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Abstract 17 

Mass generation of scrap tires presents a major challenge for environmental safety, 18 

however, their upcycling into carbon-based nanomaterials by the virtue of pyrolysis treatments can 19 

open up new windows for energy conversion and storage technologies in the context of the circular 20 

economy. Herein, we report the synthesis of Fe-N-C oxygen reduction reaction (ORR) 21 

electrocatalyst for fuel cell (FC) applications using carbonaceous char derived from scrap tires 22 

through microwave-assisted pyrolysis (MAP). The char obtained from MAP was activated with 23 

potassium hydroxide and then pyrolyzed at a high temperature to fabricate Fe-N-C after mixing 24 

with iron and nitrogen precursors. Finally, the developed Fe-N-C was ball-milled and acid-etched 25 

for homogenization and leaching of iron oxide nanoparticles. In this study, structural evaluation 26 

during each synthesis step was elucidated and correlated with the ORR activity in all three pHs i.e. 27 

acidic, neutral, and alkaline. Moreover, the effect of electrocatalyst loading on ORR kinetics was 28 

also analyzed using two different loadings (0.2 and 0.6 mg cm-2) on the rotating ring disk electrode 29 

(RRDE). The developed Fe-N-C demonstrated encouraging onset potentials of 0.881, 0.822, and 30 



 

 

0.936 V vs RHE in acidic, neutral, and alkaline conditions, respectively. Whereas the ORR activity 31 

was slightly reduced after the milling-etching step. Lower peroxide yield together with a tetra-32 

electronic reduction of oxygen was witnessed in acidic and neutral conditions, however, peroxide 33 

production was increased in the alkaline medium.  34 

Keywords: scrap tires, oxygen reduction reaction, PGM-free electrocatalysts, electrocatalytic 35 

activity 36 

 37 

1. Introduction 38 

 39 

Safe disposal of scrap tires has become a worldwide persistent challenge where a major 40 

proportion of discarded tires is tossed out without any treatment. By the year 2030, global scrap 41 

tire generation is expected to exceed 1.2 billion tires per annum [1–3], while approximately 5 42 

billion tires are already amassed [3,4] which eventually will enter into the waste streams, 43 

signifying a severe threat to the ecosystem. Traditional waste management pathways such as 44 

landfilling or energy recovery via incineration of tires not only contribute to the planetary carbon 45 

footprint but also become the cause of toxicity (air, water, and soil) and human health hazards 46 

[4,5]. In such a scenario, the theme of the circular economy becomes more relevant representing 47 

the safest recovery and valorization of waste products [6] which could be primarily important for 48 

scrap tires [7].  49 

Tires are typically made up of synthetic and natural rubbers, carbon black, metallic 50 

substitutions, fabrics and other additives i.e. sulfur, pigments, ZnO, silica, etc., hence constituting 51 

nearly 74-76% carbon in their total composition [1,8]. Therefore, scrap tires can be effectively 52 

valorized into carbon-based nanomaterials that could find their potential applications in 53 

electrochemical energy conversion & storage technologies which are the key focus of 54 

contemporary research amid the foreseen extinction of fossil fuels and manmade global warming 55 

[7,9–11]. Chars derived from different biomass and plastics have been produced and tested in 56 

electrochemical devices. In parallel, carbons derived from scrap tires can also be produced with 57 

enhanced economic viability compared to other sources [11,12].  58 

Among the various energy conversion technologies, fuel cells (FCs) have captured 59 

scientific recognition owing to their extraordinary advantages, especially very high conversion 60 

efficiencies, portability, no emission of greenhouse gases, and the ability to operate at a lower 61 



 

 

temperature range [13–15]. Such benefits can effectually relieve the existing contradiction 62 

between environmental safety and proliferated energy demands by replacing or supporting battery-63 

powered electric automobiles with fuel cell vehicles (FCVs). However, despite the deep scientific 64 

interest, considerable commercial deployment of FCs is still far from reality and principally 65 

obstructed due to the utilization of platinum group metal (PGM) electrocatalysts which are used 66 

to overcome the sluggish oxygen reduction reaction (ORR) at the cathodic side of the device. In 67 

fact, to improve the kinetics of ORR electrocatalysis, highly expensive and scarce PGMs are used, 68 

accounting for ~30% of the total cost of a configured device [16]. Moreover, Pt-based 69 

electrocatalysts are prone to degrade with methanol and have low stability against carbon 70 

monoxide [15]. Therefore, the development of a cost-effective and efficient electrocatalyst without 71 

having the aforesaid demerits is a critical bottleneck to rationalizing the FC application. At this 72 

juncture, first-row earth-abundant transition-metal (TM) nitrogen carbons also named TM-N-Cs 73 

(with TM as Mn, Fe, Co, Ni, Cu) are promising alternative PGM-free electrocatalysts in which 74 

TM-Nx active moieties dispersed in the carbon framework can uplift the ORR activity, especially 75 

in neutral and alkaline electrolytes [17]. The structural attributes of TM-N-C demonstrate an 76 

encouraging potential to replace Pt due to the high electrocatalytic activity and predominance of 77 

tetra-electronic selectivity towards ORR [18]. In TM-N-C, carbon being matrix not only provides 78 

fundamental support for the electrocatalytically active moieties but also vigorously participates in 79 

determining the overall ORR activity. Such carbon-based support can be competitively derived 80 

from the pyrolysis of waste biomasses and waste plastics, producing sustainable char [19–22]. 81 

Recently, various polymeric waste products such as polypropylene [23], polyurethane [24], 82 

polyvinyl-butyral [25], low-density polyethylene [26], polyethylene terephthalate [27], surgical 83 

face masks [28], etc. have been valorized into PGM-free electrocatalysts in the pursuit of 84 

ecological recycling of the plastic waste within the core of the circular economy.  85 

In addition to typical waste plastics, upcycling the scrap tires into carbon-based PGM-free 86 

electrocatalysts can simultaneously address both leading problems of today’s world related to 87 

environmental pollution and clean energy production. Very recently, a few examples have been 88 

reported transforming scrap tires into nanomaterials for electrocatalysis with interesting properties. 89 

Hood et al. synthesize the carbon support for Pt-carrying ORR electrocatalysts from waste tire 90 

rubbers [11]. In 2019, Passaponti and coworkers formulated a strategy to upcycle scrap tires into 91 

PGM-free electrocatalysts by adopting a simplistic route of microwave-assisted pyrolysis (MAP), 92 



 

 

where the post-pyrolysis annealing condition remarkably influenced the overall performance of 93 

the derived electrocatalysts in alkaline media [29]. In a separate investigation, the ORR 94 

performance of the MAP-derived char was further enhanced through an electrochemical 95 

enrichment with cobalt and a positive shift of 40 mV relative to pristine char was witnessed [30]. 96 

