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Developing highly efficient and cost-effective electrocatalysts
for oxygen reduction reaction (ORR) in aqueous media is crucial
for energy conversion systems such as fuel cells or Zn-air
batteries. Electrode materials from spent devices such as
lithium-ion batteries (LiBs) are a serious environmental problem.
One of the solutions is their reuse for other electrochemical
processes. This work demonstrates the application of solid
residues of carbon-based powders left over from the hydro-
metallurgical recycling process of LIBs’ waste as efficient
catalysts for ORR. Microscopic and spectroscopic studies of the
residue disclosed their porous structure and various cobalt

contents, depending on the recycling procedure. These battery
wastes display ORR catalytic activity when deposited at the
liquid-liquid and solid electrode-electrolyte interfaces. Scanning
Electrochemical Microscopy (SECM) tests showed that assem-
bling battery waste at the liquid-liquid interface boosts the
efficiency of H2O2 production by one to two orders of
magnitude. The catalytic activity towards 2-electron ORR
strongly depends on waste powder compositions and struc-
tures, e.g., porosity, heteroatom presence, level of defects, and
graphitization.

Introduction

The slow depletion of fossil fuels and the continuous increase
of environmental pollution by combustion products compelled
researchers to develop green, renewable energy sources such
as fuel cells or metal-air batteries.[1] Therefore, the incoming
global energy crisis drives research on oxygen electrode
reactions such as oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER).[2] ORR is an essential reaction both in
life processes and in energy conversion and storage devices.[2]

ORR mechanism in an aqueous solution is quite complex, as
was first pointed out by Damjanovic et al.[3] and later elaborated
by Wroblowa.[4] In general, ORR follows two pathways: 2-
electron reduction to H2O2 and/or 4-electron reduction to H2O.[5]

The product of 2-electron ORR is regarded as a “green” oxidant
applied e.g., in chemistry, cosmetics, paper and textile indus-

tries, and was proposed as an alternative fuel for fuel cells,[6]

whereas a 4-electron ORR is targeted for fuel cells. Therefore,
low-cost “green” and mild methods of H2O2 production are
highly in demand to replace the harmful to the environment
anthraquinone oxidation method.[7] Direct H2O2 synthesis from
gaseous H2 and O2 over the metal catalyst is environmentally
acceptable but still not without risk.[7] Recently, electrochemical
H2O2 synthesis by ORR has been considered a more promising
alternative.[8,9] Although ORR has been studied for nearly a
century, its sluggish kinetics, high overpotential, low faradaic
efficiency, and catalyst’s stability seem to be the main bottle-
necks of this process. This caused a continuous quest for a new
ORR catalyst until, recently driven by the development of
energy conversion systems.[10]

Precious metals such as platinum, palladium, and gold, as
well as their alloys with low overpotential, are currently the
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most efficient ORR electrocatalysts.[11] However, their high price,
low abundance, and low durability are serious limitations. On
the other hand, transition metals and their oxides are less
expensive. When properly engineered, they provide an efficient
and stable alternative to noble metals. Cobalt, manganese,
copper, and iron oxides are the most prospective candidates.[12]

Other transition metal compounds, such as metallic com-
pounds, sulfides, selenides, phosphides, nitrides, and molecular
and single-atom materials, are employed as ORR catalysts.[13]

One has to bear in mind that even natural transition metal
deposits will be exhausted in the following decades.[14] Apart
from metallic catalysts, carbon-based materials including carbon
nanotubes, graphite felts, and hierarchically porous carbon are
utilized as ORR catalysts.[14,15] Due to their low cost, abundance,
high surface area, good stability, and electrical conductivity,
these materials are regarded as promising electrocatalysts for
ORR.[13] To decrease its overpotential and increase reaction
efficiency, carbon materials are doped with heteroatoms (e.g.,
N, O, B) or non-noble metals.[13,16–18] Based on the above, it can
be concluded that, due to the cost, occurrence, and catalytic (in
many cases synergistic) properties, carbon-based materials
modified with transition metals seem to be the most promising
ORR electrocatalysts.[19] Indeed, transition metal particles to-
gether with carbon-based materials are already employed as
electrodes in billions of electronic or electric devices, including
batteries. Although transition metals are a small fraction of
these materials, the problem with their limited natural sources
will appear sooner or later.[20] Application of the products of
battery electrode recycling may be one of the solutions to this
problem. Even though this process is mainly oriented towards
metal recovery,[21] materials left after leaching may retain or
acquire electrocatalytic properties, for example, due to the
small amount of transition metals left after processing.

