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Abstract: Following the core theme of a circular economy, a novel strategy to upcycle cigarette
butt waste into platinum group metal (PGM)-free metal nitrogen carbon (M-N-C) electrocatalysts
for oxygen reduction reaction (ORR) is presented. The experimental route was composed of (i)
the transformation of the powdered cigarette butts into carbonaceous char via pyrolysis at 450 ◦C,
600 ◦C, 750 ◦C and 900 ◦C, (ii) the porosity activation with KOH and (iii) the functionalization of the
activated chars with iron (II) phthalocyanine (FePc). The electrochemical outcomes obtained by the
rotating disk electrode (RRDE) technique revealed that the sample pyrolyzed at 450 ◦C (i.e., cig_450)
outperformed the other counterparts with its highest onset (Eon) and half-wave potentials (E1/2) and
demonstrated nearly tetra-electronic ORR in acidic, neutral and alkaline electrolytes, all resulting
from the optimal surface chemistry and textural properties.

Keywords: waste cigarettes; char; PGM-free; oxygen reduction reaction; electrocatalysis

1. Introduction

Daily solid waste production through industrial, agricultural and municipal sources
accounts for 7 to 9 billion tons all around the world [1]. A major proportion of the waste
biomass often ends up in landfills without being recycled, thus engendering severe chal-
lenges to environmental safety. Amid such a prevailing anxious situation, the circular
economy introduces a concept to upgrade waste products into value-added materials
which could be potentially employed for a broad spectrum of advanced applications. Un-
like the linear economy, which leads to both depletion of raw materials and uncontrollable
waste streams, the circular economy aims at minimizing the input of pristine sources and
the output of wastes by looping materials flows [2,3]. Therefore, this economic approach
can impressively benefit the industrial chain production of materials, which is affected
by the ever-increasing price of earth sources and can save the costs associated with waste
disposal and landfill maintenance.

Among the paramount non-recyclable wastes, cigarette butts represent a severe envi-
ronmental threat as 5.7 trillion cigarettes are annually smoked around the globe while the
figure is expected to reach 9 trillion by the year 2025 [4,5]. Regardless of the adverse effects
of tobacco on human health, which killed 7 million individuals in 2020 [6], the dispersion of
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extinguished cigarettes into the environment or landfills can further raise plastic pollution
due to the presence of toxic and non-biodegradable cellulose acetate filters [7]. In fact, these
litters contribute to plastic pollution as 300,000 tons of microplastic fibers from cigarette
filters end up in the aquatic environment [8]. On top of that, cellulose acetate filters act as
powerful vectors of several pollutants (e.g., Pb, Cd, PAHs, BTEX, aromatic amines) due to
the strong adsorption capacity of the filter fibers, and these substances can be accidentally
consumed along with microplastics by aquatic creatures [8–10]. Therefore, these catas-
trophic environmental consequences call for preventing cigarette butt accumulation, which
can be fulfilled by adopting worthy solutions aiding the circular economy. In other words,
this non-recyclable waste should be turned into value-added products, which can ensure
environmental safeguards [11].

As a conventional practice, incineration could help in ceasing the mass accumulation
of non-recyclable wastes which in turn also provides a limited fraction of energy. However,
the considerable release of hazardous by-products into the atmosphere, such as dioxins [12],
CO2 [13], etc., is the major pitfall of such a pathway. In addition to land toxicity and water
pollution, climate change, particularly due to the release of greenhouse gases (including
CO, CO2), is another alarming issue, demanding urgent solutions. The energy sector is one
of the main CO2 emitters as 84% of the global primary energy consumption derives from
fossil fuel combustion [14].

In parallel, the expected extinction of fossil fuels and ecological concerns are encour-
aging the exploration of cleaner and renewable energy alternatives, such as solar [15],
wind [16], ocean waves [17] and geothermal energies [18]. The efforts and progress made
in this sense have raised the percentage of global primary energy consumption supplied
by renewable sources up to 11.4% [14]. Nonetheless, it is worth mentioning that these
energy sources suffer from intermittence, which requires the introduction of robust energy
storage systems such as batteries to flatten their peaks of energy production [19]. On the
other hand, the utilization of hydrogen as an energy vector is considered one of the future
strategies. However, the sustainable transition to a hydrogen economy still faces several
challenges mainly involving the production of green hydrogen and the safe transportation
of hydrogen through solid infrastructures [20].

One of the rational applications of hydrogen as a fuel is surely low-temperature fuel
cells (FCs), i.e., devices capable of converting the chemical energy of reactants (H2 as fuel
and O2 as comburent) into clean electrical energy. From the electrocatalytic point of view,
the cathodic reaction, oxygen reduction reaction (ORR), has sluggish kinetics compared to
that of the anodic side, i.e., hydrogen oxidation reaction (HOR) [21]. Mostly, the ORR active
electrocatalysts rely on nanosized platinum group metals (PGMs) [22,23]. Notwithstanding,
they are exotic, scarce and expensive; moreover, their extraction is mainly restricted to a
few geopolitically unstable regions [24]. Consequently, such economic incompatibilities
hinder the large-scale commercialization of low-temperature FCs.

Hence, current research strives to find cheaper alternatives to PGMs by focusing on
single-atom electrocatalysts containing earth-abundant first-row transition metals known
as M-N-C type electrocatalysts, where M = Fe, Ni, Co, etc. [25,26]. These novel materials
own actives sites composed of a metallic center coordinated by nitrogen atoms (i.e., MNx,
where x is 2, 3 and 4, depending on the material defectivity) moieties integrated into a
carbon matrix [27]. One of the most active materials towards ORR are Fe-N-C, according
to the most recent studies [28]. Despite the appreciable electrocatalytic performance of
M-N-C, these electrocatalysts seem to be more stable in the alkaline environment of anion
exchange membrane fuel cells (AEMFCs), which also favor the kinetics of ORR rather
than the unbearable acid environment of proton exchange membrane fuel cells (PEMFCs),
where the non-noble metal can be easily leached out of the carbon matrix. Moreover,
Nafion® membrane used in PEMFCs, enabling proton conduction, is strongly pollutant
due to the perfluoroalkyl components of the polymer [29,30]. Conversely, the most recent
fluorine-free anion exchange non-porous membranes designed for alkaline fuel cells are
less non-eco-friendly [31].
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Another promising technology in the view of decarbonization is bioelectrochemical
systems (BES) and particularly microbial fuel cells (MFCs). MFCs operate in a neutral
environment to allow the operations of electroactive microorganisms at the anode [32].
These bacteria degrade organics and pollutants [33] and transfer the electrons to the anode
electrodes producing electricity. At the cathode, a reduction reaction occurs where oxygen
is the preferred electron acceptor [34]. Being the less developed technology and in parallel
also the less performing in terms of power generation, MFCs inherit the materials from
mainstream AEMFC and PEMFC [35]. Carbon-based materials, especially in the form of
nanotubes, rods, sheets and foam, have gained great interest as MFC electrodes due to
their conductivity, surface area, corrosion resistance and in most cases biocompatibility [36].
Due to these features, carbons have been exploited in electrochemical sensing as well as in
electrocatalysis [37]. However, their energy performance is limited in the absence of metal
centers [36]. Thus, also in MFCs, the best electrocatalytic activity for ORR is provided by M-
Nx-C electrocatalysts being resilient, low cost and effective [38,39]. M-Nx-C-based cathodes
are also effective in Direct Methanol Fuel Cells (DMFC) as they resist the OCV drop due to
the fuel crossover which is a typical problem with PGM cathode electrocatalysts [40,41]. In
the context of low-temperature FCs, several studies have supported the circular economy by
developing novel synthetic pathways that can convert carbonaceous waste into PGM-free
ORR electrocatalysts via pyrolysis [42–46]. Up to now, research is mainly inclined towards
biomass-derived waste: orange peel [47], lignin [48,49], coconuts [50], chicken feathers [51],
waste tea [52], sheep-horn [53], pistachio shells [54], etc. Meanwhile, some scientific
articles have recently developed PGM-free electrocatalysts from scrap plastics, which are
undoubtedly more critical because of their slow degradation [55–59]. Surprisingly, none
have still used the widespread cigarette butts as a nearly zero-cost carbon precursor for
the synthesis of PGM-free electrocatalysts; notwithstanding, some attempts to pyrolyze
cigarette butts have already been made [60–62].

