SLIBs has
been utilised as a raw material for the synthesis of different
carbon support materials as well as nitrogen and metal doped
electrocatalysts.*~** Our research has previously demonstrated
that industrial black mass leach residue can be used as a valu-
able precursor material for the synthesis of oxygen electro-
catalysts.®** In the current study, we take this premise a step
further by investigating the electrocatalytic activity of an oxygen
electrocatalyst synthesised through the amalgamation of LIB
leach residue (as a source of graphite and metals) with CNTs
(that can act as spacers within the graphitic structure). To
enhance the activity and durability of these catalyst materials,
the introduction of different carbon structures as part of
a composite is a viable approach that can be particularly effec-
tive when CNTs are used in conjunction with another carbon
material.*® The presence of CNTs not only act as conductive
pathways, but also as an electron distributing agent on the
surface through interaction with the support materials.*® This
concept is aimed at enhancing the specific surface area,
porosity, and conductivity of the catalyst material, thereby
improving electron mobility, and ultimately increasing the
electrocatalytic activity towards both ORR and OER. The
synthesis of oxygen electrocatalysts from leach residue presents
a twofold advantage: it addresses the imperative for sustainable
materials utilization by contributing to European raw material
independency and answers to the demands of the new EU
Battery Regulation about recycling a minimum of 65 wt%
batteries by 2026, while concurrently advancing the develop-
ment of efficient energy conversion technologies.*”

Experimental
Synthesis of the catalyst materials

The initial base material used in this research comprised of
residue from an industrially produced battery black mass that
had been subject to a hydrometallurgical process to extract the
majority of cathode metals. Further details regarding the
hydrometallurgical treatment of the black mass can be found
elsewhere.” The residual waste, known as black mass leach
residue, served as the main starting material (Raw Material) for
this study. This Raw Material primarily consists of graphite,
with additional metal impurity remnants resulting from the
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cathode active material and current collectors. For the synthesis
of active catalysts, two different carbon materials were used,
Raw Material and commercially available multi-walled carbon
nanotubes (CNTs, >95%, XFM13, XFANO, China), to prepare the
final composite materials. Both starting materials underwent
a different pre-treatment step prior to their combination. The
Raw Material went through pyrolysis at 800 °C for 1 hour under
an Ar atmosphere (99.999%, Elme Messer Gaas, Estonia) to
remove organics. The pyrolyzed Raw Material was named as BR.
The CNTs were treated with a 1 : 1 mixture of 0.5 M H,SO, and
0.5 M HNO; for 2 h at 50 °C and thereafter, 3 h at 80 °C. Finally,
the CNTs were washed with Milli-Q water until a pH = 7 was
achieved and then they were dried under vacuum. A mixture of
carbon materials (BR + CNTs), nitrogen source dicyandiamide
(DCDA, Sigma-Aldrich, Germany) and polyvinylpyrrolidone
(PVP, Sigma Aldrich, Germany, M,,: 40 000), in a weight ratio of
1:20:0.1, in 3 ml of ethanol/water (2 : 1) was prepared and this
mixture was then ball-milled with 5 mm ZrO, balls at 400 rpm
for a total of one hour (in two separate 30 min sessions with
a 5 min pause in between them). The resultant homogeneous
material was then dried, before being pyrolyzed at 800 °C for 2 h
under an Ar atmosphere. The ratio between carbon materials
(BR to CNT) was varied: 25-75 wt%, 50-50 wt%, and 75-25 wt%.
The acquired catalysts were named BR25-CNT75-N, BR50-
CNT50-N, and BR75-CNT25-N, respectively. A detailed block
flow diagram of the modification process is shown in Fig. 1. For
comparison, pure CNT-N without the BR was also prepared and
tested.

