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Abstract: Oxygen Reduction Reaction (ORR) catalysts, from waste automobile tyres obtained from
Microwave assisted pyrolysis (MAP), were enriched with Co and Cu using the simple treatments
sonochemical and electrochemical deposition. Catalytic activity was evaluated through onset
potential and number of exchanged electrons measurements. Electrochemical data demonstrate an
improvement in catalytic activity of the electrochemical modified char with Co. Char electrodes
enriched with Co show a maximum positive shift of 40 mV with respect to raw char electrodes
with a number of exchanged electrons per O, molecule close to 4 (as for Pt) for the best sample.
This corresponds to a reduction of the production of unwanted oxygen peroxide from 23% for raw char
to 1%. Sample structure evolution before and after electrochemical deposition and electro-catalysis
was investigated by scanning transmission electron microscopy and XPS. Such electrochemical
treatments open new possibilities of refining waste chars and finding an economic alternative to
noble metals-based catalysts for alkaline fuel cells.

Keywords: ORR; waste-tyres; electrodeposition; cobalt

1. Introduction

End of life tyres (ELTs) show a difficult disposal and recycling process. Their methods of recovery
can be divided in three main types: physical, chemical and thermal. In the last method, we seek
a way of recovering energy from ELTs using pyrolysis [1]. As a result of this process, chars are
obtained as discard products. During pyrolysis, thermochemical decomposition stimulates a series
of radical chain reactions that deconstruct polymers into smaller compounds [2]. The presence of
carbon black, an excellent absorber, employed as filler in ELTs, enables the use of microwave pyrolysis,
in which electromagnetic energy is transformed into thermal energy [3], and allows uniform heating [4].
Chars obtained by pyrolysis can be used to produce electrocatalysts for fuel cells. Their catalytic
activity depends on the presence of metals that speed up the ORR kinetics [5] coupled with their high
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porosity that allows to absorb large oxygen amounts [1,6-11]. In previous studies, the ORR efficiency
was stated to depend on the power/mass? (P/M?) ratio obtained through pyrolysis: a higher P/M? ratio
leads to an increase in catalytic activity due to an increase in chars porosity [12].

The aim of this work was to improve the activity of raw chars using simple and cheap methods.
Considering the catalytic activities of single metals in chars, Co and Cu show a synergic activity:
the first one assists the electron transfer and the second enhances oxygen adsorption onto the electrode
surface; in particular, Co is able to break the O-O bond of O, molecules, accelerating the first reaction
step of ORR [5].

In the electrochemical potential range used to study ORR in alkaline electrolytes, the Co surface is
partly oxidised to Co(OH); [13,14]: the hydroxide promotes a two-electron pathway and shows an
autocatalytic mechanism with an intermediate step, where oxygen is again formed [15-17].

The development of nanomaterials in electrochemistry has burgeoned in the last decades,
specifically in electrodes production [18-20]. Modified electrodes appear to be better than
macroelectrodes on different aspects, such as increased mass transfer, catalytic efficiency, active sites
and superficial area [21]. The cheapest electrodes can be produced by doping cheap materials with
nanoparticles [22] which can increase peak current and reduce overpotential promoting reaction
kinetics [23,24]. Particles at the nanometre scale can be obtained by using different ways: (i) chemical
reduction from colloidal solution; (ii) electrodeposition [25]; and (iii) sonochemical reduction. In this
work, we applied the last two methods to increase cobalt and copper amount in ELTs chars.
During electrochemical deposition, a potential on the working electrode is applied to produce the
necessary current to reduce ions [26]. The metal mass deposed on the electrode is directly proportional
to the total charge and its equivalent weight according to Faraday’s first law [27]. Among the
advantages of electrodeposition there is the chance of working in easy conditions of pressure and
temperature. In addition, it represents a good method to limit the amount of deposited metals,
allowing the formation of thin and homogeneous deposits. Glassy carbon electrodes modified with
electrochemical deposition of small amounts of Co have shown an increase in their catalytic activity in
ORR in an alkaline medium [28]; specifically, a shift to more positive values in the onset potential and
in the limit current is observed. Sonochemical reduction of precious metals [29,30] has been reported
to allow an easy and inexpensive deposition method for thin layers of nanoparticles over mesoporous
materials as activated carbon without obstructing pores [31]. The dimension of nanoparticles depends
on the type of surfactant used and its concentration [32].

