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Continuously increasing production of Li-ion batteries (LIBs) for the Green Transition is underlined by the
absence of feasible recycling methods for graphite, regardless of its criticality as a raw material. The current
study demonstrates a novel strategy to valorize waste graphite as a valuable raw material in oxygen electro-
catalyst production. Industrially produced LIBs post-metallurgical leach residue was transformed into highly
active bifunctional oxygen electrocatalyst, which was subsequently successfully applied as an active catalyst for

Zn-air batteries. Moreover, produced graphene-like material was in-situ doped by the impurity cobalt present in
the recycling residue. The resultant Zn-air battery was shown to deliver a high specific capacity of 719 mA h g},
peak power density of 112.8 mW cm™? and could be cycled over 400 times. Results clearly demonstrate that an
often-neglected LIB recycling waste fraction can be a valuable source for electrocatalysts production required in
metal-air batteries and regenerative fuel cells.

1. Introduction

Battery technology has been recognized as one of the main driving
forces and key technologies required to create a carbon-neutral economy
by 2050. Consequently, the battery sector is currently one of the fastest
growing industries. More than 10 million electric vehicles (EVs) were on
the roads in 2020 across the globe and it is anticipated that this number
will rise to 125 million in 2030 and 530 million by 2040 [1,2]. Never-
theless, to obtain the full benefits of electrification the whole value chain
associated with batteries needs to become more sustainable, including
end-of-life recycling of spent Li-ion batteries (SLIBs) together with the
ability to maximize the amounts of raw materials recovered and reused.
Currently, the average lifetime of light duty EV batteries is estimated to
be around 15 years, and it is predicted that already by year 2030, 0.8
million tons of EV batteries will be available for recycling [3]. In 2019
approximately < 0.2 million tons of SLIBs were globally available for
recycling, of which 80% originated from portable devices [3].

Existing industrial scale SLIBs recycling processes mainly rely on
pyro- and/or hydrometallurgical treatments, and have been primarily
developed to efficiently recycle the most valuable battery components
(Co, Ni, Cu) [4-8]. Pyrometallurgical methods apply high-temperature
treatments to produce Co, Ni, Cu and Fe alloy fractions, gases, and

slag (containing Li, Mn and Al). The main disadvantages of this pathway
are high energy consumption, CO, emissions, and that various valuable
materials cannot be recovered (graphite, Al, and polymers) whereas Li
recovery requires additional hydrometallurgical treatment. However, in
the case of hydrometallurgical treatment, the precious cathode materials
are dissolved in acids and all the main SLIBs components can be recy-
cled. Therefore, hydrometallurgical recycling has been predicted to be
the leading future recycling route for SLIBs [9]. The new recycling aims,
which have been set by the European Commission in the recent Sus-
tainable Batteries Regulation [10] include element specific targets for
selected metals (Co, Ni, Cu and Li) as well as a goal for a holistic recy-
cling efficiency (mass-%) of 70% to be achieved by 2030. Although
graphite does not currently have an element specific target, it is clear
that the systematic loss of this critical raw material from circulation is
neither sustainable nor techno-economically desirable [11]. The neces-
sity and criticality of addressing the issue of graphite recycling has also
been recently highlighted in the road map of Batteries Europe European
Technology and Innovation Platform Work Group on Raw Materials and
Recycling [4]. Due to the diverse properties of graphite, it is also utilized
in a variety of other industrial sectors that range from steelmaking,
foundry applications, lubricants, friction materials, different energy
storage systems, brushes for electrical motors to sealing applications,
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fire retardants and pencils [12]. Mechanical recycling pre-treatment
steps of SLIBs (e.g. via crushing and sieving) results in so called “black
mass” [13-16]. This fraction is small in particle size and dominated by
the active material present in cathodes (Co, Ni, Mn, Li) as well as the
graphite from the anodes [17,18]. In addition, there may be various
additives deriving from current collectors (Cu, Al), casing (Fe), binder
(F) and electrolyte salt (F). In the case of hydrometallurgical recycling,
valuable metals, and impurities (Fe, Al) dissolve into the pregnant leach
solution (PLS). Also, organic chemicals and fluoride may end up to PLS if
not removed during the mechanical pre-treatments. PLS is subjected to
solution purification for impurity removal, after which the valuable
metals are recovered. The main output waste (leach residue) of the
metallurgical recycling process consists predominantly of battery-grade
graphite, binder, and plastic, as well as residuals of undissolved metals.
This leach residue is typically discarded as a recycling waste — by
burning or landfilling (Fig. 1). Recently, various studies have addressed
the topic of graphite recovery [7,19,20] including graphite separation
by flotation [21,22] to be used either directly or after separation as a
reductant [23,24] in high temperature (pyrometallurgical) LIB metals
recycling. However, in this process the graphite is consumed as a
chemical - and lost from circulation — rather than valorized as a
high-value product. In contrast, several studies have investigated recy-
cled graphite from pre-metallurgical treatment as a raw material for the
preparation of graphene-like materials [25,26], which can be applied
either as electrode material for batteries [27] and capacitors [28], or as a
carbon support material for sensors [29] and catalysts [30]. Neverthe-
less, there are only a few studies [31,32] that attempt to recover and
further utilize the graphite from the post-metallurgical leach residue
after a hydrometallurgical battery metals recycling process. In addition,
most of the published studies have been conducted with manually
separated SLIB anode materials i.e., with raw material that does not
represent the composition and complexity of state-of-the-art industrial
SLIB “black mass” waste.

