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Trillion of cigarette butts are annually littered without being
recycled. This work aims at valorizing the whole cigarette butts
and their components (paper, filter and tobacco) into Fe-Nx-C
electrocatalysts for oxygen reduction reaction (ORR) in acid and
alkaline media. The pristine wastes were pyrolyzed at 450 °C,
activated with KOH at 700 °C, blended with iron phthalocyanine
(FePc) precursor, and heat-treated at 600 °C to produce a robust
Fe-Nx-C material with ORR active units. The effect of the
cigarette components on the final electrocatalytic activity was
evaluated by thoroughly investigating the surface chemistry

with XPS. The electrocatalysts displayed similar results among
the different components in both media due to comparable
surface chemistry, especially concerning the nitrogen functional
groups. The highest performance was obtained in alkaline
where the electrocatalysts from whole cigarettes and paper
(CIGF_450 and CIGPF_450) showed an E1/2 of 0.89 V vs RHE,
slightly larger than that of Pt/C with 40 wt% of Pt, which
encouraged to replace Pt-based electrocatalysts in alkaline fuel
cells.

Introduction

Low-temperature fuel cells (FCs) are evolving as promising
sustainable devices in the paramount of clean energy produc-
tion due to their exceptional advantages.[1,2] Among the cutting-
edge FCs, proton exchange membrane FCs (PEMFCs) and anion
exchange membrane FCs (AEMFCs) have appealed interest of
researchers owing to their technological advancements and

potential for mobile and stationary applications.[3–5] Both
devices can easily convert the fuel (hydrogen) into water as an
environment-friendly product in different pH environments by
exploiting the combined action of hydrogen oxidation reaction
(HOR) at the anode and the oxygen reduction reaction (ORR) at
the cathode.[6] Although these bleeding-edge technologies are
gaining relatively high business prosperity, the complex and
slow-paced ORR hinders their implementation in far-reaching
applications. According to the scientific community, ORR can
mainly proceed via two pathways, i. e. the tetra-electronic and
the bi-electronic.[7] The former is the most desired route since it
leads to water or OH� as a final output depending on the pH. In
contrast, the latter brings aggressive peroxide species, which
can severely damage the membrane integrity and consequently
decrease the whole FC performance.[8] To overcome these
issues, platinum group metals (PGMs) are widely employed in
FC cathodes.[9,10] However, this practice soars the fuel cell stack
cost making FCs less competitive than fossil fuel-based
technology in the energy production market.[11] Therefore,
scientists are putting strong efforts into making FC technologies
economically viable by developing efficient and cost-effective
carbon-based electrocatalysts to replace PGMs.[10,12–17]

Carbon-based nanomaterials are known to provide con-
ductive and robust support for the electrocatalytic activities in
FCs,[81–83] however, they are typically derived from the petro-
chemical industries.[18] The basic demand to reduce production
costs and efficiently use resources drives us to follow the
circular economy principles of recycling the ever-increasing
organic waste which is otherwise a persistent challenge to the
environment‘s safety. Biomass and plastic-based scraps are
emerging as possible carbon feedstock to produce active
materials for catalyst and electrode applications since these
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sources can be easily converted into porous and conductive
carbonaceous chars through pyrolysis.[19,20] Among the various
sorts of difficult-to-manage wastes that fall outside the tradi-
tional recycling pathways, discarded cigarette butts (CBs) are
the challenging ones that are littered in common waste streams
with up to 6 trillion per year.[24,25] Their ubiquitous dispersion
results in a final release of 300,000 tons of microplastic from the
60 filters as well as more than 7,000 hazardous ingredients[26,27]

where a single CB can contaminate up to 1000 L of water.[28,29]

Hence, to avoid such terrible effects and promote a circular
economy paradigm their upcycling into value-added products
for sustainable applications should be encouraged and one of
the potential ways could be their transformation into electro-
catalysts for ORR which is the key bottleneck in the commercial
realization of FCs.

In the arena of carbon-based nanomaterials, metal-nitro-
gen-carbons (M� N� Cs) are gaining the attention of the
scientific community as the most reliable replacement for
PGMs. Such M� N� Cs are based on the atomic level dispersion
of first-row transition metals (TM) in a nitrogen-doped porous
and defect-rich matrix of carbon.[30] TM with atomic level
coordination with nitrogen i. e. TM� N4, TM� N3, TM� N2[30–32]

makes robust active moieties for the direct tetra-electronic ORR.
Whereas the metal-free nitrogen-based active sites such as
pyrrolic and pyridinic help in the bi-electronic and 2+2
stepwise reduction of oxygen during the electrocatalysis.[33,34]

Compared to the other choices of TMs, Fe comes first owing to
the optimum electronic structure that facilitates the cleavage of
O=O while promoting the direct 4-electron pathway.[35] Hence,
Fe� N� Cs have evolved as an important PGM alternative for
ORR. It is important to note that Fe� N� Cs and other TM-based
electrocatalysts are majorly composed of carbon and this
carbon can be cost-effectively synthesized using waste plastic
and biomass. Therefore, a huge academic interest has recently
been witnessed in the utilization of plastics and biomass
waste.[13,36–38] Recently, different waste materials such as poly-
ethylene terephthalate (PET) packaging[39] and bottles,[40]

facemasks,[36] polypropylene lunchboxes,[23] waste tires,[37]

polyurethane,[13] pistachio shells,[41] waste tea,[42] waste
leather,[43] spent batteries,[44] several bio-based waste[45–47] and
so on have been utilized as a carbon feedstock to develop
PGM-free catalysts i. e. Fe� N� Cs for ORR via pyrolysis. With the
same pursuit, recently, our research group attempted to
synthesize Fe-Nx-Cs catalysts for ORR starting from cigarette
butts[48] optimizing the synthesis process in two-step pyrolysis
at 450 °C and 600 °C, with an intermediate activation process to
increase the surface area. The obtained materials resulted in
selective oxygen conversion throughout the 4-electron
pathway.[48] Despite the initial encouraging outcomes of the
Fe� N� Cs synthesis using waste CBs, important queries still must
be resolved. Discarded CBs are composed of various parts
having different chemistry and elemental nature. Therefore,
commencing an inclusive analysis of their utilization in Fe� N� Cs
production is critical, as different feedstocks can rigorously
influence the final characteristics of the derived catalysts. This is
particularly important while designing single-atom catalysts
(SACs) i. e. Fe� N� Cs, where even a slight modification in the

proportion of ingredients and impurities can lead to varied
consequences.