Physicochemical characterisation

The crystallinity and phase composition of the materials were
assessed via powder X-ray diffraction analysis (XRD, Malvern
Panalytical, UK) using a PANalytical X'Pert3 Powder XRD (Cu Ko
radiation, A = 1.54182 A), with step size 0.04 at 45 kV and 40 A.
Microstructure images were taken with a MIRA3 scanning
electron microscope (SEM, Tescan, Czech Republic) using
secondary electrons (SE) at 5 kV acceleration voltage. Elemental
mapping was conducted with an UltraDry Silicon Drift ener-
gy-dispersive spectrometer (EDS, Thermo Fisher Scientific, USA)
at 10 kV acceleration voltage. HRTEM images were obtained
with a double aberration-corrected microscope equipped with
a 200 kV field-emission gun and X-ray EDS detector (JEOL JEM-
2200FS, JEOL Ltd, Japan). Raman measurements were carried
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out with a Renishaw invVia™ Confocal Raman Microscope
(Renishaw, UK). The excitation laser (A = 532 nm) was focused
on the sample using a 50x objective of a Leica microscope. The
scattered rays were collected at 180° and a diffraction grating
2400 gr mm ™' was applied to separate the wavelengths for
detection with a Charge Coupled Device (CCD) detector. Spec-
tral deconvolution was performed in OriginPro software by
applying Voigt function. N, adsorption-desorption analysis
(Anton Paar Novatouch LX4, Austria) was utilised to ascertain
the specific surface area and porosity of samples cooled under
liquid nitrogen conditions (77 K). Specific surface area was
determined using the Brunauer-Emmett-Teller (BET) theory,
whereas the pore size distribution was calculated using the
Density Functional Theory (DFT) approach. X-ray photoelectron
spectroscopy (XPS) was carried out with a Kratos Axis Ultra
spectrometer with monochromated Al Ko-radiation using a pass
energy of 40 eV, X-ray power of 150 W and an analysis area of
approximately 700 um x 300 pm. The sp® carbon 1s peak at
284.5 eV has been used as a binding energy reference. The
elemental composition was determined from peak areas of
high-resolution core level spectra after Shirley background
subtraction using equipment specific sensitivity factors.

Electrochemical RDE testing

The ORR and OER were studied using rotating disc electrode
(RDE) method utilizing a Gamry 1010E potentiostat/
galvanostat, which employed a 3-electrode setup. The refer-
ence electrode used was Ag/AgCl (3 M KCl), with a graphite rod
serving as the counter electrode for ORR and a Pt-wire for OER.
A glassy carbon (GC, S = 0.2 cm™?) electrode coated with
selected catalyst material was used as a working electrode. The
RDE setup used an Origalys speed control unit and rotator with
rotation rates between 3600 and 400 rpm. The prepared catalyst
ink had a catalyst concentration of 2 mg ml~" in ethanol, con-
taining 1 pl mgcatalysfl of 5 wt% Nafion™ solution as an ion-
omer. Subsequently, 4 x 5 ul of catalyst ink was deposited onto
cleaned GC electrodes, resulting in a catalyst loading of 0.2 mg
cm 2. For better comparison, both Raw Material and CNT-N
were also subjected to testing; the loading for CNT-N was set
at 0.1 mg ecm ™2 and all recorded potentials were converted to vs.
the reversible hydrogen electrode (RHE) using the Nernst
equation:

)

Raw material BR
black mass —>» pyrolyzed Raw Ball-milled
leach residue | material + DCDA composite N.doping —

N o BR- CNT : :
25 _ 75 wi% o C°,mtp°5‘ 2 BR50-CNT50-N
B ! mixture
CNT +PVP | 50-50 wi% 800 °C BR75-CNT25-N
CNT —>» treated with 75 - 25 wt%

acid mixture

Fig. 1 Block flow diagram of the catalyst preparation.

548 | RSC Sustainability, 2025, 3, 546-556

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00526k

Open Access Article. Published on 23 December 2024. Downloaded on 11/18/2025 2:48:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

E(RHE) = EAg/AgCl + 0059pH + E(/)\g/AgCl (1)

where Eng/agci represents the experimentally measured potential
vs. Ag/AgCl (Exg/agcl = 0.210 V at 25 °C).

