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a b s t r a c t 

World plastic production has increased since industrial-scale production began in the 1940s and while 

large amount of thermoplastic polymers can be effectively recycled and re-used, undifferentiated poly- 

mers or thermoset polymers cannot, and as a result, most of these raw materials end up in landfill or 

energy recovery in incinerators. The synthesis of carbon nanomaterials from conversion of waste poly- 

mers is an alternative, promising approach owing to the high added-value of these products. In particular, 

novel carbon materials, could translate into interesting and cheap material for the catalytic reduction of 

oxygen (ORR), a fundamental reaction for the production of H 2 O 2 or in fuel cell and metal air batteries. 

This paper presents the synthesis of iron-nitrogen-carbon (Fe-N-C) electrocatalysts starting from a mix 

of polyethylene (PE) and polyurethane (PU) by adding FeCl 3 as an iron source for promoting Fe-N x sites 

formation. The two polymers were mixed according to a solvent assisted process employing p-xylene or 

with a solvent free process using a Brabender plastograph. The blend of thermoplastic and thermoset 

polymers was converted into Fe-N-C materials in a two-step pyrolysis, where the temperature of second 

pyrolysis showed to sensitively affect the chemical and textural properties of the resulting material. De- 

pending on the temperature, and initial PE content, the surface area ranges between 195 and 479 m 

2 g −1 , 

with a preferential formation of micropores. XPS analysis confirmed that the employment of PU leads to 

the formation of nitrogen functional groups and Fe-N x sites, while XRD investigation in heating chamber 

allowed to follow the formation Fe 3 C, Fe 2 O 3 , γ -Fe and α-Fe with temperature rises between 70 0–10 0 0 °C. 

The new Fe-N-C catalysts were characterized by linear sweep voltammetry at ring disk electrode show- 

ing interesting activity for the ORR in both acid and alkaline electrolyte and a selectivity for H 2 O 2 which 

deeply depends on the type of electrolyte as well as on nitrogen content and on the surface area of the 

samples. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Plastic is an important and ubiquitous material in our daily life, 

nd it is often the unique choice when it is necessary to assure 

ightness as in cars or planes [1] , insulation ability as in building 

2] or biocompatibility as in food packaging [3] and in biomedical 

evices [4] . However, too often the way plastics are currently 

roduced, used and discarded fails to capture the economic ben- 

fits of a more “circular” approach and harms the environment. 
∗ Corresponding author. 
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n 2014 in Europe, 25.8 million tons of post-consumer plastics 

aste ended up in the official waste streams. 69.2% was recovered 

hrough recycling and energy recovery processes, while 30.8% 

till went to landfill [5] . Conversely to thermoplastic, thermoset 

olymers cannot be recycled and re-used, and as a result, they 

nd up in landfill or energy recovery through incinerators, so 

ontributing to the global carbon footprint. Incineration can be 

sed to transfer waste plastic into energy; however, the loss of 

otential chemical resources and the negative public acceptance 

as limited the application of this solution. Landfill is even less 

esirable in a zero-waste philosophy and circular economy. For 

xample, today, in USA and Europe, most polyurethane (PU) 
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hermal insulation scrap and waste materials are still disposed of 

n landfills, after compacting them into brickets with a density 

f approximately 500 kg/m 

3 [5] . Plastics are mainly composed 

f carbon and hydrogen; therefore, converting waste plastics into 

aluable chemicals or materials is an ideal alternative, which 

an not only solve the problem of waste plastic disposal, but 

lso create high-value-added products. The feedstock recycling of 

olymers has been extensively studied in the past, but have not 

ecome largely used yet due to limited economic viability. 

The synthesis of carbon nanomaterials is an alternative, promis- 

ng approach owing to the high added-value of these products. Up 

o now, many studies have been conducted on converting virgin 

r waste plastics, including polypropylene [6] , polyethylene (PE) 

 7 , 8 ], polystyrene [9] and polyurethane (PU) [ 10 , 11 ], into carbon

anomaterials with different morphologies and structure, such as 

arbon nanotubes [12] , graphene [ 13 , 14 ], and porous carbons [15–

8] . Among several routes, polymers are converted into carbon ma- 

erials by pyrolysis [ 19 , 20 ] employing transition metal oxides as 

atalysts, which serve for controlling the size of carbon spheres 

13] and to prompt the degradation of polymers into aromatic 

tructures [ 6 , 21 ]. Waste-derived carbon nanomaterials can find ap- 

lication in different fields including biomedical field [22] , catal- 

sis [19] , and energy conversion and storage devices [15] , such as 

uel cell, batteries [20] and electrochemical supercapacitors [ 15 , 16 ]. 

herefore, plastic waste conversion to carbon nanomaterials with 

mproved physico-chemical properties and morphology is a new 

otential application for recycling thermoset waste polymers or 

ndifferentiated plastic materials. 

Among different applications, carbon-based nanomaterials 

oped or co-doped with nitrogen or other heteroatoms showed in- 

eresting electroactivity in oxygen reduction reaction (ORR) [23–

8] ORR may proceed according two ways leading to H 2 O or H 2 O 2 

hrough a tetra-electronic Eq. (1 )) or a bi-electronic mechanism 

 Eq. (2 , (3) ), respectively. 

 2 + 4H 

+ + 4e − ↔ 2H 2 O E o = 1 . 23 V (1)

 2 + 2H 

+ + 2e − ↔ H 2 O 2 E o = 0 . 69 V (2)

 2 O 2 + 2H 

+ + 2e − ↔ 2H 2 O E o = 1 . 76 V (3)

oth reduction pathways are kinetically hindered, therefore, cata- 

ysts must be used to boost the rate of the reduction process. The 

evelopment of electrocatalysts able at catalysing the oxygen re- 

uction to H 2 O 2 is a green alternative to the anthraquinone pro- 

ess that counts for a global production of H 2 O 2 that exceeds 3 

illion tons for a value of 4.2 Billion US$, and the global demand 

s projected to rise at a rate of almost 4-5%/year [29] . On the other

and, catalysts that can promote the direct four-electron pathway, 

here O 2 is reduced directly to water, are highly desirable for 

he cathode side of proton exchange membrane fuel cell (PEMFC), 

hose market is expected to witness a growth in the next future. 

t present Pt [30–33] and Pt alloys [ 34 , 35 ] in nanostructure sizes

epresent the only valid catalysts for PEMFC [36] . However, Pt suf- 

er from high cost and low availability and has been labelled as 

 critical raw material ; in fact, according to the Johnson Matthey 

ebruary report 2020, which considers total supply and total gross 

emand, the balance is negative by – 203K oz [37] . Therefore, the 

idespread commercialization of PEMFC will probably need to dis- 

over new Pt-free catalysts, i.e., catalysts based on non-Pt-group 

etals (non-PGM). Among non-PGM, iron-nitrogen carbon-based 

aterials (Fe-N-C) are the most interesting system in terms of ac- 

ivity and stability. The nature of the active sites in Fe-N-C is still 

nder debate, however there is a general consensus on the role of 

e-N x centers to catalyze ORR [38] , even though other co-catalyst 

uch as Fe C and metallic Fe NPs encapsulated by a carbon shell 
3 

2 
re supposed to assist the tetra-electronic reduction mechanism of 

xygen in acid media [39] . Furthermore, the activity is not only 

inked to the downsized active sites, but strongly depends on their 

icro-mesoporous environment [40] . In fact, some Fe-N x moieties 

osted in inaccessible micropores do not contribute to the ORR ac- 

ivity and they are often inactive [41] . 