This work introduces cigarette butts as cost-effective and readily available carbon
precursors for PGM-free electrocatalysts for ORR. The suitable range of temperature to
achieve a char with desirable properties for electrocatalytic purposes (e.g., accessibility
to active sites and electronic conductivity) usually spans between 400 and 1000 ◦C [63].
Above 400 ◦C, the majority of carbon precursors release gases that lead to the development
of pores and variations in the surface chemistry with a decrease in the H/C and O/C
ratios as temperature increases during pyrolysis. Subsequent graphitization and healing
of structural defects also take place during the thermal treatment. Beyond 900–1000 ◦C,
partial melting of some volatile fractions blocks pores, thus hindering the accessibility of
reactant molecules to the active sites [64,65]. Considering all these aspects, the pristine
cigarette butts were pyrolyzed at these four temperatures: 450 ◦C, 600 ◦C, 750 ◦C and
900 ◦C. The obtained materials were subsequently activated with KOH to achieve a high
surface area to guarantee improved micro-mesoporous interconnectivity, which is essential
for the transportation of reactant molecules toward the active sites. Ultimately, the activated
carbons were functionalized by homogeneously mixing them with iron phthalocyanine,
employed as a precursor for the creation of the actual electrocatalytic centers. The obtained
electrocatalysts were tested via rotating ring disk electrode (RRDE) in acidic, neutral and
alkaline environments to compare the material performance in terms of electrocatalytic
activity and stability by varying the pyrolysis temperature. Overall, this study supports
the vision of the aforementioned circular economy since a non-recyclable zero-cost waste
(i.e., cigarette butts) alternatively predestined for landfills is turned into a valuable and
promising low-cost material, which can potentially promote the commercialization of
environmental-friendly energy converting devices, i.e., FCs.

2. Results and Discussion

Figure 1 schematically demonstrates the route followed for the synthesis of ORR
electrocatalysts using waste cigarette butts as a carbon source where the details can be
found in the experimental section. Blended cigarette butts were pyrolyzed at four different
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temperatures specifically 450 ◦C, 600 ◦C, 750 ◦C and 900 ◦C after being ball-milled. The
achieved chars were then activated with KOH to induce porosity and achieve a higher
surface area. Eventually, the ORR electrocatalysts were fabricated by functionalizing
the different activated chars with iron (II) phthalocyanine (FePc) to launch ORR active
sites in the carbonaceous framework. Afterward, the electrocatalysts were thoroughly
characterized to study the relationship between the performance and structural parameters.
The final samples were labeled as cig_450, cig_600, cig_750 and cig_900, according to the
temperature set in the first pyrolysis treatment. To compare the chemical changes before
and after pyrolysis treatment, the only ball-milled sample, labeled as cig_BM, was also
considered in some analyses. The detailed procedure for the sample preparation is precisely
described in the experimental section.
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2.1. Structural and Morphological Results

First of all, the thermal profile of the raw material, i.e., cig_BM, was studied through
thermogravimetric analysis (TGA) in N2 atmosphere to trace the structural evaluation
in the char formation during pyrolysis, and the achieved trend is reported in Figure S1.
Cig_BM showed thermal behavior similar to that reported by S. Yousef et al. [66]. The first
decrease in weight occurs between 150 and 200 ◦C due to the evaporation of moisture and
volatile chemical residues remaining from the manufacturing stages. A further increase in
temperature (up to 280 ◦C) results in the breaking down of the chemical bonds between all
components of the cigarette, i.e., filter, tobacco and paper [66]. Subsequently, the material
enters the main decomposition zone (280–370 ◦C) where compounds such as acetic acid and
phenol result from the decomposition of bigger molecules with low crystallinity. Moreover,
some small molecules can react and join together upon applied heating, thus creating
new chemical compounds, such as propanone, limonene and pyridine [66]. After the
evaporation of all gaseous byproducts, the small leftover solid mass (<25%) remains almost
constant upon heating, which confirms the generation of char. It is worth mentioning that
eventually the char production becomes completed well before 450 ◦C. To investigate the
inorganic constituents of the samples, XRF was performed, and the results are reported in
Figure S2a–e (Supplementary material). All the samples exhibited impurity signals from
Ca, K and Ti which were originally present in the raw cigarette butts in addition to Fe as
demonstrated by the XRF spectra of cig_BM (Figure S2a). However, after functionalization
with FePc, the peak corresponding to Fe became significantly intensified. Ca was present
as a major impurity that could become involved from CaCO3 which is normally added in
cigarette papers to make the ash attractive during the burning of cigarettes [67]. On the
other hand, the K signals might belong to potassium sorbate or potassium citrate which
are usually added to the paper as combustion aid or preservatives [62,68,69]. The presence
of Ti can be attributed to the TiO2 commonly present in the cellulose acetate filter as TiO2
bestows a white color and considerably reduces the content of hazardous chemicals that
can be inhaled by smokers [67].

The crystallographic details of the samples were evaluated by employing XRD, and
the obtained diffraction patterns are demonstrated in Figure 2a whereas the diffraction
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pattern of the non-pyrolyzed sample cig_BM is additionally provided in Figure S2f. The
XRD pattern of cig_BM indicated the co-presence of carbon and CaCO3 as major phases
present. Categorically intense peaks located at the 2θ position of ca. 14.8◦, 16.6◦ and 22.8◦

came out to be consistent with JCPDS card no. 00–050–0926 of hexagonal carbon. Moreover,
the peaks located nearly at 29.5◦, 34.64◦, 35.86◦, 39.54◦, 43.28◦, 47.64◦, 48.6◦ and 57.2◦ were
corresponded to CaCO3 with JCPDS card no. 01–085–1108. Such results are consistent with
the XRF studies. Quite interestingly, the functionalized samples did not show any apparent
peak of CaCO3 indicating its considerable removal during HCl washing treatments. On
the other hand, the diffraction patterns of functionalized samples mainly depicted two
characteristic broader peaks of defective carbon at ca. 25◦ and ca. 44◦ that correspond to
the (002) and (100) graphite planes, respectively [70]. Additionally, low-intensity peaks at
ca. 33◦, 45◦, 47.36◦, 59◦ and 79.3◦ can be ascribed to Fe2O3 (JCPDS no. 00-039-0238) which
appeared in the case of cig_750, cig_900 and cig_450 [71].

Catalysts 2023, 13, x FOR PEER REVIEW 5 of 25 
 

 

became significantly intensified. Ca was present as a major impurity that could become 

involved from CaCO3 which is normally added in cigare�e papers to make the ash 

a�ractive during the burning of cigare�es [67]. On the other hand, the K signals might 

belong to potassium sorbate or potassium citrate which are usually added to the paper as 

combustion aid or preservatives [62,68,69]. The presence of Ti can be a�ributed to the TiO2 

commonly present in the cellulose acetate filter as TiO2 bestows a white color and 

considerably reduces the content of hazardous chemicals that can be inhaled by smokers 

[67]. 

The crystallographic details of the samples were evaluated by employing XRD, and 

the obtained diffraction pa�erns are demonstrated in Figure 2a whereas the diffraction 

pa�ern of the non-pyrolyzed sample cig_BM is additionally provided in Figure S2f. The 

XRD pa�ern of cig_BM indicated the co-presence of carbon and CaCO3 as major phases 

present. Categorically intense peaks located at the 2θ position of ca. 14.8°, 16.6° and 22.8° 

came out to be consistent with JCPDS card no. 00–050–0926 of hexagonal carbon. 