Lithium-ion batteries are widely present in our everyday
lives. The popularity of portable electronics and electric vehicles
generates an increasing amount of toxic waste to be collected
and recycled.[21] Therefore, there is a high demand for the reuse
of the residue carbon-based material left after recovery treat-
ment as a part of global battery waste management. Toxic
transition metals and electrolytes from the spent batteries are a
threat to health, the environment, and the economy. Therefore,
their efficient recovery is highly desirable.[22] On the other hand,
spent LiBs are a valuable source of various metals, mainly Li, Co,
Ni, trace amounts of metals such as Fe, Zn, Cr, Al, Cu, and
carbon materials, e.g., graphite.[23,24] They can be recovered by
hydrometallurgical (acid leaching), and pyrometallurgical meth-
ods and direct physical recycling.[24] The first method is the
most promising and widely developed because it is cheaper
and consumes less energy than raw material processing.[25] High
selectivity and recovery rate, low energy consumption, and
high purity of the products are important advantages of this
method[26] which prompted us to choose it for this work. As
leaching agents, both inorganic and organic acids are
proposed.[27–30] The leaching process is usually assisted by
reducing agents that increase the recovery of such metals as Co
and Mn.[31,32]

The recovered materials from spent LiBs have been recently
explored as electrocatalysts for generating compounds consid-
ered an alternative source of clean energy.[33] The electro-
catalytic properties of materials recovered from spent lithium-
ion batteries towards ORR were demonstrated.[33–34] This seems
to be a new trend parallel to the extensive research on biomass
waste employment as low-cost alternative catalysts for many
electrode reactions, including ORR[35,36] that promote sustainable
development and circular economy.[37]

Recently, we[34] and others[38–40] demonstrated that the
electrode modified with lithium-ion battery waste exhibited
electrocatalytic properties towards 2-electron ORR. Contrary to
most studies, we utilized in our research the residue carbon-
based material obtained directly after the hydrometallurgical
recycling process without any additional chemical treatments
(e.g., chemical oxidation, additional cobalt, or nitrogen
doping).[41,42] Furthermore, the same material assembled at a
liquid-liquid interface increased the efficiency of biphasic H2O2

generation,[34] a proposed alternative to the electrode-electro-
lyte interface.[43] In this work, we focused on the relationship
between the structure and chemical composition of battery
waste and its (electro)catalytic activity toward ORR to find out
the origin of this phenomenon. For this purpose, LiBs’ waste
was leached in the acidic bath with various combinations of
reducing agents (H2O2, glutaric acid). The solid residue was
studied using several spectroscopic and microscopic methods
to determine its morphology, porosity, and elemental composi-
tion, the structure of carbon components, the presence of
metals, and their speciation. Finally, ORR activity of these
materials at solid electrode-electrolyte was determined by cyclic
voltammetry (CV) and linear scan voltammetry (LSV) at rotating
disc electrode (RDE),[44] whereas activity at the liquid-liquid
interface by scanning electrochemical microscopy (SECM),[45]

respectively.

Results and Discussion

THE MORPHOLOGY AND COMPOSITION ANALYSIS. Scanning
Electron Microscopy (SEM) images (Figure 1) of the residue
carbon-based battery waste show well-developed irregular
structures with pores of various sizes.

Specific features of the given material depend on the
composition of the leaching bath. Granules having a size of 50–
100 nm are characteristic of Material 1, obtained in the
presence of H2O2 as a reducing agent (Figures 1a, b). These
granules agglomerate into larger objects (some as large as
10 μm) with irregular size and shape. Bulk structures with
irregular patterns or wrinkles seem to be a graphite-based
material,[40] while tiny granules may consist of the post-leaching
product(s).[46,47] Figures 1c-d demonstrate that the replacement
of H2O2 in a concentrated H2SO4 bath by glutaric acid changes
completely the morphology of the battery waste to large
clusters (Material 2). Additionally, tiny granules are less numer-
ous than in Material 1. The addition of both reducing agents to
an acidic bath produces well-developed flakes (Material 3)
similar to Material 1 (Figures e-f). These flakes have numerous
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bumps, increasing the surface area. On the other hand, the
small granules seen in the images of Materials 1 and 2 are
absent.

The elemental maps (Figure 2) indicate the presence of
carbon, oxygen, cobalt, and sulfur as the post-leaching residue.
The distribution of oxygen correlates with that of cobalt,
suggesting the presence of post-leaching cobalt oxides in all
materials.

The X-ray Photoelectron Spectroscopy (XPS) survey spectra
(Figure 3) indicate the presence of C1s, O1s, P2p, F1s, S2p, Ns1,
Co2p and Auger peaks for all Materials, and additionally the
Mn2p peak for Material 3.

C1 s peaks present in the region from ca. 284 eV to 292 eV
are identified as typical for the graphite - the main component
of the battery anode.[48] After the deconvolution procedure, one
can distinguish the highest intensity peak at c.a. 284.0 eV
corresponding to the carbon atoms forming C� C bonds in the
graphite sheets (sp2).[49] Another peak in the binding energy
range from 285.5 to 286.7 appears, which can be assigned to
carbon with sp3 hybridization, where the carbon atoms are
bonded to heteroatoms like oxygen (C� O) or nitrogen (C� N)[50]

or to hydrogen (C� H).[51] Next, peaks in the interval from about
288.0 eV to about 289.7 eV can be ascribed to the carbon of
carbonyl C=O and O=C-OH groups (e.g., quinone groups)[52] or
oxygen functionalities resulting from carbon surface oxidation
during leaching.[50] In turn, the peak at c.a. 291 eV reveals the
presence of a C� F bond formed due to the traces of the
electrolyte–LiPF6.

