Electrochemistry Communications 136 (2022) 107239

Contents lists available at ScienceDirect

electrochemistry
communications

Electrochemistry Communications 77

journal homepage: www.elsevier.com/locate/elecom

ELSEVIER

Full Communication

Hydrogen peroxide generation catalyzed by battery waste material

lb,c

Magdalena Warczak *, Magdalena Osial ¢, Weronika Urbanska . Marcin Pisarek ?,

Wojciech Nogala®, Marcin Opallo ™"

2 Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland

Y Faculty of Chemistry, University of Warsaw, Warsaw, Poland

¢ Department of Theory of Continuous Media and Nanostructures, Institute of the Fundamental Technological Research, Polish Academy of Sciences, Warsaw, Poland
4 Faculty of Environmental Engineering, Wroclaw University of Science and Technology, Wroclaw, Poland

ARTICLE INFO ABSTRACT

Keywords:

Hydrogen peroxide

Lithium-ion battery waste

Oxygen reduction

Scanning electrochemical microscopy (SECM)
Liquid-liquid interface

Lithium-ion battery (LiB) waste powder is a valuable source of various materials, including carbon and metals.
Although this material exhibits electrical conductivity, nanostructured morphology, and may contain metal
oxides, it has not been used as an electrocatalyst. Here, we demonstrated the application of LiB waste powder as a
catalyst for electrochemical HyO, generation. The powder was both immobilized on a glassy carbon (GC)
electrode and assembled at a liquid-liquid interface formed by decamethylferrocene (DMFc) solution in tri-
fluorotoluene and aqueous perchloric acid in the presence of oxygen. The electrochemistry was studied by cyclic
voltammetry and also with a rotating disk electrode (RDE), and a 2-electron ORR pathway was confirmed. HyOy
generation at the liquid-liquid interface and oxidation of DMFc were detected by colorimetry, UV-vis spec-
troscopy and scanning electrochemical microscopy (SECM). The use of LiB waste powder reduces the ORR onset
potential by ca. 0.3 V compared to an unmodified GC. When assembled at a liquid-liquid interface the waste

powder increases the efficiency of HoO2 generation by ca. 20 times.

1. Introduction

The oxygen reduction reaction (ORR) is one of the most important
reactions related to chemical energy conversion and storage [1]. 2-elec-
tron ORR produces H203 and can be employed for the sustainable
generation of this chemical [2]. There is a strong demand for Hz0,
because of its oxidative and bleaching properties. It is regarded as a
versatile green oxidant and is commonly used in organic chemistry [3].
H,0; is also widely used as an active component of disinfectants and
antiseptics and as an agent for the removal of tastes and odours from
water [4-6]. Recently its application as a fuel and oxidant in fuel cells
has been demonstrated [7-9]. On a commercial scale, HyO5 is produced
via the environmentally hazardous anthraquinone method [10].

By contrast, carbon-free methods like electrochemical ORR [1] are
environmentally friendly. Electrons can be delivered from an external
voltage source [11], via photocatalytic oxidation of various hole scav-
engers [12,13], or both [14]. ORR is thermodynamically favourable in a
non-aqueous environment [15,16] and produces Hy0; in an acidified
organic solvent [17,18], or at the liquid-liquid interface formed by an
organic solvent and an acidic aqueous solution [16,19]. In the latter
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case, a sacrificial electron donor from the organic phase reduces oxygen
in the presence of protons from the aqueous phase. ORR [20] and other
biphasic reactions such as interfacial electron transfer [21,22],
hydrogen evolution [23,24] and water oxidation [25] are accelerated by
conductive nanoparticles generated/assembled at a liquid-liquid inter-
face providing numerous electron paths. Here we will demonstrate that
leached lithium battery (LiB) waste powder can be employed to increase
the efficiency of HyO generation in a biphasic system, namely at lig-
uid-liquid and electrode-electrolyte interfaces.