Moreover, the peaks located nearly at 29.5°, 34.64°, 35.86°, 39.54°, 43.28°, 47.64°, 48.6° and 

57.2° were corresponded to CaCO3 with JCPDS card no. 01–085–1108. Such results are 

consistent with the XRF studies. Quite interestingly, the functionalized samples did not 

show any apparent peak of CaCO3 indicating its considerable removal during HCl 

washing treatments. On the other hand, the diffraction pa�erns of functionalized samples 

mainly depicted two characteristic broader peaks of defective carbon at ca. 25° and ca. 44° 

that correspond to the (002) and (100) graphite planes, respectively [70]. Additionally, low-

intensity peaks at ca. 33°, 45°, 47.36°, 59° and 79.3° can be ascribed to Fe2O3 (JCPDS no. 00-

039-0238) which appeared in the case of cig_750, cig_900 and cig_450 [71]. 

 

Figure 2. (a) XRD spectra and (b) Raman spectra of the as-prepared samples. 

Raman spectroscopy was employed as one of the fundamental methods to explore 

the carbonaceous architecture of the derived electrocatalysts, and the acquired spectra are 

presented in Figure 2b. Graphitic materials are primarily composed of sp2 hybridized 

hexagonal networks of C atoms having strong covalent bonding within the plane and 

weak Van der Waals interactions between the layers [72]. However, perfect graphitic 

materials hardly exist while practical carbon-based materials contain various kinds of 

structural defects which also contribute to uplifting the specific properties of interest. For 

the ORR activity edge defects act as the oxygen-binding moieties owing to dangling bonds 

[73] whereas graphitization is considered important to ensure electronic conductivity 

during electrocatalysis [74]. At the initial glance, all the electrocatalysts exhibited typical 

Raman features of the defective carbons, predominantly consisting of two main peaks i.e., 

D band and G band at the closed vicinity of 1330 cm−1 and 1590 cm−1, respectively. G band 

is observed due to electron–phonon couplings in E2g representation of Raman active 

modes where in-plane sp2 bond-stretching of C atoms takes place while the D band 

emerges because of A1g breathing symmetry. The perfect sp2 carbon demonstrates only the 

Figure 2. (a) XRD spectra and (b) Raman spectra of the as-prepared samples.

Raman spectroscopy was employed as one of the fundamental methods to explore
the carbonaceous architecture of the derived electrocatalysts, and the acquired spectra are
presented in Figure 2b. Graphitic materials are primarily composed of sp2 hybridized
hexagonal networks of C atoms having strong covalent bonding within the plane and weak
Van der Waals interactions between the layers [72]. However, perfect graphitic materials
hardly exist while practical carbon-based materials contain various kinds of structural
defects which also contribute to uplifting the specific properties of interest. For the ORR
activity edge defects act as the oxygen-binding moieties owing to dangling bonds [73]
whereas graphitization is considered important to ensure electronic conductivity during
electrocatalysis [74]. At the initial glance, all the electrocatalysts exhibited typical Raman
features of the defective carbons, predominantly consisting of two main peaks i.e., D band
and G band at the closed vicinity of 1330 cm−1 and 1590 cm−1, respectively. G band is
observed due to electron–phonon couplings in E2g representation of Raman active modes
where in-plane sp2 bond-stretching of C atoms takes place while the D band emerges
because of A1g breathing symmetry. The perfect sp2 carbon demonstrates only the G band
whereas the structural defects give rise to the D and D’ bands [75]. To quantify the defect
density in carbon-based materials, the intensity ratio of the D to G band (ID/IG), calculated
from peak heights, is used as a common indicator. Moreover, the spectra have been fitting
as a sum of asymmetric Breit–Wigner–Fano (BWF) bands, and the results are reported
in Table S1 [76]. Interestingly, cig_450 exhibited a very sharp D peak, of about 46 cm−1,
along with a categorical D’ band present on the right shoulder of the G band at ca. 1615
cm−1, indicating a defect-rich structure with an ID/IG value of 1.27. In the subsequent
samples the band D’ vanished; the ID/IG decreased to 1.17 and then 1.10 in the case of
cig_600 and cig_750, respectively. At 600 ◦C we also register a very large D peak with
a width of 125 cm−1 indicating the formation of clusters with a broader distribution of
dimensions and amorphousness [77]. At 750 ◦C and 900 ◦C, the pyrolysis leads to a further
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rearrangement of amorphous carbon, and the D peak width is about 85 cm−1, a value
intermediate between cig_450 and cig_600. Finally, the sample cig_900 again demonstrated
the relatively prominent D band, and the ID/IG ratio again approached 1.27.

The topographical and morphological analysis began with scanning electron mi-
croscopy (SEM) in the secondary electron (SE) mode, and the achieved micrographs of
cig_450, cig_600 and cig_900 are illustrated in Figure S3. Apparently, the samples were
agglomerated into nearly spherical globules with rough surfaces at the submicron level.
However, to further figure out the morphological parameters, a transmission electron mi-
croscope (TEM) was employed. Figure 3 reports the TEM images for the samples of cig_450
and cig_750. The data relating to the samples of cig_600 and cig_900 are reported in the
supplementary info section (Figure S4). The low and high-magnification HRTEM images of
all the samples show no significant differences in the morphology (Figure 3a,b,e,f). This is
confirmed by the HAADF images (Figure 3c,g). The EDX maps show that iron is distributed
homogeneously in the material, with some accumulation in particles that are especially
visible in the cig_750 sample (Figure 3d,h). The nanoparticles consist of iron oxides that
were also identified as Fe2O3 by XRD as discussed above. As already identified with XRF,
EDX spectra also show the occurrence of Ca (also shown in the EDX maps), Ti, Mg and Si.

Surface chemistry is particularly relevant to gain a deep understanding of the reactions
which occur on an electrocatalyst surface such as ORR. Herein, the surface chemistry of
the pyrolyzed samples was studied by XPS. The survey scans of Figure S5 depict the
predominance of carbon and oxygen, as highly intense C1s and O1s peaks are detected
at 286 and 532 eV of binding energy (BE). Tiny peaks belonging to N1s and Fe2p appear
at the 400 and 720 eV. Table S2 reports the relative at% quantities of N and Fe for cig_450,
cig_600, cig_750 and cig_900. The content of Fe is between 0.2 and 0.3%. The nitrogen
concentration oscillates between 1.3 and 2.0%, where the minimum is reached for cig_600
while the maximum is for cig_750.

Nitrogen plays a pivotal role in the activity along with the selectivity of ORR conducted
with M-N-Cs [48,78,79]. Therefore, N1s high-resolution spectra of the cigarette butt-derived
carbons were accurately investigated and reported in Figure 4a–d. The N1s signal spans
396–407 eV, and it was deconvoluted into six peaks at 397.1, 398.3, 399.6, 401.3, 403.4 and
405.6 eV corresponding to imine N, pyridinic N, Fe-Nx, hydrogenated N (including pyrrolic
and hydrogenated pyridine), graphitic/protonated N (including quaternary nitrogen and
protonated pyridine) and N-oxides (NOx) nitrogen, respectively [80].