[53]

O1s peaks seen at 532.2 eV are characteristic of the C=O
bonding, and the following peaks at c.a. 534.0, 536.2, and
537.8 eV can be ascribed to the graphite C� O surface groups,
suggesting that it was partially modified during the leaching.[53]

In addition to the characteristic bonds for the carbon and
oxygen functional groups, Me� O bonds with an energy of
approximately 529.5 eV were also identified. The presence of
metal oxides was confirmed by deconvolution of the Co2p and
Mn2p spectra (data not shown). The presence of Co3+

(~780.0 eV) and Co2+ (~782.0 eV) as well as Mn4+ (~642.5 eV)
and Mn2+ (~640.8 eV) was detected. Additionally, it was found
that the peak at 778.5 eV can be assigned to the cobalt metal
state.[54,55] As mentioned earlier, the presence of S, P and N was
found in the investigated materials, their amount usually do not
exceed 0.5 At.%. Despite this, a spectra fitting procedure was
performed, and it was concluded that the S 2p peaks seen at

Figure 1. SEM images of the post-leaching spent battery powders recorded
with different magnifications for (a–b) Material 1, (c–d) Material 2, (e–f)
Material 3.

Figure 2. Energy Dispersive Spectroscopy (EDS) elemental maps of major
constituent elements of Materials (1–3). The colors point to the presence of
carbon (red), cobalt (green), oxygen (blue), and sulfur (light blue).

Figure 3. XPS survey spectra recorded for Material 1 (grey line), Material 2
(red line) and Material 3 (blue line).
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ca. 168.5–169 eV energy are characteristic of sulfate from a
leaching bath.[56] The F 1s peaks at 688 eV and 689.7 eV
indicated the presence of the C� F bonds and LiFP6.

[53] The P2p
peaks at c.a. 133.6 eV can be attributed to phosphates or
pyrophosphates, which may come from the traces of the
electrolyte not being completely washed and decomposed.[57]

The N1s peaks at c.a. 400 eV can be attributed to the nitrogen
forming C� N and C� NHx bonds.[50] These may come from the N-
residue of lithium nitrides formed by the reaction of nitrogen
with lithium either at the electrode in a Li-ion battery during
charging/discharging processes or during the leaching process
under the atmosphere.[58]

The elemental composition is similar for all materials based
on XPS measurements. The main chemical elements are carbon
(76–81.5%) and oxygen 11.6–16.5% (Table S1 in Supporting
Information). The content of cobalt varies from 0.7 to 0.2%. Mn
(0.2%) is only present in Material 2. Sulfur, nitrogen,
phosphorus, fluorine, silicon, and calcium are impurities origi-
nating from Li-ion battery electrolyte or leaching medium
(Table S1).

The Rietveld method was used to determine the sample
fraction content and phase unit cell parameters (see Figure S1
and Table 1). The graphite contents in crystalline phases are
99.1(7) wt.%, 87.9(6) wt.% and 92.0(7) wt.% for Materials 1, 2
and 3, respectively. Lithium cobaltate is the other crystalline
component. Importantly, Material 3 contains two different
phases – different in stoichiometry. The X-ray Diffraction (XRD)
phase analysis indicates that all samples consist of two types of
carbon crystalline phases condensed in graphite hexagonal
structure (Space Group (S.G.): P63/mmc) and lithium cobalt
oxide condensed in rhombohedral α-NaFeO2 structure (S.G.: R-
3 m) (Table S2).

Although the absolute value of the LiCoO2 unit cell
parameters reported in the literature varies (Table S2), the value
of the c/a unit cell ratio helps to estimate the stoichiometry of
the material. Thus, a c/a ratio close to 4.999 is typical for near-
stoichiometric materials, and this parameter increases with
decreasing Li content.[59] In other words, the smaller the amount
of Li in the unit cell, the higher the c/a observed. Therefore, one
may conclude that all lithium cobaltate (LCO) phases in Material
2 and c.a. 43% of LCO in Material 3 are near stoichiometric. On
the other hand, the LCO phase in Material 1 and the remaining
part of LCO in Material 3 consist of less lithium.

Raman spectra confirmed the presence of both well-
structured carbon materials and an amorphous fraction (Fig-
ure 4, Table S3). Bands related to amorphous carbon (D bands)

and graphite-specific (G bands) peaks are seen at Raman
spectra, in particular at ~482 cm� 1, ~1085 cm� 1 (hardly discern-
ible in Material 1), ~1347 cm� 1 (D band), ~1576 cm� 1 (G band),
~2331 cm� 1, the wide band ~2650 - 2900 cm� 1 includes the 2D
band (~2680 cm� 1). There are likely traces of heteroatoms and
oxidized compounds responsible for some other bands.