The ORR tests were conducted in an oxygen (Elme Messer
Gaas, 5.0) saturated 0.1 M KOH solution at room temperature
with a constant O, gas flow over the solution and all experi-
ments were controlled via Gamry Instruments Framework
software. For OER measurements, N,-saturated (Elme Messer
Gaas, 5.0) 1 M KOH solution at room temperature was used, and
like ORR, a constant gas flow over the solution was maintained.
The iR-drop in the OER polarization curves was compensated by
adjustment for the systems ohmic resistance that was deter-
mined from Electrochemical Impedance Spectroscopy data
collected in the frequency range of 100 kHz to 0.01 Hz at the
open circuit potential. The resistance was derived from the
Nyquist plot by identifying the point where the imaginary part
of the impedance reached zero, obtaining the real part as the
resistance value. The OER overpotential (mV) was calculated by
using (Eexperimental(Vs. RHE) — 1.229 V) X 1000. To evaluate the
electrocatalytic activity, at least three sets of RDE measure-
ments, each utilizing three electrodes, were performed for each
catalyst material synthesized.

Zinc-air battery testing

For zinc-air battery (ZAB) experiments, a custom-made test cell
was used. The air electrode, with an active surface area of 1.038
cm?, comprised a gas diffusion layer (GDL, Sigracet 28BC by
SGLCarbon, Germany) and a catalyst layer, with loading of 1 mg
cm 2, coated on the GDL. For comparison CNT-N material had
a final loading of 0.5 mg cm ™2, matching the CNT loading used
in the studies of the composite material. A Ti mesh served as the
air electrode current collector. A commercial catalyst of 20%
PtRu (1:1 ratio) on carbon support (FuelCellstore, USA) was
utilized as an air electrode benchmark catalyst material. The
ZAB cell used 6 M KOH + 0.2 M Zn(Ac), as an electrolyte and
a polished Zn plate (1 mm, 99.9%) as the other electrode. ZAB
tests were carried out at room temperature using a PGSTAT30
potentiostat/galvanostat (Metrohm Autolab, The Netherlands)
controlled by NOVA 2.1.5 software. Charge-discharge cycling
involved alternating 30 minute charge and discharge processes
at a current density of 10 mA cm . Specific energy density and
capacity were determined through complete discharge tests
with a current density of 5 mA cm ™2, calculated based on the
consumed Zn mass. At least three separate ZAB cells were tested
for each catalyst material to evaluate the maximum discharge
power density.

Results

Physicochemical characterisation of samples

XRD diffractogram (Fig. S1 in ESIf file) of the leach residue (Raw
Material) prior to pyrolysis revealed a graphite-rich content with
residues from battery components: Li; 44C030g,
LiMn,03, and CoO - originating from the cathode; Cu and Al,0O;
- from current collectors and SiO, - from additions to anode

various
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composition that are used to increase cell energy.*® A similar
combination of elements was also detected by SEM-EDS anal-
ysis (Fig. S27), which additionally revealed the presence of F -
resulting from the PVDF binder - and which was subsequently
removed during the pyrolysis of the Raw Material. A more
detailed description of the Raw Material composition can be
found from our previous study.* Fig. 2 displays XRD diffracto-
grams of the composite materials prepared from the BR and
CNTs as well as pure CNT-N after the synthesis in comparison
with standard cards. All diffractograms exhibited a prominent
graphitic carbon peak at 26.5°, with the intensity of this peak
diminishing as the CNT content increased, reaching its lowest
in the pure CNT-N material, where no recycled material was
added. This indicates that the graphitic carbon peaks are
directly related to the BR concentration in the composite. CNT-N
prepared from the commercial CNTs did not indicate any metal
peaks within its diffractogram. The pyrolysis process reduced
the metal oxides present in the Raw Material and thus BR
displays the existence of more metallic forms, as evidenced, for
example, by the emergence of metallic Co(0) peaks in the final
composite materials with no indication of CoO. This trans-
formation suggests the conversion of Co into Co-N-C active
centres during the N-doping process.***