Figure S6 shows the relative % component ratio of every nitrogen moiety appearing in
Figure 4a–d. Interestingly, nitrogen mainly appears as M-Nx, which corresponds to more
than 40% for the pyrolyzed sample, reaching up to 45.3% for cig_450. The only exception is
represented by cig_750, whose M-Nx concentration is tremendously inferior to that detected
for the other samples. Moving on to the other types of N, all electrocatalysts display almost
the same amount of imine N, pyridinic N, graphitic N and NOx. Actually, cig_900 shows a
slightly lower concentration of imine and pyridinic N with respect to the other samples,
i.e., 5.4% vs. ca. 8–9% and 15.3% vs. 18–20%.
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Additionally, a tiny difference is observed for NOx amount, which is slightly higher in
the case of cig_750 compared to the other samples, i.e., 8% vs. 4–5%. On the other hand,
hydrogenated N concentration strongly varies with the first pyrolysis temperature as its
values are 15.3, 18.4, 23.7 and 28.9% for cig_450, cig_600, cig_900 and cig_750, respectively.
Noteworthily, the co-existence of different nitrogen species on the carbon backbone is
fundamental to determining the ORR performance [78,81]. It seems that every nitrogen
moiety carries out a specific task during ORR [79,82]. It is commonly accepted that Fe-Nx
moieties play an essential role in addressing the ORR towards either a direct 4-electrons
pathway, which leads to the H2O formation, or the 2 × 2-electrons pathway, which proceeds
with the subsequent conversion of peroxide into H2O [79]. Instead, the metal-free nitrogen
moieties seem to catalyze either the 2-electrons pathway, which engenders the unwanted
hydrogen peroxide H2O2 in acidic media or peroxihydroxyl ion OH2

− in alkaline media
or the 2 × 2-electrons pathway [82]. For instance, hydrogenated-N moieties together
with the graphitic-N moieties are likely to induce the incomplete reduction of oxygen to
peroxide formation [81–83]. On the contrary, pyridinic and graphitic moieties may promote
the second step of 2 × 2-electrons of ORR, i.e., H2O2 or OH2

− reduction to water in an
acidic and alkaline environment, respectively [82]. Furthermore, nitrogen moieties are
pH-sensitive, which means that the reactivity of the active sites can vary accordingly. To
provide an example, the calculated dissociation constant pKa of pyridinic-N in doped
graphene is about 6.5, which means that the majority of pyridinic-N is supposed to be
protonated at lower pH, whereas it should be deprotonated at higher pH, especially in
alkaline conditions [84]. This deprotonation of the pyridinic group leads to the formation
of N- Lewis base that favors the adsorption of O2 [79]. In two different works, it was shown
that PGM-free M-N-C type electrocatalysts follow the acid pathway when pH is around
10–11, which corresponds to the pKa of the peroxide [84,85].

The high-resolution spectra of the C1s signal are reported in Figure S7, and it was
deconvoluted in five peaks. The three peaks detected at lower BE, i.e., 284, 284.7 and 286 eV,
refer to graphitic C (i.e., sp2 hybridized carbon), amorphous C (i.e., sp3 hybridized carbon)
and C-N, respectively, whereas the last two peaks at 287.6 and 289.2 are related to CxOy
species (i.e., C-O and C=O moieties) [86,87]. The appearance of carbon oxygenated species
as well as C-N implies that the defectivity of the pyrolyzed samples, which was previously
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unraveled by Raman spectroscopy through the appearance of D and D’ bands, is due to the
occurrence of both nitrogen and oxygen functional groups on the carbon surface.

The electrochemical performance is intimately connected to the morphological prop-
erties of hierarchical mesoporous carbons. A highly porous material permits a better
exposition of the active sites where the reaction can occur. To achieve tremendous specific
surface areas and pore volumes, the material should be mostly micro and mesoporous. As
a matter of fact, micropores favor the hosting of M-Nx active sites, while mesopores mostly
allow conveying of the reactants to the active sites [88]. Therefore, the absence of mesopores
signifies that a large part of the physical surface area cannot be reached by reactants since
diffusion is hindered. Herein, the textural properties were evaluated by recording the N2
adsorption/desorption isotherms at 77 K, reported in Figure 5a. To obtain the specific sur-
face area (SSA) and the pore size distribution (PSD), the Brunauer–Emmett–Teller method
(BET) and density functional theories (DFT) were adopted for the isotherm analysis.

Catalysts 2023, 13, x FOR PEER REVIEW 9 of 25 
 

 

free nitrogen moieties seem to catalyze either the 2-electrons pathway, which engenders 

the unwanted hydrogen peroxide H2O2 in acidic media or peroxihydroxyl ion OH2− in 

alkaline media or the 2 × 2-electrons pathway [82]. For instance, hydrogenated-N moieties 

together with the graphitic-N moieties are likely to induce the incomplete reduction of 

oxygen to peroxide formation [81–83]. On the contrary, pyridinic and graphitic moieties 

may promote the second step of 2 × 2-electrons of ORR, i.e., H2O2 or OH2− reduction to 

water in an acidic and alkaline environment, respectively [82]. Furthermore, nitrogen 

moieties are pH-sensitive, which means that the reactivity of the active sites can vary 

accordingly. To provide an example, the calculated dissociation constant pKa of pyridinic-

N in doped graphene is about 6.5, which means that the majority of pyridinic-N is 

supposed to be protonated at lower pH, whereas it should be deprotonated at higher pH, 

especially in alkaline conditions [84]. This deprotonation of the pyridinic group leads to 

the formation of N- Lewis base that favors the adsorption of O2 [79]. In two different 

works, it was shown that PGM-free M-N-C type electrocatalysts follow the acid pathway 

when pH is around 10–11, which corresponds to the pKa of the peroxide [84,85]. 

The high-resolution spectra of the C1s signal are reported in Figure S7, and it was 

deconvoluted in five peaks. The three peaks detected at lower BE, i.e., 284, 284.7 and 286 

eV, refer to graphitic C (i.e., sp2 hybridized carbon), amorphous C (i.e., sp3 hybridized 

carbon) and C-N, respectively, whereas the last two peaks at 287.6 and 289.2 are related 

to CxOy species (i.e., C-O and C=O moieties) [86,87]. The appearance of carbon oxygenated 

species as well as C-N implies that the defectivity of the pyrolyzed samples, which was 

previously unraveled by Raman spectroscopy through the appearance of D and D’ bands, 

is due to the occurrence of both nitrogen and oxygen functional groups on the carbon 

surface. 

The electrochemical performance is intimately connected to the morphological 

properties of hierarchical mesoporous carbons. A highly porous material permits a be�er 

exposition of the active sites where the reaction can occur. To achieve tremendous specific 

surface areas and pore volumes, the material should be mostly micro and mesoporous. As 

a ma�er of fact, micropores favor the hosting of M-Nx active sites, while mesopores mostly 

allow conveying of the reactants to the active sites [88]. Therefore, the absence of 

mesopores signifies that a large part of the physical surface area cannot be reached by 

reactants since diffusion is hindered. Herein, the textural properties were evaluated by 

recording the N2 adsorption/desorption isotherms at 77 K, reported in Figure 5a. To obtain 

the specific surface area (SSA) and the pore size distribution (PSD), the Brunauer–Emme�–

Teller method (BET) and density functional theories (DFT) were adopted for the isotherm 

analysis. 

 

Figure 5. N2 adsorption–desorption isotherms (a) and pore size distribution (b) of the four tested 

electrocatalysts. 

Figure 5. N2 adsorption–desorption isotherms (a) and pore size distribution (b) of the four tested
electrocatalysts.