Rechargeable metal-air batteries (MABs) and regenerative fuel cells
(RECs) are considered as the next-generation electrochemical energy
storage and conversion devices, however, both applications are depen-
dent on the oxygen reduction reaction (ORR) and oxygen evolution re-
action (OER), which can suffer from sluggish kinetics and high
overpotentials [33-35]. Consequently, a suitable bifunctional oxygen
catalyst for use in either MABs or RFCs needs to exhibit a high activity
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for both ORR and OER. Nonetheless, often an active ORR catalyst is not
efficient for OER, and vice versa [36]. To date Pt-group metals have
remained the most effective oxygen electrocatalysts, although their high
cost and general scarcity of available resources makes them undesirable
for widescale industrial usage. Additionally, Pt, which is still the state-of
the-art and main benchmark catalyst for ORR is inefficient for the OER,
whereas the Ru benchmark catalyst for OER is conversely not suffi-
ciently active for ORR [36]. In spite of the numerous studies on oxygen
electrocatalysts [33,34,36], the development of active bifunctional
catalyst with a low cost and overpotential remains challenging. There-
fore, intensive study of various types transition metal nitrides [37],
metal-metalloids [38], non-van der Waals 2D materials [35], and carbon
materials doped with heteroatom(s) and transition metal(s) [33,34,36]
have been proposed as the most promising low-cost alternatives. Various
carbon-based materials—graphene, carbon nanotubes, and mesoporous
carbon—are excellent catalyst supports due to their high electrical
conductivity and large surface area [33,39,40]. Furthermore, the
incorporation of heteroatoms, like nitrogen, into the carbon framework
can modify the charge distribution and spin density of the nearby carbon
atoms, and thereby increase the number of active sites available for ORR
and OER [33,41,42]. It has been shown that the superior electrocatalytic
ORR and OER performance originates from the synergistic effect be-
tween the nano-scale transition metal particles and N-doped carbon,
represented as M-N-C (M=Co, Fe, Ni, Cu, etc.) active centers [36].
Additionally, it is known that the metal doping of a carbon structure can
exhibit superior stability thanks to covalent and electronic interactions
between metals and carbon [43].

In the current study, industrial black mass leach residue was used for
the first time as a recycled raw material to produce a bifunctional oxy-
gen electrocatalyst, which was subsequently utilized as an active air
cathode catalyst for Zn-air batteries. The novel leach residue valoriza-
tion strategy is shown schematically in Fig. 1.

2. Experimental section
2.1. Materials synthesis
Black mass leach residue from hydrometallurgical battery recycling

was used as the secondary raw material and graphite source in this
research. The initial black mass originated primarily from a mixture of

Current industrial hydrometallurgical SLIBs recycling strategy
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Fig. 1. Schematics of the “state-of-the-art” industrial hydrometallurgical SLIBs recycling pathway and our novel strategy for producing valuable electro-

catalyst material.
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portable LIBs (containing LiCoO,, LiMngsNig502 and LiMnyO4 as a
cathode active material), which had previously undergone industrial
mechanical treatment steps - crushing, magnetic separation, and sieving
process (underflow of < 500 um fraction). This crushed and sieved black
mass was subsequently treated by an efficient leaching process with
2 M H5S04 at 60 °C for 3 h, with the addition of Cu and Al scrap as re-
ductants - a procedure described in more detail in Chernyaev et al. [18].
The graphite contained within the SLIB leaching residue was used as a
raw material for Bat-GO synthesis by a modified Hummers procedure
[44,45]. Initially, 2.0 g of SLIB leached residue was mixed with 50 ml of
H5S04 (95%, VWR, USA) and sonicated for 1 h. Thereafter, the mixture
was placed into an ice bath on a magnetic stirrer, to keep the mixture
temperature low, and 2.0 g of NaNOs3 (>99.5%, Merck, Germany) was
added. This was followed by the addition of 6.0 g of KMnO4 (>98%,
IS-VET OY, Finland) in very small portions, over a time-period of
45 min, to have better control over the exothermic reaction. Once all
KMnO4 was added, the mixture was heated to 35 °C and the temperature
maintained for a duration of 18 h. Finally, the mixture was placed into
an ice bath and 80 ml of deionized H,0 and 20 ml of 30% H50, (VWR,
USA) were added. After the chemical oxidation step, the synthesized
Bat-GO mixture was centrifugated, firstly 3 times with a 10% HCl (VWR,
USA) solution to remove dissolved metals and, subsequently, with
de-ionized water until an almost neutral pH of the supernatant was
achieved. Finally, the obtained material was dried in an oven at 60 °C
for at least 48 h. Analysis of the yield showed that from 2.0 g of SLIB
leached residue 1.8 g of Bat-GO was synthesized.

The Bat-N-rGO electrocatalyst was prepared by a two-stage pyrolysis
process. In the first step, the Bat-GO was thermally reduced to Bat-rGO
in a tube furnace (Nabertherm, Germany), at 800 °C for 1 h under an Ar
gas flow. During this process most of the oxygen functional groups were
removed and 0.35 g of Bat-rGO was produced from 1.0 g of Bat-GO,
respectively. Finally, electrocatalytically active electrocatalyst Bat-N-
rGO was synthesized by nitrogen doping of the Bat-rGO sample with
the second pyrolysis step. Dicyandiamide (DCDA, Sigma-Aldrich, Ger-
many) was used as a nitrogen source and polyvinyl pyrrolidone (PVP,
Sigma-Aldrich, Germany) was added as a dispersing agent. A Bat-rGO/
DCDA/PVP mixture, with mass ratios of 10/200/1, was sonicated for
2 h in ethanol solution. Thereafter, the ethanol was evaporated, and the
mixture was pyrolyzed at 800 °C for 2 h under an Ar gas flow - from
0.100 g of Bat-rGO 0.098 g of Bat-N-rGO catalyst was produced.