Signals corresponding to � CH and CH2 deformation vibra-
tions in the alkanes and alkenes, C� C stretching in alkene
straight carbon chains, C� H in-plane deformation of substituted
benzene, and in-phase � (CH2)n twisting may all be seen in the
1000–1300 cm� 1. Additionally, peak ~3178 cm� 1 is the most
intense for Material 2, ~2323 cm� 1 decreases significantly in
Material 1 with respect to 2 and 3 where its intensity is
comparable with this at 2425 cm� 1, bands ~1460, and
1525 cm� 1 are in Material 2, and 3 (practically not observable in
1), and intensity of this ~184 cm� 1 is higher for 2 than 1 and
nearly absent in 3. That can be correlated with the lowest
amount of heteroatoms and only traces of non-carbon com-
pounds in Material 3. Assignments of the most prominent peaks
are collected in Table S3.

The factors: the G/D ratio, the width at half-height, the
presence and intensity of the 2D band, and RBS (Raman Band
Separation), the difference between the positions of the G and
D bands used for the evaluation of the quality of carbon
materials,[60] presented in Table S4, confirmed that Material 3 is
a highly ordered material with fewer defects. The average G to
D (G/D) values together with different background cutoffs, were
calculated from the total area of deconvoluted peaks and their
intensity.

The G/D intensities ratio is considerably the highest in
Material 3, with peaks narrow and well-separated, indicating the
more structuralized morphology of carbon layers and the
higher degree of graphitization. It also contains the ~3250 cm� 1

weak bands typical for graphite reference materials. On the
contrary, the broadening of the 2 D peak in Material 1 indicated
the presence of numerous structural defects. Nearly the same
2D band position in all samples indicates no differences in

Table 1. Structural parameters of residue carbon-based Materials 1–3.

Material C (P63/mmc)
a, c [Å] %.wt

Material 1 a=2.4610(1)
c=6.7136(2)

90.1(7)

Material 2 a=2.4611(1)
c=6.7128(2)

87.9(6)

Material 3 a=2.4626(1)
c=6.7138(2)

92.0(7)

Figure 4. Raman spectra of the residue battery waste: Materials 1–3.
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elongation or strain. In all Materials 2D: G<1 is typical for
multilayered materials.

The difference between the positions of the D and G bands
was used to calculate the RBS factor. RBS for Materials 1 and 3
is equal to 232 cm� 1 and 219 cm� 1, respectively. Due to the
bands overlapping, it may be roughly estimated to be in the
range 184–219 cm� 1 for Material 2. RBS differences may result
from the layer stacking of the Materials, which has a lowering Rs

for the G band, and rising compressive stress, which has a
higher Rs for the D band.

To determine the pore size and volume of the studied
Materials, Barret-Joyner-Halenda (BJH) analysis was performed.
Material 3 exhibits the highest BET (Brunauer-Emmett-Teller)
and BJH (surface area) values (Table 2) with a higher pore
volume and a smaller pore size. This may result from the most
developed fluffy structure (Figure 1e, f). Material 2 exhibits the
lowest surface area, indicating a less developed structure, which
is also seen in SEM images.

ELECTROCHEMICAL STUDIES. Next, the electrocatalytic ORR
activity of the glassy carbon (GC) electrodes modified with
different post-leached battery waste powders was examined by

CV performed in Ar- and O2-saturated acidic and alkaline
solutions (Figure 5). CV curves obtained in O2 and Ar atmos-
pheres differ. For all tested Materials, the significant increase of
cathodic current at c.a. 0.2 V (acidic solution) and c.a. 0.05 V
(alkaline solution) is clearly seen in voltammograms recorded in
O2-saturated solutions (Figure 5, red curves). The ORR cathodic
peaks of electrodes modified with Materials 1–3 were between
� 0.2 V and � 0.07 V vs. SHE (0.5–0.64 V vs. RHE) in alkaline
media, which is more negative compared to pure rGO (0.73 V
vs. RHE)[61] and commercially used Pt/C (0.858 V vs. RHE).[62] In
an acidic solution, ORR peaks occurred between � 0.2 V and 0 V
vs. SHE (0.5–0.7 V vs. RHE), which is more negative in contrast
to Pt-DPC (0.91 V vs. RHE).[63] Moreover, there was a noticeable
shift (0.1–0.2 V) in the onset potential in comparison to the bare
GC electrode in the same conditions. (Figure S2). This effect is
smaller in alkaline solutions and it is an indication of the ORR
catalytic activity of LiBs’ waste. The value of the onset potential
and shape of the CV curve depend on the Material, which can
be related to the morphology of the catalytic material, its
wettability, and the distribution of the catalytic sites (see
below). Two cathodic peaks seen on CV curves recorded with
CG modified with Material 3 in an acidic solution may suggest a
two-step ORR.[64] Cathodic currents corresponding to ORR are
much higher for Materials 1 and 3 compared to Material 2,
which may suggest that there are a larger number of defects in
Material 1 or a higher graphitization level in Material 3.[65] The
minor cathodic current increases at negative potentials (Fig-
ure 5, black curves) recorded in Ar-saturated solutions can be
attributed to the hydrogen evolution.