Fe-N-C catalysts are usually synthetized by heat treatment or 

all milling of a carbon material with an iron complex, or by the 

yrolysis of suitable precursors containing carbon, nitrogen and 

ron [ 23 , 25 ] such as MOF [42–45] , polymers [46–48] or biomasses

 23 , 49–51 ]. Therefore, it is natural to assume that in the frame of a

ircular economy, the conversion of waste plastic into added-value 

arbon materials is an attractive alternative to solve both the cost 

ynthesis and procurement of the precursors and the environmen- 

al problems [52] . 

In this work, PE and PU polymers are decomposed via two 

tep pyrolysis and an activation treatment into functional micro- 

esoporous Fe-N-C materials and are tested as electrocatalysts for 

RR. The employment of a mixture of PE and PU was considered 

or mimicking the condition of undifferentiated polymer waste, 

hich represent the main and more challenging innovation of this 

aper. Thermoset PU was chosen because it is not recyclable and 

ecause it plays as both carbon and nitrogen source, while FeCl 3 
as used to form Fe-N x active sites. Furthermore, PE was adopted 

s dispersing matrix for obtaining a homogeneous mixing of all 

omponents in both a solvent free extrusion procedure and in a 

olvent assisted mixing of components. It is in plain view that 

any other thermoplastic polymers can be likewise adopted. The 

ffect of the synthesis temperature on the textural and chemical 

roperties of the obtained Fe-N-C materials was carefully investi- 

ated. Furthermore, the electrocatalytic performances of the result- 

ng materials in the ORR were rationalized on the basis of key pa- 

ameters such as surface area, micro- and meso-pore volume and 

urface and nitrogen or iron content. 

. Materials and methods 

.1. Synthesis of Fe-N-C 

Fe-N-C materials were prepared by pyrolysis of a blend of poly- 

ers ad an iron salt according to a sequence of steps reported in 

ig. 1 . There are several examples in literature were PU scaffold is 

sed as sacrificial template [54–57] , differently from this investi- 

ation were PU plays as both carbon and nitrogen source. 5 g of 

ow-density polyethylene pellets (LDPE) were solubilized in 53 mL 

f p -xylene heated at 115 °C under vigorous stirring to help the ho- 

ogenization ( Fig. 1 a). 4 g of polyurethane powder (PU, see SI for 

ynthesis details) and 0.3 g of FeCl 3 •6H 2 O were then sequentially 

dded and mechanically mixed obtaining a red-like blend. The iron 

recursor was added with the aim to promote the formation of 

e-N x sites, which are active for the reduction of molecular oxy- 

en. The quantities of both PU and FeCl 3 were considered based 

n the maximum amount dispersible in the PE/p-xylene solution 

ccording to an empirical evaluation. The obtained mixture was 

hen dried on a heating plate at 60 °C and then transferred in a 

acuum quartz test tube, which was closed from one side, while 

 cone 26 was weld on the other side for allowing the connec- 

ion with the inlet and the outlet lines ( Fig. 1 b). The mixture was

ubjected to consecutive vacuum/nitrogen cycles in a Schlenk line 

or completely remove p -xylene, water and oxygen, which would 

ensitively lower the final carbon yield because of the precursor’s 

un off. The glass tube was subsequently insert in a vertical tubu- 

ar furnace avoiding any exposure of the blend to the atmosphere, 

hat was ensured by adopting a bubbler-like stopper as the one in 

ig. 1 c. The pyrolysis of the blend was carried out in two steps, 

ecause the direct pyrolysis at high temperature entails the forma- 
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Fig. 1. Different stages of Fe-N-C material synthesis (a) mechanical mixing of polymers and FeCl 3 , (b) drying and degassing of polymer blend, (c) double step pyrolysis, (d) 

acid wash in H 2 SO 4 at 100 °C and filtration on nylon membrane, (e) thermal activation in H 2 flow, (f) ball milling. 
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t

ion of a consistent fraction of liquid phase, which drastically de- 

rease the carbon yield due to the burn off and to its crossover into 

he scrubber line, positioned at the exit of the furnace. Therefore, 

ight pyrolysis was firstly performed at 500 °C for 30 min, where 

he vertical alinement of the quartz tube inside the furnace en- 

bled a reflux of light polycyclic aromatic hydrocarbons, which are 

nvolved in “ring-ring” condensation to form larger polycyclic aro- 

atic hydrocarbons [53] . The resulting yellow-red wax and foam- 

ike carbon were separated and only the latter fraction was subject 

o a second pyrolysis under nitrogen atmosphere at different tem- 

eratures and thoroughly examined. 

The viscous liquid fraction contains a mixture of olefins, such as 

thylbenzene, annulene, toluene, benzene, naphthalene, phenan- 

hrene, and it was manually scraped with a spatula avoiding touch- 

ng the foam-like carbon [54] . Then, the carbon was collected over- 

urning the reaction tube. Four different tem perature were tested: 

0 0, 80 0, 90 0 and 10 0 0 °C, and the resulting materials were la-

elled as Fe-EU700, Fe-EU800, Fe-EU900 and Fe-EU1000, respec- 

ively. A further sample was prepared without the addition of 

eCl 3 •6H 2 O and another one without LDPE named as EU900 and 

e-U900, respectively. The powders were then activated by acid 

ashing in a 0.5 M H 2 SO 4 solution at 100 °C for 15 min, after which

he mixture was filtered on a nylon nanometric filter (GVS, nylon 

.2 mm, 47 mm membrane diameter) and washed several times 

ith milli-Q water and ethanol. The samples were subsequently 

ried at 80 °C for one night and afterwards heated in a tubular fur- 

ace at 900 °C in a reducing H 2 atmosphere (8% H 2 in H 2 /N 2 mix-

ure) for 2 h ( Fig. 1 e). The resulting powder was then ground by

ibro-milling (Retsch MM 400, 2 steps of 20 min / 20-25 Hz) and 

ecovered in a glass vial. 

A solvent free procedure was also attempted by mixing PE, PU 

nd FeCl 3 with a Brabender plastograph, which is a device for the 

ontinuous observation of torque in the shearing of a polymer at 

ifferent tem peratures and shear rates. It also allows the vigorous 

ixing of small quantities of thermoplastic polymers without re- 

orting to larger machines such as extruders. The materials are 
3 
enerally introduced through a hopper into the chamber, where 

hey are heated and subjected to cutting forces by passing between 

wo counter-rotating screws, rotating at different speeds. For ob- 

aining a good mixing it is important to careful control tempera- 

ure and screw speed, therefore the two parameters were tuned 

tep by step. While thermoplastic polymer can be easily mixed 

ith other additives and extruded, thermoset polymers such as 

olyurethane cannot. Therefore, the only way to obtain a homoge- 

eous mixture is to use a high polyolefins/polyurethane ratio were 

U can be considered indeed an additive. Bearing this in mind, a 

rst amount of PE (5 g) was initially inserted setting a tempera- 

ure of 150 °C and a rotation rate of 100 rpm, afterwards a second 

mount was added, and the temperature was decreased to 140 °C, 

eeping the rotation rate at 100 rpm to favor the fusion and mixing 

f PE. Then, 20 more grams of PE were added in two different slots, 

etting the temperature again at 150 °C and the mixing was kept 

onstant until obtaining a complete fused compound. 4 g of PU 

ere then poured into the plastograph, while the speed was dras- 

ically reduced to 30 rpm for avoiding any puffs and for obtaining 

 good mixture. Eventually, 0.17 g of FeCl 3 were added, while the 

otation speed was increased to 50 rpm and maintained constant 

or 5 min. It is in plain view that the solvent free approach in lim-

ted by the amount of PU that can be effectively inserted with a 

u/PE ratio of 4/30, which is much lower than the 4/5 employed in 

he solvent assisted approach. For the same reason also the FeCl 3 
ontent needed to be reduced. In Fig. S1 are reported the extruded 

roduct along with the torque moment and the temperature as a 

unction of time, were each spike represents the different material 

dditions. The extruded product was then pyrolyzed in a two-step 

rocess and activated as it was done for Fe-EU800, and the result- 

ng catalyst was named as Fe-EU800B. 