The LiB waste is obtained as a by-product when processing the
electrodes of lithium batteries to recover lithium and transition metals
[26-28]. As the waste consists of carbon and traces of cobalt, it seems to
be a good candidate for a 2-electron ORR (electro)catalyst [29,30]. Here
we show that LiB waste leached with acids for selective removal of
metals can be assembled at the liquid-liquid interface formed by
a,a,0-toluene (TFT) and an acidic aqueous solution. TFT can be used
instead of the 1,2-dichloroethane [31,32] earlier proposed for biphasic
Hy0, generation [19]. The progress of the reaction was monitored by
colorimetry, UV-vis spectroscopy and scanning electrochemical micro-
scopy (SECM). Additionally, we show that the same material deposited
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on an electrode surface promotes 2-electron ORR in an acidic aqueous
solution with a significant decrease in overpotential.

2. Materials and methods
2.1. Materials

HySO4 (96%, analytical grade) and H205 (30%, analytical grade)
were purchased from STANLAB. TFT (>99 %), HClO4 (ACS reagent,
70%), a Nafion 117-containing solution (~5% in a mixture of lower
aliphatic alcohols and water) and starch were supplied by Sigma
Aldrich. Decamethylferrocene (DMFc) (99%) was obtained from ABCR
GmbH & Co KG. KI (p.a.) was purchased from POCh. Argon and oxygen
gases were supplied by MULTAX S.C. Deionized water with a resistivity
of 18.2 MQ-cm (Arium® Comfort Lab Water System, Sartorius) was used
to prepare all solutions.

2.2. Methods

Images of the LiB powder were obtained using a scanning electron
microscope (SEM) — FE-SEM Merlin (Zeiss) equipped with a Gemini II
column working in a low kV value range (0.5-1.5 kV) with a low probe
current (10-20 pA). The chemical composition of this material was
examined using X-ray photoelectron spectroscopy (XPS) with a Microlab
350 (Thermo Electron) using AlKa non-monochromatic radiation
(1486.6 eV) as a source, with a maximum resolution of 0.83 eV. UV-vis
absorption spectra of the organic and aqueous phases were recorded
using a Perkin Elmer Lambda 35 spectrophotometer.

Spent lithium-ion batteries were collected from laptops of various
brands, including Samsung, Toshiba, Lenovo, and Hewlett-Packard. The
electrodes were separated manually (10 g of dry mass washed with
water) and treated with reducing and leaching agents (30% H2O2 so-
lution in 1.5 M aqueous H3SO4) [27]. The post-leaching LiB waste
powder was then washed with deionized water, dried and ground to
homogenize it.

SECM and voltammetry were performed with an Ivium Bipotentio-
stat (Ivium Technologies, Netherlands) using a three-electrode system.
In the SECM experiments, Pt microelectrodes (ca. 25 pm diameter,
Goodfellow, England) immersed in the aqueous phase were used as a
SECM probe, while a silver wire served as a pseudo-reference electrode
to avoid the contribution of chloride ion oxidation to the measured
current. For the voltammetric experiments, a glassy carbon (GC) disc
(0.00785 cm?) working electrode was covered by LiB powder in a Nafion
film, prepared by dropping 1.5 pL of a powder dispersion of 5 mg in 10
uL of 5 % Nafion solution. Rotating disc electrode (RDE, Radiometer
Analytical) voltammetry was performed on larger (0.07 cm?) modified
GC electrodes at various rotation speeds. Ag|AgCl|KCl 3 M was used as
the reference electrode. In all experiments, a Pt wire served as the
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counter electrode.
All experiments were performed at room temperature.

3. Results and discussion

The SEM images of LiB powder reveal its heterogeneous granular
structure (Fig. 1). On a solid surface these granules (50-100 nm)
agglomerate to form irregularly sized and shaped clusters of greater size,
up to 10 pym.

Analysis of the XPS spectra (Fig. S1 in the Supplemental file) shows
that carbon (76%) and oxygen (16.5%) are the main components of the
LiB powder. It also contains nitrogen (0.3%), phosphorus (0.3%) and
fluorine (2.0%), from the LiPFg electrolyte and the products of its
decomposition. Sulphur (4.2%) comes from the HoSO4 used for leaching
and cobalt (0.6%) is the only metal left in measurable amounts.