In contrast to the acidic solution, a pair of the cathodic and
anodic peaks appears on CV curves at 0.3–0.6 V recorded in
both Ar- and O2-saturated 0.1 M KOH solutions, which can be
ascribed to Co2+/Co3+ redox couple.[66,67] For electrodes modi-
fied with Material 3 another anodic peak is seen at ca. 0.7–0.8 V.
Although the related cathodic peak is hardly visible, this signal
may be ascribed to the Co3+/Co4+ redox couple.[67] The
presence of these voltammetric signals confirms the presence
of redox-active cobalt oxide, as suggested above. The absence
of this signal in an acidic solution results from the solubility in
an acidic solution.[68]

To understand the ORR mechanism at LiBs’ waste, LSV with
RDE was performed (Figure S4). Based on the Koutecký-Levich
(K–L) equation:

1
i ¼

1
ik
þ

1
B w� 1=2 (1)

the number of transferred electrons (n) per one oxygen
molecule were calculated:[69]

n ¼
B

0:62FAD2=3 #� 1=6 Cox
(2)

where ik–kinetic current, ω - electrode rotating rate (rpm), F–
Faraday constant: 96 485 C mol� 1, A–electrode area: 0.071 cm2,
D–diffusion coefficient: 1.9×10� 5 cm2 s� 1 for O2 in 0.1 M HClO4

(1.98×10� 5 cm2 s� 1 in 0.1 M KOH)),[70] ν–kinematic viscosity

Table 2. BET and BJH parameters of battery waste powders.

Material 1 Material 2 Material 3

BET (m2 g� 1) 7.923 4.560 16.193

BJHads Surface area, (m2 g� 1) 6.402 5.056 13.904

BJHads Pore volume (cm3 g� 1) 0.018 0.0141 0.0217

BJHads Pore size (Å) 112.7 170.4 62.30

Figure 5. Cyclic voltammograms recorded for GC electrodes modified with
Materials 1–3 in Ar- or O2-saturated 0.1 M HClO4 (first column) or 0.1 M KOH
(second column) aqueous solutions; scan rate: 5 mVs� 1.

Wiley VCH Donnerstag, 27.06.2024

2499 / 357690 [S. 5/11] 1

ChemElectroChem 2024, e202400248 (5 of 10) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202400248

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202400248 by C
ochrane Poland, W

iley O
nline L

ibrary on [27/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(0.01 m2 s� 1),[70] and Cox is O2 concentration: (1.2×10� 3 mol dm� 3

in 0.1 M HClO4 and 1.48×10� 3 mol dm� 3 in 0.1 M KOH) at
298 K).[70] For the rotation speed in rad s� 1 unit, the constant B=

0.62 was adopted.
For Material 3, ORR follows a 2-electron pathway both in an

acidic and alkaline medium. The significant contribution of 4-
electron oxygen reduction is seen for Materials 1 and 2 in
alkaline and acidic electrolytes, respectively

(see Figure 6).
The relationship between LiBs’ waste and its ORR electro-

catalytic properties is not straightforward. It is known that the
higher level of graphitization of carbon (here: Material 3>
Materials 2>Material 1) increases its electronic conductivity,
which enhances charge-transfer processes and facilitates 4-
electron ORR.[71] Also, the higher level of topological defects
(Material 1) has a similar effect.[72] However, some Authors
demonstrated that carbon-based materials such as ordered
mesoporous graphitic carbon, mildly reduced graphene oxide,
and surface oxidized carbon nanotubes may exhibit 2-electron
ORR in alkaline media.[73] Moreover, doping carbon-based
materials with non-metal heteroatoms such as sulfur, fluorine,
or nitrogen facilitates the 2-electron ORR path.[74–76] Although its
role in the ORR mechanism is still being debated, it is believed
that at doped carbon, the active sites on the carbon atoms
adjacent to heteroatoms are generated and promote the
breakage of O=O bonds following the oxygen binding energy
modification.[77] Materials 1 and 3 contain a small amount of
nitrogen, which may be the reason for their higher ORR catalytic
activity compared to Material 2 (see below SECM). Furthermore,
Materials 1 and 3 exhibit more porous, well-developed
structures that may influence the mass transfer processes,
enhancing their ORR catalytic ability.[78] Some theoretical and
experimental research suggests that doping with the combina-
tion of the transition metal and non-metal of carbon materials
may enhance their 4-electron ORR catalytic activity by accelerat-
ing the rupture of oxygen double bonds to OOH* intermediate,
which further forms O* and OH* resulting in the 4-electron ORR
route. Therefore, enhancement of 2-electron ORR catalytic
activity requires the design of active sites to minimize cleavage
of the OOH* bond which can be achieved by introduction
oxygen-containing functionalities, such as carboxyl and epoxy
groups, into the carbon-based materials.[73] In conclusion,
application of acid leaching to recover spent LiBs’ waste as well
as the presence of nitrogen heteroatoms may increase the
amount of oxygen functional groups[79] promoting 2-electron
ORR at the residue carbon materials.

