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1. Introduction

The cost barriers ascribed to Pt-based catalysts used in
Polymer Electrolyte Membrane Fuel Cell (PEMFC) are an im-
portant obstacle mainly for automotive applications. An al-
ternative approach includes the development of Platinum 
group metal-free (PGM-free) catalysts. Despite the great 
challenge on replacing Pt, especially at the cathode, Fe-
based materials have shown great promise since iron offers 
advantages due to its abundance and economic competi-
tiveness. In fact, N-coordinated Fe moieties (Fe-Nx) embed-
ded in a carbon matrix have been often suggested as active 
sites for oxygen reduction reaction (ORR) [1]. Despite the 
significant progress done in terms of ORR activity over the 
past decades, the use of FeNC catalysts in fuel cell systems 
is still hindered by several aspects, but the most important 
is their poor electrocatalytic stability/durability due to the 
leaching of the non-precious metal [2]. Up to now, most of 
the reported FeNC catalysts are synthesized using typical 
carbon blacks [3], carbon nanotubes [4], graphene [5], or 
complex and expensive metal-organic framework (MOF) 
materials, which have emerged as a class of high-perfor-
mance carbon-precursors for PGM-free catalysts [6]. An-
other perspective includes the valorization of carbon-en-
riched materials that are rejected every day in industrial pro-
cesses for producing low-cost and eco-friendly new cata-
lysts. For instance, owing to its low cost, high availability, 
and high carbon content, the valorization of phenolic resin-
enriched wastages as a carbon source to produce FeNC cat-
alysts is an extremely interesting approach for practicing 
good economic and environmental methodologies. Several 
authors have used phenolic resin-based materials for so-
dium-ion and potassium-ion batteries [7], adsorbents for 
gas separation [8], and wastewater treatments [9]. How-
ever, the use of activated phenolic resin-derived carbons in 
FeNC for PEMFC applications has not been reported up to 
now. In this work, phosphoric acid (H3PO4) was used as an 
activation agent during phenolic resin-based wastages car-
bonization to tailor carbon properties. The obtained FeNC 
were applied as ORR catalysts in acidic media, which is more 
challenging given the poor stability of carbon and iron under 
acidic electrolytes. An accelerated stress test was used to 
promote carbon support corrosion and thus, determine the 
most stable electrocatalyst. In detail, 3000 cycles in an ar-
gon-saturated acidic electrolyte between 1.0-1.5 V (vs RHE) 
were applied to the best performing electrocatalysts. The 
results have shown that the heteroatom content present in 

the phenolic resin-derived carbon supports might have a 
strong impact on increasing FeNC electrochemical stability. 

2. Experimental

2.1 Catalyst’s preparation 

The carbon support was prepared by mixing (mass ratio 
50/50 wt.%) a phenolic resin-enriched waste from an indus-
trial process and melamine (Alfa Aeser), which was used as 
an N-containing precursor. A 25 wt.% phosphoric acid 
(H3PO4) solution was added to the carbon precursor and the 
mixture was stirred overnight at room temperature. The 
mass ratio between acid and support precursor was kept ca. 
3 [8]. Subsequently, the carbonization step was carried out 
in an alumina tube (Termolab TH furnace) under N2 at 1000 
°C during 60 min. Thereafter, 1 g of melamine was dissolved 
in 20 mL of MilliQ-water under constant stirring at 80 °C and 
distinct loadings of iron precursor - 10, 18, 25 mg of 
FeCl3·6H2O (Sigma Aldrich) - were added to the reaction. Fi-
nally, 100 mg of the pretreated carbon support were added 
to the iron-based solution and the mixture was continuously 
stirred at 120 °C until all solvent was completely evaporated. 
The resulting powder was finally treated in argon using two 
steps: firstly, the catalyst was heated up to 550 °C for 3 h 
and subsequently maintained at 750 °C for 1 h to produce 
nitrogen-doped carbon supports[10]. For comparison, a Fe-
based catalyst using a commercially available carbon black 
(Ketjenblack EC-600J; Tanaka) as support was synthesized, 
as well as a catalyst using carbonized phenolic resin without 
the activation step. All the procedures were repeated to en-
sure reliability in the results. The prepared catalysts were 
named according to the amount of iron precursor used dur-
ing synthesis. 