Remarkably, cig_750 and cig_450 show similar adsorptive capabilities, which are more
accentuated than cig_600 and cig_900. The adsorption uptake at small relative pressures
(p/p0) gives rise to a shape compatible with type I isotherms, indicating the presence of
micropores in the material. The steeper the uptake at low p/p0, the larger the number of
micropores. At p/p0 values superior to 0.8, the curves resemble a type IV isotherm, which
entails the presence of mesopores and macropores when the isotherm sharply increases.
These observations are confirmed by DFT pore size distribution (PSD) represented in
Figure 5b and by the data summarized in Table 1, which include BET surface area (SBET),
micropore, mesopore and total volume (Vmicro, Vmeso and Vtot, respectively). For each
electrocatalyst, the pore size distribution shows a small peak between 2 and 3 nm, but the
main pore size spans between 8 nm and 100 nm. More specifically, the PSD of cig_450 and
cig_750 follow the same trend within the microporous and mesoporous region up to ca. 50
nm; beyond that number, the PSD of cig_450 depicts the topmost value. On the contrary,
cig_600 and mostly cig_900 reach low incremental pore volume values, signifying lesser
porosity. This statement is fairly consistent with the values reported in Table 1, where
cig_900 displays much lower SBET and Vmicro, Vmeso compared to the other electrocatalysts.
In cig_450, cig_600 and cig_750, micropores are the most contributors to Vtot since Vmicro is
twice as Vmeso. Consequently, the obtained materials are mostly microporous. In general, it
is worth mentioning that such SBET, Vmicro, and Vmeso numbers resulted from an effective
activation process, which aimed at increasing the micropososity and mesoporosity. It is
not possible to individuate a trend of SBET and Vtot with the pyrolysis temperature, but
cig_450 and cig_750 are likely to feature the highest surface area, i.e., 448.83 m2 g−1 and
513.45 m2 g−1, respectively, and total pore volume, i.e., 0.31 and 0.32 cm3 g−1. The SBET
values reported in this work are high enough to allow a good electrocatalytic activity [89].
However, it should be mentioned that the SBET and Vmeso values are lower compared to
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the KOH-activated Fe-N-C electrocatalysts reported in other works (which can reach even
1000 m2 g−1 and 0.5 cm3 g−1) [90–92].

Table 1. BET specific surface area (SBET), micropores volume (Vmicro), mesopore volume (Vmeso) and
total pore volume (Vtotal) of the different samples.

Sample SBET [m2 g−1] Vmicro [cm3 g−1] Vmeso [cm3 g−1] Vtotal [cm3 g−1]

cig_450 490 0.15 0.06 0.31 (<127 nm)
cig_600 317 0.09 0.05 0.21 (<172 nm)
cig_750 513 0.14 0.08 0.32 (<179 nm)
cig_900 110 0.03 0.05 0.13 (<273 nm)

2.2. Electrochemical Performance of the Cigarette-Butt-Derived Electrocatalysts

To evaluate the electrochemical activity of the cigarette butt-derived electrocatalysts,
linear sweep voltammograms (LSVs) were acquired at 5 mV s−1 using RRDE as a working
electrode rotating at 1600 rpm. Three different oxygen-saturated electrolytes: acidic (0.5 M
H2SO4), neutral (0.1 potassium phosphate buffer, PBS) and alkaline (0.1 M KOH) were
employed since the mechanism of ORR changes according to the pH of the electrolyte [84,93].
Unlike the rotating disk electrode (RDE), RRDE is a reversible mass transfer technique:
oxygen is reduced to H2O (4-electrons pathway) or H2O2 (2-electrons pathway) on the disk
surface, and the reduced species are oxidized to O2 back on the ring surface. Therefore,
RRDE produces two types of current: disk current (Jdisk) and ring current (Jring) [94]. The
disk current results from the reduction reaction whereas the ring current is obtained from the
oxidation reaction (in our experiments). The onset potential (Eon), the half-wave potential
(E1/2) and the diffusion limiting current density (Jlim) are the commonly used parameters
to compare the activity of different electrocatalysts [94]. Instead, the hydrogen peroxide
yield and the electron transfer number justify the utilization of electrocatalysts for practical
applications in fuel cells, where hydrogen peroxide can potentially destroy the operating
membrane [95]. In this study, Eon was estimated at −0.1 mA cm−2 current density whereas
E1/2 was determined by taking the first derivative of the obtained LSVs.

2.2.1. Electrocatalytic Activity in Acidic Media

Carrying out RRDE measurements of M-N-C electrocatalysts in acidic media is ex-
tremely important to reveal their potential application as a replacement for PGMs in
PEMFCs [24,96]. Figure 6a–d compares the electrochemical results achieved for the electro-
catalysts synthesized by changing the temperature of the first pyrolysis, which aimed at
converting the waste precursor (cigarette butts) into carbonaceous char. By starting from
the LSVs of the disk current reported in Figure 6a, it is worth observing that the LSVs do
not show a limiting current plateau at low potentials (<0.3 V vs. RHE), which is indicative
of a diffusion-controlled mechanism, but the LSV tail seems to change the slope. This
means that the system is still controlled by both kinetics and diffusion at low potentials. In
the case of cig_900, however, the typical sigmoidal shape of LSV is not detected, and the
current density is much smaller than that shown by the other electrocatalyst, which is an
indication of limited ORR activity. Conversely, the electrocatalyst pyrolyzed at cig_450 is
the most active in terms of output Jdisk and Jring current at equal potential. In fact, cig_450
performs outstandingly by demonstrating Eon and E1/2 of 0.877 V vs. RHE and 0.682 V
vs. RHE, respectively, which are higher than those of other counterparts as reported in
Table 2. Interestingly, Figure S8a shows a linear trend (with a correlation coefficient R2 near
1) correlating the E1/2 of the disk LSVs and the pyrolysis temperature. According to this
plot, E1/2 decreases by raising the pyrolysis temperature. Since E1/2 is an indicator of the
electrocatalytic performance, it can be concluded that the activity of the iron-functionalized
samples follows this trend cig_450 > cig_600 > cig_750 > cig_900. Considering the current
reached in the limiting current regime at low potential (0.2 V), cig_450 beats the other
counterparts by far with a current density of −3.25 mA cm−2. This number is similar to
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that achieved by some of the commercial Fe-N-C electrocatalysts tested with a loading of
0.2 mg cm−2 in the Prins et al. study [97].
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Table 2. Electrochemical data of the samples in the tested electrolyte.

Acid Neutral Alkaline

Sample Eon [V vs.
RHE]

E1/2 [V vs.
RHE]

Eon [V vs.
RHE]

E1/2 [V vs.
RHE]

Eon [V vs.
RHE]

E1/2 [V vs.
RHE]

cig_900 0.88 0.50 0.73 0.41 0.88 0.76
cig_750 0.86 0.53 0.71 0.37 0.86 0.79
cig_600 0.83 0.59 0.73 0.37 0.88 0.81
cig_450 0.88 0.68 0.77 0.43 0.91 0.85

Eon stands for onset potential; E1/2 stands for half-wave potential.

Hydrogen peroxide production (Figure 6b) remains below 20% displaying some dis-
tinctions among electrocatalysts. Cig_600 and cig_750 are the most efficient electrocatalysts
as peroxide yield is inferior to 10%, contrary to cig_450 and cig_900 which depict H2O2
percentages up to 15 and 20%, respectively. Importantly, the quantity of H2O2 produced
affects the current engendered at the ring Jring illustrated in Figure 6c: the more H2O2 forms
the greater the resultant Jring.

Although the production of H2O2 is relatively high compared to M-N-C electrocata-
lysts synthesized in other works [58,98], the number of transferred electrons ranges between
3.6 and 4.0 (Figure 6d), thus highlighting that the synthesized (and functionalized) elec-
trocatalysts are more selective to the 4 or 2 × 2-electrons pathway, which leads to the
water production.