2.2. Materials characterization

The surface morphology and bulk phase composition of materials
were achieved with scanning electron microscopy (SEM) Mira 3 (Tescan,
Czech Republic) equipped with an UltraDry Silicon Drift energy-
dispersive X-ray spectrometer and NSS microanalysis software (EDS,
Thermo Fisher Scientific, USA) or with ZEISS FE-SEM Ultra 55 (Carl
Zeiss Microscopy, Germany). The crystallinity of the materials was
studied with the X-ray powder diffraction (XRD) (X Pert3, PAN-
analytical, The Netherlands) and XRD diffractograms were obtained
with Cu Ka radiation (A = 1.54182 ;\), measured with a step size of
0.026 at 45kV and 40 A. High ScorePlus software was applied to
analyze and fit the obtained spectrums. The metal content (mg/g) in the
SLIB leach residue and Bat-rGO sample were determined by the total
leaching of material in aqua regia to produce a solution from which the
metal content was analyzed by flame atomic adsorption spectroscopy
(AAS, Thermo Fisher, ICE 3000, USA). To gain more information about
the structural properties of carbonous samples Raman spectroscopy was
used. Raman spectra were recorded with Confocal Raman microscope
(Renishaw inVia™, UK) using a 532 nm wavelength laser beam and data
fitting was undertaken with OriginPro (OriginLab Corporation, USA)
using an applied Voigt function. HRTEM images were taken with a JEOL
JEM-2200FS double aberration-corrected microscope equipped with a
200 kV field-emission gun and X-ray EDS detector (JEOL Ltd., Japan). X-
ray photoelectron spectroscopy (XPS) was carried out with a Kratos Axis
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Ultra spectrometer (Kratos Analytical Ltd, UK) with monochromated Al
Ka-radiation and charge neutralization, a pass energy of 40 eV and X-ray
power of 195 W. The analysis area comprised of an area approximately
700 pm x 300 um and the sp2 carbon 1 s peak at 284.6 eV was used as a
charge reference point. Elemental composition of the samples was
determined from the high-resolution core level spectra peak areas after
Shirley background subtraction using equipment specific sensitivity
factors. Peak fitting was done using Gaussian-Lorentzian peaks (GL (30)
line shape in CasaXPS) with the peak positions fixed to within + 0.1 eV
of the given binding energies. For the N 1 s region, the full width at half-
maximum (FWHM) of the peaks was restricted such that they were
equal. In contrast, the broader N-oxide peak was restricted to positions
between 403 and 405 eV with the FWHM restricted to below 4 eV. To
determine the specific surface area and pore size distribution of Bat-rGO
and Bat-N-rGO samples, Nj-adsorption/desorption isotherms were
measured using a NOVAtouch LX gas sorption analyzer (Quantachrome,
USA). The results were analyzed by Brunauer-Emmett-Teller (BET) and
density functional theory (DFT) methods in order to calculate the spe-
cific surface areas and pore size distribution, respectively.

2.3. Electrochemical measurements

To study the electrocatalytic activity of Bat-N-rGO electrocatalyst
RDE, RRDE and chronoamperometric methods were used, and com-
mercial 19.8% Pt/C (Tanaka Kikinzoku Kogyo K.K., Japan) and RuO,
(99.9% Alfa Aesar, USA) catalysts were measured for comparison. A
three-electrode cell setup was used to investigate the performance of
electrocatalysts towards oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) in 0.1 M KOH electrolyte. For RDE and chro-
noamperometry measurements, glassy carbon (GC) encased into a
Teflon shell to provide a geometric area of 0.2 cm? was utilized as the
working electrode, whereas the RRDE measurements made use of a Pt
ring with GC disk (0.23 cm?) surrounded by a PEEK shroud. The counter
electrode was either a graphite rod (for the RDE and chro-
noamperometry) or Pt wire (RRDE) and an Ag/AgCl electrode combined
with a salt bridge was used as a reference electrode in all cases. All
potentials were measured vs. Ag/AgCl, however to aid comparison, all
potentials have been re-calculated to vs. a reversible hydrogen electrode
(RHE), which based on the calibration of the Ag/AgCl electrode vs. RHE
= —0.964 V. RDE was carried out with a Gamry potentiostat/galvano-
stat Interface 1010E (Gamry Instruments Inc., USA), equipped with an
Origalys speed control unit, while for RRDE measurements with MSR
Rotator (Pine Research, USA) and CompactStat.h (bi-)potentiostat
(Ivium Technologies BV, The Netherlands). Prior to each measurement,
the GC surface was polished to a mirror finish with 1 and 0.2 um alumina
slurries. For the study of the Bat-N-rGO and Bat-rGO material electro-
catalytic properties towards ORR and OER, catalyst suspensions in
ethanol (4 mgcatalyst/ml) with 24 pl of aQPS-s14 ionomer (2%, Hephas
Energy, Taiwan) were prepared. Suspensions were sonicated for 40 min
prior to the GC modification and the final catalyst loading on the elec-
trode was 400 pg/cm?. For comparison, commercial 19.8% Pt/C catalyst
(Tanaka Kikinzoku Kogyo K.K., Japan) for ORR and 99.9% RuO, (Alfa
Aesar, USA) for OER were used, suspensions of 1 mgcatalyst/ml in iso-
propanol and water mixture with addition of 1pl of aQPS-s14 ionomer
was prepared, resulting in a final loading of 19.8 ug cm™ of Pt and
80 pg cm? of RuO;, on the GC surface. All electrochemical experiments
were carried out at room temperature (22 + 1 °C) in 0.1 M KOH solu-
tion. Before carrying out the electrochemical measurements the elec-
trolyte was saturated with Oz (ORR) or N3 (OER) gas and the gas flow
was maintained over the electrolyte for the duration of the experiments.
All linear sweep voltammetry (LSV) curves were recorded at a scan rate
of 2.5 mV s. ORR and OER polarization curves were iR-compensated
after the experiment by through iR-drop elimination with respect to the
ohmic resistance of the solution as determined from EIS data (38 &+ 1 Q).
These resistance values were ascertained from the EIS measurements
within the frequency region from 100 kHz to 1 Hz (with 10 mV
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modulation) at the open circuit potential. The resistance value is found
from Nyquist plot, from the real part impedance when the imaginary
part of the impedance is zero. In order to study the catalyst materials
long term stability and methanol tolerance, chronoamperometry mea-
surements were performed at 0.76 V vs. RHE in O, saturated electrolyte.
For chronoamperometry the RDE rotation was fixed at 200 rpm,
whereas for the methanol tolerance investigation the speed was
increased to 1600 rpm and methanol was added after 300 s to result in a
3 M MeOH solution.