Fig. S37 presents the SEM-SE micrographs of studied mate-
rials. CNT-N (Fig. S3af) micrograph shows uniform CNT
network. In the case of BR25-CNT75-N (Fig. S3bt), an extensive
CNT network that includes the presence of some larger particles
can be observed. In BR50-CNT50-N (Fig. S3ct) and BR75-CNT25-
N (Fig. S3df) materials the CNT network is less visible and
lighter particles dispersed over the surface are noticeable. SEM-
EDS analysis (Fig. S4-S67) further reveals that a well dispersed
mixture of CNT network and BR has been achieved in the case of

v T v 1 v T
—— CNT-N
BR25-CNT75-N
—— BR50-CNT50-N |

BR75-CNT25-N |
1 N 1 L 1 "
‘ |l
T T T T T T
20 30 40

Intensity (arb. units)

1 1 1 L 1 L 1
Carbon ICDD: 98-029-0661

Co(0) ICDD: 96-901-2947
Co(0) ICDD: 96-900-8467

| | 0 |||| |
T T T T T
70 80 90

50 60
26/ deg Cu Ka

Fig. 2 XRD diffractograms of studied materials with standard cards.
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the BR50-CNT50-N sample. In BR75-CNT25-N sample (Fig. S67)
larger metal agglomerates can be seen from the elemental
mapping. From the battery metal residues Co has the highest
content in all three composites, however, smaller amounts of
Ni, Mn, Al, Cu and Zr were also detected, depending on the BR
content in the final composite material.

The surface morphology and elemental composition of the
prepared catalyst materials were also studied by TEM-EDS as
shown in Fig. 3. TEM micrographs show extensive networks of
CNTs with some metal and graphite agglomerates. Fig. 3a and
S71 show that in the CNT-N, the CNT network is evenly
distributed. In the case of composite materials (Fig. 3b-d and
S8-5107) some unevenly distributed larger, ca. 50-100 nm metal
agglomerates as well as sizable graphite particles can be
observed. The composite with the highest BR content (BR75-
CNT25-N) had more areas with larger particles when compared
to the other composite materials. TEM-EDS of BR25-CNT75-N in
Fig. S81 shows evenly distributed CNTs with some 10-30 nm
particles and several larger 50-100 nm particles also present.
These larger particles in Fig. S8t EDS1 and EDS2 have
a heterogeneous composition of C, O, Cu, Co, Fe originating
from the BR. In contrast, Fig. S97 for BR50-CNT50-N shows
encapsulated Co particles within the CNTs as well as a larger

100 nm

Fig. 3
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50 nm Co and C area. Co particles can act as a catalyst during
the nitrogen doping process for the formation of bamboo-
structured carbon nanotubes with the Co particles being
encapsulated into the nanotube (Fig. S9 location EDS1 and
Fig. S10 location EDS1%).** This demonstrates both the growth
of bamboo CNTs as well as the distribution of metal residues
and graphite particles. In the case of BR75-CNT25-N it was also
possible to see bamboo nanotubes and encapsulated Co
nanoparticles — as shown in Fig. S101 - but an additional dense
population of BR metal and carbon fragments were also found
to be present. The encapsulation of Co particles can increase
the stability of Co particles in harsh environments which is
necessary for good electrocatalysts.*’

For all samples displayed in Fig. S11,t the characteristic
Raman modes of multiwalled carbon nanotubes can be distin-
guished.** The three most prominent peaks are the first order G-
band at approximately 1580 cm ™", which are characteristic for
graphitized sp> carbon materials, the defect induced D-band at
around 1350 cm ™' originating from double resonant Raman
process, and its overtone G’-band at approximately 2700 cm ™.
Additionally, a shoulder is observed on the G-band at approxi-
mately 1620 cm ™' associated as D’-band and a broad combi-
nation mode D + D’ band at around 2950 cm ™. Both are related

TEM micrographs of (a) CNT-N, (b) BR25-CNT75-N, (c) BR50-CNT50-N, and (d) BR75-CNT25-N catalyst materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to defects.** Acid treatment generally leads to a higher ratio
between the intensities of the D- and G-bands (Ip/I;).** After
a heat treatment, some of the graphitic structure is restored as
can be observed from the I,/I; ratio decreasing from 0.89 for the
acid treated CNT to 0.67 for the N-doped CNT-N. Doping by
nitrogen most likely results in the observed downshift of the G-
and D’-bands from 1580 cm ' to 1575 cm ' and from
1620 cm ™' to 1615 cm ', respectively.”” The Ip/lg ratio for
composite materials show that the degree of graphitization is
slightly higher for materials with higher BR content as illus-
trated in Fig. S11,T but further changes in the Raman shifts are
not observed for the composites with different BR ratios.