Finally, to eliminate the influence of the electrode and
ionomer support[80] we focused on ORR at the same Materials
assembled at the liquid-liquid interface.[34,80–83] For this purpose,
2 mL of a 5 mM DMFc solution in TFT was added to 2 mL of
1 mgmL� 1 suspension of post-leached Li-ion powder in aque-
ous 0.1 M HClO4.

[34] The flask experiments demonstrated that all
materials self-assembled at the liquid-liquid interface (Figure 7).
In all cases: including the blank experiment (in the absence of
LiBs’ waste) the sample organic phase was yellow due to
dissolved DMFc. However, after 3 h of experiments, the organic
phase turned green in all vials containing battery waste

Figure 6. Koutecký-Levich plots for Materials 1–3 (Blue line � 0.1 M HClO4,
green line � 0.1 M KOH) based on LSV recorded for GC electrode modified
with Material 1–3 at various rotation rates (Figure S4).
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(Figure 7a, 1–3), whereas no change of color was seen in a
blank experiment (Figure 7a, vial on the left). The change in
color (from yellowish to green) results from DMFc oxidation,
which corresponds to DMFc+ cations.[84] This indicates that
biphasic ORR is accelerated by all studied LiBs’ wastes.

To elucidate the mechanism of biphasic ORR, KI and starch
solutions were added to the acidic aqueous phase collected
from the glass vials after the experiment described above.
Solutions collected from the experiment with LiBs’ waste turned
violet (Figure 7b, 1–3) due to the oxidation of iodide to triiodide
by newly formed H2O2 resulting in the formation of a purple
complex of I3

� with starch.[84]

Next, SECM was employed to quantitatively estimate H2O2

generation efficiency at the liquid-liquid interface. As in our
previous study,[34] it was detected with the SECM approaching
the liquid-liquid interface with 20 μm steps, activated by cyclic
voltammetry in a wide potential range from � 0.3 V to 1.3 V vs.
the Ag wire quasi-reference electrode. The local concentration
of H2O2 (cH2O2) was estimated from the equation:

cH2O2 ¼
i

4�n�F�D�rð Þ (3)

where n=2, F - Faraday constant, D - diffusion coefficient D=

8.8×10� 6 cm2 s� 1,[85] and r - radius of the microelectrode=

11.5 μm.
As the SECM tip approaches the liquid-liquid interface,

cH2O2 increases, indicating that 2-electron ORR occurs close to
the liquid-liquid interface (Figure 8). It is significantly higher in
the presence of battery waste at the interface. The estimated
H2O2 flux calculated from the slope of the approach curve is
much higher for the battery waste modified interface:
0.11 nmolcm� 2 s� 1,[34] 0.014 nmolcm� 2 s� 1 and
0.144 nmolcm� 2 s� 1 for Material 1, Material 2 and Material 3,
respectively, as compared to the bare liquid-liquid interface
(0.0055 nmolcm� 2 s� 1).[34]

Due to the high (ca. 90%) degree of graphitization of LiBs’
battery waste, the self-assembled film or at least some of its
parts are electronically conductive. Therefore, one may say that
during the biphasic ORR with DMFc as an electron donor:

2DMFc ðTFTÞ þ 2Hþ ðaqÞ þ O2 þ 2ClO4
� ðaqÞ !

2DMFcþ ðTFTÞ þ H2O2 ðaqÞ þ 2ClO4
� ðTFTÞ

(4)

electron is not necessarily directly transferred between O2 and
protonated DMFc molecules.[86] There is a significant contribu-

tion of electron transfer between these species approaching
different sites of conductive particulate film. Perhaps O2

molecules approach LiBs’ waste film from both the “aqueous
side” and the “organic side”, whereas DMFc molecules approach
only from the “organic side”. The probability of such an event is
obviously much higher that the encounter of three chemical
species in the interfacial region. It must be emphasized that the
effect of assembled carbon-based conductive materials (re-
duced graphene oxide, graphene) assembled at the liquid-
liquid interface on ORR efficiency was earlier noted.[82,86]

Importantly, the catalytic activity of Materials 1 and 3 towards
biphasic ORR is one order higher than Material 2, which does
not correlate with the degree of their graphitization, affecting
LiBs’ film conductivity. However, the value of this parameter
(88–92%) does not depend much on the type of Material
(Table 2) and the film conductivity may be similar. It also
depends on the number of conductive paths formed, which
certainly depends on the morphology of the Materials. Interest-
ingly, the morphology of Material 2 is different than that of
Materials 1 and 3. It may affect its wettability by aqueous and
organic phases, thereby controlling the access of substrates to
the conductive elements of the film. The other possibility for
the differences in catalytic activity is the presence of cobalt
oxides (see above). However, it does not correlate with the
LiCoO2 fraction in LiBs’ waste (8–12% (Table 2)). Actually,
materials with the highest content of cobalt oxides are less
active. Overall, one may conclude that due to the number of
factors affecting LiBs’ waste catalytic activity towards biphasic
ORR, the selection of the most important ones is hard at the
moment.