.2. Instrumentation and experimental details 

Textural properties were determined from nitrogen adsorp- 

ion/desorption isotherms performed at 77 K using a Micromerit- 
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cs ASAP2020. The surface area was determined by the desorp- 

ion curve in a multipoint BET (Brunaumer-Emmett-Teller) analysis, 

hereas pore distribution was analyzed with a cylindric/spherical 

ore QSDFT adsorption model. Elemental analysis (EA) was car- 

ied out using a Thermo Scientific Flash 20 0 0. Transmission elec- 

ron microscopy (TEM) images were obtained by using a FEI Tec- 

ai G2 microscope operating at 100 kV. Scanning electron mi- 

roscopy (SEM) images were performed with a Zeiss Sigma HD 

E-SEM. X-ray photoemission spectroscopy (XPS) measurements 

ere performed in an UHV chamber (base pressure < 5 × 10 −10 

bar), equipped with a double anode X-ray source (Omicron DAR- 

00) and a hemispherical electron analyzer (Omicron EIS-125) 

t room temperature; a non-monochromatized Mg-K α radiation 

h ν = 1253.6 eV) and pass energies of 50 eV and 20 eV for the

urvey and the single spectral windows, respectively, were used. 

o perform XPS measurements, 2.5 mg of the MC powders were 

ispersed in 1 mL of ethanol by sonication for 10 min; the so- 

utions were then drop-casted onto polycrystalline copper (with 

 diameter of 6 mm). XRD measurements were acquired by us- 

ng a Panalytical X’Pert Pro diffractometer equipped with a Co an- 

de X-ray tube (40 kV, 40 mA), Bragg–Brentano optical module, 

nd X’Celerator detector. Diffraction patterns were collected in the 

 θ = 2 °- 80 ° range, with 2 θ = 0.0338 ° virtual step size, count- 

ng an equivalent time of 100 s per step. In-situ high tempera- 

ure diffraction measurements were performed with an Anton Paar 

TK-16 heating system attached to the diffractometer. During mea- 

urements the heating chamber was fluxed with 1 L min 

−1 N 2 to 

revent oxidation of the sample. High temperature XRD patterns 

ere collected in the 15 °-80 ° 2 θ-range, with a virtual step size of 

.0338 ° 2 θ , counting an equivalent time of 80 s per step. Powder 

ample was deposited on a Pt-strip and heated up to 700 °C with a 

eating rate of 10 °C/min. First diffraction data were collected after 

0 min of thermal equilibration time. XRD patterns were then col- 

ected at 800 °C, 900 °C and 1000 °C using a heating rate of 5 °C/min

nd waiting 20 min for thermal equilibration before data collec- 

ion. 

An Agilent Technologies 7700x ICP-MS was employed for induc- 

ively coupled plasma mass spectrometry analysis. The samples (5 

g) for ICP analysis were treated using a microwave system CEM 

XPLORER SP.D PLUS at a heating rate of 40 °C/min from room tem- 

erature to 220 °C with a pressure of 400 psi and a power of 300

. 

Room temperature Mössbauer spectra were collected by means 

f a conventional constant acceleration spectrometer mounting an 

7 Co source, nominal strength 1850 MBq. The hyperfine parameters 

somer shift ( δ), quadrupole splitting ( �), half linewidth at half 

aximum ( �+ ), were expressed in mm s −1 while internal mag- 

etic field (B) in Tesla (T) and the relative area (A) in %, were

btained by means of standard least-squares minimization tech- 

iques. 

.3. Electrochemical tests 

Voltammetric measurements were performed by using an Au- 

olab Model 101 N potentiostat/galvanostat in a three-electrode, 

hermostated glass cell filled with H 2 SO 4 (0.5 M) or KOH (0.5 M) 

lectrolytes. The reference electrode in H 2 SO 4 was a Reversible Hy- 

rogen Electrode (RHE), which was freshly prepared before each 

xperiment as reported in literature [34] . In alkaline electrolyte a 

MO, Hg|HgO|OH 

−
(0.1 M) was used as reference electrode, which 

as weekly calibrated versus RHE, following the protocol described 

n literature [55] . A graphite rod was used as counter electrode, 

hereas a GC-disk (5 mm dia.) - Pt-ring RRDE was used as work- 

ng - H 2 O 2 sensor electrode. The electrochemical characterizations 

ere performed on a film catalyst layer obtained by drop casting 

he catalyst ink on the GC disk of the RRDE, with a catalyst load- 
4 
ng of 0.6 mg/cm 

2 . Before recording the electrochemical response, 

he carbon modified GC electrodes were activated by at least 50 

oltammetric cycles performed at 200 mV s −1 or until a stable 

lectrochemical voltammogram was obtained. 

Mass-transport corrected kinetic current density was calculated 

ccording to Eq. (4 ). 

j k,E = 

j lim 

∗ j E 
j lim 

− j E 
(4) 

here j k,E is the mass-transport corrected current density at a se- 

ected potential, j lim 

is the limiting current density and j E is the 

urrent density at the selected potential E . The number of ex- 

hanged electrons ( n ) was calculated according to Eq. (5): 

 = 

4 i D 

i D + 

i R / N 

(5) 

here i D (A) and i R (A) are the absolute values of disk and ring

urrents, respectively, and N is the collection efficiency, ( N = 0.25) 

etermined by calibration with Fe(CN) 6 
3 −/ Fe(CN) 6 

4 − redox couple. 

uring RRDE experiments, the potential of the ring electrode was 

xed at 1.50 and 1.56 V vs RHE in acid or in alkaline electrolyte, 

espectively. The percentage of hydrogen peroxide ( % H 2 O 2 
) was de- 

ermined by 

 H 2 O 2 = 100 

2 i R 
N ∗ i D + i R 

(6) 

o evaluate the Fe-N x site density (SD), NO 2 
− poisoning and elec- 

rochemical stripping were performed following the procedure de- 

cribed by Malko et al. [56] ; this procedure allow to poison pref- 

rentially Fe-N x in order to evaluate their density, measuring the 

harge of stripping during a CV measurement. The investigation of 

aterials side density was performed on a thin layer of catalyst 

eposit on GC (RDE, PINE Research Ø = 5 mm) in a 0.5 M acetate 

uffer at pH 5.2. A loading of 0.2 mg cm 

−2 was chosen according 

o published procedure, the ink was let dry with the electrode in 

otation at 130 rpm for about 20 min. 

. Results and discussion 

.1. Fe-N-C catalysts characterization 

Figs. 2 and S2 report the TEM images of the resulting materi- 

ls. EU900 exhibits a foam-like graphitic sheet with the apparent 

bsence of any pore structure. The addition of FeCl 3 to the ini- 

ial mixture leads to materials with more complex textural prop- 

rties. In fact, Fe-EUs exhibit a spherical carbon structure and an 

ntricated interconnection of hollow and open pores. In particu- 

ar, moving from Fe-EU700 to Fe-EU900 the morphology becomes 

ore ordered showing open alveoli-like structure with some nan- 

tubes. This last feature is easily observed in Fe-U900 and it is 

 morphology typically obtained using metal NPs or PU as tem- 

lating agents ( Fig. 2 f) [ 14 , 57 ]. The spherical morphology is mostly

aintained even after the acid wash, which is aimed at remov- 

ng the most part of inactive iron species [58] . Some scattered Fe- 

ased particles covered with a less electron-dense carbon shell are 

evertheless present. The carbon shell might exert a protection on 

ron particles enhancing the corrosion resistance and the stability 

f the catalysts also in very demanding pH condition. 