The specific surface area (SSA) of the composite catalyst
materials exhibited a significant increase when compared to the
initial Raw Material. Moreover, the SSA demonstrated an
upward trend with increasing CNTs concentration within the
composites, as indicated in Table 1. Fig. S12at indicates that
the composite catalysts have type IV isotherms with a narrow
hysteresis loop indicating the presence of broad mesopores
which continue to the macropores.** The pore size distribution
in Fig. S12bt shows that the materials are mostly mesoporous
with the pore sizes varying from 9 to 35 nm. The blending of
CNTs into BR increases the ability to host more active centres
and improves mass transport within the material.

XPS was used to study the chemical composition of the
samples. Carbon, oxygen, nitrogen, and various metals (Co, Mn,
Ni, Al, and Cu) were detected within the samples (Table 2).
Fig. S13at shows that the C 1s spectrum consists of a main
asymmetric peak at 284.5 eV which can be assigned to sp”
carbon. At binding energies between 285-289 eV there will be
some additional contributions from other types of carbon-
carbon, carbon-oxygen, and carbon-nitrogen bonding,**®
although overall the C 1s spectra show no large variations
between samples. Fig. 4 shows the N 1s and Co 2p spectra ob-
tained for the samples. The N 1s spectra in Fig. 4a have been
fitted assuming the presence of four types of N-functional
groups: pyridinic-N, pyrrolic-N, graphitic-N and N-oxides (for
fitting parameters see ref. 47 and 48). The pyridinic-N compo-
nent will also contain contributions from N-Co bonds but due
to the difference in concentrations of N and Co, the pyridinic-N
will be more prominent. Based on the fitting, most of the
nitrogen is either in pyridinic or pyrrolic form for all samples
(Table S17).

Comparison of the different nitrogen type ratios found
within the samples show similar results, except for BR50-
CNT50-N which has a higher concentration of graphitic-N and
N-oxide and less pyrrolic-N. The Co 2p spectra (Fig. 4b) have
been fitted with two components: one for metallic Co and one
for Co-N which can also contain contributions from cobalt
oxides and/or hydroxides.*** Due to the overlap of the Co-N

Table 1 SSA of the studied materials
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Table 2 Atomic concentrations (at%) of elements based on XPS data

Sample C o N Co Mn Ni Al Cu

N-CNT

BR25-CNT75-N
BR50-CNT50-N
BR75-CNT25-N

88.0 3.2 8.1 0.3 — — 0.2 —
86.5 3.9 7.8 0.5 0.2 0.1 0.6 0.2
87.2 5.6 4.7 0.8 0.3 0.1 0.8 0.3
88.7 6.2 2.2 0.2 0.3 0.1 1.8 0.3

and CoO, peaks they are represented by only one peak (with
fitting parameters for Co(u)*’). All Co 2p spectra measured can
be explained almost solely with this peak. Since no cobalt oxide
is observed in XRD for these samples, we attribute this peak to
the presence of Co-N. Overall, some clear trends can be deter-
mined between the different samples: the amount of nitrogen
decreases, and the amount of oxygen increases when going
from CNT-N to BR75-CNT25-N. Additionally, the highest Co
content on the composite surface was found to be for BR50-
CNT50-N sample, following the same trend as shown with SEM-
EDS and TEM analysis, higher BR content in the composites
starts to favour larger agglomerates and limit the dispersion of
Co. Uniformly distributed particles increase the active surface
area of electrocatalysts.*