In this paper, we aim at investigating the effect of using
different components of cigarette butts as carbon precursors,
i. e. tobacco, rolled paper, and filter on the ORR electrocatalytic
activity. Since these components are prepared in a different
way and designed for different scopes, they display diverse
chemical composition and morphology.[49] For instance, tobacco
is a ligneous-cellulosic material containing a higher amount of
metals and nitrogen than the cigarette filter, which is made of
cellulose acetate and serves as a barrier preventing the
entrance of noxious substances into the lungs.[50] The same
consideration can be made for cigarette paper, which is a
cellulose-based material and contains additives to improve the
cigarette combustion process upon smoking.[51] All of these
features are expected to play a role in the development of
diverse carbonaceous structures during pyrolysis. Therefore,
each cigarette component was pyrolyzed at the same optimal
temperature, i. e. 450 °C, and subsequently activated and
functionalized with FePc according to the previously used
protocol.[48] The electrochemical results were achieved via RRDE
and compared with the carbon obtained by pyrolyzing the
whole cigarettes in both acid and alkaline media.

Results and Discussion

Figure 1 illustrates the main steps of the electrocatalyst
preparation, i. e. the pyrolysis to convert the waste CBs into
carbonaceous char, the KOH activation to expand the pore
network, and finally the functionalization to launch the active
sites. Regarding the preparation of carbon materials, the output
gravimetric yield of pyrolysis (calculated as described in the
Experimental Section) represents an essential parameter affect-
ing the decision-making process of industrial scalability. All
three materials show three different yields as reported in
Table S1 in Supplementary Information. The highest one (ca.
40%) was obtained by tobacco, while the lowest one (ca. 20%)
was reached by filter. Whole cigarettes and paper achieved
intermediate values of 26% and 36%, respectively. Similar
results were obtained by S. Yousef et al., who observed a
greater degradation for the filter with respect to the other
cigarette components.[52]

Morphological and Chemical Analysis

The surface morphology of the final electrocatalysts is com-
pared with that of the pristine materials, i. e. filter, paper, and
tobacco, in Figure S1 and Figure S2 within Supplementary
Information. The texture of the final materials (Figure S1), which
were ground into fine powders, looks similar and it is mainly
characterized by aggregated, globular, and irregularly shaped
microparticles, similar to cigarette-derived carbon reported in
other works.[53] The pristine materials exhibit a distinguishable
texture from each other (Figure S2). In Figure S2a, the particles
of tobacco powder possess a rough, and carved surface typical
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of lignocellulosic biomass materials with some cavities.[54] On
the contrary, the paper shows a smoother surface than tobacco
with some cracks (Figure S2b). Eventually, the filter is composed
of Y-shaped long fibers having a diameter of ca. 20 micrometers
and a length probably over several hundred micrometers
(Figure S2c).[55,56]

The quantification of carbon, nitrogen, and hydrogen of the
pristine material and the prepared electrocatalysts is depicted
in Table S2, where the results are reported in wt%. At first
glance, the electrocatalyst material presents a high amount of
carbon compared to the raw material (ca. 42.68 wt% on
average vs 74.46 wt% on average) while hydrogen content is
higher for the waste source (ca. 5 wt% on average vs 1.6 wt%
on average). The increase of carbon and the decrease of
hydrogen content is attributed to the pyrolysis performed at
450 °C and the following thermal treatment performed at
higher temperatures, where H is removed through the elimi-
nation of water molecules and volatile aromatic compounds
(e.g. phenols).[52] In the pristine material, the quantity of
nitrogen is below 1 wt% in the case of cigarette, paper, and
filter while it is more than 2 wt% in the case of tobacco. Such a
high amount in tobacco is due to the presence of numerous N-
containing molecules, including aromatic nitrosamines (e.g.
nicotine) and hydrogen cyanide.[57] In general, iron phthalocya-
nine precursor increases the amount of nitrogen so that the
electrocatalysts display a higher content. Among the final
materials, CIGTF_450 presents the greatest amount of N (i. e.
3.82 wt%), which might be due to the abundance of N inherited
by the raw material, i. e. tobacco.

The occurrence of the main elements in both the pristine
materials and the final electrocatalysts was determined by XRF
spectroscopy and the resultant spectra are reported in Figure S3
and Figure S4, respectively. Ca, Fe, K, Ti, and Cr are the
prevalent metallic elements in the pristine materials (Figure S3),

with less sharp signals in the filter (Figure S3b). These elements
come from additives introduced in cigarette components for
different purposes. For instance, Ti derives from the introduc-
tion of TiO2 as a whitening agent in the paper or to reduce the
luster among the filter fibers,[49,58] while Ca and K from CaCO3

and potassium carboxylates are added as flame retardants.[58–60]

The presence of Fe in the pristine materials is justified by the
addition of iron oxide additives as catalysts to convert CO into
CO2,

[51] whereas the occurrence of Cr can have multiple origins,
including the fertilizers used for tobacco cultivation.[61] Anyway,
in the XRF of the final electrocatalysts (Figure S4), Fe results to
be almost the only metal, obviously derived from FePc
precursor whereas most of the aforementioned impurities do
not appear in the final electrocatalysts, probably due to the
acid washing, which leached out many metals found in the
pristine materials.

To further analyze the morphological aspects of the derived
electrocatalyst, transmission electron microscope (TEM) images
were acquired as demonstrated in Figure 2. From TEM images it
can be witnessed that the architecture of all the developed
catalysts is mainly composed of amorphous carbon, with few
defect-rich graphitic domains. The topography of the CIGF_450
was observed to be relatively rougher indicating the presence
of structural discontinuities and edge defects. Moreover, all the
samples exhibited tiny metallic nanoparticles wrapped within
the few graphitic layers. Such morphological features were
additionally confirmed by accruing the morphological and
compositional contrasts through HAADF (High-Angle Annular
Dark Field)-STEM (scanning TEM) and corresponding EDX area
mappings (Figure S5). The STEM analysis certifies the homoge-
neous distribution of the elements of interest i. e. Fe and O
throughout the carbon matrix of the derived catalysts, however,
the coalescence of Fe species into nanoparticles is also quite
evident. From the (Energy-dispersive X-ray spectroscopy) EDX

Figure 1. Sketch of the electrocatalyst preparation.
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area maps it can be inferred that the Fe nanoparticles are
mostly in the oxide forms.