A series of SEM images were acquired for Fe-EU800 before 

he acid treatment (Fig. S3). The carbon structure appears frag- 

ented with aggregates differing by size and shape. Stacks of car- 

on nanolayer with a wrinkled surface are identified. As observed 

n literature, such roughness could be due to distorted graphene 

heets comprised on the stacks [59] . The formation of big agglom- 

rates and extended fragmentation is due to the pyrolysis of LDPE 

t high temperature [7] , conversely the heat treatment of PU at 
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Fig. 2. TEM images of (a) EU900, (b) Fe-EU700, (c) Fe-EU800, (d) Fe-EU900, (e) Fe-EU1000 and (f) Fe-U900. 

Table 1 

Chemical and textural properties of the investigated Fe-N-C materials. 

C a H 

a N 

a S QSDFT V TOT S μ V μ V meso V QSDFT 
b V macro 

% wt m 

2 g −1 cm 

3 g −1 m 

2 g −1 cm 

3 g −1 cm 

3 g −1 cm 

3 g −1 cm 

3 g −1 

EU900 80.84 1.05 6.40 41 0.061 24 0.008 0.027 0.034 0.027 

Fe-EU700 85.67 0.71 1.75 323 0.261 234 0.074 0.119 0.193 0.068 

Fe-EU800 82.94 0.92 2.03 293 0.275 230 0.074 0.106 0.180 0.095 

Fe-EU900 91.78 0.3 0.91 195 0.266 151 0.030 0.150 0.184 0.082 

Fe-EU1000 92.61 0.31 0.68 261 0.296 154 0.051 0.159 0.210 0.086 

Fe-EU800B 77.54 0.95 2.38 243 0.315 201 0.076 0.102 0.178 0.137 

Fe-U900 87.33 0.69 1.33 479 0.283 373 0.104 0.077 0.181 0.102 

a Determined by CHN elemental analysis. 
b (V μ + V meso ) as determined by the QSDFT model. 
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emperature > 300 °C leads to the rupture of PU foam cells into 

hards [60] . The EDX map element shows that iron is dispersed 

ithin the carbon support and even some Fe-based nanoparticles 

an be observed (Fig. S3c). 

The pore size distribution and the surface area of the acti- 

ated catalysts were determined from N 2 adsorption/desorption 

sotherms ( Table 1 ). The Fe-N-C catalysts show an adsorption be- 

avior in between type I(a) and II isotherms, where the steep up- 

ake at low p/p 0 is due to the enhanced adsorbent-adsorptive in- 

eraction in narrow micropores ( Fig. 3 a,b) [61] . An H4 hystere- 

is loop is present in all the isotherms due to N 2 condensation 

nside micro and mesopores. The lower limit in the desorption 

ranch is located at 0.45 p/p 0 , which is the typical pressure for 

avitation inside the pores and suggests the presence of ink-bottle 

hape of pores. Another interesting feature is the no-connection 

etween adsorption and desorption branch; this usually happens 

ecause of the collapse of the structure. To reject this hypothesis, 

he analysis was repeated twice, finding a superimposable behav- 

or of the final isotherms. A second and more reliable hypothe- 

is is that N 2 adsorbed in the forward step remains confined in- 

ide the interconnected porosity, during the desorption step, be- 

ause of the shape and size of pores [27] . EU900 showed a com-

letely different isotherm, in fact the lack of an uptake at p / p °
lose to zero is indicative of the absence of micropores, further- 

ore the hysteresis typical of micro and mesopore materials is ab- 

ent ( Fig. 3 c). The analysis of pores was performed considering a 
5 
ylindrical/sphere QSDFT adsorption branch model, which is more 

ppropriated for microporous materials. Surface area and volume 

f micropores decrease with the increase of temperature, while in 

pposite direction evolves the volume of mesopores, which steps 

p with the temperature. Therefore, the total volume remains al- 

ost constant as result of compensation between the two types of 

orosity ( Table 1 ). All the catalysts mainly present a microporous 

tructure with micropores of 1.23 nm and small mesopores with 

iameter distribution centered at 3 and 7 nm ( Fig. 3 d,e). The pres-

nce of porosity is highly desirable in ORR catalysts since meso- 

ores plays a pivotal role for the wetting of micropores where 

ctive sites are placed, whereas the macropores assure fast mass 

ransport and accessibility of the active sites [41] . It is worth not- 

ng that Fe-U900, which was prepared by using only polyurethane, 

as the highest surface area (S QSDFT = 479 m 

2 g −1 ) mostly due 

o micropores. Therefore, it appears that the addition of polyethy- 

ene limits the formation of micropore and of a sponge like struc- 

ure, which was evident in Fe-U900 TEM images. On the contrary 

U900, which was prepared without iron, showed the lowest sur- 

ace area (S QSDFT = 41 m 

2 g −1 ) and a very low content of micro-

nd mesopores ( Fig. 3 e). This highlights the pivotal role of iron in

riving the textural properties of the final material. 

Table 1 reports the CHN elemental analysis of all the syn- 

hetized samples. It is worth noting that the carbon content in- 

reases at the increase of the pyrolysis temperature, that is indica- 

ive of an increase of the graphitization degree with the temper- 
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Fig. 3. (a–c) N 2 adsorption / desorption isotherm at 77 K, (c,d) and pore size distribution of all catalysts obtained by pyrolysis at different temperature and with or without 

PE or Fe. 
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ture. The employment of PU leads to the successful formation 

f N-C material, where the maximum value was observed in the 

ron free EU900 (6.40 %). The N% decreases when FeCl 3 is added 

o the polymer mixture and it decreases even more by enhanc- 

ng the pyrolysis temperature ( Table 1 ). In fact, beside the tem- 

erature, which exerts a well-known effect on the graphitization 

f carbon materials [ 25 , 62 ], iron is also known to catalyze the

raphitization process [63] . Further insights about carbon graphi- 

ization are provided by XRD analysis, where a non-activated Fe- 

U700 sample was characterized using a heating chamber in the 

emperature range 70 0–10 0 0 °C ( Fig. 4 a). At relatively low 2 θ an-

le, it is visible the growth of a peak due to carbon that structures 

tself as graphite during heating. The 002 graphite reflection be- 

ome sharper and more symmetric passing from 700 to 10 0 0 °C. 