In this study, for the first time, we combined the use of cheap electrodes made of chars obtained
from recycled tyre waste with the enrichment of earth abundant (and cheap) metals, namely Co and
Cu. We report on the optimisation of metal enrichment by comparing deposition methods and effective
amount of metal deposited with their electrocatalytic performance. In addition, the evolution of
deposited materials on the optimised electrode before and after electrocatalysis was monitored using
scanning transmission electron microscopy (STEM) and X-Ray photoelectron spectroscopy (XPS).

2. Materials and Methods

Char materials were obtained from Michelin tyres (model Agilis 81 195/65 R16C) using the
experimental conditions defined in [33]. Tyres were fragmented and dried in an oven with a
temperature of 65 °C for 48 h. Dried fragments were pyrolysed in a microwave oven MW Lab
Unit (Microglass) working at 2.45 GHz with a maximum power of 2.4 kW. The solid residue was
homogenised obtaining raw chars. The sample with the highest power/mass? (P/M?) ratio during
pyrolysis (see [12]) was labelled “CHraw” and was selected for the metal enrichment process below.
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2.1. Deposition Technigues

2.1.1. Sonochemical Deposition

Sonochemical deposition was applied to the CHraw sample following the experimental procedures
reported in [34,35]. Co nanoparticles were prepared from an aqueous solution 0.2 M of cobalt hydroxide
carbonate (Co,CO3(OH),) with the addition of citric acid 0.05 M to favour the carbonate dissolution
and control nanoparticles’ structure and dimensions. Similarly, Cu nanoparticles were prepared from
a similar solution with CuCl,.

A volume (5 mL) of ethanol and 25 mg of chars were added to the solution and then sonicated
for 90 min. At the end of the deposition, samples were dried and centrifuged at room temperature to
speed up the drying process to obtain two sets of samples: char with sonochemically deposited Cu
and Co labelled, respectively, “CHscCu” and “CHscCo”.

2.1.2. Electrochemical Deposition

Electrochemical deposition of Co was performed using a char based ink (using sample CHraw)
and dropcasting on a glassy carbon electrode, using the method described in [28]. To determine the
optimal potential and experimental conditions for the deposition, a cyclic voltammetry on the ink
in a solution of 5 x 1073 M Co (II)in buffer solution NH;OH/HCIO, (pH = 9.2) (see Figure S1) was
performed. The deposition was then conducted through chronoamperometry with a constant potential
of =850 mV (vs. Ag/AgCl in KCl sat.) under constant magnetic stirring. Before the deposition, to clean
the deposited ink surface, a linear scanning voltammetry of stripping from —750 to 600 mV (vs. Ag/AgCl
in KCl sat.) with a scan rate of 10 mV/s, in a cleansing solution, was performed. The electrode was
transferred in a beaker containing 50 mL of Co (II) solution, previously flushed with N, for 30 min.
Chronoamperometry with a constant potential of -850 mV (vs. Ag/AgCl in KCl sat.) was performed
as a function of time to make a cobalt electrochemical deposition series with electrodepositions lasting
5,15, 30, 60 and 90 s (see Figure S2). The resulting samples were labelled as “CHecCo5s”, “CHecCo15s”,
“CHecC030s”, “CHecCo60s”, and “CHecC090s”, respectively. The amount of Co deposited on the
electrode was calculated by Faraday’s laws of electrolysis and measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (see Section 2.2.1). Deposited quantities are reported in
Table 1. The stability of the deposited material was confirmed by stripping linear sweep voltammetry
(LSV) where no dissolution peak is observed (as shown in Figure S3).

Table 1. Deposited charge related to different Co deposition time and associated deposited mass
per electrode.