The crystallography of the electrocatalyst was studied by
XRD, and the diffractograms were reported below in Figure 3a.
All the samples show broad peaks centered at ca. 26° and 44°

Figure 2. TEM micrographs of the derived electrocatalysts.

Figure 3. a) XRD and b) Raman spectra of the electrocatalysts.
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ascribed to amorphous carbon and resulting from the crystallo-
graphic planes (200) and (110) of graphite (ICDD: 01-089-
7213).[62] As well as carbon peaks, all the XRD patterns depict
tiny peaks at ca. 32.5, 35.3, 47.6, 56.84° arising from iron oxide
with mixed Fe(II), Fe(III) oxidation state (i. e. Fe3O4 magnetite,
ICDD: 01-086-1356), but the peak at 33° in CIGF_450 evidence
the presence of hematite phase (Fe2O3, ICDD: 01-085-0987).
Hence, from the crystallographic point of view, the materials
seem to be composed of a few iron oxide crystallites dispersed
in an amorphous carbon matrix. The indication of iron oxide
presence is supported by the afore-discussed STEM and EDX
analysis.

As a non-destructive technique, Raman spectroscopy was
carried out to gain insights into carbon structure, and the
corresponding spectra are reported in Figure 3b. The as-
prepared electrocatalysts displayed the two usual signals of
electroactive carbon materials in the first-order spectra, i. e. the
G and D bands. In the prepared electrocatalysts, the former is
located at roughly 1575 cm� 1 and it derives from the E2g mode
of the in-plane sp2 bond-stretching of C atoms whereas the
latter is centered at ca. 1320 cm� 1 and emerges from the A1g

breathing mode of C� C around defects.[63,64] Looking closer, the
D’ (also known as D2) peak appears as a shoulder of the G band
at ca. 1630 cm� 1, especially for CIGPF_450 and CIGBF_450. Even
this band is associated with a defective structure[65] but, more
specifically, refers to lattice vibration involving graphene layers
at the surface of a graphitic crystal, namely those layers not
directly sandwiched between two other graphene layers.[66] The
ID/IG ratio, which is related to carbon defectivity, was calculated
by dividing the absolute intensity of the D band and that of the
G rather than the peak area because the herein synthesized
materials are amorphous and present a high defect density.[67]

Indeed, the ID/IG ratio is higher than 1 and spans between 1.08
of CIGPF_450 and 1.61 of CIGF_450. The higher defect density
of the CIGF_450 revealed by Raman spectra further endorses
the TEM outcomes. Also, XRD patterns exhibited amorphous
carbon humps at ca. 26° and 44° clearly confirming the
defective carbonaceous matrix that could help in ORR
activity.[68,69] The other two samples, i. e. CIGBF_450 and CIGTF_
450, exhibit intermediate values, i. e. 1.13 and 1.22 respectively.
Hence, such high ID/IG and the appearance of D’ shoulder
confirm the occurrence of a large number of defects, such as
heteroatom substitutions, destructive grain boundaries and
edges due to micropore formation or the presence of iron oxide
phases (as detected in XRD), atomic vacancies, cracks, etc.[67]

To analyze the textural characteristics of the developed
samples, BET analysis was performed. The results of the
obtained adsorption-desorption curves have been displayed in
Figure S6 whilst Table S3 summarizes the BET results. The
shapes of obtained isotherms with a high uptake at low relative
pressures typically indicate the presence of microporous
systems. Moreover, the high surface area, in conjunction with
the small pore width calculated with the BJH method suggests
heterogeneous porosity of the samples, where macro and
mesopore coexist. CIGBF_450 adsorption-desorption isotherm
shows an H4 hysteresis, typical of narrow-slit pores. These pores
can be represented as the gaps between the layers of a lamellar

packaged material. It is worth noting that CIGPF_450 showed a
remarkable surface area of 1715.98 m2g� 1 whereas the surface
area of CIGTF_450 and CIGF_450 came out to be 1057.50 m2g� 1

and 932.18 m2g� 1, respectively. However, CIGBF showed the
least surface area of 649 m2g� 1 with a minimum BJH desorption
cumulative pores volume. It is important to underline that
accessibility to the active sites is an essential prerequisite
because if the active sites are present but remain inaccessible,
they cannot contribute to the ORR. Therefore, higher surface
area and meso-macroporous architecture ensure adequate
accessibility to the active sites and mass transportation.

Next, the four samples based on cigarette butts were
characterized by means of XPS to investigate the surface
chemistry, which plays a pivotal role in the electrocatalytic
performance of carbon-based materials. The wide scans,
reported in Figure S7, are comparable among the samples and
identified four elements in decreasing amounts, respectively
C1s, O1s, N1s, and Fe2p. Table S4 summarizes the elemental
composition in at%, which is predominantly carbon, with an
average of 6.6 at% of oxygen, 5.4 at% of nitrogen, and around
0.56 at% of iron. Specifically, the C content decreased in the
order CIGF_450 > CIGBF_450 > CIGPF_450 > CIGTF_450, while
the opposite trend was found for the nitrogen. Regarding Fe,
CIGF_450 resulted in the lowest content with just 0.34 at.%
while CIGPF_450 had the highest (0.69 at%), almost double
compared to the reference sample. For each sample the
identified core levels’ spectra were fitted according to previous
studies,[70–75] the results of which are reported in Figures S8
(C1s), Figure 4 (N1s), and Figure S9 (O1s), Figure 5 (Fe 2p) and
summarized in Table S5.