Veksha et al. reported the synthesis of carbon nanosheets with heterogeneous doping of sulfur, 97 

nitrogen, and oxygen for ORR applications through catalytic-chemical vapor deposition 98 

employing the scrap tires as an initial precursor [31]. Very recently, Kang et al. developed 99 

nitrogen-doped metal-free electrocatalysts from sulfonated scrap tires which demonstrated an 100 

encouraging onset potential of 0.89 V vs RHE with nearly tetra-electronic electro-reduction of 101 

oxygen in 0.1 M KOH [32]. 102 

 Although the recent advances of the past 2-3 years outline a motivation for the 103 

development of polymeric waste-derived ORR electrocatalysts, novel routes to further valorize 104 

polymeric waste specifically from scrap tires can be properly designed and finally pursued. In fact, 105 

during the electrocatalyst synthesis, different TM and nitrogen-based active moieties are produced 106 

in the carbon’s framework, for instance, nitrogen-containing species (oxygenated, graphitic, 107 

pyrrolic and pyridinic), TM-Nx sites (x = 2, 3, 4) and encapsulated TM nanoparticles in the form 108 

of oxides, carbide, nitride and so on are produced [33]. The scientific community has agreed on 109 

the point that a large amount of homogeneously dispersed and easily accessible TM-Nx moieties 110 

within the carbonaceous architecture are the definite active sites for the desirable tetra-electronic 111 

reduction of oxygen [34]. Moreover, the pyridinic-N is suspected to have the capacity of catalyzing 112 

the subsequent reduction of peroxide species into H2O, recovering the overall improved efficiency 113 

of the system [35]. The role of electrochemically active moieties is often correlated to the fact that 114 

the micropores act as nucleation sites for the accessible moieties [36]. Such an uncertain situation 115 

also prevails in the waste-derived PGM-free electrocatalysts where the role of the synthesis route 116 

on the development of active sites, transport mechanism of gases within the carbon support, 117 

accessibility of active centers, electronic conductivity, and the effects of morphological parameters 118 

also must be addressed in detail. It was shown that the steps involved in the synthesis process such 119 

as the use of sacrificial support, chemical activation, ball milling, the selection of the precursors, 120 

first, or second pyrolysis and acid washing predominantly affect the physicochemical properties 121 

of achieved electrocatalyst [24,37–40]. Consequently, it becomes important to launch a systemic 122 

study to thoroughly analyze the effect of the synthesis route on the overall catalytic ability and 123 



 

 

selectivity towards the tetra-electronic ORR. In addition to this, the different active sites can be 124 

protonated and/or deprotonated depending on the operating pH, behaving differently in acid, 125 

neutral and alkaline electrolytic conditions. Hence, operating conditions at different pHs lead to 126 

different electron transfer mechanism pathways offering distinct advantages. When the pH of the 127 

electrolyte is changed, the physiochemical characteristics of the active centers are also changed, 128 

in turn, the overall reaction pathway and kinetics are modified [41]. 129 

Based on the above considerations, herein we report a systematic study to develop a novel 130 

Fe-N-C electrocatalyst utilizing scrap tires as a valuable precursor. The experimental design 131 

comprises of 1) microwave-assisted pyrolysis, 2) activation using potassium hydroxide, 3) 132 

functionalization with TM and N during the high-temperature pyrolysis, and 4) ball milling and 133 

acid etching. This work aims to correlate the structural evolution of derived electrocatalysts with 134 

the electrochemical performance in a wide range of pH. Therefore, advanced characterization 135 

techniques and spectroscopic tools were combined to identify the impact of the structure and 136 

morphology of Fe-N-C on its electrocatalytic activity in three different media: acidic (0.5 M 137 

sulfuric acid, H2SO4), neutral (0.1 M phosphate buffer solution, PBS) and alkaline (0.1 M 138 

potassium hydroxide, KOH). 139 

 140 

2. Experimental Methods 141 

The objective of the presented study was to identify relationships among the synthesis, 142 

structure, and performance of the PGM-free electrocatalysts derived from scrap tires. This was 143 

important to understand the changes caused by each synthesis step to improve the synthesis 144 

methodology. Therefore, a comprehensive experimental design involving several steps was 145 

adopted to closely monitor the effect of processing on the structure achieved and hence its ultimate 146 

influence on the ORR performance. The overall experimental route followed is schematized in 147 

Figure 1, whereas the inclusive description of each step can be found in the upcoming subsections.  148 

 149 



 

 

 150 

Figure 1. Demonstration of experimental research design for the transformation of scrap tires into 151 

Fe-N-C electrocatalyst 152 

 153 

2.1 Transformation of scrap tires into carbonaceous char 154 

In the synthesis of Fe-N-C electrocatalysts, the first step was to acquire char from 155 

commercial waste tires through MAP by reproducing a previously reported method [29]. Briefly, 156 

an automobile tire (Michelin model Agilis 81–195/65 R16C) was cut into tiny chips followed by 157 

drying at 65 °C. The tire sample used in the study was isolated from metal wires/reinforcement 158 

and majorly consisted of carbonaceous matter [29,42]. Fully dried chips were then subjected to a 159 

microwave (MW) oven working at 1200 MW power for 37 min in a nitrogen atmosphere while 160 

keeping the specific power of the pyrolyzing system at 24 kW kg-1. The char acquired was labeled 161 

as ‘C’.  162 

 163 

2.2 Activation with KOH 164 



 

 

In addition to optimizing the dispersion of the electrochemically active sites and their 165 

accessibility, a well-dispersed porosity is fundamentally important for ORR activity. Macropores 166 

serve as ion buffering reservoirs, mesopores ensure fast transportation of ions and oxygen and 167 

accessibility to the active centers whereas the micropores accommodate the charges in the 168 

electrical double layer [15,24]. The sacrificial support method involving silica is used as a hard 169 

templating method to create regular and uniform pores [38,43–48]. However, for template 170 

removal, the usage of harsh acids i.e. HF is the biggest disadvantage of this practice. In parallel, 171 

chemical activation through KOH becomes a simplistic and highly effective strategy to promote 172 

the surface area in the carbon support [7,40,49]. To produce activated carbon (AC), C derived from 173 

MAP was impregnated with KOH in a weight ratio of 1:4 (Carbon: KOH)  in absolute ethanol 174 

(Merck) for 12 h and the mixture was subsequently dried in a nitrogen environment at 60 °C while 175 

stirring continuously [49]. Afterwards, the slurry obtained was subjected to heat treatment at 700 176 

°C for 1 h in flowing pure nitrogen (100 cm3 min-1) with heating and cooling ramp rates of 5 °C 177 

min-1. Heat treatment was done in a quartz tube furnace (Carbolite). To avoid any reaction between 178 

quartz and KOH, a sheet of stainless steel (0.1 mm, PI-KEM ) was inserted inside the tube, 179 

covering the internal wall of the quartz tube.  After heat treatment, the resultant was then washed 180 

three times using a solution of 1 M HCl and plenty of milli-Q water until the neutral pH of the 181 

supernatant was achieved [49]. Finally, the AC was dried overnight in a vacuum oven at 80°C to 182 

remove the remaining moisture.  183 

 184 

2.3 Synthesis of Fe-N-Cs derived electrocatalysts from MAP scrap tires 185 

The AC achieved in the second step was doped with iron and nitrogen by mixing it with an 186 

iron salt and nitrogen-containing organic molecules. Particularly, 5 wt% iron nitrate nonahydrate 187 

(Alfa Aesar) and 15 wt% 1,10-phenanthroline (Sigma Aldrich) were homogeneously mixed with 188 

AC (80 wt%) followed by pyrolysis at 900 °C for 1 h in nitrogen atmosphere (100 cm3 min-1) with 189 

heating and cooling ramp rates of 5 °C min-1. The resulting material was named ‘ACP’. In the next 190 

phase, the cooled ACP was thoroughly ground by using a high-energy ball miller (EMAX, Retsch 191 

Gmbh, Germany) with zirconia balls of 3 mm diameter at 400 rpm for 2 h with 5 min rest after 192 

every 30 min.  In the fourth stage, ball-milled ACP was etched with boiling 0.5 M H2SO4 for 15 193 

min to etch out the oxides and Fe nanoparticles. After etching with acid, the material was washed 194 

with a copious amount of milli-Q water (until neutral pH was achieved) and dried over the night 195 



 

 

in a vacuum oven at 80 °C and the sample taken at this stage was named as ‘ACPE’. The 196 

nomenclature of the samples synthesized and tested in this study is presented in Table 1 along with 197 

the description of the experimental step at which they were recovered.  198 

 199 

Table 1. Designation of samples abbreviations used in this study 200 

S. No. MAP KOH-

Activation 

Pyrolysis 

(at 900 °C) 

 Ball 

Milling 

Acid 

Etching 

Sample 

Abbrev. 