Sample Time (s) Charge (C) Deposited Mass (mg)

CHecCobs 5 1.97 x 103 6.02 x 1074
CHecCo15s 15 3.67 x 1073 1.12x 1073
CHecCo30s 30 5.874 x 1073 1.79 x 1073
CHecCo60s 60 7.36 x 1073 2.25 %1073
CHecCo090s 90 1.017 x 1072 3.11 x 1073

2.2. Characterisation

2.2.1. ICP-AES

Metal content deposition was evaluated through ICP-AES analysis, carried out using a microwave
mineraliser, (CEM Mars Xpress) and a spectrophotometer with inductively coupled argon plasma
(Perkin Elmer Optima 2000 OES DV). The results are reported in Table 2.
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Table 2. Metal content from ICP-AES analysis after sonochemical (CHsc) and electrochemical (CHec)
deposition of Cu and Co on CHraw. Values in ppm (mg/kg) and mg present in 20 uL of ink.

Sample Cu (ppm) Cu (mg) Co (ppm) Co (mg)

CHraw 38.5 8.47 x 107° 162 3.56 x 107>

CHscCu 1140 221 x 1074

CHscCo 235,000 5.17 x 1072
CHecCo5s 1800 3.96 x 1074
CHecCo15s 4710 1.04 x 1073
CHecCo30s 7140 1.57 x 1073
CHecCo60s 13,600 2.98 x 1073
CHecC090s 19,485 427 %1073

2.2.2. Scanning Transmission Electron Microscopy

Samples for STEM analyses were prepared by finely crushing powders of electrode material and
depositing them directly onto (10 nm) holy carbon films supported by standard TEM copper grids
following the procedure described in [36]. STEM analyses were performed using a double aberration
corrected scanning/transmission electron microscope operating at 200 KeV (JEM 2200FS, JEOL Japan
Ltd.). High angle annular dark field (HAADF) STEM images were obtained using an inner collection
semi-angle of 70 mrad and an outer collection semi-angle of 180 mrad. STEM energy dispersive X-ray
(EDX) analyses were done using a 100 mm? UltraDry windowless EDX silicon drift detector and the
Pathfinder™ X-ray microanalysis software (Noran system 7, Thermo Fisher Scientific Inc.) for data
analysis and display.

2.2.3. X-ray Photoelectron Spectroscopy (XPS)

XPS was done in ultra-high vacuum conditions (UHV) with an Al Ko X-ray source at 1486.6 eV
(VSW Scientific Instrument Limited, model TA10) and a hemispheric magnetic analyser (VSW Scientific
Instrument Limited, model HA100) with a 12-channel detector. The source power was set to 120 W
with a 44-eV collection energy. Samples were transferred into the UHV chamber and cleaned with
a low energy sputtering for 3 min before starting the analyses. Spectra were acquired with an
energy dispersion of 0.5 eV/channel and 0.1 eV for overview and high-resolution spectra acquisition,
respectively. Spectra were analysed using CasaXPS software. Calibration was done fixing the energy
of the aliphatic C 1s transition at 284.8 eV [37-39].

2.2.4. Electrochemical Measurement

Electrochemical characterisation involved cyclic voltammetry (CV) and LSV using Rotating Ring
and Disk Electrode (RRDE). The experimental setting was composed by a cell containing a 0.1 M
KOH solution and three electrodes: (a) reference electrode Ag/AgCl/KCl saturated with a potential
of +0.197 V with respect to a Normal Hydrogen Electrode (NHE); (b) platinum wire as counter
electrode; and (c) RRDE as working electrodes, consisting of a glassy carbon (GC) disk insert (& 5 mm;
A =0.196 cm?) and a Pt ring (A = 0.11 cm?). Each electrode was connected to a PGSTAT 100 N
bi-potentiostat able to simultaneously record both disk and ring current. The RRDE electrode was
attached to a modulated speed rotator (MSR) model 636 A from Pine Instrument Co.

Electrocatalytic activity of chars was tested preparing 0.5 g of an ink which contained catalyst
(2% wt%), water (52% wt%), ethanol (26% wt%) and Nafion solution (20% wt%). The ink was sonicated
for 30 min and drop-casted on the glassy carbon electrode using a 20 pL pipette. The resulting electrode
was dried at room temperature.