The C1s, N1s, O1s, and Fe2p spectra were very similar
among the samples with lesser modifications in the shape;
sample CIGF_450 showed slightly broader N1s (Figure 4a) with
respect to the others impacting the amount of N moieties. The
carbon content was found to be predominantly sp2 graphitic
(284.5 eV), with an average above 50 rel%, followed by
defective structures located below 284 eV accounting for
10.8 rel%. The third main component is the disordered sp3 C
(~285.1 eV), in an amount comparable to defective C. The
sample CIGPF_450 resulted in the lowest sp2 C content whilst
CIGTF_450 possesses the highest (Table S5). In Figure S8, the
appearance of minor peaks at 285.8, 287, 288 and 290 eV
assigned to C� N, C� OH/C� O� C, C=O/O� C� O, and COOH wit-
ness a variety of functional groups on the graphitic basal plane,
which can locally tune the carbon conductivity.[76] Indeed, the
abundance of sp2 carbon (C=C) arising from the disordered
carbon graphitic lattice is vital for electronic conductivity as
much as the presence of electron-donating atoms, like
nitrogen.[77]

Regarding nitrogen, the XPS deconvoluted spectra are
reported in Figure 5. The deconvolution shows the appearance
of six different N-moieties: imine (~398 eV), pyridinic-N
(~398.5 eV), Nx-Fe (~400.0 eV), pyrrolic-N (~400.8 eV), graphitic-
N (~402 eV) and oxidized nitrogen species NOx (~404 eV). The
main component was identified as pyridinic N, located at
~398.5 eV (~50 rel%), which increases according to this trend:
CIGF_450 < CIGBF_450 < CIGPF_450 < CIGTF_450. The second
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important component was the nitrogen coordinating the iron
(Nx-Fe, ~399.9 eV), followed by pyrrolic-N (~400.9 eV). Compar-
ing the samples, CIGF_450 was found to have the highest
amount of Nx-Fe (23.9 rel%) while CIGTF_450 possesses the
lowest (19 rel%). Nx-Fe takes a leadership role in ORR, catalyzing

the production of water or OH� either through the direct 4-
electron pathway or the indirect 2×2-electron pathway,[30] which
occurs via the production of peroxide at the first reduction step
(upper potentials), and water or OH� at the second reduction
step (lower potentials).[78] Metal-free N-moieties where N is

Figure 4. N1s high resolution spectra of the electrocatalysts.

Figure 5. Fe2p high-resolution spectra of the electrocatalysts.
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hybridized in sp3 form, such as graphitic-N and pyrrolic-N, are
supposed to catalyze the 2-electron pathway according to
previous reports.[33,79] However, other researchers argue that
pyrrolic-N can address the 4-electron pathway.[80] Moreover,
graphitic-N can have a positive influence on proton transfer
during the ORR mechanism in the acid environment.[77] The sp2

N-moieties like the pyridinic-N are likely to promote the
reduction of peroxide into the final product, i. e. water or
OH� .[77,81]

Moving on to oxygen, the O1s high-resolution spectra,
reported in Figure S9, were deconvoluted in 4 peaks centered
at 530, 531, 532, 533 eV corresponding to Mox, M� OH/C=O,
C� OH/C� O� C, O� C� O, respectively. The appearance of Mox
and M� OH signals confirms that oxygen is not only bonded to
carbon but also to iron, corroborating the existence of iron
oxide phases shown in XRD spectra. While the role of nitrogen
moieties in ORR is widely discussed in literature, the function of
oxygenated groups is not highly debated. Only a few articles
report the positive influence of oxygen-functional groups on
ORR such as C� OOH and C=O in conductive carbon supports
but further studies are needed to support this statement.[82]

Finally, the Fe2p shape of spectra is compatible with
systems obtained from Fe(II) compounds[83] containing both
Fe(II) and Fe(III) in high-spin state due to the presence of
multiplets and satellites, broadening the 2p3/2 component,[84] as
shown in Figure 5. The prominence of Fe(III) can be ascribable
to air exposure of samples, where oxygen can easily bind to the
Fe(II) sites of Fe-Nx centers. Also, some Fe(III) species can be
embedded in the few crystallites magnetite or hematite phases
together with Fe(II), which were detected by XRD and probably
enucleated during the heat treatment.[48] About the Fe moieties,
the majority of surface iron was in the oxidation state +3
(~711.8 eV), about 70 rel% for CIGF_450 and CIGBF_450,
63.6 rel% for CIGPF_450 and 61.7 rel% for CIGTF_450, the latter
possessing also the highest content of Fe(II) (~710.3 eV), about
33.5 rel%. The N-coordinated Fe was also identified in a similar
amount for all samples (ca. 5 rel%) and no metallic phases were
found, which corroborates the atomically dispersed nature of
iron.[85]

Electrochemical Measurements

To assess the electrocatalytic activity of the synthesized electro-
catalysts towards ORR, RRDE measurements were carried out in
0.5 M H2SO4 acidic and 0.1 M KOH alkaline electrolyte. Hence,
linear sweep voltammetry (LSV) curves of the disk (Jdisk) and ring
current densities (Jring) were acquired under a rotation speed of
1600 rpm and 5 mV/s, as conventional parameters to compare
different electrocatalysts in literature.[86,87] Onset potential (Eon)
and half-wave potential (E1/2) were calculated from Jdisk curve as
kinetic indicators to compare the electroactivity of the different
materials. As a threshold potential to start the ORR, Eon was
determined around – 0.1 mAcm� 2 while E1/2 was determined at
the maximum of the first derivative, according to previous ORR
protocols. Furthermore, the limited current (Jlim), i. e. the
maximum current value reached when the electrochemical

process is controlled by diffusion of reactant species, can be
utilized as a further parameter to discriminate the performance
of electrocatalysts with comparable Eon and E1/2. As well as
electroactivity, the selectivity towards the 4-electron pathway is
another essential feature to consider, especially when the
electrocatalysts are designed for PEMFCs since the PEM
membrane cannot withstand the aggressive action of peroxide
species.[88] The peroxide production was given by equation (4.1),
which includes the contribution of both Jdisk and Jring whereas
the number of transferred electrons n was calculated by
eq. (4.2). It was witnessed that the enhancement of the derived
electrocatalysts is solely attributed to the activation and
functionalization of the char-acquired during the first pyrolysis
(refer to Figure S10 and Figure S11 in the supplementary
information with due explanation).