2.2.2. Electrocatalytic Activity in Neutral Media

Evaluating the activity of the iron-functionalized electrocatalysts in a neutral envi-
ronment provides insights for the implementations in MFCs, where the polluted water
can be used for power generation by exploiting microorganisms [99,100]. The neutral and
polluting environment of MFCs deactivates the PGMs, and hence, a logic to technologically
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design non-PGMs electrocatalysts prevails [101,102]. With this intention, the activity of the
developed electrocatalysts was assessed by RRDE in neutral media (0.1 M PBS). The LSVs
obtained from the ring and disk current are shown in Figure 7a,c, respectively, whereas the
trends in hydrogen peroxide production and the number of transferred electrons are illus-
trated in Figure 7b,d, respectively. Table 2 provides the values of Eon and E1/2 obtained for
each electrocatalyst in the neutral media. The estimated Eon and E1/2 are lower compared
to the acidic case, thus depicting hindered kinetics due to a reduced concentration (10−7 M)
of H+ and OH− ionic species [103]. Eon values reported in Table 2 follow the trend cig_450
> cig_900 > cig_750 > cig_600.
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Moreover, cig_600 and cig_700 demonstrate almost equal E1/2 whereas E1/2 reaches a
peak in the case of cig_450. As reported in Figure S8c, E1/2 does not show a specific trend
with pyrolysis temperature in the neutral environment, unlike the acidic case (and alkaline
which will be discussed in the subsequent section).

Apart from cig_450, the limiting current plateau struggles to be reached at low po-
tential, thus implying that the electrochemical system is controlled by both diffusion and
kinetics. Considering Eon, E1/2 and the current attained at low potentials, it can be con-
cluded that the electrocatalytic activity follows this descending trend: cig_450 > cig_750 >
cig_900 ∼= cig_600. While again outperforming the other samples, cig_450 demonstrated
0.771 V vs. RHE in neutral media.

In Figure 7b, H2O2 yield rises to more elevated values with respect to the acidic media
by arriving at 27% at 0 V vs. RHE in the case of cig_900. Herein, cig_450 releases a smaller
amount of H2O2 compared to the other catalysts achieving a maximum of 9% yield at 0.7 V
vs. RHE, which is indeed smaller than the value detected in the acidic situation (i.e., 15%).
The results achieved for H2O2 reflect the number of transferred electrons n displayed in
Figure 7d. The n values fluctuate around 3.8 for cig_450, cig_600 and cig_750, while they
decline up to 3.4 for cig_900 at low potentials. Apart from these tiny differences, n overall
remains large enough (i.e., 3.4–3.95) to validate the 4 or 2 × 2-electron pathway of ORR
even in neutral media.
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2.2.3. Electrocatalytic Activity in Alkaline Media

The alkaline environment favors the ORR performance of M-N-C electrocatalysts
with respect to acid and neutral media. In fact, a well-designed M-N-C electrocatalyst can
perform even better than Pt/C electrocatalysts, thus encouraging the replacement of these
expensive materials with much cheaper alternatives in AEMFCs [52,104,105]. Hereinafter,
the ORR activity of the obtained iron-functionalized electrocatalyst is tested in a 0.1 M
KOH electrolyte, and results are reported in Figure 8a–d. Importantly, the Jdisk LSVs of
Figure 8a depict a reduced overpotential for all electrocatalysts compared to acid and
neutral electrolytes. Consequently, it turns out that the Eon and E1/2 are more positive
in the alkaline media. More specifically, Eon values range between 0.861 and 0.911 V vs.
RHE while the corresponding E1/2 ranges between 0.761 and 0.850 V vs. RHE (Table 2).
Such elevated activities in alkaline media might result from a partial contribution of the
alkaline peroxide intermediate OH2

− (predominant at pH > 12 [106]), which has superior
stability on Fe2+ active sites compared to the acidic intermediate H2O2 [107]. Interestingly,
Figure S8b displays the same linear relationship between E1/2 and the first pyrolysis
temperature observed in the acidic environment (Figure S8a); i.e., the higher the heat
treatment temperature, the lower the achieved E1/2. In other words, the activity estimated
by E1/2 is affected by synthetic conditions, and it declines linearly with temperature. This
outstanding achievement opens a novel way of designing active M-N-C electrocatalysts as
the electrochemical properties can be correlated to the synthetic conditions. The peroxide
(Figure 8b) of alkaline media overcomes the values obtained in acidic and neutral media
since it reaches up to 50% for cig_900. This implies that the amount of peroxide produced
is pH-sensitive [58]. In their article, the production of peroxide for the waste-polyurethane-
derived Fe-N-C electrocatalysts moves from 5% to 60% by varying the pH from 1 to 13 [58].
Such elevated yields of peroxide are primarily due to the predominance of the outer-
sphere electron transfer mechanism occurring in the alkaline environment, which seems to
privilege the 2-electron peroxide intermediate as the ultimate product [108]. The largest
amount of peroxide is achieved between 0.5 and 0.7 V vs. RHE, and the maximum position
strictly depends on the nature of the electrocatalyst. The tendency of peroxide percentage
influences the ring current curve (Figure 8c), which sharply increases between 0.7 and
0.8 V vs. RHE and achieves a maximum at 0.5 V vs. RHE corresponding to a heightened
development of peroxide. The more peroxide that is produced the higher the attained ring
current. Noticeably, the Jring decrease in cig_900 at lower potential is likely associated with
the reduction of the peroxide intermediate OH2

− to OH−, which is the final product of the
tetra-electronic process in alkaline media. This signifies that the ORR mechanism is not a
direct 4-electrons transfer but a 2 × 2-electrons pathway; namely, O2 is initially reduced to
OH2

−, and the peroxide intermediate is further reduced to OH− [58,109]. The presence
of a two-step reduction might explain the shape of the resulting LSVs, which seem to be
composed of a first LSV at the upper potential and a second LSV at the lower potential.
According to the previous literature works [54,58,110,111], the former might be associated
with the first 2-electrons transfer from O2 to OH2

− while the latter might be related to
the second 2-electrons transfer from OH2

− to OH−. The existence of a 2-electrons or a
2 × 2-electrons mechanism, instead of a straightforward 4-electrons mechanism, might
explain why n of cig_900 firstly reaches a minimum of three electrons at 0.6 V vs. RHE
(Figure 8d) and then rises to 3.6 electrons. In any case, focusing on the n values achieved
at low potentials (0 V vs. RHE), the reduction process remains tetra-electronic in alkaline
media as n is above 3.2.
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Regardless of the electrolyte pH, 450 ◦C is the topmost pyrolysis temperature to attain
the best results from the activity point of view. Conversely, pyrolyzing cigarette butts at
900 ◦C results in a poorly performing electrocatalyst. Moreover, cig_450 exhibits a lower
production of peroxide species in the alkaline media, which is quite close to the acidic one,
compared to the other electrocatalysts. This finding might be ascribed to the occurrence of
graphitic and hydrogenated nitrogen moieties, which are more abundant in cig_750 and
cig_900, the highest peroxide producers in alkaline media. On top of that, a diminished
amount of pyridinic moieties in cig_900 compared to the other samples could further
enhance peroxide production since pyridinic N is hypothesized to reduce peroxide species
in water [82]. Importantly, cig_900 and cig_450 have the same defectivity (ID/IG = 1.27) and
a similar abundance of Fe-Nx moieties which prompt the ORR. Notwithstanding, the lack
of porosity of cig_900 witnessed by the low surface area and pore volume of 109 m2 g−1

and 0.133 cm3 g−1, respectively, makes its kinetics particularly sluggish compared to the
other electrocatalysts. As aforementioned, pores allow the reactant molecules to reach the
internal active sites, thus increasing the resultant current density [86]. Hence, scarce poros-
ity hinders the accessibility to active sites, thus terribly affecting the reaction kinetics [88].
Interestingly, cig_750 displays a minutely higher surface area and pore volume with respect
to cig_450 (see Table 1). However, cig_750 shows a much less abundance of Fe-Nx and a
much higher amount of hydrogenated N moieties, which leads to a decreased performance
in terms of electrocatalytic selectivity and activity. To summarize, the outstanding perfor-
mance of cig_450 results from a trade-off between its great surface area and the amount of
homogeneously distributed Fe-Nx moieties, whose number is superior to that of the other
electrocatalysts. As a final consideration, the E1/2 of 0.85 V vs. RHE achieved by cig_450
in an alkaline medium is similar to the utmost-performing electrocatalysts reported in the
literature and very close to the Pt/C electrocatalysts with 20 wt% of Pt [48,105,112], thus
encouraging the replacement of precious materials in AEMFCs.