In addition, the electrical conductivity of dried tablet-like
Materials 1–3 was measured, and the results show similar values
for all dried tablet-like samples (Table 3). The highest value for
Material 2 may refer to a larger pore size, while the effect may
differ in an aqueous solution also depending on the pH. At the

Figure 7. a) Vials with 5 mM DMFc solution in TFT (bottom) and 0.1 M HClO4

aq. (top) after 3 hours of experiment; and b) Aqueous phase collected from
the vials after addition of KI and starch solutions. Numbers of vials
corresponds to numbers of materials (0–blank).

Figure 8. SECM approach curves recorded in the presence (red curve and
blue) and absence (blue curve) of battery waste powder in a biphasic system
as described above.
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same time, the graphitization is higher for Material 3, but lower
pore sizes and cobalt-based compounds can cause lower
electrical conductivity compared to Material 2. However, the
results obtained with the four-probe setup are higher than the
values presented in the literature for carbon-based materials,
which is related to differences in the composition and structure
of the leached materials (Table 3).

Conclusions

The electrochemical results (CV, RDE, SECM) combined with
surface composition analysis (SEM, XPS, Raman Spectroscopy,
XRD, BET) uncovered the relationship between the morphology
(nanostructures) and chemical composition of battery waste
and its ORR catalytic capabilities. The obtained results also point
out the role of unleached LiCoO2 from LiBs’ waste as a catalyst
for electrochemical ORR. This approach may be useful for its
recycling unless efficient and environmentally friendly recovery
procedures are proposed.[87] This work confirmed the ORR
catalytic properties of cobalt and graphitic-based materials.
Moreover, it was shown that well-developed carbon nano-
structures prompt oxygen reduction reaction. In addition, the
research proved that the more structured morphology of
carbon layers leads to a higher degree of graphitization
(crystallinity), which also leads to increased oxygen reduction.

Materials and Methods

Materials. HClO4 (ACS reagent, 70%), α,α,α-trifluorotoluene
(TFT) (anhydrous,�99%), Nafion 117 solution (~5% in a
mixture of lower aliphatic alcohols and water) and glutaric acid
(for synthesis, Merck KGaA) were purchased from Sigma Aldrich
and were used as received. Decamethylferrocene (DMFc) (99%)
was supplied by ABCR GmbH & Co KG (Germany) and KOH

(analytical grade) by POCH, H2O2 (30% analytical grade) and
H2SO4 (96% analytical grade) were received from STANLAB
(Lublin, Poland). Argon and oxygen gases (99.999% purity)
were supplied by LINDE GAS POLAND. Deionized water purified
with HYDROLAB with ion columns or with Arium® Comfort Lab
Water System (Sartorius) was used to prepare solutions for CV
and LSV experiments and SECM studies, respectively.

Recovery of metals and carbon materials from spent Li-
ion batteries by acid-leaching. The substrate battery waste
material was a mixed waste stream of spent laptop LiBs from
various producers, including Samsung, HP, Acer, and Asus.
Spent LiBs were mechanically disassembled and segregated
into individual fractions. The anodic and cathodic masses of
spent LiBs from various producers were mixed to obtain
homogenous material, and to determine its composition, the
ICP OES analysis was performed (Figure S6). Then, 10 g of dry
anode and cathode powder was treated with 100 mL of
leaching bath based on 5.0 M H2SO4 aq. and containing
reducing agents: H2O2 or glutaric acid or both (see Table 4) for
2 h under stirring (c.a. 500 rpm) at 90 °C. The carbon residue
was filtered and washed with deionized water (see[88] for
details).