Acidic Electrolyte

The evaluation of RRDE electrocatalytic activity in an acid
electrolyte at pH near 0 is extremely important to gain a first
insight into the potential application of TM-Nx-C electrocatalyst
in the almost mature PEMFC technology.[89] As preliminary
results for the ORR activity evaluation, cyclic voltammetries
were performed at 5 mVs� 1 without rotation on each sample
and reported in Figure S12. The appearance of a faradic peak at
ca. 0.7 V vs RHE (reported in Table S6) in CIGF_450, CIGTF_450
and CIGPF_450 indicates an ORR activity for these electro-
catalysts. The same peak is however missing in the CIGBF_450
voltammogram, suggesting limited performance compared to
the other electrocatalysts. Figures 6a and 6b active sites the
results for disk and ring current density recorded in O2 saturated
electrolyte, respectively, whereas Figures 6c and 6d show the
peroxide % and the number of transferred electrons (n),
respectively. Apart from CIGF_450, which reaches a Jlim of –
2.7 mAcm� 2 at potentials lower than 0.3 V vs RHE, the other
electrocatalysts do not reach the diffusion-limiting current in
the measured potential window. For these electrocatalysts the
current plunges between 0.7 and 0.6 V vs RHE, where the
process is controlled by only kinetics. However, at a potential
lower than 0.5 V vs RHE, the Jdisk curve steadily decreases,
meaning that the electrochemical process is still controlled by
both mass transfer and kinetics. The E1/2 and Eon show similar
values among the electrocatalysts as they span within a narrow
range of 0.61–0.64 and 0.75–0.78 V vs RHE, respectively.
However, it should be evidenced that CIGBF_450 develops a
much lower current at equal potential compared to the other
electrocatalysts. It should be noted that the same sample
exhibited the least surface area and the inaccessibility of the
active sites might be the possible reason for this discrepancy.
For instance, the difference of current detected at 0 V vs RHE is
ca. 0.5 mAcm� 2 than that of the other electrocatalysts. Similarly,
to the Jdisk trend, the Jring achieved at 0 V vs RHE by CIGBF_450
is much lower compared to that recorded for the other
electrocatalysts, i. e. 0.075 vs 0.12 mAcm� 2. Combining the Jdisk
and Jring results in the equation (4.1), the peroxide production
was determined and the trend is reported in Figure 6c. All in all,
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the electrocatalysts achieve similar values of hydrogen peroxide
production at 0 V vs RHE covering the interval 19–22%, with
the lowest number for CIGBF_450. These outcomes reflect on
the number of transferred electrons reaching ca. 3.6, with a
slightly higher value for CIGBF_450 (ca. 3.7). Being these
numbers close to 4, it is possible to ascertain the preferential
water production pathway.

To elucidate the kinetics of the prepared electrocatalysts,
Tafel analysis at low overpotential, i. e. between the Eon and E1/2
was performed and the results are displayed in Figure S15a and
in Table S7. The Tafel slope of the herein synthesized materials
is quite similar, ranging between 117 and 121 mVdec� 1. This
means that the electrocatalysts show similar kinetics.

Moreover, the operational durability of the best-performing
electrocatalyst i. e. CIGTF_450 was analyzed in the acidic media
which came out to be limited as the performance substantially
decayed after 2000 cycles (Figure S13). It is well known that
Fe� N� Cs are not very stable in the acidic medium and can be
utilized to replace PGMs in the AEMFC where the higher pH
environment can reduce the corrosion conditions.[90]

Alkaline Electrolyte

The ORR kinetics is more favored in the alkaline media than the
acidic one and thus it is more promising for the fledgling
TM� N� C materials. Some well-designed TM� N� C electrocata-

lysts can achieve or even exceed the performance of Pt/C. Thus,
to ascertain the practicability of the performance of the as-
synthesized Fe� N� C electrocatalysts was compared to that of
40 wt% Pt/C, which is one of the topmost ORR electrocatalysts.
As preliminary results for the ORR activity evaluation, cyclic
voltammetries were performed at 5 mVs� 1 without rotation on
each sample and reported in Figure S14. The presence of a
reduction peak between 0.85–0.90 V vs RHE in all the electro-
catalysts designates an ORR activity for these electrocatalysts.[91]

After verifying the presence of an ORR activity, the analysis
continues with LSV comparison obtained under rotation and
illustrated in Figure 7a. A first look at Figure 7a shows a much
lower overpotential compared to the acidic environment, with
Eon approaching to 1 V vs RHE, and almost a perfect Jdisk
sigmoidal shape with the presence of limiting current plateau
at a potential lower than 0.4 V vs RHE. As in the acidic
environment, the electrocatalysts exhibit similar performance in
the kinetic region with a narrow Eon and E1/2 interval of ca.
20 mV, as shown in Table 1. The CIGPF_450 and CIGF_450
delivered the highest Eon and E1/2 of ca. 0.94 V vs RHE and 0.89 V
vs RHE, respectively. However, CIGF_450 exhibited higher Jlim
than CIGPF_450 making it a slightly better candidate compared
to CIGPF_450. On the other hand, although Jlim of CIGTF_450
came out to be maximum compared to other PGM-free
counterparts, its minorly lower Eon and E1/2 categories it as
slightly less performing catalysts with relatively lower kinetics.

Figure 6. Electrochemical results in 0.5 M H2SO4 electrolyte at 1600 rpm and 5 mVs� 1: a) disk current, b) ring current, c) peroxide %, and d) number of
transferred electrons.
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In the given situation, among the tested electrocatalysts,
CIGF_450 can be regarded as the optimum candidate owing to
the best compromise between the Eon and E1/2 parameters and
the limiting current. However, the electrocatalysts fabricated by
other cigarette components i. e. CIGTF_450 and CIGBF_450 also
exhibited excellent ORR activity while remaining marginally
lesser than that of CIGF_450, still ensuring their utility electro-
catalysis. The extraordinary ORR kinetic parameters exhibited by
the CIGF_450 can be attributed to higher structural defects as
confirmed by XRD, Raman and TEM analysis along with the
highest proportion of Fe-Nx moieties compared to the other
samples. It is worth mentioning that Fe-Nx is the primary active
site for the binding and then reduction of ORR while
biomimicking the natural enzymes.[92] Moreover, the same
sample illustrated reasonably good BET surface area with BJH
desorption average pore width of 3.8 nm which was higher
than the other samples and hence could provide a suitable

scenario for the accessibility of the active sites while maintain-
ing mass transportation. The significance of mesoporosity of
narrow range is already known for enhanced ORR activity.[93,94]