The electrocatalytic properties of LiB powder towards the ORR were
studied on two different supports: immobilized in the ionomer matrix on
a glassy carbon (GC) electrode, and floating at the liquid-liquid inter-
face. Both the electrode and the organic phase were in contact with the
same acidic aqueous electrolyte. The cyclic voltammetry experiments
with a LiB powder-modified GC electrode were performed in deoxy-
genated (after 1 h of purging with Ar) and oxygenated (after 30 min of
purging with O5) conditions in a sealed electrochemical cell (Fig. 2a).

The onset potential of the cathodic current seen in the Oy-saturated
electrolyte indicates a ca. 0.3 V decrease in ORR overpotential when
using LiB waste powder, compared with the bare GC electrode (the
vertical blue dashed line in Fig. 2a shows the ORR onset potential). The
shape of the cathodic wave with plateau currents indicates a lack of Oy
depletion adjacent to the catalyst. The value of the current density (-0.4
to —0.5mA cm2) indicates a large modified electrode surface. The Tafel
slope is quite high, ca. 100 mV higher than seen on platinum in the same
electrolyte [33]. No significant HER overpotential decrease is seen in the
absence of O,. Two other effects are seen on CV curves recorded on
modified electrodes. The capacitive current in a potential region where
no faradaic reaction occurs is 10 times higher than that recorded on GC
electrodes, indicating a significant enlargement of the conductive sur-
face by LiB waste deposition. Also, at a potential above 0.4 V, a
reversible redox couple is seen, which can be ascribed to the Co?™/3*
redox couple [34].

To evaluate the kinetics of ORR on LiB powder-modified electrodes,
voltammetric experiments were conducted using a RDE (Fig. 2c). The
number of transferred electrons (n) per O, molecule was calculated
according to the Koutecky—Levich equation [35]:

L1,
o1 1
i ik+Bw M
B = 0.62nFAD*?97'/C,, )

Fig. 1. SEM images of post-leaching waste LiB powder (different magnifications).
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Fig. 2. (a) Cyclic voltammograms recorded with a bare GC (grey curve and
inset) and with a GC modified with LiB powder in Oj-saturated (red) and Ar-
saturated (black) aqueous 0.1 M HClOy4, scan rate: 5 mV s~1; vertical blue
dashed line — ORR onset potential (b) Tafel plot obtained from voltammograms
recorded with a LiB waste-modified electrode at 1 mV s™! in an O,-saturated
electrolyte; (c) Linear sweep voltammograms recorded for LiB powder-modified
GC RDE at various rpm values in Os-saturated 0.1 M HCIO,4 with a scan rate of
20 mV s~! and the corresponding Koutecky-Levich plot of the currents at —0.2
V vs. Ag/AgCl electrode (inset). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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from the current (i) at —0.2 V, where iy is the kinetic current, o is the
electrode rotation rate (rad s_l), F is the Faraday constant (96 485C
mol’l), A is the electrode area (0.07 cmz), D is the diffusion coefficient
(1.9 x 107 cm? s~ for 0, in 0.1 M HCIO4 [36]), v is the kinematic
viscosity (0.01 m?s for0.1M HCIO4 [36]), and Cyy is O, concentration
(1.2 x 103 mol L' in 0.1 M HClO4 [36]) at 298 K. From the slope of the
K-L plot, it can be concluded that ORR at the LiB waste follows a 2-elec-
tron path and HyO5 is generated.

Having established the electrocatalytic activity of LiB waste powder
towards the ORR, experiments were conducted in the biphasic system.
When 5 mM DMFc solution in TFT (2 mL) was injected to the bottom of a
flask containing an aqueous (2 mL of 0.1 M HClO,4) suspension of LiB
powder (1 mg mL’l), a nanostructured material sedimented at the
liquid|liquid interface (Fig. 3a, b). In the absence of LiB waste powder
almost no change in the colour of the organic phase was observed within
3.5 h, whereas in the presence of this material, the TFT solution turned
green, indicating the formation of blue DMFc™ cations (Fig. 3a, b). This
is confirmed by the decrease in the absorption band at A = 425 nm and
the appearance of an absorption band at A = 779 nm, together with the
appearance of shoulders at a lower wavelength in the UV-vis spectrum
(Fig. 3c) [19]. These changes are significant only in the presence of LiB
waste powder. After adding KI and starch, a sample of the aqueous phase
collected from the reactor with post-leaching LiB powder turned violet: a
colour characteristic of a starch-Is” complex, an indicator of H,O2 gen-
eration [32]. This was confirmed by the appearance of an absorption
peak at A = 330 nm in the UV-vis spectrum, characteristic of triiodide
(Fig. 3d).