Electrocatalytic activity towards ORR and OER

The electrocatalytic activity of the prepared catalyst materials
were initially tested towards the ORR in O, saturated 0.1 M KOH
solution (Fig. 5a). For a better comparison, Raw Material and
CNT-N were also tested under same conditions and the elec-
trochemical characteristics are shown in Table 3. The highest
onset potential (Eopset, j = 0.1 mA cm™ ) was demonstrated by
the BR50-CNT50-N catalyst with a value of 0.914 V vs. RHE,
followed by BR25-CNT75-N and BR75-CNT25-N catalyst mate-
rials. In comparison, CNT-N and Raw Material had an E,,ge Of
0.884 V and 0.757 V, respectively, proving the successful
modification of the starting materials. The highest half-wave
potential (E;,,) was also recorded for BR50-CNT50-N material
at 0.830 V and the limiting current density (j) of the same
material was only surpassed by BR25-CNT75-N (5.41 mA cm >
vs. 5.01 mA cm™2). The presence of Ni, Mn, and Co in the Raw
Material facilitated the formation of C-N, and M-N, moieties
and the highest concentration of pyridinic-N was determined
for the BR50-CNT50-N catalyst, as indicated by increased level
of ORR activity.*

BR25-CNT75-N and CNT-N had similar polarization curve
profiles, which comes from the increased surface area and
porosity compared to the other composite materials, leading to
higher j and E;/, values. Fig. S14a, c, e and gt show the ORR
polarization curves measured at different RDE rotation speeds
and their related K-L plots (Fig. S14b, d, f and ht). Results

Name of the sample Raw material CNT-N

BR25-CNT75-N BR50-CNT50-N BR75-CNT25-N

Sger (m* g™ 1) 2.9 63.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-ray photoelectron spectra of the samples: (a) N 1s region and (b) Co 2p region.

demonstrate that all are linear, parallel and have an intercept
close to 0 indicating that the process is mass-transfer limited.
The BR50-CNT50-N catalyst had an n-value close to 4 which was
stable over the studied potential range - showing a 4e” pathway
for O, reduction. In contrast, for BR25-CNT75-N the n was over 4
and for CNT-N and BR75-CNT25-N the n values were below 4
and gradually decreased at higher potentials, which potentially
led to hydrogen peroxide formation via 2e~ O, reduction. While
there remains uncertainty regarding the specific sites that
facilitate the 2-electron and/or 4-electron pathways for the ORR,
it is suggested that defects within the carbon lattice, particularly
those near the ether or carboxylic acid sites, tend to enhance
hydrogen peroxide formation.**** Secondly, Co-moieties on the

other hand reduce the oxygen molecule directly through the 4e™
pathway to H,0.”® Cu and Al, which were also found in the BR
containing materials, are usually not as active towards the ORR
as Co, Fe and Ni.*>*® In addition, the lower catalytic activity
measured for BR75-CNT25-N was attributed to the lack of CNTs
spacers and insufficient surface area for active centre forma-
tion, as well as the higher amount and larger size of metal
agglomerates, especially Al. The EIS measurements (Fig. S15at)
were performed on BR50-CNT50-N, N-CNT, and the Raw Mate-
rial to investigate the influence of CNT addition on the
conductivity of the carbon support material. The fitted and
calculated charge transfer resistance values indicate that
incorporating CNTs enhances the conductivity of the material

- - - -Raw material ' ' '
0 __.cNT-N e
—— BR 25-CNT 75-N L ’ /I
-1 ——BR 50-CNT 50-N g ] 4
~ BR75-CNT25-N _--~---"~ P
' e 1
5-2f 1
<
Eaf 1
~
4} _
5L _

Evs RHE/V

10} - - - - Raw material
——BR 25-CNT 75-N
—— BR 50-CNT 50-N
8r BR 75-CNT 25-N
Sel
<
£
=47
=
2 L
0 - 1 1 i 1 1 1 1
11 12 13 14 15 16
EVvs RHE/V