Moving to Pt/C comparison, the Eon of CIGF_450 is slightly
below the 0.97 V vs RHE value achieved by Pt/C but the E1/2 of
all the as-synthesized electrocatalysts beats that of Pt/C (0.89 V
vs RHE vs 0.86 V vs RHE). In Figure 7b, the Jring current of the
PGM-free electrocatalysts shows a sharp increase at potential
<0.3 V vs RHE and a shoulder at 0.45 V vs RHE, maybe arising
from water molecule reorientation and the redox conversion of
quinone groups into hydroquinones, respectively.[95] As far as
ORR selectivity is concerned, the production of peroxide of the
as-synthesized electrocatalysts is almost below 10% and inferior
to that of Pt/C, which arrives at 15% at 0 V vs RHE (Figure 7c).
The lowest peroxide production of 7% is attained by CIGBF_
450, whereas a slight increase in the peroxide yield was
observed at a higher overpotential which might be due to the
presence of graphitic and pyrrolic nitrogen known for increas-
ing the peroxide. The peroxide yield affects the number of
transferred electrons n (Figure 7d), which is very close to 4 (i. e.
between 3.8 and 3.9 for the PGM-free and 3.7 for Pt/C), thus
pointing out that the OH� production is favored against the
aggressive peroxide species.

As in the acid environment, the kinetics in alkaline of our
electrocatalyst was studied via Tafel plots reported in Fig-
ure S15b and Table S7. At low overpotential, Pt/C standard
shows a slope close to 60 mVdec� 1, according to previous

Figure 7. Electrochemical results in 0.1 M KOH electrolyte at 1600 rpm and 5 mVs� 1: a) disk current, b) ring current, c) peroxide %, and d) number of
transferred electrons.

Table 1. Electrochemical results in acid and alkaline media.

Acid Alkaline

E1/2 Eon E1/2 Eon

CIGF_450 0.61 0.76 0.89 0.94

CIGBF_450 0.64 0.75 0.87 0.92

CIGPF_450 0.63 0.77 0.89 0.95

CIGTF_450 0.64 0.78 0.87 0.93
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works,[96,97] and compatible with an oxide-covered surface, while
the PGM-free materials herein examined exhibit a Tafel slope
lower than Pt/C. These values are comparable to the most
active Fe� N� C electrocatalysts found in the literature.[98]

To study the durability of the as-synthesized electrocatalyst
RRDE stability test of 2000 cycles was performed only on CIGF_
450 in 0.1 M KOH electrolyte since it is the best electrocatalyst,
from our point of view. As depicted in Figure S16, the as-
synthesized electrocatalyst shows excellent stability without
any negative shift in the half-wave and onset potential, mean-
ing that the kinetics is retained during cyclability. Small
variations are observable in the peroxide production, which
reaches ca. 7.5% at 0 V vs RHE at the beginning and rises to 9%
after the 2000 cycles. This peroxide production change is also
accompanied by a Jlim uplift of 1 mAcm� 2 at 0 V vs RHE without
negatively affecting the kinetic region. A drop in the electro-
catalytic activity after 2000th cycle can be attributed to some
sort of catalyst degradation. No doubt, Fe� N� C type catalysts
display a great potential to substitute PGMs for ORR due to
their optimum activity and cost-effectiveness, however, their
inadequate operational durability could involve multiple and
complicated degradation mechanisms which require in-depth
investigations.[89,80,99,100] The most probable reason for the little
decay in the performance could be Fe leaching from the
nanoparticles and the poisoning of Fe-Nx sites due to hydroxyl
species and generated peroxide.[101] Definitely, investigating the
underlying degradation mechanism and then improving the
operational stability of the active site structure is an essential
requirement for the Fe� N� Cs, especially the waste derived but
it remains outside the scope of the presented study. The
clarification of this important aspect should be detailed and
independently analyzed in the prospective research.

From the electrochemical point of view, the as-synthesized
electrocatalysts show similar results among each other in both
alkaline and acid media, confirming the utility of different parts
of discarded cigarettes for catalyst fabrication. The amount of
the Fe-Nx, metal-free nitrogen centers, which are the most
considerable sites for the ORR mechanism, is quite similar
among the electrocatalysts, although differences in the content
of nitrogen and iron were detected. To mention differences, it
should be pointed out that, in both media, it was observed that
CIGBF_450 exhibited lower Jlim currents compared to the other
electrocatalysts, which can be attributed to a lower exposition
of the surface active sites on the material due to the lowest
surface area confirmed by the BET analysis. Little dissimilarities
observed in Eon and E1/2 values among the electrocatalysts
cannot be correlated with differences in surface chemistry.
Considering Eon and E1/2 and Jlim the results lead to the
conclusion that CIGTF_450 is the most active electrocatalyst in
acid environment while CIGF_450 beats all the other samples in
alkaline media.

Noticeable differences in performance are instead observed
by changing the electrolyte media. At high pH, the electro-
catalysts show similar performance to Pt/C and the achieved
results are comparable to the best electrocatalyst tested in
other works under similar conditions.[102] The merit of such
splendid achievements is due to the abundance of Fe-Nx and N-

pyridinic moieties, which minimize the peroxide production and
keep it lower than 10%, thus allowing for 4-electron catalysis. It
is important to underline that CIGF_450 provides the optimum
combination of higher structural defects, satisfactory surface
area and higher proportion of Fe� Nx sites. Such attributes make
CIGF_450 realize the best ORR performance, particularly in the
alkaline media. The performance in terms of Eon and E1/2 and Jlim
are comparable to the best-performing biomass-based electro-
catalysts synthesized in literature (Table S8). As far as iron oxide
phases are concerned, there is no clear explanation of their
influence on the ORR activity in alkaline. According to the
majority of researchers, oxide phases are not electrochemically
active sites or, in any case, they look less active than Fe-Nx

sites.[103,104] Nevertheless, other studies claim that iron oxide
nanoparticle encapsulation in carbon layers can uplift the ORR
kinetics and, in some cases, endow structural robustness, thus
preventing the corrosive dissolution of inactive metallic nano-
particles during ORR. However, in our work, the amount of
these oxide phases is pretty low since the XRD peaks are very
tiny and therefore we can infer that the ORR results are
exclusively due to the presence of a large amount of Fe-NX

centers and N-pyridinic. Despite the outstanding achievements
in alkaline media, the ORR performance provided by our
electrocatalysts is far away from commercial PGMs and there-
fore these TM-Nx-Cs cannot fulfill the requirements of the acid
fuel cell market. Since pyridinic is the most prominent nitrogen
moiety, such disappointing results in acid might be mainly
attributed to the protonation of pyridine rather than the
poisoning effect of H2SO4 ions.