1 x     C 

2 x x    AC 

3 x x x   ACP 

4 x x x x  x ACPE 

 201 

2.4 Electrochemical Measurements  202 

The electrochemical performances of the synthesized electrocatalysts were evaluated using 203 

the rotating ring disk electrode (RRDE) technique (Pine WaveVortex RDE assembled with a Pine 204 

bipotentiostat). To prepare ink, 5 mg of as-developed electrocatalyst was mixed with 985 µL of 205 

isopropanol (Alfa Aesar) after which 15 µL of 5 wt.% Nafion® D-520 (Alfa Aesar) was added to 206 

the dispersion. The produced inks were probe sonicated for 10 min at 50 % pulse amplitude. 207 

Afterwards, the ink-containing vials were placed in an ultrasonic bath for 30 min at room 208 

temperature. The RRDE (E6R2 series) used in the electrochemical study had a disk area of 0.2376 209 

cm2 with a Pt ring of 0.2356 cm2 geometric area, while the collection efficiency (N) was 38%. The 210 

working electrode was fabricated by drop-casting using a precision pipette and left for drying at 211 

room temperature. In this study, two different loadings of electrocatalysts were analyzed: 0.2 and 212 

0.6 mg cm-2. For making a comparison with the benchmark Pt electrocatalyst, commercially 213 

available 20 wt.% Pt supported on carbon (Pt/C) was used as a standard material while keeping its 214 

loading on RRDE as 30 μgPt cm–2 [50,51]. 215 

 The experiments were carried out in three different electrolytes: i) acidic solution of 0.5 216 

M H2SO4; ii) neutral solution of 0.1 M potassium phosphate buffer (PBS) [52]; iii) alkaline 217 

solution of 0.1 M KOH. Linear sweep voltammetry (LSV) was performed using a three-electrode 218 

configuration comprising of RRDE as a working electrode, Pt wire as a counter electrode and 219 

saturated calomel electrode (SCE) as a reference. The potential window for acidic, neutral, and 220 



 

 

alkaline electrolytes was maintained at +1000 to -250 mV vs SCE, +600 to -750 mV vs SCE and 221 

+150 to -1050 mV vs SCE, respectively. The rotation speed for all the experimentation was kept 222 

at 1600 rpm, while the ring potential was always kept at 1200 mV vs RHE (reversible hydrogen 223 

potential). The ORR experimentation also involved the bubbling of pure oxygen inside the 224 

electrolytic solution at least 30 min before and during the RRDE experiments to ensure a sufficient 225 

level of oxygen saturation. Before actual measurements, all the electrocatalysts were first activated 226 

in electrolytes by performing CV cycles at 100 mV s−1 until a steady trend in the current is achieved 227 

and finally the LSVs were acquired at the scan rate of 5 mV s-1. By monitoring the disk current 228 

(Idisk) and ring current (Iring), peroxide formation (eq.1) and electron transfer number (n, eq.2) were 229 

calculated using the following equations: 230 

𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑒 (%) =  
200 × 

𝐼𝑟𝑖𝑛𝑔

𝑁

𝐼𝑑𝑖𝑠𝑘 + 
𝐼𝑟𝑖𝑛𝑔

𝑁

                                                           (eq.1)                                                                                                                       231 

𝑛 =  
4 𝐼𝑑𝑖𝑠𝑘

𝐼𝑑𝑖𝑠𝑘 + 
𝐼𝑟𝑖𝑛𝑔

𝑁

                                                                                                                (eq.2) 232 

As a final point, all the potential values were converted into potential versus RHE using the 233 

following relationship (eq.3): 234 

𝐸(𝑣𝑠 𝑅𝐻𝐸) = 𝐸(𝑣𝑠 𝑆𝐶𝐸) + 𝐸°𝑆𝐶𝐸 + (0.0591 × 𝑝𝐻)                                                                (eq.3) 235 

Where 𝐸°𝑆𝐶𝐸  is equal to 0.241 V.  236 

To assess the operational durability of the best-performing electrocatalyst short-term stability test 237 

was carried out in each electrolyte over 2500 cycles at 50 mV s-1. The working electrode was 238 

prepared with 0.6 mg cm-2 loading on RRDE and after every 500 cycles, LSV was acquired at the 239 

scan rate of 5 mV s-1.  240 

2.5 Chemical and Morphological Characterizations 241 

The thermal response of the samples was evaluated using thermo-gravimetric analysis 242 

(TGA) coupled with differential scanning calorimetry (DSC1) in the STARe system, (Mettler 243 

Toledo TOLRDO). TGA was conducted by heating the adequate quantity of samples from 30 °C 244 

to 950 °C in a nitrogen environment with a ramp rate of 10 °C min-1. Crystallographic 245 

investigations were carried out through X-rays diffraction (XRD) of powdered samples with 246 

Rigaku Miniflex 600 in a 2θ range between 10° and 80°. The morphological and elemental 247 



 

 

investigations were performed via transmission electron microscopy (TEM) using a JEOL JEM 248 

2100P operating at 200 kV, equipped with a Gatan RIO CMOS camera for high-resolution imaging 249 

(nominal point resolution of 2.4 Å), an Oxford Energy Dispersive X-Ray (EDX) detector, and 250 

Bright-Field (BF) and High Angle Annular Dark-Field (HAADF) Scanning TEM (STEM) 251 

detectors. The samples undergo preparation before the measurements. Particularly, the synthesized 252 

samples were diluted in a solvent solution and transferred via drop-casting onto a Cu grid covered 253 

by a thin (3-4 nm) amorphous carbon membrane. 254 

The Raman spectrometer (LabRam, Jobin Yvon, France) connected with BX40 microscope 255 

(Olympus, Japan) having a Long Working Distance 50x objective (N. A.: 0.60) was utilized for 256 

focusing helium-neon laser with an excitation wavelength of 632.8 nm. Raman signals were 257 

collected in backscattering configuration using a silicon CCD (Sincerity, Jobin Yvon, France) 258 

operating at 200 K. All the obtained spectra were normalized to the peak intensity of the G band 259 

after subtraction of baseline. Jasco FT/IR-4100 (Fourier-transform infrared) spectrometer 260 

assembled with attenuated total reflectance (ATR) was used to investigate the surface chemistry 261 

of powdered electrocatalysts. The FTIR experimental data were normalized and studied using 262 