XRD analysis performed in the heating chamber is also help- 

ul for understanding the evolution of different iron phases upon 

ariation of second pyrolysis temperature. The measurement was 

erformed on Fe-EU700 before acid washing ( Fig. 4 a). At ambient 

emperature, the starting sample exhibits reflections compatible 

ith Fe 3 C and α-Fe. The peaks at 46.4, 52.2, 54.2 and 71.4 °2 θ are

ue to Pt strip used as chamber of the catalyst. The broad peak at 

2 °2 θ , underneath the iron reflections, describes the contribution 

f amorphous carbon. When the temperature is raised up to 700 °C, 

he identified phases are: Fe 3 C (orthorhombic) and α-Fe, while it 

s not certain the presence of magnetite (41 °2 θ ) and hematite 

37.5 °2 θ ). The same phases are present also at 800 °C, along with a

mall contribution attributed to γ -Fe. At 900 °C, γ -Fe coexists with 

-Fe, Fe 3 C and magnetite. Raising the temperature at 10 0 0 °C, γ -Fe 

nd Fe 3 C are the only detectable phases. After reaching 10 0 0 °C, the

ample is rapidly cooled down and the recognizable phases are: 

-Fe, Fe 3 C and γ -Fe, the latter exists in a metastable phase. The 

ncreasing or decreasing content of a crystalline phase (in a pow- 

er sample measured in situ during heating treatment) can be esti- 

ated taking into account the scale factor (SF) determined through 

ietveld refinements (details of Rietveld refinements are reported 

n SI). The SF is proportional to integrated intensity of the Bragg 
6 
eflections for each phase. Thus, it can be related with the content 

f each phase inside the volume of the irradiated sample. The in- 

reased SF for both α-Fe and γ -Fe, in Fig. 4 c, reveals the increment

f crystalline phase at the increasing of temperature. α-Fe is stable 

p to 900 °C and γ -Fe can be detected starting from 800 °C [64] .

he heating at 10 0 0 °C followed by the rapid cooling at room tem-

erature causes the increase of the α-Fe content and the presence 

f γ -Fe as a metastable phase. XRD analysis for Fe-EU700 was per- 

ormed also on the samples after the activation treatment at 900 °C 

nder hydrogen flow (Fig. S4). The analysis was extended also to 

he other carbon samples and it is in plain view that the activation 

auses the increase of the graphitization degree in all the sample; 

s evident from the similar graphite reflection intensity (Fig. S4). 

he interpretation of XRD reflections of iron phases after the acti- 

ation treatment is not trivial for Fe-EU800 and Fe-EU900, because 

f the presence of superimposed and not well-defined reflections 

Figure S4), so that a rationale matching with the database was 

ot possible. In sample Fe-EU700 the main diffraction peaks are 

elated to Fe 3 C and α-Fe. The XRD pattern lose definition moving 

rom low to high second pyrolysis temperature, so much that the 

ne at 10 0 0 °C did not show any iron discernible feature (data not

eported). It seems that at higher temperature Fe-based particles 

re removed more easily as if they are ejected from the carbon ma- 

rix, which tries to reach a more ordered structure, resulting more 

xposed and therefore more easily removable by the acid wash. 

Further insights of iron species were obtained by Mössbauer 

pectroscopy at room temperature ( Fig. 4 d). Fe-EU800 spectrum 

s dominated by an intense magnetic pattern between ≈-3.12 and 

3.54 mm s −1 . A small broadening on the central lines can be re- 

erred to the presence of paramagnetic species while the weak ab- 

orptions at ≈-5.15 mm/s and ≈5.3 mm s −1 suggest the presence 

f accessory magnetically coupled components. Considering these 

vidences, the spectrum was fitted by the superimposition of five 

omponents: three sextets, one doublet and a singlet. Fe is mainly 

istributed over sextet 1 and doublet 1, representing the 68% and 

9% of the total area respectively. Sextet 1 shows hyperfine param- 
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Fig. 4. (a) XRD characterization of Fe-EU700 using a heating chamber, (b) XRD reflection assignment, (c) scale factors, (d) Mössbauer spectra and Lorentzian fitting curves 

for Fe-EU800, (e) Raman spectra of several F-N-C materials, (f,g) High-resolution core-level XPS spectra of N 1s region and deconvolution into single chemical components 

for Fe-EU800 and Fe-U900, and (e) nitrogen functional group distribution by effect of temperature. 
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ters typical of intermetallic iron carbon compounds Fe 3 C. 29 Dou- 

let 1 can be reasonably attributed to Fe-N 4 sites but, due to its δ
nd � values, it cannot be unambiguously referred to a specific Fe 

xidation and spin state. As a matter of fact, the δ can be assigned 

o low spin Fe(II) and/or Fe(III) in any spin state [65] . On the ba-

is of the �, the discrimination can be restricted to low spin Fe 

II) and/or high spin Fe(III) moieties, as reported in literature for 

e-N-C catalysts [65–67] . The presence of nanosized ferric oxides, 

n superparamagnetic (SPM) regime, can be excluded. Usually SPM 

anoparticles in OOR catalyst show a doublet characterized by an 

igher δ values [68] . Concerning the minor contributions, the weak 

inglet centered at -0.01 mm s −1 can be ascribed to γ -Fe or super- 

aramagnetic α-Fe, while sextet 2 to α-Fe (Table S1) [ 69 , 70 ]. 

Raman spectra were recorded for obtaining useful informa- 

ion about the graphitization degree in carbonaceous materials 

 Fig. 4 d). The materials show two intense signals: the D1 band 

t ~1350 cm 

−1 and the G band at ~1595 cm 

−1 . The spectra were

econvoluted after baseline subtraction and normalization to the 

aximum of the G band. For the sake of an example, the decon- 

olution of Fe-EU800 is reported in Fig. S5a, were a combination 

f six gaussian-shaped bands (I, D4, D1, D3, G and D2) were used. 

he G band is attributed to ideal graphitic lattice, whereas the D1 

and is due to disordered graphitic lattice (A 1g ) and it has been 
7 
uggested to arise from graphene layer carbon atoms in immediate 

icinity of a lattice disturbance like heteroatoms. D2 band arises 

ecause of disordered graphene layers (E 2g ) at the surface of a 

raphitic crystal. D3 is typical of amorphous carbon, whereas D4 

nd I, located close to each other, are due to disordered graphitic 

attice (A 1g ) and ionic impurities and they can be attributed to C-C 

nd C = C stretching vibration of polyene-like structure [71] . In the 

ange 2300 cm 

−1 - 3300 cm 

−1 , two more bands are present due 

o overtone and combination of graphitic lattice vibration modes. 

he 2D band centered at ~ 2690 cm 

−1 is attributed to the over- 

one of D1 and it indicates the formation of large domain size sp 

2 

arbon honeycomb structure [72] . The (G + D) combination has 

een assigned at 2933 cm 

−1 and it is typical for graphene oxide 

GO) ( Fig. 4 e). 

The intensity ratio between D and G band (I D /I G ) is commonly 

sed as indicator of the density of defects (Table S2), however 

 D1 /I G ratio can be in some respects uncertain. It was proposed 

hat the value R2 = D1/(G + D1 + D2), corresponding to the ratio 

f the areas of indicated band, is a more reliable parameter (Table 

) [73] . For poorly organized carbon materials R2 > 0.5, while a 

2 < 0.5 is indicative of highly graphitized carbons. R2 value de- 

reases from 0.66 to 0.43 passing from Fe-EU700 to Fe-EU10 0 0. 

his demonstrates that at higher temperature the carbon structure 
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Table 2 

Data obtained by deconvolution of Raman and XPS spetra. 

Raman XPS spectroscopy 

I D1 /I G R2 a A D3 N TOT 
b N TOT 

c N imine N pyridinic N Fe-Nx/amine N pyrrolic N graphitic N-O Fe b Fe c 

% at % wt % at % at % at % at % at % at % at % wt 

EU900 1.5 0.60 160.3 5.2 1.3 14.7 20 22.6 28.7 9.4 4.6 0.0 0.00 

Fe-EU700 2.6 0.66 132.3 1.5 0.3 13.9 17 17.2 31.9 15.6 4.4 0.2 0.7 

Fe-EU800 1.9 0.63 100.7 1.0 0.2 13.1 16.9 17 34.6 18.5 - 0.2 0.7 

Fe-EU900 1.2 0.55 95.8 0.9 0.1 4.3 20 13.3 42.2 12.3 7.9 0.1 0.3 

Fe-EU1000 0.8 0.43 72.1 1.4 0.4 17.7 14.9 22.9 29.2 15.3 - 0.2 1.0 

Fe-EU800B 2.0 0.67 141.6 2.5 2.8 9.3 22.9 18.6 30.7 12.4 6.1 0.5 2.1 

Fe-U900 1.4 0.53 90.0 1.2 0.2 13.5 12.7 15.2 34.8 18.9 4.9 0.1 0.3 

a R2 = (A D1 )/(A D1 + A D2 + A G ). 
b Atomic percentage 
c weight percentage. 
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s more graphitized, resulting in a decrease of both the density of 

efects and of the D3 band associated to amorphous carbon, (Table 

). 