2.2 Electrochemical characterization 

Electrocatalytic performance was evaluated in a Rotating 
Disk Electrode (RDE) from Pine Research Instrumentation, 
assembled with a Gamry jacketed Eurocell. A carbon rod was 
used as a counter electrode and a saturated Ag/AgCl in 3 M 
KCl(aq) as the reference electrode. Subsequently, the catalyst 
suspension was prepared by dispersing FeNC powder in 125 
µl of isopropanol (VWR) and 560 µL of ultra-pure water con-
taining 76 µL of Nafion ionomer (Quintech, 5 wt.%). The cat-
alyst suspension was then deposited onto the glassy carbon 
(GCE, 0.196 cm2) and dried at 700 rpm and 25 °C, and the 
catalyst loading was set to 400 µg∙cm-2. Electrochemical im-

pedance spectroscopy (EIS) was performed at 0.4 V vs RHE 
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using a small amplitude perturbation of 5 mV in the fre-
quency range of 1 kHz to 980 Hz to measure the ohmic re-
sistance of the electrolyte. Cyclic voltammograms (CVs) 
were obtained by immersing the working electrode, under 
an inert atmosphere (argon; 100 mL∙min-1), in an acidic me-

dium – 0.1 M HClO4(aq) (70 % conc. Sigma Aldrich) – at 25 °C 
using a scan rate of 20 mV∙s-1. Linear Sweep Voltammograms 
(LSVs) in O2-saturated (100 mL∙min-1) 0.1 M HClO4(aq) electro-

lyte at 25 °C. LSVs were obtained by scanning the potential 
of the working electrode from 0.05 to 1 V vs RHE at a scan 
rate of 20 mV∙s-1 and 1600 rpm. The accelerated stress test 
consisted of 3000 cycles in an argon-saturated acidic elec-
trolyte between 1.0-1.5 V (vs RHE). 

 
2.3 Physicochemical evaluation 

The textural characterization of the samples was per-
formed using nitrogen adsorption/desorption isotherms at 
77 K (Quantachrome Autosorb-1 Instruments). Before the 
analysis, the samples were outgassed using vacuum at 200 
°C overnight. The specific surface area was determined using 
the Brunauer-Emmett-Teller (BET) equation.  

The metal-support interactions were studied using X-ray 
photoelectron spectroscopy (XPS). XPS spectra were ac-
quired using an ESCALAB 250Xi (Thermo Fisher Scientific) 
with base pressure below 5x10-10 mbar. The system is 
equipped with a hemispherical electron energy analyzer 
with energy resolution 0.1 eV. The spectra were recorded at 
the pass energies 100 eV and 40 eV for the survey spectra 
and individual elements, respectively. The resultant XPS 
spectra were analyzed by using CasaXPS software. 

3. Discussion 

Catalyst’s optimization largely depends on finding the 
appropriate microstructure of the supports to achieve a 
well-defined dispersion of active sites. Therefore, the func-
tionalization process with H3PO4 was used as a catalyst to 
adjust the properties of the phenolic resin-based support. 
According to XPS results, the presence of oxygenated groups 
is particularly noticeable over the surface of phenolic resin-
based catalysts prepared without applying the H3PO4 treat-
ment, Fig. 1, revealing the amorphous nature of such sup-
ports. Indeed, amorphous carbons usually reveal lower con-
ductivity, which in turn results in higher capacitive behavior 
and higher mass-transport overpotentials. Contrarily, the 
H3PO4-activation process allowed a higher graphitization of 
the phenolic resin-derived support. 

 

 

Fig. 1 Element atomic concentration of sample 1) 18FeNC using 
H3PO4-activated phenolic resin, 2) H3PO4-activated phenolic resin 

after carbonization, 3) 18FeNC supported on Ketjenblack, and 
sample 4) phenolic resin carbonized without activation step. 

Moreover, the surface area increased dramatically after 
H3PO4-activation, Table 1. Typically, H3PO4 interacts with 
phenolic and carbonyl groups, which further promote the 
development of pores, and so the surface area gradually in-
creases [12].  

Table 1 Specific surface area from BET. 