Spectra Manager™ Suite software. FTIR samples were prepared by mixing 1 mg of as-developed 263 

electrocatalyst with 100 mg of KBr. The measurements in transmittance mode were obtained in 264 

the range of 4000 to 570 cm-1 with 64 accumulations at 4.0 cm-1 resolution. CHNS elemental 265 

analysis was carried out using an Elementar Vario Microcube Device by setting the combustion 266 

tube and oxidation tube at 1100°C and 850°C, respectively.  267 

X-ray photoelectron spectroscopy (XPS) was performed to determine the elemental surface 268 

composition of the four samples. The analysis was carried out using a Physical Electronics PHI 269 

5000 Versa Probe electron spectrometer system with a monochromatic Al Kα X-ray source 270 

(1486.60 eV) operated at 23.8 W, 15 kV and 1 mA anode current. To reduce any possible charging 271 

effects of X-rays, a dual-beam charge neutralization method was applied, combining both low-272 

energy ions and electrons. The samples were previously outgassed in an ultrahigh vacuum chamber 273 

at 2.5·10–6 Pa for 12 h. and calibrated against a value of the C 1s binding energy of 284.5 eV. 274 

Survey scans as well as narrow scans (high-resolution spectra) were recorded with a spot of 100 275 

nm size. The survey spectra were collected from 0 to 1200 eV. The narrow C 1s spectra were 276 

collected from 278 to 302 eV, the narrow N 1s spectra from 390 to 410 eV, the narrow O 1s spectra 277 

from 522 to 544 eV, and the narrow Fe 2p spectra from 700 to 740 eV. All measurements were 278 



 

 

affected by a standard deviation of about 0.4 eV. CasaXPS software was used for obtaining semi-279 

quantitative atomic percentage compositions, using Gauss–Lorentz equations with a Shirley-type 280 

background. A 70 % Gaussian/30 % Lorentzian line shape was used to evaluate peaks position 281 

and areas. 282 

The porosity of the samples was evaluated by nitrogen adsorption porosimetry measurements 283 

that were carried out at 77 K with an ASAP 2020 system (Micromeritics) after a drying step for 284 

24 h at 413 K. The N2 adsorption isotherms were analyzed by the Brunauer-Emmett-Teller (BET) 285 

and density functional (DFT) theories to obtain the specific surface area (SBET) and pores size 286 

distribution (PSD), respectively. 287 

 288 

3. Results and Discussion 289 

3.1. Surface chemistry and morphology of the MAP-derived electrocatalysts 290 

During the development of plastic waste-derived nanomaterials, the problem encountered at 291 

the first glance is a lower carbonaceous yield since a considerable mass is transformed into gaseous 292 

and oil-based products at higher temperatures. In this study, scrap tires were used as a carbon 293 

precursor and were transformed into carbonaceous char through MAP as reported recently by 294 

Passaponti et al. [29]. KOH activation and high-temperature pyrolysis were adopted in the 295 

synthesis expedition. Therefore, TGA was employed to simulate the thermal profile of raw 296 

ingredients during these processes and the observed trends are illustrated in Figure S1. It is 297 

noteworthy that ‘C’ showed only ~5.5 wt% mass loss till 950 °C. Hence, the TGA profile 298 

determined that any temperature within the limits of pyrolysis can be adopted without sacrificing 299 

a considerable amount of carbon. When the sludge containing C-impregnated with KOH (1:4) was 300 

subjected to TGA (inset of Figure S1a) an initial weight loss of ~35 wt% till 200 °C followed by 301 

an isotherm till 800 °C was shown.  In C impregnated with KOH, another decrease in weight can 302 

be witnessed at a temperature higher than ~800 °C which might be due to the decomposition of 303 

K2CO3 (supposed to form at 400 °C during the activation reaction profile) [25]. However, in the 304 

case of KOH activation, thermal treatment was carried out at 700 °C.  A thermal trend similar to 305 

that of C was tracked by a pyrolyzing mixture of ACP (Figure S1b). However, a sharp weight loss 306 

nearly at 200 and 320 °C might be attributed to thermal degradation of iron nitrate and 1,10-307 

phenanthroline, respectively, as depicted by pure precursors in the inset of Figure S1b.  Moreover, 308 

the solid carbonaceous yield of the sample achieved at each experimental step is presented in Table 309 



 

 

S1. With the aim of the crystallographic investigation and phase identification, all the as-developed 310 

samples were analyzed through XRD and the achieved diffraction patterns in the 2θ range of 10° 311 

to 80° are displayed in Figure 2a. Diffraction peaks of graphitic carbon are identified in every 312 

sample at ~25° and ~44° corresponding to (002) and (100) lattices, respectively [53]. However, 313 

with respect to sample C, all the samples showed a negative shift of the (002) plane towards lower 314 

2θ, representing an increase in lattice parameters which was most prominent in the case of AC. Lv 315 

et al. have previously explained the enhancement of lattice parameters accompanied by an overall 316 

expansion of the carbon framework due to the etching of KOH on the walls of mesopores during 317 

the activation process [49]. Pristine sample ‘C’ also showed diffraction peaks of ZnS as a major 318 

impurity phase. The peaks that emerged at 28.72°, 33°, 47.6°, 56.36°, and 76.8° were consistent 319 

with JCPDS# 00-005-0566 of cubic ZnS and can be assigned to diffracting lattices of (111), (200), 320 

(220), (311) and (331), respectively. Interestingly, all the ZnS peaks disappeared during KOH 321 

activation, demonstrating a bi-efficacious effect of this step. It should be pointed out that the 322 

functionalization of AC with Fe and N during the high-temperature pyrolysis (sample ACP) gave 323 

rise to the formation of Fe3O4 nanoparticles (matched with JCPDS# 00-003-0863). Fe3O4 exhibited 324 

six minor peaks at 30.1°, 35.72°, 43.18°, 53.9°, 57.09°, and 62.83° corresponding to (220), (311), 325 

(400), (422), (511) and (440), respectively [54,55]. However, magnetite nanoparticles were 326 

considerably etched out during the acid washing step (ACPE) and no peaks diffracting from the 327 

Fe species were observed, implying atomically dispersed iron in the carbon matrix most likely in 328 

Fe-Nx coordination.  329 

Nanoscale morphology, structural arrangements, and elemental composition within the as-330 

developed samples were analyzed using TEM and obtained micrographs are illustrated in Figure 331 

2b-m. Images shown in Figure 2b-h were taken at room temperature at different magnifications 332 

with the TEM operated in bright-field parallel imaging mode and adopting an in-gap objective 333 

aperture. The pristine sample C directly derived from scrap tires through MAP exhibited 334 

agglomerated carbon particles with a large number of ZnS nanoparticles (Figure 2b-c). 335 

Nevertheless, KOH activation led to the destruction of graphitic regularity and the formation of 336 

highly porous amorphous networks. TEM micrographs of AC further confirm the removal of ZnS 337 

impurity phase during the activation step. It is worth noting that in Figure 2e nano-sized ripples 338 

were produced at the edges of wrinkled graphitic layers suggesting the development of 339 

micro/mesopores. On the other hand, after the pyrolysis of AC with iron and nitrogen precursors 340 



 

