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A B S T R A C T

This study reports on a one-step conversion of polyaniline into a metal-free heteroatom-doped carbon electro-
catalyst through microwave heating. A high surface area carbonaceous structure forms after a total synthesis 
time of only 140 s, with the presence of nitrogen and oxygen functional groups, as confirmed by thorough 
spectroscopic analysis. This catalyst exhibits high activity (onset potential of 0.73 V vs. RHE), selectivity (82 %), 
and stability (over a 7.5-hour test period) for the electrochemical oxygen reduction reaction towards hydrogen 
peroxide in alkaline media. Microwave synthesis reduces heating time by 29-fold and energy consumption by 77- 
fold, while producing materials with high electrocatalytic efficiency comparable to those conventionally pre-
pared at 700◦C. The microwave and the conventionally synthesized heteroatom-doped carbon catalysts show 
similar electrochemical performances, which can be attributed to the presence of nearly identical nitrogen 
functional groups and surface area in the two samples. In contrast, the microwave and conventionally synthe-
sized samples exhibit significant variations in their oxygen functional groups. These results suggest that nitrogen 
functional groups are the main active sites for alkaline hydrogen peroxide formation, while oxygen functional 
groups play a minor role in the catalytic activity. Our work brings a solid contribution to the debate regarding the 
active centers for hydrogen peroxide formation.

1. Introduction

Hydrogen peroxide (H2O2) ranks among the top 100 most significant 
chemicals, finding extensive use across various chemical and medical 
end-user industries including paper and pulp bleaching, water treat-
ment, food processing, electronics, and disinfection in medical and 
pharmaceutical sectors. Electrochemical oxygen reduction reaction 
(ORR) via a two-electron (2e− ) process presents a sustainable route for 
on-site and small-scale production of H2O2 compared to the industrial 
anthraquinone process [1–3]. The quest for high selectivity, activity, 
and stability of electrocatalysts has led to the exploration of 
noble-metal-based catalysts or their alloys, notably Pt, Pd, Au, Pt–Hg, 
and Au–Pd [1,4,5]. However, their high cost, toxicity, and scarcity 
hinder commercial applications. Moreover, the long-term stability of 
noble and transition metal-based catalysts remains a concern due to the 
potential leaching of unstable metal sites, which could lead to a decline 
in ORR activity and affect performance in various electrochemical 

devices, including proton exchange membrane fuel cells, H₂O₂ fuel cells 
and electrolyzers [6–9].

In response to these challenges, metal-free carbon-based catalysts, 
particularly nitrogen-doped carbon (N–C), have emerged as promising 
alternatives due to their cost-effectiveness, abundance, and non-toxic 
nature [10–14]. N–C catalysts have demonstrated high efficacy for 
ORR to H2O2 in alkaline media, with tunable electronic properties 
resulting from heteroatom doping and intrinsic defects [5,15]. Incor-
porating nitrogen into the carbon framework modifies electron distri-
bution, enhancing conductivity and electron transfer during ORR. 
Additionally, the formation of nitrogen functional groups, such as pyr-
idinic, pyrrolic, and graphitic nitrogen, can increase selectivity for either 
the 2e− (producing H₂O₂) or 4e− (producing H₂O) ORR pathway. 
However, the literature still lacks a clear agreement on the specific roles 
of individual nitrogen sites in catalyzing ORR to H₂O₂ or H₂O [4,15,16].

Synthesis methods and applied conditions, including precursor se-
lection, temperature, time, and gas environment, play crucial roles in 
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the tailoring of key structural properties in the N–C catalysts. Various 
synthesis methods for N–C catalysts have been studied, including con-
ventional pyrolysis [16,17], hydrothermal synthesis [18], chemical 
vapor deposition [19], plasma treatments [20], and mechanochemical 
approaches [21]. While each method offers unique advantages 
depending on the desired properties and application requirements of the 
N–C material, they all have in common a long preparation time, often 
extending over several hours.