To verify the electrocatalytic activity of the samples, cyclic voltammetry was carried out with a
potential range from +0.1 to —0.85 V with a scan rate of 5 mV/s. The 0.1 M KOH solution was saturated
O, gases. CVs representatives for all samples are reported in Figure S4. In all cases, a clear oxygen
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reduction peak is observed under O, saturation. As a control experiment, with a saturation of the
solution with Ny, it was verified that the oxygen reduction peak was not observed.

Starting from these results, RRDE experiments were performed using a scan rate of 5 mV/s in the
potential range from +0.1 to —0.85 V (vs. Ag/AgCl/ sat KCl) for the modified GC electrode while the Pt
ring electrode was held at a potential of +0.6 mV. Disk and ring current were obtained using RRDE
electrode rotational speed of 1600 revolutions per minute (rpm). RRDE calibration was led for each
sample determining empirically the collection efficiency number (N) following the RRDE manufacturer
(Pine Instrument Co) procedure through ring (I;)/disk (Iq) current ratio (N = I,/I4) registered during
LSV of a N, saturated solution of 10 ppm KsFe(CN)g in KCl 0.1 M at scan rate of 5 mV/s in the
potential range of +0.4 V to —1.3 V and holding the ring with constant potential of +0.6 V at 1600 rpm
(see Figure S5). Once N was determined, the electron transfer number exchanged per O, molecule
occurring during the ORR process (n) was calculated using Equation (1) [40], as reported in Figure Sé.

41y
- disk 1)

Irin 4
(Idisk + Tg‘)

Based on the number of electrons exchanged per O, molecule, the H,O and H,O, percentages
produced during the ORR process were calculated by Equation (2).

% HyOp — (2 - g) 100 @)

The onset potential was estimated through the determination of the first derivative curve of the
disk current SI (see Figure S7) [41]. The onset potential is the value of potential that coincides with the
intersection among the curve tangent and the continuation of baseline.

3. Results

To evaluate the catalytic activity of electrocatalysts in ORR, we refer to parameters as the onset
potential and the number of exchanged electrons. The onset potential represents the limit value at
which a reaction starts to evolve in significant quantities while the number of exchanged electrons
allows the assessment of the principal reaction pathway in ORR. A catalyst should preferably promote
a four-electron exchange leading to H,O formation and avoid a two-electron exchange that results in
H,0O, because of its negative influence on yields and corrosive effects on the membrane used in fuel
cells. The results from linear sweep voltammetry (LSV) are reported in Figure 1. Electrochemical data
(Table 3) demonstrate an improvement in catalytic activity of the electrochemical modified char.

Table 3. Synopsis of electrolytic data collected from sonochemical and electrochemical deposition of

Co and Cu.
Sample Eon (V) N Experimental NEmp % H;0,
CHraw -0.21 3.53 0.25 23.5
CHscCo -0.225 291 0.20 54.5
CHscCu -0.183 3.19 0.21 40.5
CHecCobs -0.184 3.94 0.25 3.0
CHecColb5s -0.180 3.95 0.25 2.5
CHecCo30s -0.172 3.98 0.25 1.0
CHecCo60s -0.184 3.96 0.25 2.0
CHecCo090s -0.193 3.94 0.25 3.0

In the case of sonochemical deposition, it is possible to observe a worsening in catalytic activity
compared to ink exclusively made of CHraw. This can be attributed to an excess of material deposited
(as confirmed by ICP-AES analysis). Co fully covering the char surface would prevent the correct
adsorption of oxygen. This leads to more negative values of the onset potential compared to the one



Energies 2020, 13, 5646 60f 13

measured for CHraw. In addition, a decrease in exchanged electrons (around 2.90) is observed with a
consequent increase in the percentage of hydrogen peroxide produced (around 15%). Cu deposition
brings worse catalysis yield, with a production of 40% of hydrogen peroxide (3.19 exchanged electrons).
Ink samples of CHraw after Co electrodeposition showed an increased catalytic efficiency with respect
to ink exclusively made of char. In fact, a higher onset potential of —197 mV was observed with an
electron exchange close to 4, and a production of hydrogen peroxide always under 2%.
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Figure 1. ORR RRDE electrocatalytic performance of samples obtained from sonochemical and
electrochemical deposition of Co and Cu on CHraw: (a) ring; and (b) disk density of current.