 

at 900 °C, aggregates of Fe-based nanoparticles appeared. Figure 2f suggests the coexistence of 341 

graphitic and disordered carbon nanosheet-like structures in which iron oxide nanoparticles with 342 

a size range of 25-40 nm are embedded.  Such nanoparticles encapsulated and wrapped between 343 

the few graphitic layers can be more precisely appreciated in Figure 2g-h (also in Figure S2). To 344 

categorically visualize the aggregation of Fe-based nanoparticles, BF-STEM, and elemental area 345 

map of the sample before acid etching are illustrated in Figure 2j-m. Besides the obvious 346 

accumulation of Fe at the nanoparticle, we observed a homogenously dispersed nitrogen as well 347 

as iron within the main carbon matrix as derived by the elemental area mapping. 348 

 349 

Figure 2. XRD patterns of all as-developed samples (a), TEM images of pristine C (b,c), AC 350 

(d,e), ACP (f-h), and BF-STEM (i) with corresponding  elemental area map (j-m) of ACP showing 351 

distributed Fe, N, and O within the carbon matrix 352 



 

 

 353 

Since the carbon matrix provides a governing platform for the electrochemically active centers 354 

to perform electrocatalytic reactions with appreciable kinetics, therefore, its integrity in terms of 355 

graphitization and distribution of intrinsic or induced defects is important to characterize. Raman 356 

spectroscopy is an essential tool that acts as a key supplement to XRD and TEM in the 357 

investigation of such carbonaceous nanomaterials. Graphitization in Fe-N-Cs might be helpful in 358 

electronic conductivity during electrocatalysis [56] but a large number of intrinsic defects such as 359 

corners, holes, broken fringes, zig-zag edges, etc. clearly improve the ORR activity by increasing 360 

the number of available active sites [57]. It is known in the community that defective edge carbons 361 

are crucial for electrocatalysis, as the edges and defects offer plentiful accessible absorption and 362 

reaction sites [57,58]. Raman spectra provided in Figure 3a highlight the predominance of the D 363 

and G bands at ~1330 and ~1586 cm-1, respectively, in all the samples. G band is related to the 364 

translational motion of perfect sp2 graphitic lattices with E2g symmetry, whereas the D band 365 

emerges due to the presence of structural defects such as broken edges, disruption in graphitic 366 

structure, and sp3-like discontinuities. Hence, the ID/IG becomes a crucial indicator to define the 367 

degree of structural defects in carbon-based materials. Pristine sample ‘C’ showed a very intense 368 

G peak with ID/IG of 0.91. However, after activation, not only the intensity of G peaks was reduced 369 

but also the corresponding D peak broadened. It should be noted that after doping with iron and 370 

nitrogen (ACP) ID/IG was increased to a value of 1.24, implying a considerable increase in defect 371 

density. ID/IG was marginally reduced after ball milling and acid washing (ACPE) to ~1.21. Higher 372 

defect density in ACP outlines a possibility of enhanced ORR due to the defect/edge engineering 373 

approach.  374 

In order to examine the chemistry of prepared electrocatalysts from scrap tires, FTIR 375 

spectroscopy was employed and the obtained spectra are demonstrated in Figure 3b. FTIR trends 376 

of all the samples are quite similar in shapes with nearly consistent peak positions, however, the 377 

intensity of some peaks increases with subsequent steps in the sample fabrication design. It is 378 

worth mentioning that usually oscillation frequencies of ideal sp2 graphitic domains are weaker in 379 

the infrared range as they don’t change their dipole moments. Whereas the presence of defects in 380 

the form of superficial edges, heteroatomic substitutions, radical species, or surface functionalities 381 

give rise to IR-active modes [59]. Generally, the region of higher wavenumber in the range of 382 

3800-3000 cm-1 is linked with the occurrence of hydroxyl functionalities [60]. Interestingly, no 383 



 

 

appreciable bands were obtained in this range, except in the case of ACP and ACPE, where a minor 384 

band in the vicinity of 3451 cm-1 was evolved which could be attributed to O-H vibrations of 385 

hydroxyl species or adsorbed water [61]. Next, the three peaks in the proximity of 3016 cm-1, 2970 386 

cm-1, and 2935 cm-1 indicates the presence of C-H bonds [62]. Peaks approximately at 2355 cm-1 387 

and 2326 cm-1 (marked with *) emerged due to adsorption of carbon dioxide into the sample from 388 

the surrounding environment [1,7]. Moreover, in ACP and ACPE a tiny peak ~2147 cm-1 can be 389 

related to C=N [63]. As moving further towards the lower wavenumber, a very strong peak at 1735 390 

cm-1 gives an impression of C=O stretching from carboxyl and/or carbonyl functionalities [64,65]. 391 

Band located at ~1435 cm-1 can be designated to cm-1 to bending of C–H groups [25]. Around 392 

1365 cm-1, another strong peak can be appreciated from the FTIR spectra, getting more intense in 393 

ACP and ACPE. This peak can be assigned either to C-N [66] or CH3 of methyl species [67]. This 394 

supposition can be supported by the fact that nitrogen was intentionally doped in ACP and ACPE 395 

to develop Fe-Nx moieties and also the corresponding ‘D’ peaks in Raman spectra of these two 396 

samples were comparatively increased indicating the enhancement of carbon defects. The presence 397 

of N in ACP and ACPE was also confirmed by TEM elemental area mapping and CHNS analysis 398 

(Table S2). Finally, an FTIR peak located at ~1213 cm-1 appears due to C-O stretching [61] this 399 

peak can also appear due to asymmetrical stretching of C-N together with NH2 (out of plan) [68]. 400 

The peak corresponding to ~1213 cm-1 was intensified in the case of ACP and ACPE which were 401 

doped with N. 402 

 403 

 404 

 405 



 

 

 406 

 407 

Figure 3. Raman spectra (a) and FTIR spectra (b) of developed samples, peaks marked with 408 

asterisks correspond to ambient CO2. 409 

 410 

To further explore the surface chemistry of the derived electrocatalysts, XPS was employed. 411 

Table 2 summarizes the atomic composition of the four samples, while Figure S3 in the 412 

Supplementary Information shows the survey spectra. As highlighted also by XRD and FITR 413 

analyses, all the four samples were mostly composed of carbon and oxygen. Sulfur and zinc were 414 

present in small amounts only in sample C and they disappeared in the next three samples, due to 415 

the activation and functionalization steps. Nitrogen could be detected only in the final ACPE 416 

sample whereas Fe remained undetected through XPS analysis.  417 

 418 

Table 2. XPS atomic percentage concentration of the prepared samples 419 

 420 

Atomic % C AC ACP ACPE 

C 1s 94.7 91.2 96.5 88.8 

N 1s n.d. n.d. n.d. 2.0 

O 1s 3.2 8.8 3.5 9.1 

S 2p 1.1 n.d. n.d. 0.1 



 

 

Zn 2p3 0.6 n.d. n.d. n.d. 

Cl 2p 0.4 n.d. n.d. n.d. 