Fig. S5b compares the Raman spectra of EU90 0, Fe-EU90 0 and 

e-U900. It is worth noting that the second order bands are miss- 

ng in EU900, furthermore D1 and G bands are poorly resolved, D3 

as the highest area (160.3) and an intense D4 band at 1250 cm 

−1 

s present. All these evidences put in light the fundamental role of 

ron, even in low quantity, for improving the graphitization of the 

esulting carbon, whereas it is interesting to observe that the ad- 

ition of PE to the precursor mix does not appears to sensitively 

ffect the carbon organization (Fig. S5b). 

The surface chemical composition of the catalysts after the ac- 

ivation treatment was investigated by XPS technique, which con- 

rmed the presence of C, N, O and Fe (Fig. S6a, Table 2 ). In Fe-N-C

amples, the nitrogen and iron content range between 0.9 - 1.5 % 

t. and 0.10 - 0.2 % at., respectively. Thorough acid wash generally 

nsures removal of iron-rich phase such as iron oxide nanoparti- 

les with only atomically dispersed iron in coordination with ni- 

rogen or graphite encapsulated iron NPs remaining. Both iron and 

itrogen tend to decrease at the increase of temperature of pyrol- 

sis and even if this effect is reasonable for nitrogen, since higher 

emperature of pyrolysis leads to an expulsion of nitrogen in the 

orm of volatile species from the graphite lattice, the same can- 

ot be said for iron. This effect was observed also by other groups 

ven if no explanation were reported in literature. The decreasing 

f iron and nitrogen contents was also observed in a set of py- 

olyses carried out at different time (0.5, 1 and 1.5 h) i.e. the ni-

rogen and iron content decrease in longer thermal treatments. In 

able S2, CHN elemental analysis and ICP-MS iron determination 

efore the acid leaching are reported. It is our belief that iron can 

orms volatile complexes such as iron pentacarbonyl and be ex- 

elled in the venting flow during the pyrolysis. However, this hy- 

othesis was not confirmed by TGA-MS measurements, since no 

ron species were detected possibly because of a fast condensation 

efore entering the MS sampler. 

The N 1s XPS line was deconvoluted into six components cen- 

ered at 397.8, 398.8, 399.9, 400.7, 401.7 and 402.7 eV, which cor- 

espond to imine, pyridinic, nitrogen coordinated to iron (Fe-N x ) 

r amine, pyrrolic, graphitic and oxidized N groups, respectively 

 Figs. 4 f,g and S6b-e) [ 70 , 74–78 ]. Pyrrolic nitrogen is distinguished

mong all the other functional groups because it is the most abun- 

ant and its content increases with the increase of temperature 

ill 900 °C ( Fig. 4 f,g). Conversely, Fe-N x functional group, which is 

upposed to be the most important active site for ORR, reaches its 

owest value (13.3 % at ) in Fe-EU900. The formation of Fe-N x sites 

s supported also by Mossbauer analysis which was performed on 

e-EU800 before acid leaching. The same comparison cannot be ex- 

ended to the acid washed catalysts due to the very low amount of 

ron that would require very long experimental time (weeks) per 
T

8 
ample and incorrect spectral areas, widths, and shape determina- 

ion. 

A completely different composition was found in Fe-EU10 0 0, 

hich presents an exceptional high nitrogen and iron contents 

ith respect to the other catalysts ( Table 2 ). It was found that Fe-

 x component is unexpectedly high (23 %), while the N pyrrolic is 

he lowest among all catalysts. It is known that nitrogen coordi- 

ated to iron is a highly stable group, therefore if Fe-N x sites form 

pon reaching 10 0 0 °C, it would result more difficult their decom- 

osition and the formation of volatile species. In the EU900 sample 

he peak at 399.9 eV was assigned to amine. No further insights 

re provided by the analysis of Fe 2p peak due to the low content 

f iron in all the samples ( < 0.25 % at ). 

.2. Carbon catalysts from polymers mixed by a Brabender 

Fe-EU800B was prepared by pyrolyzing a different PE/PU/Fe ra- 

io with respect Fe-EU800, therefore a separate discussion is pro- 

osed. Fe-EU800B showed a type II isotherm, which is character- 

stic for non-porous or macroporous materials having a relatively 

mall external surface ( Fig. 5 a). The sample exhibits a desorption 

ranch, with a type-H3 open hysteresis loop, often observed in ag- 

regates of plate-like particles, but also in macroporous material, 

here macropore are not completely filled with adsorbate at at- 

ospheric pressure [79] . The comparison of the textural properties 

etween the two samples Fe-EA800B and Fe-EA800, highlights a 

imilar volume of micro and mesopore. The two sample differ for a 

ower micropore surface area in Fe-EU800B ( �S QSDFT = 50 m 

2 g −1 ) 

 Table 1 ). Fig. 5 b shows the XRD pattern for Fe-EU800B, which, de-

pite the lower content of iron, shows the same iron phases then 

n Fe-EU800. The 002 reflection of graphite in Brabender-based 

ample is widened and not very intense, probably due to a low 

rystallinity of the material. This finds a confirmation by the Ra- 

an spectra of Fe-EA800B ( Fig. 5 c), which shows a high content of 

morphous carbon as evident by the D3 band area ( Table 2 ) and

n R2 factor of 0.67. The elemental and XPS analysis determined a 

ontent of nitrogen of 2.38% and 2.5%, respectively, that evidence a 

omogeneous distribution of doping all over the sample ( Tables 1 

nd 2 ). It is worth noting that Fe-EU800B presents a higher con- 

ent of oxygen with respect to the samples prepared by using the 

olvent assisted approach, that is consistent with a less graphitized 

aterial. The N 1s peak was decomposed in 6 components, the 

yrrolic and pyridinic ones being the most abundant ( Fig. 5 d). 

.3. ORR electrochemical tests 

The ORR activity of Fe-N-C materials obtained at different py- 

olysis temperature was evaluated in both acid (0.5 M H 2 SO 4 ) and 

lkaline (0.5 M KOH) electrolytes at rotating ring disc electrode. 

he voltammetric response at a rotating electrode has generally a 
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Fig. 5. Fe-EU800B characterization (a) Nitrogen adsorption/desorption isotherm, (b) XRD diffraction spectrum, (c) Raman spectrum and decomposition, (d) High-resolution 

core-level XPS spectrum of N 1s region and deconvolution into single chemical components. 