Fig. 5 Comparative (a) ORR polarization curves of studied catalyst materials at 1600 rpm in O, saturated 0.1 M KOH solution and (b) OER
polarization curves of studied catalyst materials at 1600 rpm in N, saturated 1 M KOH solution.
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Table 3 Electrochemical characteristics of studied catalyst materials
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Eonset Eip J OER 7 AE = Eopr(@10 mA cm ™) —
Catalyst (V vs. RHE) (V vs. RHE) (mA ecm™?) (mV)@10 mA cm > Eorr(@E12) (V vs. RHE)
Raw material 0.757 0.342 2.96 431 1.318
CNT-N 0.884 0.797 4.76 — —
BR75-CNT25-N 0.888 0.811 4.23 397 0.815
BR50-CNT50-N 0.914 0.830 5.02 398 0.799
BR25-CNT75-N 0.898 0.816 5.41 414 0.827

compared to the initial Raw Material. These findings support
the hypothesis that the use of CNTs not only increases the
conductivity of the material but also enhances surface area and
porosity, enabling the hosting of more active centres and the
inclusion of metals from the BR.

Fig. 5b shows the OER activity of the same catalyst material.
As was the case for ORR, BR50-CNT50-N demonstrated the
highest activity for OER with E (V)@10 mA cm > = 1.627 V vs.
RHE. Similar activity was also found for BR75-CNT25-N catalyst
material, whilst all others were slightly lower. Such results were
to be expected as in OER, the active centres comprise of metal
oxides that are more prevalent in the materials with higher BR
content. Nevertheless, the pure Raw Material demonstrated the
lowest activity even though it has a high content of metals and
metal oxides. However, as these metals/metal oxides are not
incorporated within the carbon matrix they can be both easily

I —— Raw materiall — BR2I5-CNT75-N
— CNTN ——BR50-CNT50-N 1125
1.5 . ——20% PYC/RuO, BR75-CNT25-N
E 1.0
w
0.5
0.0
147 r : . : : : —
1.2 g
1.0 .
E 0.8 g
Woe -
0.4} @ 5 mA cm? I
0.2| ——BR50-CNT50-N e =817 Wh kg™ |
- - - 20% PYC/RuO, e =759 Whkg"'
0 0 1 1 1 1 1

0 100 200 300 400 500 600 700
¢ (man g1)

dissolved within the solution and have a very low surface area
when compared to the other catalyst materials examined in this
study. Co nanoparticles encapsulated into bamboo nanotubes
are protected from corrosion; therefore, materials containing
such structures can exhibit higher ORR/OER activity.

For all composite catalyst studied, the AE was calculated
using formula AE = Eqpr(@10 mA cm™?) — Eopr(@E12) shown
in Table 3. Out of all the studied catalysts, the BR50-CNT50-N
showed the lowest AE value at 0.799 V, which shows good
bifunctionality of the catalyst materials and even being
comparable with some of the best performing catalyst materials
shown in literature.’” Overall, all the N-doped catalysts showed
good activity towards the ORR and OER thanks to the syner-
gistic effect of heteronuclear metal doping,*® especially from the
Co nanoparticles encapsulated into bamboo nanotubes.

—— Raw material

——CNT-N

—— BR25-CNT75-N

—— BR50-CNT50-N
BR75-CNT25-N

Discharge

j (mA cm™)
d ]
21 K B 1
it
1.8} i
S15; 1
m p
1.2 PUligiiie |
091 BR50-CNT50-N 1
o [ 20% Pt/C/RuO, @ 10 mA cm

0 10 20 30 40 50 60 70
Time (h)

Fig.6 ZAB results for studied catalysts: (a) discharge polarization curves and power density curves, (b) charge and discharge polarization curves,

(c) complete discharge test at 5 mA cm ™2

© 2025 The Author(s). Published by the Royal Society of Chemistry

, (d) galvanostatic charge/discharge cycling at 10 mA cm™

2 with 30 min discharge and charge time.
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Zinc-air battery air electrode catalyst performance