RRDE measurements were performed with Bat-N-rGO catalyst to
directly obtain the selectivity of HoO and/or H202 formation during the
oxygen reduction process in Oy saturated 0.1 M KOH electrolyte at
rotation speed 1600 rpm with a potential of 1.2 V applied to the outer Pt
ring to detect the peroxide. The percentage of HyO2 produced and the
number of electrons transferred during ORR were calculated based on
the following equations:

21,/N

H,0,% = 100 * ————
2 “L+1/N

(€8]

SRR AT @
where Iq is the disk current, I; is the ring current and N is the RRDE
collection efficiency (0.383, provided by the manufacturer).

For Tafel slopes, ORR and OER polarization curves measured at
1600 rpm were used with the kinetic-limiting current density (jx)
calculated based on the following:

_JXJa

= 3
J—Jd

Ji
where j is the current density and jq diffusion-limiting current density.
To demonstrate a practical application of the Bat-N-rGO catalyst, an
in-house rechargeable Zn-air battery (ZAB) was fabricated. The ZAB air
cathode was prepared by drop-casting the catalyst (with a loading of
1.0 mg c¢m™) onto a commercial gas diffusion layer (GDL, SGL DC-28).
4 mg Bat-N-rGO electrocatalyst and 8 pl Nafion ionomer solution (5%,
Sigma- Aldrich) was dispersed in 0.658 ml ethanol and sonicated for
30 min. ZAB was assembled with a polished Zn plate (1 mm, 99.9%) as
the anode, 10 ml of 6 M KOH as the electrolyte and prepared air cathode
(with an exposed active area of 0.79 c¢m™®) with a Ti mesh (current
collector). For comparison, a ZAB with an air cathode containing com-
mercial catalyst was prepared, mixture of 19.8% Pt/C and RuO5 (99.9%)
catalyst (Pt/C+RuO3), with a mass ratio of 1:1 and final catalyst loading
of 1.0mgem? on GDL. ZABs testing was performed at room
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temperature under ambient atmosphere with an Autolab potentiostat/
galvanostat. Current and power densities were normalized to the
effective surface area (0.79 cm?) of the air electrode and the specific
capacity was calculated based on the mass of consumed Zn metal. The
cycling performance was assessed by employing galvanostatic 5 min
discharging and 5 min charging at a current density of 5 mA cm2.

3. Results and discussion
3.1. Raw material

The black mass leached residue used as raw material for electro-
catalyst preparation originated from industrially crushed SLIB fine
fraction [46], which was previously subjected to a hydrometallurgical
recycling [18]. Analysis of the SLIB leach residue (Fig. 2) shows that it
consisted mainly of graphite, some unleached cathode materials (Co, Li,
Ni, Mn) and other solids like binder (F source), Al, Cu, Fe and Si, as
shown by the related XRD (Fig. 2b), elemental SEM-EDS (Supplementary
Information, Fig. S1) and AAS analysis (Table S1). The crystalline phases
identified in the residue by XRD analysis comprised primarily of
graphite (ICDD: 96-900-8570), Lipe1CoO2 (ICDD: 98-018-2347),
LisMnOg (ICDD: 98-007-3370), LiOy (ICDD: 98-018-0561) and Niy
(ICDD: 96-901-3034) and is typical of industrial black mass leach res-
idue. During the characterization it was also found that the material was
heterogenous in nature - due to the mixture of different battery fractions
within the original industrial black mass - as previously reported by
others [47,48].