In Figure 2, using the data shown in Figure 1 and Table 3, for the electrochemical deposition
case, we plot the potential values as a function of deposition time, showing similar trends as for other
materials in our previous study [28]. Data show a volcano-like trend, in agreement with Sabatier
principle [42]. This is typical of a mechanism where the O, adsorption is the rate-determining step.
The increase in potential on the left branch of the “volcano” profile can be attributed to the increase
of deposited Co onto the surface, while the decrease on the right branch can be associated with
an excessive coverage in Co with a consequent reduced capability of oxygen adsorption from the
underneath char. Alongside the increase in deposition time, a progressive enhancement in catalytic
activity is observed, peaking at a deposition time of 30 s. In this case, a substantial enhancement of all
studied parameters is observed, obtaining an onset potential of —172 mV, exchanged electrons up to
3.98 per O, and hydrogen peroxide production under 1% (0.65%).
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Figure 2. Volcano curves as obtained by plotting: (a) the potential values at j = —-0.5 mA-cm™2;

and (b) onset potential values versus time of Co electrochemical deposition.

To verify the stability of sample CHecCo30s, it was tested for 10 min in an alkaline solution
saturated with O; at a potential of —0.6 V. In Figure 3, we can observe that under these conditions the
number of exchanged electrons per oxygen molecule is maintained constant (near 4e~/O;) and thus
their associated currents are without any loss of intensity, demonstrating a good stability. The ORR
mechanism associated with our optimal sample implies the breakdown of the O-O bond without
any intermediate steps by observing a 4e” exchange for O, molecule, meaning a direct formation of
water molecules.

0,002 - ~4,00
0,001 - 13,99
0,000 - b
] 13,97
& -0,001 4
£ ] 13,96
< 0,002 13,95
£ 1 c
= -0,003-_ 413,94
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] — Jd 13,92
0,005 — 1
] . ]
0,006 1391
; 3,90

0 100 200 300 400 500 600
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Figure 3. Time stability test (galvanostatic RRDE experiment) for a sample after electrochemical
deposition of Co: ring and disk currents, together with n, the number of exchanged electrons per O,
molecule over time.

CHraw powder samples were investigated by STEM; overview HAADF images of typical char
grains can be seen in Figure 4. Grains of submicron size show the presence of nanoparticles (indicated by
the red arrows in Figure 4a). High-Resolution Bright Field (HR-BF) STEM images reveal the crystalline
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nature of the nanoparticles, as well as a mixed amorphous and graphitised char material (Figure 4c,d).
EDX analysis on the nanoparticle shows they are made of Zn and S (Figure S8). Quantification of
Zn and S signal using Cliff-Lorimer method in thin film approximation shows 1:1 ratio within the
experimental error. These nanoparticles are the remnants of the vulcanisation process, as reported
in [43]. The ORR mechanism is improved by the presence of the metal of these larger nanoparticles if
compared to the simple carbon support. However, their effect is not at the same level as for the added
Co material (see results for CHraw).

Figure 4. HAADF (a) and BF STEM (b) images of typical sub-micron clusters of raw char sample
crashed powder supported by amorphous carbon film. Z contract in HAADF STEM images show the
presence of inorganic nanocrystals (indicated by the red arrows). HR-BF STEM images of nanoparticles
showing good crystallinity (a) as well as the degree of graphitisation of the char material (c). Inset in
(c) shows an overview of the flake containing the nanoparticles (bar corresponds to 50 nm).