Microwave-assisted heating has emerged as a promising sustainable 
approach for the preparation and modification of various types of 
carbon-based materials [22–25]. This method offers faster heating, 
higher energy efficiency, and the potential for nanostructure formation 
with distinct morphological or structural properties due to direct 
interaction between chemical precursors and microwave (MW) radia-
tion. Previous studies have mainly used MW heating to synthesize 
metal-containing electrocatalysts supported on substrates like graphene, 
carbon nanotubes, or CONV-prepared carbonaceous structures [26,27]. 
In many cases, the synthesis of porous carbon structures has been per-
formed using MW heating in aqueous solutions [28,29]. When pre-
cursors have been directly subjected to MW irradiation in the solid 
phase, MW susceptors, such as carbon felts, graphite, activated carbon, 
or metal precursors, have been added to the synthesis to facilitate the 
process [26,30–32]. However, our synthesis approach is distinct as it 
focuses on the direct synthesis of metal-free N–C catalysts for the ORR, 
conducted in the solid phase without the use of MW susceptors.

This study introduces polyaniline (PANI) as a nitrogen-enriched 
precursor for the direct formation of N–C structures via MW heating, 
with the synthesis carried out in the solid state. Previous literature has 
utilized PANI for synthesizing metal-doped or bare N–C catalysts under 
CONV heating conditions, although with extended reaction durations 
(3-6 hours) and high energy consumption (reaction temperature of 600- 
900◦C) [33–35]. This study investigates the feasibility of using MW 
heating as a more sustainable approach for synthesizing metal-free N–C 
catalysts with enhanced activity, selectivity, and stability for H2O2 
electrosynthesis. The primary goal of this work is to compare the 
structural differences and ORR performance of materials produced 
through MW heating (MW-heated samples) with those synthesized via 
CONV heating (CONV-heated samples). We thoroughly examine the 
chemical composition in MW- and CONV-heated samples using 
Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron 
spectroscopy (XPS), and Raman spectroscopy. Additionally, we also 
provide new insights into the identification of active sites for H2O2 
production in alkaline media of N–C catalysts.

2. Material and methods

2.1. Chemicals

Aniline (>99.5 %) and ammonium persulfate (>98 %) were pur-
chased from Sigma Aldrich. Potassium hydroxide (KOH, >85 %) and 
hydrochloric acid (HCl, 35 %) were obtained from PENTA. All chemicals 
were used as received without further purification. Millipore water was 
used throughout the study for all synthesis and washing processes.

2.2. Synthesis of PANI samples

The PANI samples were synthesized using a chemical oxidative 
polymerization reaction according to the modified procedure from the 
literature [36]. Aniline (5 ml) was dissolved in the solution of hydro-
chloric acid (50 ml of 1M HCl) and stirred for 30 min. In the next step, 
the solution of ammonium persulfate (195 ml with a concentration of 
0.28 mol/L) was added at a rate of 5 ml/min, and the reaction mixture 
was stirred (500 RPM) for 4 hours. The reaction was carried out at a 
temperature of ~4◦C. The suspension of PANI aggregates was left for 
overnight precipitation. The final PANI material, in the form of pellets, 
was produced using vacuum filtration. This method ensures samples 

with uniform shapes and dimensions, which are essential for repro-
ducible microwave heating. After separation, the samples were dried at 
80◦C and a pressure of 200 mbar for 24 hours.

2.3. Carbonization of PANI samples by CONV heating

PANI samples, weighing 1 g, were CONV heated in covered anneal-
ing crucibles to temperatures of 450, 500, 600, 700, and 800◦C. During 
this temperature range, the conversion of PANI to N–C structures took 
place [37]. A heating rate of 10◦C/min was applied, and samples were 
maintained at the target temperature for 1 minute. Subsequently, 
heating was stopped, allowing samples to naturally cool to 25◦C for 4 to 
8 hours. Initially, the air was present in the crucibles, but since the 
crucibles were closed, the gases released during the decomposition of 
PANI, such as CO, CO2, and NO2, could be exchanged with the air, 
preventing combustion of the precursor at high temperatures [38].