 421 

High-resolution C 1s, O 1s and N 1s spectra were deconvoluted based on previous studies 422 

[50,69,70] and Table S3 in the Supplementary Information lists the main elements peak binding 423 

energies and relative areas obtained. The presence of oxygen and defect-rich structure especially 424 

zigzag edges may affect the assignment of peak position in nitrogen-doped carbon-based structure 425 

therefore a careful analysis is required [71]. Figure 4 shows the high-resolution C 1s, O 1s and N 426 

1s spectra of the final sample ACPE, while Figure S4 in the Supplementary Information shows the 427 

C 1s and O 1s high-resolution spectra of the samples C, AC and ACP. About carbon moieties, 428 

graphitic carbon came out to be predominant in all samples, as confirmed also by TEM and FTIR 429 

analyses. The amount of graphitic carbon was slightly decreased following the activation and 430 

functionalization of the tires which is consistent with Raman’s outcomes. Graphitic carbon is 431 

beneficial for corrosion resistance. The presence of oxygenated species on samples AC, ACP and 432 

ACPE demonstrates effective doping of graphene layers with defects [72], also confirmed by 433 

analyzing the oxygen moieties. About nitrogen moieties, they were detectable only in the final 434 

sample ACPE (Figure 4c). Here, the ratio N pyridinic/N pyrrolic was relatively high, equal to 1.2, 435 

while the graphitic nitrogen was relatively low. The deconvolution of the spectrum also 436 

highlighted N-Me coordination equal to 26.6%, which was embedded in the carbon matrix.  It is 437 

already established that N pyridinic and N-Me are the most active sites to carryout ORR in all 438 

three pH [35,43,73]. The Fe 2p peak was not detected which might be due to the very low 439 

concentration that could be below the detection limit of the instrument. Moreover, in ACPE 440 

detection of N-Me species in appreciable proportion gives an impression of atomically dispersed 441 

Fe coordinated nitrogen.   442 

 443 

Figure 4. XPS high-resolution spectra of C 1s (a), O 1s (b) and N 1s (c) for the sample APCE. 444 



 

 

The evaluation of the textural properties was carried out by analyzing the N2 445 

adsorption/desorption isotherms at 77 K that are reported in Figure 5a. At low pressures, the 446 

isotherm branches of the AC sample illustrated sharp adsorption inflections which are indicative 447 

of type I and materials containing micropores. Adsorption at the lowest relative pressure decreases 448 

in the order ACPE>ACP>C suggesting a parallel decrease of the microporosity. However, at 449 

higher relative pressures (P/Po>0.2), the carbons displayed type IV isotherm adsorption-desorption 450 

branches showing the existence of mesopores. In addition, for all the samples the sharp adsorption 451 

at P/Po>0.9 is representative of the presence of large mesopores and macropores. These 452 

observations are confirmed by the DFT pore size distribution that is reported in terms of 453 

incremental pore volume in Figure 5b. The micropore volume (Vmicro), mesopore volume (Vmeso), 454 

and total pore volume (Vtotal) of the different samples are charted in Table 3 along with the BET 455 

surface area (SBET). The highest Vmicro of 0.204 cm3 g-1 is achieved with AC. Given that micropores 456 

are the class of pores that mainly affect the specific surface area, AC is also the sample with the 457 

highest SBET of 671 m2 g-1. The massive increment in the BET surface area of pristine carbon after 458 

activation, from 26.8 m2 g-1 to 671 m2 g-1, highlights the effectiveness of the activation step since 459 

the engineering of the carbon matrix is an important turning point in the uplifting of ORR activity 460 

by granting easy access to the electrochemically active sites. However, after the high-temperature 461 

pyrolysis (ACP) a prominent decrease in the corresponding BET surface area (85.3 m² g-1) was 462 

witnessed, which might be due to structural rearrangements at a higher temperature and in parallel 463 

the addition of nitrogen-containing organic molecules and, mainly, of iron oxide that might have 464 

occluded the pores and contribute to the sample mass. An additional interesting feature to 465 

recognize is the sufficient restoration of surface area with a predominance of micro-mesoporosity 466 

after ball milling and acid washing (ACPE) as shown in Figure 5b.  The BET surface area of ACPE 467 

was estimated to be 204 m2 g-1. Higher surface area and increase in the porosity could be a result 468 

of Fe3O4 nanoparticles removal due to the leaching effect of ball-milling and acid etching. As it 469 

concerns the meso-macropore range, the pore size distribution of C and AC are similar. After 470 

activation, the meso-macropore PSD does not significantly change, but the number of meso-471 

macropores decreases in favor of the increase of the number of micropores. In ACP, Vtot is lower 472 

than in AC, mainly because of the decrease of the number of the largest mesopores (>30 nm) and 473 

macropores. In ACPE, the removal of Fe3O4 nanoparticles almost doubles the specific volume not 474 

only from micropores but also from meso and macropores   475 



 

 

 476 

 477 

Figure 5. N2 adsorption-desorption isotherms (a) and pore size distribution (b) of the as-developed 478 

samples 479 

 480 

Table 3. DFT micropore volume (Vmicro), mesopore volume (Vmeso), and total pore volume (Vtotal), 481 

and BET specific surface area (SBET), of the different samples   482 

  483 

3.2. Electrochemical performance of scrap tires derived electrocatalysts 484 

To elucidate the electrocatalytic activity of derived electrocatalysts, RRDE operating at 485 

1600 rpm was performed. Three different oxygen-saturated electrolytes: acidic, neutral, and 486 

alkaline media were used since the mechanism of ORR differs by varying the pH of the electrolyte 487 

[41,74–76] Moreover, to analyze the effect of catalyst loading on the ORR kinetics, two different 488 

loadings of 0.2 mg cm-2 and 0.6 mg cm-2 were used and the achieved trends are illustrated in Figure 489 

S5 and Figure 6, respectively. RRDE response typically originates in sigmoidal linear sweep 490 

Samples Vmicro (<2nm) 

cm3g-1 

Vmeso (2 -50 nm) 

cm3g-1 

Vtotal  

cm3g-1 

SBET 

m2 g-1 

C 0.003 0.143 0.372 (<400 nm) 26.8  

AC 0.204 0.168 0.611 (< 400 nm)  671   

ACP 0.018 0.112 0.233 (<300 nm) 85.3   

ACPE 0.047 0.190 0.359 (<200 nm)  204  



 

 

voltammograms (LSVs) where disk current varies with respect to the applied potential, increasing 491 

the overpotentials. Onset potential (Eonset), half-wave potential (E1/2) and diffusion limiting current 492 

density (Jlim) are the common performance parameters defined by LSVs whereas lower peroxide 493 

yield and electron transfer number near to 4 (estimated by monitoring the ring and disk current) 494 

rationalize the utility of electrocatalysts for practical application in fuel cells [77].  In the given 495 

study, Eonset was measured at the current density of 0.1 mA cm-2 while the E1/2 was estimated 496 

through the first derivative method.   497 

 498 

 499 



 

 

Figure 6. Electrocatalytic activity of the scrap tires derived ORR electrocatalysts in oxygen-500 

saturated acidic (red), neutral (light green), and alkaline (blue) media. linear sweep 501 

voltammograms (a-c), ring current densities with respect to applied potential (d-f), trends of 502 

electron transfer (g-i), and peroxide production (j-l) during the electro-reduction of oxygen in the 503 

respective electrolytes with a PGM-free electrocatalyst loading of 0.6 mg cm-2 and  30 μgPt cm–2 504 

for the benchmark Pt/C. The scan rate was maintained at 5mV s-1 while the rotation speed of RRDE 505 

was kept at 1600 rpm. 506 

 507 
 508 
 509 
3.2.1 Electrocatalytic activity in acid media 510 

The first panel of Figure 6 (graphs with red backgrounds) demonstrates the ORR activity 511 

of electrocatalysts achieved at different stages of the experimental design in oxygen-saturated 0.5 512 