3.2. Chemical oxidation and reduction of SLIB leach residue — behavior of
graphite

With the chemical oxidation (modified Hummer’s method) the
graphite in SLIB black mass leach residue was completely transformed
into graphene oxide (Bat-GO) and thereafter, by thermal treatment, into
reduced graphene oxide (Bat-rGO, Fig. S2). The XRD spectra (Fig. 3a)
reveals that the chemical oxidation of graphite was successful as the
main characteristic graphite (002) peak at 26.7°, is completely absent
from the Bat-GO spectra, and the characteristic GO (001) peak at 10.3° is
evident. This demonstrates that the p-spacing between the graphite
lattices has increased from 3.34 A to 8.59 A, confirming that the
graphite is completely oxidized and exfoliated [30]. After thermal
reduction of the Bat-GO (Bat-rGO) sample and Bat-rGO (Bat-N-rGO)
nitrogen doping, the XRD spectra has two broad peaks, (002) and (001)
peak. The re-emergence of the (002) peak demonstrates that the bulky

1 1 - graphite
2 - Liy 61C00,
3 - Li,MnO,
4 - LiO,
5 - Ni,

1 1 1 1 1 1 1 1 1 1 1

354045 5055606570 7580 8590
2Theta (deg) Cu Ka

5 1015202530

Fig. 2. a) SEM image and b) XRD diffractogram of raw material used (SLIB leach residue).
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Fig. 3. a) XRD diffractograms of the SLIB leach residue, Bat-GO, Bat-rGO and Bat-N-rGO samples, b) Raman spectra of Bat-GO, Bat-rGO and Bat-N-rGO samples.

oxygen groups have been removed from the carbon basal plane and that
the graphene layers have started to repack together, although the
increased peak width is indicative of a highly amorphous phase content.
In addition, the still existent (001) peak shows that not all the oxygen
groups have been completely reduced with the thermal treatment. XRD
diffractogram trends for Bat-rGO and Bat-N-rGO samples are relatively
similar, however, closer examination shows that the (002) peak
maximum has shifted from 25.90° to 26.97° - corresponding to a
p-spacing change from 3.44 nm to 3.30 nm - due to the nitrogen and
metal doping. This demonstrates that the nitrogen and metal function-
alities have been embedded into the carbon lattice resulting in higher
structural refinement, which is also supported by the decrease in the
(002) peak width in the case of Bat-N-rGO sample. From literature it is
known that doping with Co nanoparticles can improve the graphitiza-
tion of the supporting carbon material [49].

3.3. Chemical oxidation and reduction of SLIB leach residue — behavior of
metals

It was found that chemical oxidation of SLIB leach residue in
concentrated sulfuric acid by sodium nitrate and potassium permanga-
nate not only results in the oxidation of graphite, but also dissolution of
residual metals in the material (Table S2). AAS analysis was performed
to determine the bulk content of metals in the Bat-rGO sample following
the chemical oxidation.

and reduction by heat treatment (Table S3). A clear majority of the
metals were shown to be dissolved during the chemical oxidation step
and subsequently removed from the Bat-GO mixture with the superna-
tant phase (10% HCI) during the first centrifugation (Table S2).

After a further two rounds of centrifugation with 10% HCI, only
traces of metals could be found in the supernatant solution and these
removed metals can consequently be recovered back to circulation by
state-of-the art methods [50,51]. The Bat-GO mixture was then sub-
jected to additional centrifuge treatment in the presence of de-ionized
water in order to achieve a more neutral pH. XRD analysis revealed
that the finally collected Bat-GO sample also contained Co, peaks visible
at  19.9°, 39.1°, 42,6° and 50.2°, corresponding to Co
(ICDD:94-410-5681) (Fig. 3a). In the case of Mn, Fe, Ni and Li, only
traces (< 0.34 mg/g) were detected in the Bat-rGO sample, whereas Co —
which had the highest content in the SLIB leach residue — clearly
remained (17.7 mg/g). The presence of Co in the Bat-rGO sample was
similarly confirmed by SEM-EDS (Fig. S3), the results of which also
showed that Co content was highest (~ 1.9%) cf. the other metals (<
0.43%). Further SEM-EDS mapping also detected the existence of Si in

the original leach residue (Fig. S1), as well as in the Bat-rGO (Fig. S3)
and Bat-N-rGO (Fig. S4) samples. These findings indicate that the orig-
inal SLIBs have contained some fraction of Si or SiO, within the anodes,
which is used in batteries to increase the cell energy [8]. Nevertheless,
due to the inert nature of silicon-based materials neither the chemical
oxidation nor thermal treatment influenced the content of Si. After the
second heat treatment and nitrogen doping, the Bat-N-rGO sample
SEM-EDS analysis showed the presence of Co and Si as the only
remaining components (in addition to graphite) that arise from the SLIB
composition (Fig. S4 and S5). This clearly demonstrates that chemical
oxidation followed by thermal reduction treatment is sufficient to
remove the majority of the SLIB components (except for some Co and Si)
present in the graphite rich black mass leache residue and no additional
treatment/purification steps are needed.

3.4. Physicochemical characterization of Bat-rGO and Bat-N-rGO
samples

To further investigate the changes in the carbon structure, Raman
spectroscopy characterization was performed. Presence of the D band at
~ 1350 cm™, G band below ~ 1600 cm™ and the broad overlapping
peaks displayed in Fig. 3b are typical for GO and related species [30]. In
addition, as the Ip/I; intensity ratio reflects the disorder degree in car-
bonous material structure, this ratio increases with every additional
synthesis step - from 0.93 £+ 0.02-0.99 + 0.02, and finally to 1.26
+ 0.08 - further demonstrating the extent of the carbon lattice disrup-
tion due to thermal reduction and the embedding of nitrogen and metal
functionalities into the carbon framework. It has been shown that
defect-rich carbon material, with defective edges and pores, exhibits
higher catalytical activities than defect-free carbon [36,43]. These de-
fects on carbon lattices can provide the required anchoring sites for
metals and nitrogen, to form multi-active M-N-C centers, which can lead
to superior ORR and OER performance and stability [36,43]. The
elemental composition and surface morphology of Bat-rGO and
Bat-N-rGO samples were also investigated by TEM-EDS (Fig. 4a-4b,
S6-58). Characterization of Bat-rGO (Fig. 4a) and Bat-N-rGO (Fig. 4b)
samples by HRTEM display the presence of graphene sheets with a
flowing transparent structure and wrinkles. An additional HRTEM
image (Fig. S6) of the Bat-rGO sample shows that a graphene-like ma-
terial - that consists of few- and multilayer graphene sheets - was suc-
cessfully obtained from the SLIB leached residue graphite by chemical
oxidation and thermal reduction. In the case of the Bat-rGO sample,
unevenly distributed metal particle agglomerates with sizes from 50 to
200 nm - comprised of Co and Fe (Fig. S7) - were observed between the
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Fig. 4. HRTEM image of a) Bat-rGO and b) Bat-N-rGO samples. XPS of the Bat-N-rGO sample: ¢) N 1 s region and d) Co 2p region.