The prepared catalyst materials were also assessed for their
bifunctionality towards oxygen reduction and evolution reac-
tion by incorporation as an air electrode catalyst material in
a zinc-air battery. For comparison, a commercial benchmark
20% PtRu/C catalyst was also used as an air electrode catalyst
material. All the N-doped catalyst materials examined demon-
strated superior discharge powers in comparison to the
commercial catalyst (Fig. 6a). The highest power density of 97
mW cm ? at j = 161 mA cm > was shown by BR50-CNT50-N,
which was expected based on the half-cell test results. More-
over, the maximum power density also exceeded the commer-
cial catalyst's performance by 28 mW c¢m > under the same
conditions. The power density of all nitrogen-doped materials
demonstrated notable performance, highlighting the
enhancing capability of nitrogen centres. Additionally, the two
composite catalysts (BR50-CNT50-N and BR25-CNT75-N)
exhibited an even higher power density than CNT-N, high-
lighting the synergy between metal and nitrogen active centres.
The open circuit potential (OCP) was consistent among all the
investigated materials, with only BR75-CNT25-N exhibiting
a slightly lower value, as illustrated in Fig. S16.1 Fig. 6b illus-
trates the polarization curves for both discharge and charge
processes. All examined materials exhibited nearly identical
discharge polarization curves, except Raw Material which had
lower discharge potential. Nevertheless, there was a slight
discrepancy in the charge polarization curves, with CNT-N and
the Raw Material displaying marginally higher charge voltages
than the composite catalyst. This higher charge potential for the
Raw Material can be attributed to the presence of non-stable
metals in the harsh electrolyte environment, in contrast there
are no added metals in the CNT-N material, therefore neither of
these materials are suitable for the promotion of OER activity.*®
The specific capacity and energy were determined for both the
commercial catalyst and BR50-CNT50-N catalyst based on data
obtained during the complete discharge tests (Fig. 6c). For
BR50-CNT50-N, the specific capacity and energy were
684 mA h ¢! and 817 W h kg™, respectively. In comparison,
the 20% PtRu/C catalyst exhibited specific capacity and energy
of 650 mA h g7" and 759 W h kg™'. BR50-CNT50-N showed
outstanding stability during galvanostatic charge-discharge
cycling test for 70 hours, compared to the commercial catalyst,
which retained activity for just over 10 hours of continuous
cycling as is shown in Fig. 6d. This significant difference in the
observed stability and recorded activity between BR50-CNT50-N
and the 20% PtRu/C catalyst results from the presence of the
encapsulated Co particles and Co-N, active centres within the
composite catalyst material.

Conclusions

In this study, a methodology to repurpose lithium-ion battery
hydrometallurgical recycling residue as a metal and carbon
precursor for the synthesis of active bi-functional oxygen elec-
trocatalysts is outlined. The metal residues in the recycling
waste fraction are utilised to achieve in situ metal-doping of the
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catalyst support material. To achieve this, the graphite rich Raw
Material was combined with carbon nanotubes and nitrogen-
doped through ball-milling and pyrolysis processes, to
enhance electrocatalytic activity and stability by increasing
surface area and through the formation of carbon-nitrogen and
metal active centres within the resultant composite materials.
Three different ratio combinations of Raw Material and CNTs
were investigated, with the BR50-CNT50-N catalyst material
demonstrating the highest electrocatalytic activity.

The notable ORR activity is attributed to the formation of
pyridinic nitrogen groups in parallel with a larger surface area,
which can host a higher concentration of these active centres.
Enhanced activity toward the OER was accomplished by inte-
grating metals into the carbon framework, particularly Co
nanoparticles encapsulated within bamboo-like CNTs and
through formation of Co-N, active centres. This improved the
activity and, notably, the stability of the catalyst materials,
particularly under the harsh alkaline conditions encountered
during electrochemical testing. Additionally, the practical
applicability of the synthesized catalyst materials was demon-
strated by their use as air-electrode catalysts in a rechargeable
Zn-air battery. The BR50-CNT50-N catalyst exhibited the high-
est peak power density of 97 mW ¢cm ™~ ? and exceptional stability
during charge-discharge cycling at a 10 mA cm > test for
approximately 70 hours, significantly outperforming the
commercial 20% PtRu/C catalyst. The research work detailed
here further exhibits the value of Li-ion battery recycling residue
as a resource for the preparation of active M-N-C catalyst
materials. By utilizing industrial recycling waste and promoting
responsible resource utilization, this approach introduces an
innovative and cost-effective method that can repurpose the
graphite-rich leach residue fraction from lithium-ion battery
recycling process for the development of green energy conver-
sion and storage devices.
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