The morphology and composition experiments. The
morphology of the recycled materials was characterized by the
Scanning Electron Microscope (SEM) - FE-SEM Merlin (Zeiss)
equipped with a Gemini II column (Stuttgart, Germany). This
device worked in a low kV value range (0.5–1.5 kV) with a low
probe current of 10–20 μA. Energy Dispersive X-ray Spectro-
scopy (EDS) was used for the elemental analysis of the solid
Materials. The chemical composition of post-leaching residues
was determined with X-ray Photoelectron Spectroscopy (XPS)
using the Al Kα non-monochromated radiation (1486.6 eV) as a
source with a maximum resolution of 0.83 eV (Microlab 350,
Thermo Electron). X-ray Diffraction patterns were collected with
a laboratory diffractometer (X’Pert Pro Alpha1 MPD, Panalytical)
equipped with a Cu X-ray tube, a primary beam Ge (111)
Johanson monochromator, and a position-sensitive linear semi-
conductor detector (X’Celerator). The Raman spectra were
collected on DXR Raman Microscopy (Thermo Scientific) with
the standard green laser line (532 nm, 10 mW). The exposure
time was 12 s for Material 1 or 50 s for Materials 2 and 3,
respectively. The aperture was 50 μm, and the repetition was 50
for each place (>10) tested materials. The average signal was
then filtered, normalized, and the background cut off. For the
spectra analysis, the following software: OMNIC (together with
the libraries), ORIGIN and authors’ Python scripts (signal
deconvolution, peak search, and calculation of a surface area)
were used. In addition, different background approaches:

Table 3. Electrical conductivity of carbon based materials.

Material d
(cm)

I (mA) Electrical conduc-
tivity (Scm� 1)

Ref.

Carbon rode:elec-
trode paste (9:0)

0.15 0.50
0.55
0.60

0.6889
0.6804
0.6824

[94]

Carbon rode:elec-
trode paste (7 : 2)

0.14 0.50
0.55
0.60

2.7501
2.7533
2.7535

[94]

Porous hollow car-
bon spheres

0.125 0.0058 2.22 [95]

Material 1 0.22 0.50
0.75
1.00

2.44�0.04
2.93�0.02
3.35�0.02

This
work

Material 2 0.22 0.50
0.75
1.00

2.35�0.03
2.91�0.09
7.56�1.12

This
work

Material 3 0.24 0.50
0.75
1.00

2.47�0.04
2.90�0.05
3.51�0.03

This
work

Table 4. Leaching baths for Materials 1–3.

Material 1 Material 2 Material 3

5.0 M H2SO4

+0.9% v/v
H2O2

5.0 M
H2SO4

+0.38 M
glutaric
acid C5H8O4

5.0 M H2SO4 +0.9% v/v H2O2

+0.38 M glutaric acid C5H8O4
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OMNIC standard, adaptive iteratively reweighted penalized least
squares (AIRPLS),[89] asymmetrically reweighted penalized least
squares (ARPLS),[90] asymmetric least squares smoothing (ALSS)
and its update,[91,92] were tested and compared, and the average
quantitative parameters were taken. Brunauer-Emmett-Teller
(BET) surface area analysis was conducted by ASAP 2020 -
Micromeritics Instrument Corporation. Nitrogen adsorption/
desorption were performed at 77 K. The electrical conductivity
of the materials was measured using four-probe method using
JANDEL RM3 setup.

Electrochemical experiments (cyclic voltammetry (CV) and
linear sweep voltammetry (LSV)) were performed with Ivium
potentiostat (Ivium Technologies, Netherlands) in a standard
three-electrode cell. The static glassy carbon (GC) disc electrode
(0.0314 cm2, Mineral, Poland) and GC rotating disc electrode
(RDE) (0.071 cm2, Radiometer Analytical) served as working
electrodes in CV and LSV experiments, respectively. The Ag j
AgCl jKCl 3 M electrode (Mineral, Poland) or Hg/HgO electrode
(Mineral, Poland) were used as a reference electrode in acidic or
alkaline media, respectively. Their potential was recalculated vs.
the SHE electrode. As a counter electrode, platinum wire was
employed in all experiments. GC electrodes were modified with
the suspension of 10 mg battery waste powder suspended in
20 μL of 5% Nafion solution as recommended.[44] Voltammetric
experiments were performed in 0.1 M HClO4 and 0.1 M KOH
aqueous solutions, after 30 min of purging either with Ar or O2.
SECM with a Pt disc probe (11.5 μm radius, Goodfellow,
England) was employed for the determination of H2O2 at the
liquid-liquid interface formed by DMFc solution in TFT and
0.1 M HClO4 aqueous solution following the procedure applied
in our preliminary study.[34] Pt microelectrodes were prepared
by sealing a Pt wire in borosilicate capillaries using a Narishige
PC-10 capillary puller.[93] The Rg ratio of the Pt tip was ca. 6.5.
Before SECM experiments, Pt tips were polished with sandpaper
and alumina slurry (0.3 μm and 0.05 μm).

Supporting Information

Supporting Information contains some additional data concern-
ing structural and composition analysis (XPS, XRD, Raman
Spectroscopy, BET) and electrochemical studies (CVs for bare
GC electrodes and LSV measurements for GC modified with
battery waste Materials).
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This paper demonstrates the utiliza-
tion of Li-ion battery waste as an
efficient electrocatalyst for ORR. The
studies show that the waste powder
compositions and structures, e.g.,

porosity, heteroatom presence, level
of defects, and graphitization, have a
significant impact on its catalytic
activity towards 2-electron ORR.
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