In addition to appreciable selective activity, working durability must be assessed to fit
the practical requirements of efficacious electrocatalysts. Therefore, accelerated stability
tests (ASTs) of the best-performing electrocatalyst, i.e., cig_450, were implemented in
alkaline and neutral media. The acidic electrolyte was excluded because of the lack of
stability of Fe-N-C electrocatalysts attributed to the immediate demetallation, deterioration
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of active sites, carbon oxidation, etc. [48]. The achieved results in neutral and alkaline media
are reported in Figures S9 and S10, where cig_450 shows a continuous degradation in terms
of Jlim in both alkaline and neutral media upon 2000 cycles while kinetics decline (E1/2) is
considerably prominent in neutral media. After 500 cycles, a pronounced degradation is
observed, probably associated with the leaching of iron from exposed nanoparticles [98] or
with a possible Fe dissolution/reprecipitation mechanism, which partially converts single
atoms into iron oxide nanoparticles, less active than Fe centers [110]. After 2000 cycles, a
Jlim decrease of 59% and 50% is observed in alkaline and neutral media, respectively. On
the other hand, the E1/2 shifts detected in alkaline and neutral media after 2000 cycles are 6
mV and 50 mV, respectively. From the selectivity point of view, after AST, the number of
transferred electrons shifts from 3.72 to 3.52 in alkaline media while it shows a minor change
in neutral media (from 3.85 to 3.81). This difference is attributed to a higher production
of peroxide in the alkaline electrolyte after AST as it increases from 14 to 24%. This
variation is much less prominent in the neutral environment where peroxide production
grows approximatively by two units. In light of this, cig_450 should be improved from the
stability point of view by optimizing the synthetic conditions during prospective endeavors.

2.3. Novelty and Perspectives

A huge amount of cigarette butts is daily discarded, thus ruining and polluting both
the terrestrial and aquatic environments. Cigarette butts as a source of micro/nanoplastics,
when littered into common waste streams seriously challenge the survival of the whole
ecosystem. In addition, a large-scale system to collect cigarette butts is still missing, and
currently, collection campaigns are mainly carried out by small clean-up crews of volun-
teers [113,114]. Moreover, the traditional disposal pathways mainly involve landfilling is
still a direct violation of environmental safety standards due to its potential for soil toxicity.
In this regard, incineration is another method that at the first glance can be considered
a helpful way to generate electricity from unwanted waste, but, in reality, this practice
uncontrollably releases hazardous side products and greenhouse gases into the atmosphere.
On the other hand, a rational approach is to valorize the toxic wastes by converting them
into a value-added product within the context of the circular economy [4,7,11,113,115].
The presented study gives a novel insight into the consumption of waste cigarette butts of
negligible economic worth for the fabrication of valuable M-N-Cs for ORR electrocatalysis
which is the main bottleneck in the commercialization of low-temperature FC technology.
Such scientific efforts of realizing the concept of green energy by using waste products
with the potential for environmental degradation will surely be an important step to-
ward sustainability. Our results demonstrate appreciable ORR electrokinetics of the waste
cigarette-derived electrocatalysts, especially cig_450, in all the three pHs that give rise to
an individual class of FCs. However, this study launches an embryonic concept of using
waste cigarette butts for developing M-N-C-based ORR electrocatalysts, and of course,
prospective attempts should be made to further uplift the electrocatalytic performance by
tailoring the suitable site structure. Moreover, M-N-Cs electrocatalysts find their demand
in a broad spectrum of applications which are hotspots for scientific research such as the
electrochemical reduction of carbon dioxide [116,117], nitrate reduction [118], hydrogen
evolution reaction (HER) for water splitting [119–121], etc. Such kinds of M-N-Cs can
be fabricated using cigarette butts as a cost-effective feedstock; however, each reaction
demands proper engineering of active moieties to ensure desired activity and selectivity,
which could open up a new window for future research by playing a second fiddle to the
circular economy.

3. Material and Methods
3.1. Synthesis Processes

Cigarette butt waste was selectively collected from the designated cigarette receptacles
installed in the smoking areas of the University of Milano-Bicocca Campus. Periodic
emptying allowed the recovery of different samples, which were air-dried overnight under
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a fume hood and stored in plastic bags at 20 ◦C. Roughly, the waste was composed of
20–25% of lignocellulosic tobacco remnants and ashes, and 75–80% of cigarettes smoked
butts. In turn, cigarette butts were mainly composed of 20–25% of cellulose paper and
80–75% of cellulose acetate filters. A representative amount of cigarette butts was then
washed and shredded using a commercial blender to achieve a homogeneous fluffy product
including all the fractions.

The sample was pulverized using a Retsch® ball miller with ZrO2 spheres by setting
800 rpm as rotation speed, a processing time of roughly 1 h, which was divided into intervals
of 30 min alternated with a pause time of 5 min. Thereafter, about 6 g of the obtained
powder was poured into an alumina boat (thermal resistance > 1700 ◦C), which was in turn
placed in a quartz tube within Naberthem® RSH 50/500/13 tubular furnace. Prior to the
instrument start-up, Ar gas was flushed for 30 min with a pressure of 100 cm3 min−1 to
attain an anoxic atmosphere. The pyrolysis treatment was performed starting from room
temperature (r.t.) till the target temperature (450, 600, 750 or 900 ◦C) with a heating rate
of 5 ◦C min−1. The temperature dwelled at 900 ◦C for 1 h and then cooled down to room
temperature at the same rate. Subsequently, the obtained char was chemically activated
by using KOH with a KOH/carbon weight ratio of 4:1. First, KOH was introduced into a
balloon and solubilized with absolute ethanol. Second, after the complete solubilization
of KOH, char was added to the solution. The mixture was left in the capped balloon
under stirring at room temperature for 24 h. Afterward, the temperature rose to 80 ◦C
while stirring, and a constant Ar flux was flushed to let the solvent evaporate under a
dry atmosphere. The dried mixture was recovered and activated in a tubular furnace.
Previously, Ar was flushed for 30 min with a pressure of 100 cm3 min−1 to achieve an
inert atmosphere. Then, pyrolysis was carried out starting from r.t. up to 700 ◦C with a
heating rate of 5 ◦C/min. The target temperature (i.e., 700 ◦C) was maintained for 1 h
and the sample was subsequently cooled down all the way to r.t. with the same heating
rate. This time, the alumina boat was lined by using a nickel strip to avoid a possible
reaction of aluminum oxide with the remaining excess of KOH, and for the same reason,
the tube was internally covered with a stainless-steel foil. After the activation pyrolysis,
the sample was immersed in a beaker for 2–3 min with approx. 30 mL of 1 M HCl for an
acid-washing process that aims at further removing KOH. The solution is then washed
with milli-Q water using a vacuum flask with a Büchnell funnel until the supernatant
reaches pH 7. Thereupon, the washed sample was dried in a heater for at least 5 h at
80 ◦C. The subsequent step was functionalization, which was accomplished by mixing
the sample with 10 wt% of iron (II) phthalocyanine (FePc) in a ball miller, as previously
described. Subsequently, a third pyrolysis was carried out similarly to the first pyrolysis
but setting 600 ◦C for 1 h as a target temperature. Again, the sample was subject to further
homogenization using the ball miller, as previously described, and recovered from the jar
washing with absolute ethanol.