M H2SO4. From LSVs presented in Figure 6a and Figure S5a, the pristine sample ‘C’ and AC 513 

showed very insubstantial activities towards ORR by offering very high overpotentials. However, 514 

iron and nitrogen doping noticeably uplifted the reaction kinetics with a well-defined diffusion 515 

limiting current plateaus. In comparison with C and AC, samples at successive synthesis stages 516 

had categorically higher Eonset and E1/2, defining the effectiveness of nitrogen and iron doping. 517 

With an electrocatalyst loading of 0.2 mg cm-2, ACP and ACPE demonstrated Eonset of about 0.801 518 

and 0.767 V vs RHE, respectively, where the E1/2 was estimated to be at 0.646 and 0.537 V vs 519 

RHE, respectively. When the loading was increased from 0.2 to 0.6 mg cm-2, the kinetics of ORR 520 

activity was further enhanced and the Eonset of ACP reached up to 0.881 V vs RHE with appreciable 521 

diffusion limiting current density and E1/2. As witnessed from TEM, the embedment of Fe-based 522 

nanoparticles in carbon matrix having a higher degree of graphitic disorders (also confirmed by 523 

Raman spectroscopy, FTIR and XPS) might be the possible reason for the favorable electro-524 

reduction of oxygen in the case of ACP. Electrocatalyst loading also had a positive effect on the 525 

peroxide yield which was considerably diminished due to an increase in loading. For the sample 526 

ACP, peroxide production remained restricted to a maximum ~ 5% within the potential window 527 

of 0.1 to 0.8 V vs RHE whereas ACPE showed slightly higher peroxide generation at the start 528 

(with 0.6 mg cm-2 loading on RRDE). In general, an increase in electrocatalyst loading led to a 529 

decrease in peroxide production. This phenomenon has been previously shown [78–80] and it 530 

infers that the produced peroxide is consumed within the thicker electrocatalytic layer without 531 

escaping. The trends of electron transfer presented in Figure S5j and Figure 6j further endorse the 532 



 

 

occurrence of the tetra-electronic ORR pathway followed by Fe-N-Cs in acidic media. The 533 

electron transfer number for ACP came out to be ~3.74-3.8 and ~3.9-3.93 with the loading of 0.2 534 

and 0.6 mg cm-2, respectively. ACPE showed a slightly lower number of electrons transferred 535 

nearly 3.4-3.78 and 3.84-3.89 with the loading of 0.2 and 0.6 mg cm-2, respectively. Although the 536 

kinetic performance of the derived PGM-free electrocatalysts remained inferior compared to that 537 

of benchmark Pt/C (20 wt.%), interestingly ACP and ACPE outperformed Pt/C by yielding lower 538 

peroxide together with superior trends in electron transfer. This observation can be attributed to 539 

the presence of active sites favoring the tetra-electronic ORR at lower pH.  540 

 541 

3.2.2 Electrocatalytic activity in neutral media 542 

RRDE measurements in neutral conditions provide insights for the employment of 543 

electrocatalysts for ORR in microbial FCs (MFCs) in which polluted water can be used for power 544 

generation using bioelectrochemical systems. Deactivation of PGM in polluted and anions-545 

carrying neutral electrolytes launch a technological interest in non-PGM electrocatalysts for MFCs 546 

[81,82]. Therefore, ORR activity of developed electrocatalysts was also analyzed in the neutral 547 

media (0.1 M PBS) and the achieved trends with 0.2 and 0. 6 mg cm-2 electrocatalyst loading are 548 

presented in the central panel (graphs with light green background) of Figure S5 and Figure 6, 549 

respectively. Although the trends of oxygen reduction were similar to those obtained for the acidic 550 

media, the Eonset and E1/2 were a bit delayed, depicting relatively slower ORR kinetics. In fact, the 551 

neutral electrolytic solution has a considerably lower concentration of ionic species (i.e. H+ and 552 

OH-) which usually impede ORR performance by offering higher overpotentials [78]. From LSVs 553 

given in Figure S5b and Figure 6b, again ACP outperformed the other PGM-free counterparts with 554 

Eonset of 0.792 V vs RHE and 0.822 V vs RHE with electrocatalyst loading of 0.2 and 0.6 mg cm-555 

2, respectively. Moreover, ACP produced ~2.3-6.3% peroxide (Figure 6h) which slightly increased 556 

as the loading was decreased to 0.2 mg cm-2 where the electron transfer number was always above 557 

3.8. It is pertinent to note that ACP showed a nearly similar tendency of peroxide generation and 558 

electron transformation during ORR at neutral pH nearly as demonstrated by Pt/C. Overall activity 559 

in the neutral media followed a descending order of Pt/C>ACP>ACPE>AC>C. Once again, the 560 

increase in the electrocatalyst loading led to better electrocatalytic activity, lower peroxide 561 

production and a higher number of electrons exchanged, in agreement with previous literature 562 

[73,80,83,84]. 563 



 

 

 564 

3.2.3 Electrocatalytic activity in alkaline media 565 

The ORR electrocatalytic activities of derived electrocatalysts were additionally monitored 566 

in 0.1 M KOH since alkaline conditions favor the performance of TM-N-C electrocatalysts 567 

diminishing the existing gaps with PGM electrocatalysts [77]. Hence, an advanced class of FCs 568 

i.e. anion-exchange membrane FC (AEMFCs) has emerged where scarce and expensive Pt-based 569 

electrocatalysts can be successfully replaced with PGM-free. ORR behavior of the fabricated 570 

electrocatalysts in alkaline media is presented in the third panel (with blue background) of Figure 571 

6 and Figure S5. It is worth mentioning that the overall trend of LSVs in alkaline media is similar 572 

to that obtained in the other two media, but all the curves are shifted towards lower overpotentials, 573 

representing relatively higher Eonset and E1/2.  As expected again the benchmark Pt/C having the 574 

highest Eonset and Jlim kinetically beat the PGM-free electrocatalysts like in acidic and neutral media 575 

however, skyrocketing price and scarcity of the PGMs cannot justify their employment in fuel 576 

cells. On the other hand, the order of ORR activity in 0.1 M KOH evolved as ACP>ACPE>AC>C 577 

corresponding to 0.6 mg cm-2 loading of the PGM-Free electrocatalysts.  ACP showed a 578 

remarkable Eonset of 0.917 V vs RHE together with E1/2 of 0.841 V vs RHE at the loading of 0.2 579 

mg cm-2 on RRDE. As the electrocatalyst loading increased, the Eonset and E1/2 of ACP were further 580 

improved to 0.936 and 0.852 V vs RHE, respectively. Higher E1/2 during ORR measurements in 581 

0.1 M KOH might be due to the partial contribution of HO-
2 having higher stability on the Fe+2 582 

carrying active sites compared to H2O2 (peroxide intermediation produces in acidic conditions) 583 

[85]. From the ring, current densities for all the electrocatalysts sharply increase with a decrease 584 

in potential values and an obvious effect of this phenomenon on peroxide yield can be appreciated 585 

in Figure 6i and Figure S5i. It is important to underline that, as compared to 0.5 M H2SO4 peroxide 586 

production was significantly increased by 0.1 M KOH for all the developed electrocatalysts. 587 