The sample with optimal electrocatalytic performance corresponding to 30-s deposition
(sample CHecCo30s) was investigated by STEM before and after electrocatalysis. The sample after
electrodeposition shows a uniform coverage of Co in the form of a network-like structure, as shown
in the HAADF images in Figure 5. Bigger Nanoparticles in Figure 5a are ZnS NPs, while whiter
areas in Figure 5b are associated to Nafion (C;HF13055 . CyF,) residues. EDX analysis confirms their
composition (see Figure S9).
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a)

Co ’ Co + Nafion residue

coverage \\\\\‘

Co
coverage

Figure 5. HAADF images of typical char grains after Co electrodeposition. Larger NPs in (a) are ZnS.
Co is uniformly covering the grains surfaces with a network of islands. Whiter areas in (b) Contain
fluorine due to the presence of residues of Nafion used to treat the sample. (see EDX analysis in
Figure 59).

HAADF STEM images (Figure 6) show that after the stability measurements two types of
materials with different textures can be observed on the chars: well defined nanoparticles and smaller
accumulation of material at the edges of char grains. EDX analyses confirm that bigger nanoparticles
are made of Zn S, while the other material is due to the redistribution of Co during the electrocatalysis
process where the Co network breaks up with migration of Co material towards the edges and grain
boundaries of char (see elemental EDX analysis in Figure S10).

100 nm

Figure 6. (a) HAADF STEM overview image showing a grain of material after stability measurements.
(b) A higher magnification image corresponding to the dotted box areas in (a). Nanoparticles are visible
as well as the remnant of the Co electrodeposited network.

High-resolution XPS spectra obtained in the ranges 815-765 and 1055-1015 eV around the Co
2p and Zn 2p transition, respectively, are reported in Figure 7. Spectra were acquired for samples
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before and after the stability measurements. The Zn 2p profile remains the same with the addition of a
shoulder towards high energy, indicating an increase in oxidation of the ZnS nanoparticles. A shift
towards higher energies is visible in the Co peak, suggesting oxidation of the material. Such oxidation
does not influence the catalytic efficiency of the cell, as shown in Figure 3.

(a) (b) —— After
— After Before
Before

Norm. intensity (A.U.)
Nor,. intensity (A.U.)

LN DL L L LA LR L DL L L | L N LI DL L R TR RN B |
815 810 805 800 795 790 785 780 775 770 765 1055 1050 1045 1040 1035 1030 1025 1020 1015
B.E. (eV) B.E. (&V)

Figure 7. (a) High-resolution XPS for the Co 2p peaks in the range 815-765 eV. (b) High-resolution XPS
for the Zn 2p peaks in the range 1055-1015 eV.

4. Conclusions

With the aim of finding an efficient substitute to noble metals in the catalysis of oxygen reduction
reaction and at the same time to efficiently recycle waste automobile tyres, efforts have been made to
strengthen the catalytic activity of chars obtained from MAP of waste tyres. Two metal enrichment
methods, namely sonochemical and electrochemical deposition, were used to deposit Co and Cu on
char. The catalytic efficiency of samples was evaluated by obtaining onset potential values and the
number of exchanged electrons in oxygen reduction reaction in alkaline medium using hydrodynamic
voltammetry RRDE technique. Samples enriched by electrochemical deposition were found to have
better catalytic efficiency with respect to sonochemical deposited samples where excessive material
was deposited on the char surfaces. Char electrodes enriched with Co show a maximum positive
shift of 40 mV with respect to raw char electrodes. This brings the number of exchanged electrons
per Op molecule during ORR close to 4 (Pt value) corresponding to a reduction in the production of
unwanted oxygen peroxide from 23% for raw chars to 1% for the optimal deposition conditions of
CHecCo30s sample. In addition, chars deposited with sonochemical Cu, although showing a similar
onset potential as for the optimal Co samples, resulted in a production of 40% H;O; corresponding to
a reduced catalytic efficiency.

Galvanostatic measurements of the optimal sample show good catalytic efficiency stability over
time. STEM analyses show a uniform network-like Co coverage of the char surface before the stability
test, whereas material rearrangement is observed after it. XPS analysis shows Co slightly oxidised
after the treatment. Both changes did not seem to interfere with the efficiency of the semi-cell.

This study proved that it is possible to increase the catalytic activity of chars after deposition of an
inexpensive metals such as Co: waste char derived from end of life tyres can be easily transformed
without expensive treatments in both economic and energetic terms to produce green energy.
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