3.2. Morphological and Surface Chemistry Investigations

Thermogravimetric analysis (TGA) equipped with differential scanning calorimetry
(DSC, STARe system, Mettler Toledo, Switzerland) was used to study the thermal profile
of the raw material by heating the sample from room temperature to 1000 ◦C in a N2
atmosphere with a heating rate of 10 ◦C min−1. Inorganic elemental analysis was qualita-
tively carried out using X-rays fluorescence (XRF, Artax 200, Bruker, Billerica, MA, USA)
having Mo anode. To investigate the crystallographic features, X-rays diffraction (XRD)
coupled with a Cu source was employed (Rigaku Miniflex 600, Tokyo, Japan). Moreover,
the carbonaceous architecture of the as-fabricated samples was studied by the means of a
Raman spectroscopy (Labram, Jobin Yvon, France) assembled with a microscope (BX40,
Olympus, Japan) having a Long Working Distance of 50× objective (N.A. of 0.60). For
exciting the Raman samples, a helium–neon laser (wavelength of 632.8 nm) was used while
the scattered signals were detected with the help of a silicon CCD functioning at 200 K
(Sincerity, Jobin Yvon, France), in a backscattering mode. Raman bands were fitted as a
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sum of bands with Breit–Wigner–Fano line shape to clarify the peak position, intensity and
full-width half maximum, while the ID/IG ratio was determined by dividing the absolute
band intensity of D by that of G.

Desktop scanning electron microscope (SEM, Thermo Fisher Phenom G6, Eindhoven,
The Netherlands) with a thermionic CeB6 source was used to study the morphology of the
prepared electrocatalysts in secondary electron (SE) mode. For further microscopic analysis,
transmission electron microscopy (TEM) measurements were performed on a Thermofisher
Talos F200X G2 high-resolution TEM. Images were taken at 200 kV in the HRTEM and
STEM mode with a Panther detector equipped with an HAADF solid-state ring detector.
EDX data, including maps, were collected with a SuperX spectrometer (Thermofisher,
Waltham, MA, USA) consisting of 430 mm2 silicon drift detectors. EDX maps were acquired
with a 256 × 256 px resolution.

XPS was measured in an ultra-high vacuum chamber capable of reaching a pressure
lower than 10−10 mbar. The radiation used was a non-monochromatized Al (hν = 1486.6
eV). The analyzer used was a hemispherical electron/ion energy analyzer (VSW with a
16-channel detector). The X-ray source had an operating power of 120 W (12 kV and 10 mA).
The photoelectrons were collected perpendicularly to the surface sample in fixed analyzer
transmission mode (pass energy of 44 eV). The XPS spectra calibration was conducted by
setting the C1s component to 284.8 eV [122].

Sample pore architecture was evaluated by the analysis of the N2 adsorption/desorption
isotherms at 77 K, collected by an ASAP 2020 system (Micromeritics, Georgia, USA). Before
measurement, the samples were dried and degassed for 24 h at 413 K. The specific surface area
was quantified by the analysis of the isotherm adsorption branch according to the Brunauer–
Ermett–Teller (BET) theory. Pore volume and pore size distributions were evaluated by
exploiting the Density Functional Theory.

3.3. Electrochemical Characterization

The electrochemical performance was evaluated by using a three-electrode RRDE
setup assembled with a Pine WaveVortex 10 rotator (USA), a Pine WaveDriver 200 EIS
Biopotentiostat/Galvanostat (USA), a Pine 250 mL glass cell and a Pine rotating electrode
E6R2 (USA). The inks were prepared by dispersing 5 mg of as-developed electrocatalyst
in a mixture of 985 µL isopropanol (Alfa Aesar, Ward Hill, MA, USA) and 15 µL of 5 wt%
Nafion® D-520 (Alfa Aesar, USA). The produced inks were sonicated for 10 min at 50%
pulse amplitude. The RRDE (E6R2 series) used for the electrochemical study had a disk
area of 0.2376 cm2 with a Pt ring of 0.2356 cm2 geometric area, while the collection efficiency
(N) was 38%. Before being used, the electrode was polished on a cloth using alumina pastes
to obtain a flat surface, followed by ultrasonic cleaning in water. Then, the working RRDE
electrode was fabricated by drop-casting with a loading of 0.6 mg cm−2. The experiments
were carried out in three different electrolytes: (i) acidic solution of 0.5 M H2SO4, (ii) neutral
solution of 0.1 M potassium phosphate buffer (PBS) and (iii) alkaline solution of 0.1 M
KOH. Before beginning measurements, the cell was bubbled with pure O2 for 30 min,
and afterward, each electrocatalyst was activated through 20 cycles between the suitable
potential window of the electrolyte in use at a scan rate of 100 mV s−1. Linear sweep
voltammetries were recorded with a rotating speed of 1600 rpm and a scan rate of 5 mV
s−1. A graphite rod and saturated calomel electrode (SCE) were used as a counter electrode
and reference electrode, respectively. The potential window for acidic, neutral and alkaline
electrolytes was maintained at +1000 to −250 mV vs. SCE (potential ring hold at 1000 mV
vs. SCE), +600 to −750 mV vs. SCE (potential ring hold at 600 mV) and +150 to −1050 mV
vs. SCE (potential ring hold at 150 mV vs. SCE). All measured potentials were reported
with respect to reverse hydrogen electrode (RHE), to correlate it to pH, using the following
relationship: E(vs. RHE) = E(vs. SCE) + 0.241 + 0.0591 pH. By monitoring the disk current
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(Jdisk) and ring current (Jring), peroxide formation and electron transferred number were
determined using Equations (1) and (2), respectively:

% Peroxide =
200 · Jring

N

Jdisk +
Jring

N

(1)

n =
4Jdisk

Jdisk +
Jring

N

(2)

The accelerated stability tests (ASTs) were carried out with the RRDE technique by
applying 2000 cycles in the potential window of 1.2 to 0 V vs. RHE at 1600 rpm and 50 mV
s−1 in O2

− saturated electrolyte. The electrocatalyst loading was maintained at 0.6 mg
cm−2. For comparison, LSVs at every 500th cycle were recorded at 5 mV s−1.

4. Conclusions

In the framework of a circular economy, one of the most littered waste products,
i.e., smoked cigarette butts, was used to develop Fe-N-C electrocatalysts via pyrolysis.
The carbonaceous chars acquired at different temperatures, i.e., 450, 600, 750 and 900
◦C, were activated with KOH for the inducement of porosity. Finally, the activated char
was functionalized with FePc to launch active moieties for ORR. The electrochemical
results were evidence of a descending trend of electrocatalytic activity with the increase in
temperature pyrolysis in all three acidic, neutral and alkaline media whereas overall higher
kinetic performance was obtained in alkaline electrolyte. Cig_450 outperformed the other
counterparts in all three pHs by delivering the highest E1/2 and Eon. The estimated values
of E1/2 and Eon for cig_450 came out to be 0.88 V and 0.5 V vs. RHE in acidic media, 0.77 V
and 0.43 V vs. RHE in neutral media and 0.91 V and 0.85 V vs. RHE in alkaline media. The
outstanding performance of cig_450 might be attributed to the synergic effects of optimum
surface area and higher amount of Fe-Nx, ensuring a tetra-electronic process in any tested
environment. Despite demonstrating excellent electrocatalytic activity, cig_450 had limited
operational stability as the performance declined after 500 cycles in alkaline and neutral
environments. However, this aspect can be further improved in future scientific endeavors.
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Electron microscopy investigation of cig_600 (a–d) and cig_900 (e–h). Low magnification HRTEM
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graphs (a) and (b) refers to the linear fit of data. Figure S9: Accelerated stability tests of cig_450
conducted in 0.1 M PBS: (a) Disk current density (Jdisk) and (c) Ring current density (Jring) recorded
at 1600 rpm and 5 mV s−1, (b) % Peroxide and (d) the number of transferred electrons (n). Figure S10:
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