Fig. 6. Electrochemical data recorded at RRDE in O 2 -saturated 0.5 M H 2 SO 4 . (a, a’) LSV at RRDE at v = 5 mV s −1 and ω= 1600 rpm, E app (Ring) = 1.50 V vs. RHE; (b) 

correlation between E 1/2 or E (j = 0.6 mAcm 
−2 

) and surface area determined from N 2 isotherm, c) H 2 O 2 production during LSV in O 2 -saturated solution; (d) comparison of 

electrochemical performances of commercial Pt/C, Fe-U900, Fe-EU800 and Fe-EU800B, at RDE in O 2 -saturated solution ( v = 5 mV s −1 and ω= 1600 rpm). 
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igmoid shape, which can be separated in three zone: i ) a kinetic 

one where the current depends by the kinetic of the reduction 

rocess (0.5 V < E < 0.9 V), ii ) a mass transfer limited zone ( E

 0.3 V), where the limiting current ( i lim 

) depends primarily on 

he rotation rate and on the active surface area, and iii ) a mixed 

inetic-mass transfer zone (0.3 V < E < 0.5 V), where the two ef- 

ects determine the current profile. In the kinetic region, the half 

ave potentials ( E 1/2 ) is the potential at i lim 

/2, and it is a parame-

er that can be adopted to define the catalytic activity of the ma- 

erial. Fig. 6 a compares the LSV at RDE of the investigated cata- 

ysts in 0.5 M H 2 SO 4 . It is in plain view that E 1/2 decreases in the
9 
rder Fe-EU700 ≈ Fe-EU800 > Fe-EU10 0 0 > Fe-EU90 0 that ascer- 

ain a higher catalytic activity for the catalysts prepared at a lower 

emperature of pyrolysis ( Table 3 ). Fe-EU800 shows the highest i lim 

hich is indicative of a higher availability of active surface area 

accessible active sites) compare to the other samples. It is worth 

oting that a good correlation between the E 1/2 and surface area 

etermined by N 2 -isotherm can be found, i.e. the higher the sur- 

ace area, the higher the catalytic activity ( Fig. 6 b). Unfortunately, 

ome of the half wave potentials used to compare the kinetic ac- 

ivity among the catalysts fall inside or close to mixed kinetic- 

ass-transfer zone. Therefore, to compare the real kinetic activity, 
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Table 3 

Electrochemical data determined by RRDE measurements in 0.5 M H 2 SO 4 . 

E 1/2 
a E ( j = 0.6 mAcm 

−2 
) 
a J lim 

b n c χH 2 O2 
d J k 

e 

V V mA cm 

−2 % A g −1 

Fe-EU700 0.538 0.670 3.72 3.80 10 0.08 

Fe-EU800 0.514 0.648 4.09 3.89 5 0.06 

Fe-EU900 0.393 0.542 3.54 3.66 16 0.01 

Fe-EU1000 0.474 0.603 3.07 3.85 7 0.02 

Fe-EU800B 0.498 0.769 -3.52 3.81 11 0.09 

Fe-U900 0.696 0.662 3.72 3.97 2 0.37 

a Potential versus RHE. 
b Current determined at 0.0 V normalized by geometrical surface area. 
c Number of transferred electrons. 
d H 2 O 2 yield determined at 0.2 V. 
e Kinetic current density determined at 0.8 V. 
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he potentials at 0.6 mA/cm ² were considered, since at this value 

he current is less affected by mass transport. Also in this case, 

 good correlation between E and the surface area determined by 

 2 -isotherm can be found, provided the value for Fe-U800 is ex- 

luded from the plot. Both micro- and meso-pores appears to be 

mportant to increase the catalytic activity: the micropores because 

re supposed to host the catalytic sites while the mesopores as- 

ure the accessibility to micropores. As previously observed, Moss- 

auer and XPS spectroscopies failed to be conclusive in the deter- 

ination and quantification of Fe-N x sites. However, useful ways 

or confirming the formation of Fe-N x sites is the selective poison- 

ng of metal sites using different anion or molecule like NO 2 
− [56] . 

he electrochemical method proposed by Malko et al. is based on 

he reversible and selective interaction of Fe-N x sites with probe 

olecule NO 2 
−, which in acid pH is converted to nitrosyl binding 

o Fe center. As shown in Fig. S7a, when the catalyst layer is poi-

oned, there is an excess of cathodic charge (yellow area), which 

isappears on subsequent voltammetric scan. The stripping charge, 

 strip , is calculated from the area of the stripping peak consider- 

ng the scan rate and the mass of loaded catalysts and permits to 

etermine the gravimetric site density according to the formula: 

SD 

[
mol sites g −1 

]
= 

Q strip 

[
C g −1 

]

n stip F [ C mo l −1 ] 
(7) 

here n stip is the number of electrons associated with the reduc- 

ion of one adsorbed nitrosyl per site to NH 3 . Fig. S7b shows the

RR performance of the Fe-PU800 catalyst as a function of poi- 

oning. The catalyst performance is significantly reduced by the 

resence of an adsorbed nitrite intermediate, leading to a 45 mV 

hift in performance at 0.6 V (RHE). Thus, activity of the catalyst is 

ensitively reduced with respect to its unpoisoned state. Following 

he stripping process, the ORR performance is almost completely 

ecovered (Fig. S7b). For Fe-EU800 catalyst the determined MSD 

alue was 5.45 � 10 18 sites g −1 , which is not far from values ob-

ained from other PGM free benchmark catalysts proposed in liter- 

ture [81] and that undoubtedly confirms the formation and pres- 

nce of iron single sites. Interestingly, even after poisoning, the cat- 

lysts is still partially active versus ORR meaning that also other 

atalytic sites are present and are responsible for the reduction 

rocess as the pyridinic, pyrrolic and nitrogen substitutional func- 

ional groups [ 39 , 76 ]. 

The overall peroxide/water yield can be determined by a com- 

arison between the ring and disk currents of RRDE experiments, 

ccording to Eqs. (5 ) and (6) . In a RRDE experiment, O 2 is reduced

t the GC disk electrode, which is coated with the Fe-N-C catalyst, 

y sweeping the potential from high to lower values. The rotation 

ovement of the electrode forces the reaction products to move 

owards the ring electrode, which is polarized at a fix potential at 

hich H 2 O 2 quickly oxidizes back to O 2 . Therefore, if H 2 O 2 is pro-

uced at the disk electrode and if it is not trapped inside the cata- 
10 
yst layer, the ring electrode works as a H 2 O 2 detector provided no 

ther secondary reactions occur. The disk and the ring electrode 

re linked by the collection efficiency (N), which depends on the 

RDE geometry and equals 0.25 in our case. Therefore, if O 2 is ex- 

lusively reduced to H 2 O, the ring current tends to zero, on the 

ontrary if H 2 O 2 is the exclusive product, the ring current will be 

5% of the disk current. Generally, the experimental results fall in 

etween the two limiting cases, aka a mix of the two mechanism is 

lways present. Therefore, the RRDE analysis is by itself not always 

he direct expression of a particular mechanism, especially at low 

eroxide yield where the mechanism can follow both a tetraelec- 

ronic mechanism or a two electron electrochemical reduction + a 

wo electron chemical reduction (2 + 2), which are two different 

echanisms undistinguishable using RRDE. Among Fe-EUx cata- 

ysts, the H 2 O 2 yields at 0.2 V ranges between 5 and 16 %, where

e-EU800 is the one producing the lowest amount ( Table 3 ). Ap- 

arently, χH2O2 is lower in those catalysts showing higher surface 

rea, and this can be tentatively related to the better accessibility 

o the N x -Fe active sites positioned in micropores ( Fig. 6 c). A fur-

her comment needs to be made about the limiting current density 

f the examined catalysts. In fact, even though the RRDE findings 

re consistent with a low H 2 O 2 yield, the limiting current density 

re much lower with respect to that expected for a tetraelectronic 

eduction of oxygen, and this is even more evident when Fe-N-C 

atalysts are compared to the Pt/C standard ( Fig. 6 d). Such a dif- 

erence could be related to the relatively high loadings used for 

he RDE analysis (0.6 mg/cm ²) resulting in relatively thick catalyst 

ayers which might hinder the release of the H 2 O 2 fraction [80] . 