graphene sheets. Such agglomerates are remnants of the active cathode
material residue that originates from the initial black mass, and it was
determined that the presence of these metal agglomerates can catalyze
the growth/formation of bamboo-structured carbon nanotubes (Fig. 4b
and S8) during the nitrogen doping process. Bamboo-structured carbon
nanotubes are made up of hollow carbon compartments that have grown
along the same axis and are connected to each other by knots [52]. Based
on literature, it is known that these types of CNT have high surface area
and density of defects and are often formed during the pyrolysis when
cobalt or iron nanoparticles are present with a nitrogen source [53,54].
After growth/formation of the bamboo-structured carbon nanotubes has
taken place, it is evident that the metal particles were no longer
agglomerated and were somewhat more evenly distributed across the
graphene sheets, with the Co particles in particular appearing to be
encapsulated within these freshly grown bamboo-structured carbon
nanotubes (Fig. S8). The encapsulated Co is protected by the carbon
layer, which prevents corrosion and oxidation [49]. Furthermore, these
unevenly distributed bamboo-structured carbon nanotubes may have
beneficial properties as spacers between the graphene layers, preventing
the van der Waals forces-driven restacking of the graphene sheets,
leading to an increase in the surface area and, thereby, the mass and ion
transfer kinetics. The restacking of graphene layers leads to both a
reduction in the active surface area and a decrease in the number of
electrocatalytically active sites, therefore, carbon nanotubes are often
required to be added separately to the graphene-like catalysts to ensure
suitable levels of activity [42,45]. The chemical composition of the
Bat-N-rGO catalyst surface was studied using XPS (for comparison to
Bat-rGO, see Supporting Information). Figs. 4c-4d show the N 1 s and Co

2p regions of the Bat-N-rGO sample and their relative contents were 9.8
and 1.0 at%, respectively. O 1 s, C 1 s and survey spectra as well as the
related atomic concentrations are provided in Fig. S9 and Table S4.
Fig. 4c shows the N 1 s spectra for the Bat-N-rGO sample, which has been
fitted using four types of N-functional groups as the basis: pyridinic-N
(ca. 398.3 eV), pyrrolic-N (ca. 400.1 eV), graphitic-N (ca. 400.9 eV)
and N-oxides (ca. 403 eV) [55]. From the results, it is clear that a ma-
jority of the nitrogen is in pyridinic form (57%), with roughly equal
amounts of the other functional groups, suggesting that the presence of
Co atoms can increase the content of pyridinic-N. Although the type of
nitrogen species that plays the major role for ORR and OER is still open
to debate, numerous studies have indicated that the presence of
pyridinic-N and graphitic-N (quaternary-N) species can be considered as
the most beneficial [36,41,45,49,56]. Additionally, pyridinic-N can
provide more stable anchoring sites for single metal atoms within the
carbon structure and pass on the positive charge to the neighboring sp?
carbon atoms by supporting reactant adsorption and boost charge
transfer among reaction intermediates and active surface, consequently
leading to an increase in ORR and OER kinetics [43,57].

Also, Zhang et. al. demonstrated that the strong coupling between of
cobalt oxide, nitrogen and rGO can play a crucial role in the enhance-
ment of the catalytic activity for ORR and OER [58]. Peak fitting results
are summarized in Table S4. Fig. 4d shows the Co 2p spectra of the
B-N-rGO sample that features a 2ps,» peak at ca. 780.4 eV and a cor-
responding broad satellite peak at ~787 eV, which is typical for Co(II)
[59]. Subsequent fitting of the 2p3/5 peak with two peak envelopes
corresponding to metallic Co and CoO required only a minor metallic
component (9%) signifying that a majority of cobalt was present as CoO
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[59]. This can be beneficial, as it has been shown that a combination of
cobalt oxide and carbon materials can improve catalytic performance
[49]. Nevertheless, other Co(II) compounds cannot be excluded either,
since the fit is not very sensitive to the exact compound type.
Ny-adsorption/desorption analysis were performed to gain additional
information about the textural characteristics of Bat-rGO and Bat-N-rGO
sample (isotherms shown in Fig. S10a). Typically, battery grade graphite
usually has a low specific surface area between 2 and 6 m? g [60],
following treatment to breakdown the refined graphite structure of the
SLIB to Bat-rGO, the specific surface area was increased to 302.9 m? g1,
although subsequent incorporation of nitrogen species into the
graphene-like structure (Bat-N-rGO) resulted in a reduction of the
measured surface area to 243.5 m? gl. Nevertheless, determination of
the related pore sizes demonstrated that there were only minor changes
to the distribution following nitrogen doping (Fig. S10b).