The above results and earlier findings [37] indicate that the studied
reaction can be described as follows:

2DMFc (TFT) + 2H+ (aq) + 02 + 2C104- (aq) - ZDI\/IFC+ (TFT) + H202 (aq) +
2CI04” (tFT) 3

Clearly, the presence of LiB waste assembled at the interface accel-
erates this reaction. In order to quantitatively estimate the catalytic ef-
fect of LiB waste, the efficiency of HyO, generation was estimated by
SECM. Cyclic voltammograms were recorded as the SECM tip
approached the liquid-liquid interface in 20 pym steps in the potential
range from —0.4 V to 1.4 V vs. the Ag-wire quasi-reference electrode at a
scan rate of 100 mV s~ . This procedure was applied to avoid the gradual
loss of Pt activity towards oxidation of HoO5 [38]. The anodic current at
potentials above 0.8 V corresponds to HyO2 electrooxidation and is
larger when the SECM tip approaches the liquid-liquid interface
(Fig. 4a). Approach curves were constructed from the values of the
diffusion limiting current (i) at 0.9 V at every vertical position of the
SECM tip. From these values, local HyO, concentrations (c(H202)) were
calculated:

c (Hzoz) :m 4

where F is the Faraday constant, r is the radius of the microelectrode
(11.42 pm), D is the diffusion coefficient of HyO, (8.8 x 10°% cm?s™)
[39] and n is the number of electrons transferred per analyte molecule
(2).

As the SECM tip approaches the liquid-liquid interface c(H203) in-
creases and its value is significantly larger in the presence of the
assembled LiB waste powder (Fig. 4b): The flux of HyO5 (Ju202) calcu-
lated from the slope of the approach curve (0.11 nmol cm ™2 s 1) is ca. 20
times higher than that at the bare interface (5.5 pmol cm 2 s_l)
(Fig. 4b).

4. Conclusions
We have demonstrated that post-leaching LiB powder assembles at

the liquid-liquid interface and exhibits catalytic properties towards 2-
electron ORR in the presence of the strong electron donor DMFc in the
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Fig. 3. Results of flask experiments (see text for details): (a) freshly prepared; (b) after 3.5 h. The bottom (organic) phase consisted of 5 mM DMFc in TFT and the
upper (aqueous) phase consisted of 0.1 M HClO4. UV-vis spectra of (c) the organic phase and (d) the aqueous phase after the reaction and addition of KI and starch.
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Fig. 4. (a) Examples of cyclic voltammograms recorded as the SECM Pt tip approaches the liquid-liquid interface in 20 um steps with a scan rate of 100 mV s~'. The
red curve was recorded closer to the liquid-liquid interface than the black one (b) SECM approach curves recorded in the presence (red curve) and absence (blue
curve) of LiB powder in the 5 mM DMFc in TFT/0.1 M HClO4 biphasic system. The SECM experiments were conducted 15 min after mixing the organic and aqueous
phases in both cases (with and without LiB waste powder). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

organic phase. This indicates that not only noble metal nanoparticles solution. At the moment, it is unclear whether this catalytic effect results
catalyse this reaction [22]. Also, the data obtained with LiB powder- from the presence of carbon as the main component of LiB waste and/or
modified electrodes indicate 2-electron ORR stoichiometry and a sig- cobalt oxide. Both materials are known to catalyse 2-electron ORR
nificant decrease in the overpotential versus glassy carbon in acidic [29,30]. These results demonstrate a prospective use for the waste left
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after transition metal recovery from lithium battery electrodes. Studies
of the application of these materials for ORR in alkaline solution, and of
the effect of LiB composition, especially the nature of the carbonaceous
material, are underway.
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