Similar results have recently been reported by Daniel et al. for waste-polyurethane-derived Fe-N-588 

Cs [24]. They also experienced a preferential tetra-electronic reduction of O2 to H2O with a 589 

peroxide yield of less than 5% in acidic media whereas peroxide selectivity was raised up to 60% 590 

in an alkaline environment. A few years back, Rojas-Carbonell and coworkers endeavored to 591 

establish a correlation among ORR activity, surface chemistry and pH of the electrolyte [41]. They 592 

found that it is the concentration of protons and hydroxyls present in the electrolyte which could 593 

alter the surface chemistry of the electrocatalysts and hence overall reaction mechanism changed 594 



 

 

importantly due to which selectivity of the electrocatalyst varies with the pH changes [41]. Zhong 595 

et al. combined the theoretical and experimental investigations to analyze the physicochemical 596 

interaction of H+ and OH- ions with the surface of electrocatalysts [75]. According to their DFT 597 

calculations, the adsorption of H+ ions on Fe-sites are thermodynamically unfavorable conversely, 598 

OH- as a strong Lewis base makes a robust bonding with iron due to the negative free energy of 599 

adsorption. The retarding effect due to adsorption of OH- is more pronounced on the Edge-FeN4 600 

moieties because of their higher coordination ability owing to flexible structure [75].  Furthermore, 601 

N. Ramaswamy and S. Mukerjee explained the shifting of the ORR mechanism from inner-sphere 602 

to outer-sphere electron transfer which predominately leads to the formation of a large amount of 603 

peroxide intermediate as the ultimate product [74]. In any case, it is important to highlight the 604 

electron transfer number remained again highest for ACP in 0.1 M KOH as well and with higher 605 

loading, it was always above 3.  606 

From the analyzed electrocatalytic performance and structural parameters of the developed 607 

electrocatalysts, it is confirmed that doping of iron and nitrogen has a marked influence on the 608 

ORR activity, implying the tetra-electron pathway of ORR in acidic and neutral conditions. 609 

Although the E1/2 and Eonset potential in alkaline conditions are superior, greater peroxide yield is 610 

still challenging. The best performance of ACP is ascribed to Fe3O4 nanoparticles embedded in 611 

the graphitic matrix having a lot of structural defects, representing robust active sites for ORR. 612 

However, the final step in the catalyst fabrication involving ball milling and acid washing after the 613 

high-temperature pyrolysis (ACPE) negatively affects the performance. The most probable 614 

speculation could be a sufficient removal of Fe3O4 nanoparticles along with a little restoration of 615 

graphitization in ACPE as verified through XRD and Raman spectroscopy, respectively. The 616 

leaching of iron-based nanoparticles from the carbon framework could reduce the ORR activity 617 

[86].  Such kind of activation loss during the acid washing of Fe-N-Cs has been thoroughly 618 

analyzed by Singh and coworkers who experienced continuous leaching of Fe leaching as long as 619 

the electrocatalyst was immersed in the acidic solution [87]. Moreover, Xu et al. also reported the 620 

higher electrocatalytic activity of iron oxide embedded Fe-N-Cs in acidic and alkaline media 621 

mainly due to encapsulation of iron oxide particles in graphitic carbon which was significantly 622 

reduced after ball-milling and acid washing [56]. Apparently, such tightly wrapped iron-based 623 

nanoparticles are not in direct contact with the surrounding electrolyte, however, they can 624 

effectively activate the surrounding carbon and are very helpful in uplifting the ORR kinetics 625 



 

 

[56,88]. Likewise, encapsulation of metal oxide nanoparticles in carbon layers could also provide 626 

structural robustness and superior electrochemical stability by preventing the corrosive dissolution 627 

and redeposition of metallic nanoparticles during oxygen reduction [23,56]. Such structural 628 

attributes were confirmed in the ACP through detailed characterizations and might be the possible 629 

reasons for enhanced activity compared to ACPE whose ORR performance was slightly reduced 630 

during acid washing.  631 

In addition to favorable electrocatalytic activity, operational durability is another aspect to 632 

be assessed while developing a promising electrocatalyst. Therefore, short-term stability tests of 633 

the best performing electrocatalyst i.e. ACP over 2500 cycles were executed in all three media 634 

using a similar RRDE methodology. Achieved trends are displayed in Figure S6, where ACP 635 

exhibited continuous kinetic degradation in every electrolyte since E1/2 was shifting negatively 636 

with incremental cycling. After the first 500 cycles, a prominent decrease in the E1/2 was 637 

experienced. This might be attributed to the leaching of the Fe from exposed nanoparticles [89,90]. 638 

After 2500 cycles the final decay in E1/2 at the end often in acidic, neutral and alkaline conditions 639 

came out to be ~86, ~240 and ~21 mV, respectively. Quite interestingly changes in the peroxide 640 

yield and electron transference were not significant which still confirms the performance 641 

selectivity of ACP despite the lowering of E1/2 over the period. The increase in peroxide yield at 642 

the end of the stability test in the vicinity of Jlim at ~0.2 V was estimated at ~5.7%, ~0.43% and 643 

14.3% for acidic, neutral and alkaline electrolytes. Hitherto Fe-N-C owing to their incredible 644 

activity and cost-effectiveness demonstrate great potential for the replacement of PGMs, however, 645 

their limited stability and multiple degradation mechanisms of complex nature require further 646 

insights [89–92] No doubt studying the exact mechanism involved in electrocatalytic decay and 647 

the robustness factor of the active moieties in the waste-derived Fe-N-Cs is an important task, 648 

however, it lies outside the scope of the current study and might be followed separately.  649 

 650 

Conclusions 651 

In a summary, char derived from scrap tires through the MAP technique was used as a cost-652 

effective precursor for the synthesis of Fe-N-C. Chemical activation of char using KOH ensured a 653 

sufficient increase in surface area and formation of the micro-macroporous environment as 654 

confirmed by BET analysis. High-temperature pyrolysis successfully functionalized the activated 655 

carbon with iron and nitrogen where the fabricated ACP was composed of highly efficient Fe3O4 656 



 

 

nanoparticles embedded in a carbon matrix having a high graphitic disorder, hence exhibiting the 657 

best ORR performance. To demonstrate the efficacy of developed electrocatalysts towards FCs 658 

application, ORR activity was elucidated in three different electrolytic conditions; acidic, neutral, 659 

and alkaline, using two electrocatalyst loadings of 0.2 and 0.6 mg cm-2. An increase in 660 

electrocatalyst loading further uplifted ORR kinetics and turned down the peroxide yield. ORR 661 

activity was substantially reduced after ball-milling and acid washing mainly due to the removal 662 

of iron oxide particles from the Fe-N-C structural framework. ACP manifests outstanding Eonset of 663 

0.881, 0.822 and 0.936 V vs RHE in acidic, neutral, and alkaline conditions with 0.6 mg cm-2 664 

loading on RRDE. Peroxide yield was lower in acidic (~ 5%) and neutral (~ 6.3%) media, implying 665 

the tetra-electronic pathway with an electron transfer number close to 4. However, in the alkaline 666 

medium, the peroxide yield was considerably increased probably due to the shifting of the ORR 667 

mechanism. Although ACP demonstrated high electrocatalytic activity in all three media, its 668 

operational durability still remained challenging and requires further insights.   669 
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