3.5. Bat-N-rGO electrocatalytic activity towards of ORR and OER

The electrocatalytic activity of Bat-N-rGO catalyst towards of ORR
was shown to be exceptionally high as the onset potential (Egpset) Of
0.964 V is only 0.021 V lower than that of the commercial 19.8% Pt/C
benchmark catalyst (Fig. 5a). Moreover, the half-wave potentials (E1/2)
were also determined to be of a similar magnitude with E;,» = 0.849 V
for Bat- N-rGO and 0.863 V for 19.8% Pt/C catalyst, respectively. In
contrast, a very high diffusion limiting current density value of
— 7.34 mA cm at 1600 rpm was measured for the Bat-N-rGO catalyst, a
value which is significantly higher than that achieved for the 19.8% Pt/C
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catalyst under the same conditions (Fig. 5a and S11a). From the Bat-N-
rGO cyclic voltammetry curves the presence of the Co(II)/Co(III) redox
pair was visible (Fig. S11b), which was to be expected based on the
results with XPS, TEM-EDX and XRD. Further investigations with the
Bat-rGO sample also demonstrated that a relatively high catalytic ac-
tivity could also be achieved— cf. 19.8% Pt/C catalyst (Fig. 5a)—even
prior to the doping with nitrogen: Eqnser = 0.870 V and diffusion limiting
current density of — 5.33 mA cm? at 1600 rpm (Fig. S11c). However,
the superior performance of Bat-N-rGO, with higher onset potential and
limiting current density, highlights the critical role of Co-N-C active sites
on ORR catalytic activity. In addition to the superior ORR activity, the
Bat-N-rGO catalyst also displayed advantageous OER activity (Fig. 5b)
with a level of overpotential similar to that of a commercially available
benchmark RuO; catalyst. The OER overpotential values for Bat-rGO,
Bat-N-rGO and RuO; at a current density of 10 mA cm? were 0.509,
0.436 V and 0.405 V, respectively (Fig. 5b). All ORR and OER polari-
zation curves were iR-compensated with respect to the ohmic resistance
of the solution as determined from EIS data (38 + 1 Q, Fig. S12). It has
been showed, that the N-Co co-doping of carbon can reduce the OER
barrier [49]. Moreover, Chang et al. showed that uniformly distributed
cobalt oxide enhanced the OER by demonstrating strong oxidability and
could chemically absorb and oxidize various OER reaction spices [61].
However, the nitrogen doping of Bat-rGO noticeably increases the ac-
tivity for oxygen evolution catalysis, demonstrating that the nitrogen
functionality with cobalt species also play a crucial role to catalyze the
oxygen evolution reaction. From these results it is evident that the
Bat-N-rGO catalyst shows high electrocatalytic activity towards both,
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Fig. 5. a) Comparison of Linear Sweep Voltammetry (LSV) oxygen reduction results with different catalysts (Bat-rGO, Bat-N-rGO and 19.8% Pt/C) on modified
Glassy Carbon (GC) electrodes in O, saturated 0.1 M KOH solution, v = 2.5 mVs! at 1600 rpm. b) RDE LSV curves for oxygen evolution on GC modified with Bat-N-
rGO and RuO, catalysts in N, saturated 0.1 M KOH solution, v = 2.5 mVs™! at 1600 rpm. ¢) Chronoamperometric response obtained for Bat-N-rGO and 19.8% Pt/C
catalysts at 0.764 V at rotation speed of 200 rpm in O, saturated 0.1 M KOH solution. d) Chronoamperometric response obtained for Bat-N-rGO and 19.8% Pt/C
catalysts with the addition of methanol after 300 s at rotation speed of 1600 rpm in O, saturated solution with a final methanol concentration of 3 M.
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oxygen reduction and evolution with a relatively small potential gap
(AE) of 0.812 V between these two reactions. A 20-hour stability test
towards ORR showed that Bat-N-rGO catalyst has a remarkable
long-term stability, with only an 8.4% reduction in recorded current
over the investigated time-period (Fig. 5c¢). Furthermore, the SLIB
leached residue-based catalyst also exhibited excellent tolerance against
methanol poisoning as a mere 16.3% drop in relative current within a
3 M methanol solution was detected — a level that is 2.6 times less than
that found for the commercial Pt-based catalyst (Fig. 5d). This demon-
strates that Bat-N-rGO catalyst provides outstanding long-term electro-
catalytic performance for oxygen reduction, which considerably exceeds
the stability of the commercial 19.8% Pt/C catalyst investigated. Various
research groups have demonstrated that the carbon doping with cobalt
oxides will increase the catalytic performance and stability of ORR and
OER [58,62]. Additionally, based on the Rotating Ring Disk Electrode
(RRDE) measurements, it was ascertained that Bat-N-rGO catalyst pro-
duces Hy0, during the oxygen reduction (Fig. S13a), a fact that corre-
lates with previous findings in the literature that carbon based catalysts
are excellent peroxide producers in alkaline media [63]. From the re-
sults it could be calculated that the number of electrons involved in ORR
varies between 3.3 and 3.6 over the disk potential range of 0.7 V to
— 0.14 V (Fig. S13b), which indicates that as the applied potential is
lowered, the contribution of the four-electron reaction pathway of ox-
ygen reduction increases [64]. The Tafel plots for ORR of Bat-N-rGO
exhibit a more moderate slope of — 49 mV dec’! at low overpotentials
than that for 19.8% Pt/C — 62 mV dec’}, which signifies that a smaller
driving force is required with Bat-N-rGO catalyst for the oxygen reduc-
tion process (Fig. S14a). Comparison of Tafel slope values, 49 mV dec
for Bat-N-rGO and 54 mv dec? for Bat-rGO over a similar potential
range, further shows that the reaction mechanism and rate limiting step
differ after the incorporation of nitrogen species and the presence of
Co-N-C active sites enhances the ORR activity. In the case of OER, the
Bat-N-rGO catalyst had a slope of 75 mV dec™!, which was slightly lower
than for the RuO, benchmark 79 mV dec? (Fi g. S14b).
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3.6. Performance of Bat-N-rGO in Zn-air battery