[105,106] Among nitrogen moieties,
pyridinic-N is the strongest basic group so it is more prone to
protonation compared to the other nitrogen moieties.[107] The
pKa of pyridinic-N is around 6 in doped graphene and therefore
it becomes completely protonated in 0.5 M H2SO4.

[106] This
phenomenon decreases the charge density and basicity of
adjacent carbon atoms and, in turn, this withdraws the electron
density of the Fe center, thus leading to poor adsorption of
oxygen and rapid demetallization of Fe-Nx sites.

[99,107] Another
adverse effect of pyridinic protonation is the higher production
of hydrogen peroxide which is quite high (around 20%) for our
electrocatalysts compared to other Fe-Nx-Cs synthesized in
other works and containing a lower relative % of pyridinic
sites.[108,109] In an alkaline environment, pyridinic-N is completely
deprotonated, and therefore the previously described effects do
not take place. In light of this, it can be stated that the greater
the pyridinic content the more evident the difference in
performance between the acid and alkaline environment.[106,107]

Conclusions

Following a circular economy approach, different components
of cigarette butts, i. e. tobacco, filter and paper, and the entire
extinguished cigarettes were utilized as carbon and nitrogen
precursors to prepare Fe� N� C electrocatalysts. The obtained
materials are amorphous with a high degree of defectivity
provided by oxygen, nitrogen, and iron functionalities as well as
oxide phases. Most of the elements occurring in small traces
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within the initial precursor were completely absent in the final
electrocatalysts due to the effectiveness of the acid washing
used in the activation procedure. Even though the amount of N,
Fe, and O was found to be different, the proportion of N, Fe,
and O moieties is comparable among the electrocatalysts, thus
giving rise to similar performance in the acid and alkaline
media. The best results were achieved in an alkaline environ-
ment by CIGF_450 and CIGPF_450. They exhibit a E1/2 of 0.89 V
vs RHE and a slightly different Eon, i. e. 0.94 V vs RHE for CIGF_
450 and 0.95 V vs RHE for CIGPF_450. The high performance of
these electrocatalysts, comparable to those of Pt/C with 40 wt%
of Pt in terms of activity but better in selectivity, and the high
durability of the tested electrocatalyst, i. e. CIGF_450, are
promising for alkaline fuel cell cathodes. These outstanding
achievements are due to a high fraction of Fe-Nx and pyridinic-
N, which, however, might negatively influence the acid
performance due to its protonation. Last but not least, the work
intends to show the effect of the cigarette components in the
final electrochemical performance by following our synthetic
procedure. Herein, no significant differences were detected,
meaning that the cigarette component does not play a
significant role in the electrochemical performance. Never-
theless, our outcome does not exclude that some differences
might be observed by adopting another preparation procedure.

Experimental Section

Synthesis

Cigarette butts were collected from the ballot bins installed in the
smoking area of the University of Milano-Bicocca Campus. After
recovering, cigarette butts were air-dried overnight under a fume
hood. Subsequently, the different components, i. e. paper, filter, and
tobacco, were manually sorted from the used cigarettes. The
different components, including whole cigarettes, were shredded
by means of a coffee-grinding machine. Afterwards, the samples
were pulverized via ball milling (Emax Retsch®) with stainless-steel
balls and jars by setting 800 rpm as rotation speed, a processing
time of 1 h divided into two intervals of 30 min processing, which
were interrupted by 5 min of resting time. The as-obtained powder
was poured into an alumina boat, which was placed at the center
of a quartz tube of a tubular furnace (Naberthem®RSH 50/500/13).
Before starting any heat treatment N2 gas was flushed for ca.
30 min with a flow of 100 cm3min� 1 as to create an anoxic
atmosphere. Afterward, the samples were pyrolyzed at 450 °C for
1 h with a rate of 5 °Cmin� 1 upon constant N2 flow. The as-obtained
char was chemically activated with a KOH/carbon (4 :1 w/w ratio).
KOH was first dissolved in ethanol within. After the complete
dissolution of KOH in ethanol, the char was added and the mixture
was stirred at room temperature for a period of time between 12
and 24 h. Thereafter, the temperature was raised to 80 °C upon
stirring, and constant nitrogen flux to allow the evaporation of the
solvent under a dry atmosphere. The dried mixture was poured into
an alumina boat covered with Ni strips to avoid reactions between
aluminum oxide and the KOH embedded into the carbon at high
temperatures. For a similar reason, the quartz tube employed for
the activation was internally covered with a stainless-steel foil. After
N2 conditioning, the temperature was brought to 700 °C with a
ramp of 5 °Cmin� 1 and dwelled for 1 h upon a N2 flux of
100 cm3min� 1. Afterwards, an acid washing with 1 M HCl was
performed to remove KOH from the activated carbon and the acidic

solution was repeatedly rinsed with milli-Q water under vacuum
filtration until pH neutrality. Subsequently, the washed sample was
dried all night in an oven. The functionalization was carried out by
thoroughly mixing the activated char with 10 wt% of iron (II)
phthalocyanine (FePc) and the obtained mixture was heat-treated
at 600 °C for 1 h under N2 flux of 100 cm

3min� 1. The electrocatalysts
derived from whole cigarette, filter, paper, and tobacco were
respectively labeled as CIGF_450, CIGBF_450, CIGPF_450, and
CIGTF_450.