Fig. 6 d compares the LSV at RDE of the best performing cat- 

lyst Fe-EU800 and of Fe-EU800B, which was prepared by mix- 

ng the components with a Brabender plastograph. It is worth to 

e observed that the kinetic zone is almost superimposable while 

n the diffusion area and mixed kinetic-diffusion zone Fe-EU800B 

hows a kinetic current and a limiting current much lower than 

e-EU800. This may be explained by the presence of many Fe sur- 

ace sites in the Fe-EU800B micropores, which failed to be ac- 

essible, and hence effective under electrochemical conditions. In 

act even though Fe-EU800B has higher N and Fe contents and 

herefore a higher content of active sites than Fe-EU800 ( Table 2 ), 

t has a lower mesopore surface area and volume ( Table 1 ) and

herefore mass transport to active sites is hindered [81] . This hy- 

othesis finds a confirmation considering Fe-U900, which was pre- 

ared without PE and that was characterized by a microporous and 

esopore surface superior with respect to both Fe-EU800B and Fe- 

U80 0. In fact, Fe-U90 0 showed the best E 1/2 = 0.696 V and kinetic

urrent ( j k = of 0.37 A g −1 ) at 0.8 V ( Table 3 ). Furthermore, oxygen

nd/or nitrogen-based functional groups are known to play a com- 

lementary role during ORR [25] . In fact, oxygen functional groups 

ecrease the electrochemical activity of catalysts due to possible 

roduction of hydrogen peroxide as intermediate [82] . Therefore, 
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he high content of oxygen functional groups in Fe-EU800B along 

ith less accessible active site can hinder the ORR performance of 

he catalyst. The Pt/C benchmark, was also reported here for the 

ake of comparison ( Fig. 6 d), highlighting that Fe-EU800 is still far 

rom being competitive with Pt/C benchmark in term of catalytic 

ctivity versus ORR but PE and PU are raw materials far more dis- 

osable and economically competitive than platinum. Furthermore, 

urther activity improvements can be reached by improving the 

extural properties and the density of active sited by introducing 

ost pyrolysis activation treatments [23] . Even thou the aim of the 

aper was to consider the conversion of a mixed waste polymer 

n Fe-N-C catalyst, one last comment must be made on Fe-U900 

hich showed the best ORR activity ( Table 3 ). Fe-U900 has a lower

ontent of Fe-N x sites with respect to Fe-EU900 but a higher sur- 

ace area especially in term of mesopores ( Tables 1 and 2 ). The su-

erior activity may be explained considering that Fe-U900 contains 

etter exposed and accessible Fe-N x sites than Fe-EU900. Primbs 

t al. carried out a systematic work on four of today’s most ac- 

ive benchmark Fe-N-C catalysts and demonstrated that microp- 

rous catalyst showed large site density (SD) values paired with 

ow turn over frequency (TOF), while mesoporous catalysts dis- 

layed the opposite. Therefore, it is reasonable to assert that Fe- 

900 is characterized by a low SD but by a high TOF as it was

roposed in the above mentioned paper [81] . The optimization of 

e-U900 catalysts and the determination of SD and TOF is not the 

im of this paper but it is part of an ongoing research on Fe-N-C 

atalysts derived from waste thermoset polymers. 

The electrochemical characterization was extended also to al- 

aline electrolyte. The current potential curves at RRDE of Fe-EUx 

n an O 2 saturated 0.5 M KOH electrolyte are shown in Fig. S8a. 

he LSVs are composed of two reduction steps of almost the same 

eight, and the current features are superimposable for all four 

atalysts, thus confirming comparable electrochemical behaviors 

or all samples, notwithstanding the pyrolysis temperature. There- 

ore, a catalytic effect is present but the O 2 reduction occurs ap- 

roximately at the same potential for all catalysts, for example the 

 1/2 values of the first step range between 0.705 to 0.722 V vs. 

HE (Table S3). The ring current of RRDE electrode increases and 

hen assumes a constant value nearby the first O 2 reduction step, 

hereas at the second O 2 reduction step the ring current decreases 

eaching an almost steady value (Fig. S8a’). The number of elec- 

rons determined according to Eq. (5) agrees with the preferential 

roduction of H 2 O 2 in the first step and H 2 O in the second one.

herefore, it can be assumed that in alkaline environment the O 2 

s at first reduced to H 2 O 2 , and then further reduced in the sec-

nd step, at far more negative potentials, to H 2 O. The selectivity 

oward H 2 O 2 production was found to be almost 60% for all the 

amples when the potential was limited to the first reduction step 

Fig. S8b). 

The different H 2 O 2 selectivity passing from acid to alkaline 

lectrolyte clearly indicates that ORR occurs on different active 

ite depending on the pH. Fe-N x sites promote O 2 reduction to 

oth H 2 O 2 and water, but in acid electrolytes the peroxide des- 

rbs rapidly from the Fe-N x active sites so that cocatalysts such 

s Fe encapsulated in few carbon layers or Fe 3 C are necessary to 

omplete the tetra-electron mechanism [75] . In alkaline media Fe- 

 x site prompts the O 2 adsorption and 2e − reduction to peroxide 

ntermediate, which is subsequently reduced on the same active 

ites. Another important active site is the pyrrolic functional group, 

hich causes partial reduction of oxygen to hydrogen peroxide. It 

s not the aim of this paper to define the reduction mechanism at 

ifferent pH, however, it is in plain view that different active sites 

re at play during ORR and depending on the pH the active sites 

re activated or disactivated because of protonation/deprotonation 

25] or even hydroxylation [83] of the active site or of the atoms 

earby the adsorption site. 
11 
. Conclusion 

Fe-N-C catalysts were successfully synthetized from the two- 

tage pyrolysis of a mix of thermoset (PU) and thermoplastic (PE) 

olymers, mimicking an undifferentiated polymer waste and FeCl 3 
s iron source. Before pyrolysis the precursors were mixed follow- 

ng a solvent assisted or a solvent free procedure. The presence of 

eCl 3 was fundamental for increasing both the surface area, which 

anges between 195 and 479 m 

2 g −1 , and the graphitization degree 

f the materials. It was found that the second pyrolysis tempera- 

ure affects the chemical and textural properties of the Fe-N-C ma- 

erials, such as the surface area, the graphitization degree, the ni- 

rogen and iron content and as a consequence the catalytic activity 

f the materials. The combination of XRD, XPS, Mossbauer spectro- 

copies and NO-reductive stripping method allowed the identifica- 

ion of Fe-N x , Fe 3 C and metallic iron nanoparticles encapsulated in 

raphite layers. 

The catalytic properties of Fe-N-C materials towards the ORR 

ere investigated in both acid and alkaline solution. At acid pH 

here is a clear correlation between the catalytic activity expressed 

s E 1/2 with the surface area, i.e. the higher the surface area, the 

igher the catalytic activity. This effect was explained considering 

hat high surface area allows a higher number of accessible ac- 

ive sites. Furthermore, a preferential 4 electron reduction to H 2 O 

as found on all materials especially in those possessing higher 

urface area (H 2 O 2 yield < 5 %). At high pH, the Fe-N-C materi- 

ls show high catalytic activity ( E 1/2 = 705-722 V), but it is dif- 

cult to discriminate substantial differences among different cat- 

lysts. Furthermore, it was found an inversed selectivity with re- 

pect the acid electrolyte, with a H 2 O 2 yield exceeding 60 %. The 

ifferent catalytic activity and selectivity towards ORR clearly de- 

ends on the different active sites (Fe-N x , Fe 3 C, Fe@C, N-pyrrolic, 

-pyridinic, etc), which can catalyse the ORR and that can be acti- 

ated or deactivated depending on the pH 
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