Beyond the traditional ORR and OER studies, the Bat-N-rGO
bifunctional electrocatalyst was also studied in a Zn-air battery (ZAB,
Fig. S15) setup as the air cathode catalyst. For comparison, a similar ZAB
was assembled, containing state of the art commercial catalyst mixture
of Pt/C+RuO,. Both batteries demonstrated very similar open circuit
potential values of 1.50 V for Bat-N-rGO and 1.53 V for Pt/C+RuO,
catalyst-based systems (Fig. 6a). The battery with Bat-N-rGO catalyst
delivered a maximum power density of 112.8 mW cm™ at a current
density of 173.5 mA cm2, which is noticeably higher than what was
achieved with the commercial Pt/C+RuO; catalyst in the same setup
(Fig. 6b, Table S5). Bat-N-rGO demonstrated comparable or even higher
maximum power density than what has been reported previously in
literature for ZABs with precisely engineered nitrogen and noble metal-
free carbon-based bi-functional electrocatalysts by other research
groups (Table S5).

At lover current densities, the Bat-N-rGO based system exhibited a
somewhat larger charging voltage and therefore, larger voltage gap,
between charging and discharging compared to the commercial catalyst
mixture (Fig. 6¢), this was not unexpected based on RDE results for OER.
Additionally, a high specific capacity of 719 mA h g! was achieved with
Bat-N-rGO catalyst, while Pt/C+RuO, has 698 mA h g! at a discharge
current of 25 mA cm (Fig. 6d). The rechargeability and cycling sta-
bility for both catalysts based ZABs were measured at a current density
of 5 mA cm™ (Fig. 6e). The galvanostatic cycling tests show that the Bat-
N-rGO based ZAB (Fig. 6f) can operate stably over 66 h (400 cycles). The
very good structural and morphological stability of the Bat-N-rGO
catalyst in the ZAB configuration was also demonstrated based on the
SEM images of unused and cycled catalyst layer on the DGL (Fig. S16),
where the uniform graphene-like structure is retained even after 60 h of
cycling. The ZAB with Pt/C+RuO; initially delivers charge and
discharge potential over a smaller potential gap, compared to Bat-N-
rGO, however this is sustained only up to 40 h, after which the stable
performance is quickly lost.
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Fig. 6. a) Open circuit plots for Zn-air battery with different air cathode catalysts (Bat-N-rGO and Pt/C+RuO,). b) discharge polarization curves and the corre-
sponding power density curves, c) charge and discharge polarization curves, d) complete discharge performance of ZAB with Bat-N-rGO and Pt/C+RuO, cathode
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The RDE and measured Zn-air battery results clearly indicate that
graphite rich post-metallurgical battery recycling waste fraction can
potentially be valorized as a promising source of secondary raw material
for catalyst production, thereby further enhancing the materials circu-
larity possible from SLIB wastes. Based on the experimental results
above, the bifunctional oxygen electroactivity of Bat-N-rGO catalyst can
be attributed to several distinct factors: (1) the presence of a high level of
defects and disorder within the carbon structure, which provides the
required anchoring sites for cobalt and nitrogen; (2) the existence within
the material of inherent Co nanoparticles (1.0 at%) on the surface of
catalyst, Co-O-C and Co-C bond accelerating the diffusion of charge; (3)
high N-doping (9.8%) level, that was predominated by pyridinic-N
species (57%), which increases the number of active sites at the sur-
face of catalyst material and changes the electronic structure, promoting
the adsorption of O, and intermediates; (4) the co-doping of graphene-
like material by nitrogen and cobalt, which promotes the chemical
adsorption of oxygen and weakens the Oy bond; (5) the presence of
bamboo-structured carbon nanotubes, that act as a spacers, preventing
the restacking of graphene sheets, hence providing a surface with
enhanced mass transfer characteristics within the electrode layer.

4. Conclusion

Currently during industrial hydrometallurgical Li-ion battery recy-
cling the spent graphite that remains in the waste is not recovered or
valorized. We have developed a new strategy to utilize LIBs black-mass
recycling residue as a valuable raw material to produce a bifunctional
oxygen electrocatalyst that can be applied in Zn-air batteries and fuel
cells. Spent graphite in the post-metallurgical waste residue was turned
into valuable graphene-like material, which was spontaneously doped
by cobalt due to the traces of cathode metals present remaining in the
battery leaching waste after the hydrometallurgical recycling treatment.
The Bat-N-rGO electrocatalyst, prepared from this industrial waste, not
only exhibited a very high ORR activity, comparable with a 19.8% Pt/C
commercial benchmark catalyst, but also an advantageous OER activity,
similar to RuO; catalyst. Moreover, the Bat-N-rGO bifunctional oxygen
electrocatalyst was used in a rechargeable Zn-air battery as an air
cathode catalyst and achieved a high-power density of 112.8 mW cm™
and specific capacity 719 mA h g™, whilst maintaining a good cycling
stability. This research for the first time, clearly demonstrates the sig-
nificant potential of spent Li-ion battery black mass residue as a resource
for the more sustainable production of high performance and high value
graphene-like catalyst materials for the next-generation electrochemical
energy storage and conversion devices required to mitigate climate
change.
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