Morphological and Chemical Characterizations

The surface morphology of the final materials was analyzed
through a desktop scanning electron microscopy (SEM, Thermo
Fisher Phenom G6, Eindhoven, Netherlands) equipped with a
thermoionic CeB6 source. The secondary electron (SE) mode was
adopted to acquire the sample images. TEM micrographs were
obtained through Thermofisher Talos (F200X G2) equipped with a
high-speed CETA camera. HAABF images were recorded using
Panther annular STEM while the EDX mapping was performed with
a Super X spectrometer attached with four 30mm2 silicon drift
detectors having 0.7 srad collection angle.

The elemental analysis (CHNS) was performed using the Elementar
Vario Microcube Device.

To study the carbonaceous structure, Raman spectroscopy (Jobin
Yvon, France) was carried out. The instrumentation was composed
of a helium-neon laser source (632.8 nm of wavelength), a micro-
scope (BX40, Olympus, Japan) equipped with an objective lens of
50x magnification (0.6 N.A.) to focus the laser on the sample, and a
silicon CCD detector working at 200 K to record the scattered signal
(Sincerity, Jobin Yvon, France). The ID/IG ratio was calculated by
using the absolute band intensity of D and G bands.

The qualitative inorganic elemental analysis was performed via X-
rays fluorescence (XRF, Artax 200, Bruker, Billerica, MA, USA)
possessing a Mo anode.

X-ray diffraction (XRD, Rigaku Miniflex 600, Tokyo, Japan) coupled
with Cu source was used to study the crystallographic properties of
the samples. The spectra were acquired in the window 10–80°. The
BET-specific surface area was determined by nitrogen adsorption at
77 K using a Micromeritics ASAP 2020 analyzer. The samples were
pretreated at 30 μmHg at 393.15 K for 15 h. The BET surface area
was calculated in the pressure range between 0.1 and 0.22 p/p0
while the pore volume was calculated with the BJH method (17.00–
3000.00 Å range).

The sample’s chemical composition and speciation was investigated
using X-ray Photoelectron Spectroscopy (XPS) in Ultra High Vacuum
(UHV, <10� 9 mBar) using SPECS PHOIBOS 150 XPS system furnished
with monochromatic Al Kα (1486.6 eV) X-ray source and high-speed
imaging 2D CMOS true counting detector. The system was
calibrated using Au4 f spectra at 84 eV. The samples were prepared
over a Molybdenum custom made sample holder. Upon the full
survey scans, 4 different Core levels were identified C1s, O1s, N1s,
Fe2p and analyzed with a passing energy set to 20 eV for all
elements. The fittings were performed using Kalibri KolXPD
software.

Electrochemical Characterization

The electrochemical measurements were carried out with rotating
ring disk electrode (RRDE) technique. A Pine 250 mL glass cell was
set up with a RRDE (Pine rotating electrode E6R2, USA), a saturated
Ag/AgCl electrode and a graphite rod, serving as working, reference
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and counter electrode, respectively. The electrodes were sub-
merged in an 0.5 H2SO4 or 0.1 M KOH electrolyte. The electronics
were controlled by Pine WaveDriver 200 EIS Bipotentiostat/
Galvanostat (USA) and Pine WaveVortex 10 rotator (USA). The RRDE
was made of concentric glassy carbon disk (0.2376 cm2 geometric
area) and Pt ring (0.2356 cm2 geometric area). As a general rule, the
RRDE was firstly polished with alumina paste on a cloth to obtain a
flat surface. Meanwhile, the ink containing the electroactive
material was prepared by suspending 5 mg of 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), and then sonicated
with a probe sonicator for 10 min at 55% pulse amplitude. The as-
prepared ink was drop-casted on the glassy carbon disk of RRDE
with a loading of 0.6 mg cm-2. Before running the measurements,
the cell was bubbled with O2 (99.9% purity) for 30 min. Sub-
sequently, the electrocatalyst was cycled until signal stabilization at
a scan rate of 100 mVs� 1 within a potential window ranging
between +1000 to � 250 mV vs. Ag/AgCl (potential ring hold at
1000 mV vs. Ag/AgCl) in acid media and between +150 to
� 1050 mV vs. Ag/AgCl (potential ring hold at +150 mV vs. Ag/
AgCl) in alkaline electrolyte. The step was carried out to activate
the electrocatalyst. After that, a cyclic voltammetry was acquired at
50 mVs-1 to assess the presence of ORR activity in our electro-
catalysts. Thereupon, linear sweep voltammetry (LSV) was acquired
in the same potential window by setting a rotation speed of
1600 rpm and a scan rate of 5 mVs� 1. For the sake of comparison,
the measured potentials were converted vs reverse hydrogen
electrode (RHE) using the following equation: E(vs. RHE)=E(vs. Ag/
AgCl)+0.197+0.0591 pH. To correctly determine the faradaic
current, the capacitive current must be subtracted by the LSV
recorded in O2 saturated electrolyte. Hence, all the LSV acquired in
oxygen were subtracted by the LSV recorded in nitrogen saturated
electrolyte (99.9% purity), as reported in other works. Moreover, all
the measurements were corrected by iR drop compensation at
85%. The peroxide % and the number of transferred electrons were
calculated according to the following equations:

Peroxide % ¼
200 � JringN
Jdisk þ

Jring
N

(4.1)

n ¼
4Jdisk

Jdisk þ
Jring
N

(4.2)

where Jdisk and Jring are the disk and ring current respectively while
N is the collection efficiency, which is 0.38 according to the
supplier. For the sake of comparison, a Pt/C (Alfa Aesar, 40 wt% of
Pt) was drop-casted on RRDE with a loading of 30 μgPt cm� 2, which
is the optimal loading suggested by previous reports.[110]

For the Tafel analysis, the kinetic current
Jk was corrected by the limiting current Jlim according to this rela-
tionship:

Jk ¼
JdiskJlim

Jdisk � Jlim
(4.3)

and the plot at low overpotential was carried out within the region
between the Eon and the E1/2.

An accelerated stability test (AST) of 2000 cycles was performed
with the aforementioned RRDE setup and in the same potential
window used for LSVs at 1600 rpm and 50 mVs� 1 in O2 saturated
electrolyte. The catalyst loading was kept constant at 0.6 mgcm� 2.
To compare the electrocatalyst state before and after AST, two LSVs

were recorded at the 1st and the last cycle with a scan rate of
5 mVs� 1.
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