Sample Surface Area  
m²∙g-1 

(1) 18FeNC (H3PO4 treated support) 814 

(2) Support treated with H3PO4 869 

(3) 18FeNC (Ketjenblack) 612 

(4) Support without H3PO4 treatment 419 

The relative content of each nitrogen functionality is pre-
sented in Fig. 2. The peaks in N1s spectra were deconvoluted 
and divided into crucial regions: pyridinic-N, which can coor-
dinate with iron in the form of Fe−Nx, pyrrolic-N, quater-
nary-N, and oxidized-N, which in turn do not significantly 
contribute to the ORR due to its poor stability under PEMFCs 
operation [3]. In fact, the H3PO4-activated phenolic resin-
supported catalyst (sample 1) showed a higher content of 
pyridinic-N which might have a strong influence on its stabil-
ity and selectivity towards ORR.  
 

 

Fig. 2 N composition of sample 1) 18FeNC using H3PO4-activated 
phenolic resin as support, 2) H3PO4-activated phenolic resin 
without iron, 3) 18FeNC supported on Ketjenblack, and sample 4) 
phenolic resin-derived carbon without H3PO4 treatment. 

From the linear voltammograms, the prepared Fe-based 
catalysts showed different performances depending on the 
synthesis steps and on the Fe loading, especially in the dif-
fusion-limited region (< 0.5 V vs RHE), Fig. 3.  

 

 

Fig. 3 a) LSVs of 18FeNC catalysts produced using phenolic resin 
with and without activation step; b) Fe-based catalysts supported 
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on H3PO4-activated phenolic resin, using distinct loadings of iron. 
LSVs in O2-purged 0.1 M HClO4. Scan rate of 20 mV∙s−1. 

The optimization of PGM-free catalysts by simply in-
creasing Fe concentration is not an effective approach, be-
cause of the strong aggregation of iron atoms that generates 
inactive clusters towards ORR. Nonetheless, the best per-
forming H3PO4-activated phenolic resin-supported catalyst 
(18FeNC, produced with 18 mg of Fe-precursor) showed the 
same onset potential (0.83 V vs RHE) and mass-activity at 
0.75 V vs RHE (2.3 A∙g-1), that the catalyst produced with Ket-
jenblack. These values are highly comparable to the results 
reported in the literature for FeNC tested under acidic elec-
trolytes [13].   

Concerning the degradation protocol, 3000 cycles be-
tween 1 and 1.5 V (vs RHE) were applied in Ar-saturated 0.1 
M HClO4 electrolyte to the most promising catalysts, Fig. 4. 
H3PO4-activated phenolic resin-derived carbon supports re-
vealed better performance upon degradation, showing 
lower losses than Ketjenblack-supported catalysts, particu-
larly in the ohmic and diffusion-limited regions.  

 

 

Fig. 4 LSVs recorded (before and after potential cycling between 
1.0-1.5 V at 500 mV∙s-1 during 3000 cycles) under O2-saturated 
electrolyte and 1600 rpm. Scan rate 20 mV∙s-1. 

Interestingly, the deconvolution of P2p, Fig. 5, reveals three 
peaks with binding energies of 133.5 eV, 134.4 eV, and 129.5 
eV corresponding to C–P, C–O–P, and Fe3P interactions, re-
spectively. The presence of P-species on the activated sup-
port matrix might have a stabilizing effect on its structure, 
hindering carbon corrosion and iron leaching under acidic 
media [14]. 
 

 
 
Fig. 5 P2p XPS spectrum of 18FeNC using H3PO4-activated phenolic 
resin as carbon support. 

4. Conclusions 

H3PO4-activated phenolic resin-derived carbons re-
vealed higher stability, upon degradation between 1 – 1.5 
(vs RHE), than the commercial Ketjenblack. The heteroatom 
presence, particularly P-content, might play a key role in in-
creasing the overall performance of phenolic resin waste-
based supports. Moreover, the H3PO4-activation process is 
essential for optimizing the graphitization level and surface 
area of the produced catalysts. These results strongly 
demonstrate the tremendous potential of introducing circu-
lar economy methodologies in the design of new materials 
to be applied in PEM fuel cells.  
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