2.4. Carbonization of PANI samples by MW heating

The PANI samples underwent heating using MW irradiation in a 
household oven (SAMSUNG MS23F301TAS/EO) with a maximum 
output power of 800 W. In all experiments, the dimensions and mass (1 
g) of the samples were consistently maintained. The sample was placed 
in an uncovered quartz crucible within an air environment, with the 
crucible centrally positioned in the MW oven and rotating continuously 
throughout the synthesis process. This approach ensured the establish-
ment of repeatable conditions. The input power of MW irradiation and 
time were controlled during MW-assisted carbonization. After exploring 
various power and time conditions, optimal parameters were deter-
mined to be a power of 450 W and exposure times of 70, 140, and 210 s. 
After the completion of MW heating, the material cooled for 2 minutes 
before storage and subsequent characterization. The temperature data 
during MW carbonization are not included here, as they are beyond the 
scope of this study, which primarily aims to compare the chemical 
composition resulting from CONV and MW carbonization of PANI 
samples. Moreover, measuring the temperature precisely during MW 
heating presents challenges due to localized heating.

2.5. Spectroscopic analysis

The FTIR analysis was recorded using a Thermo Fisher Nicolet 6700 
FT-IR spectrometer in the range of 400-4000 cm-1. Samples for FTIR 
measurements were prepared by compressing CONV heated–samples or 
MW heated–samples with potassium bromide (KBr) to form pellets. XPS 
analysis was conducted using ESCA Probe P (Omicron Nanotechnology) 
with an AlKα monochromator (1486.7 eV). Survey spectra were recor-
ded to identify chemical elements in the N–C–samples with pass energy 
of 50 eV and step size of 0.4 eV. High-resolution spectra of carbon (C 1s), 
nitrogen (N 1s), and oxygen (O 1s) were collected to determine the type 
of functional groups in the synthesized materials. CasaXPS Version 
2.3.24 software was utilized for data analysis, with spectra calibrated by 
the C–C peak at 284.4 eV. Shirley-type background correction and 
Gaussian: Lorentzian sum (G: Lsum) fitting function (with 0.3 G: Lsum) 
were applied. The full width at half-maximum (FWHM) was set to 1.0- 
1.5 eV for deconvoluted C 1s and N 1s peaks, and 1.0-2.0 eV for O 1s 
peaks. Raman spectra were obtained using a DXR Raman Microscope 
(Thermo Scientific) in the range of 50-3550 cm-1. A laser with a wave-
length of 532 nm and power of 0.3 mW served as the excitation source, 
with a grating of 900 lines/mm, 25 µm slit aperture, and 50x magnifi-
cation objective utilized.

2.6. N2 and CO2 adsorption measurements

The N2 and CO2 adsorption measurements were performed using 
Quantachrome Nova 2200e. Before the analysis, the samples were 
degassed under the vacuum at the temperature of 150◦C for 6 hours. The 
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N2 and CO2 adsorption isotherms were recorded at a temperature of 77 K 
and 273.15 K, respectively. The adsorbed volume of the gas was taken 
for calculations at a pressure of 1 bar.

2.7. Electrochemical ORR measurements

The ORR activity of MW and CONV-heated samples were investi-
gated by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) 
in the alkaline media (0.1 M KOH) controlled by Bio-Logic SAS (SP-300- 
240) potentiostat. All electrochemical experiments were performed in 
the Teflon cell to avoid contamination coming from glass corrosion in 
contact with alkaline electrolytes. The experiments used a setup with 
three electrodes: a rotating ring-disk electrode (RRDE from Pine) with a 
platinum ring (geometric area (Ageom.) of 0.110 cm2) and a glassy carbon 
disk (Ageom. of 0.196 cm2), a graphite rod as the counter electrode, and 
RHE as the reference electrode. The working electrode was prepared by 
drop-casting of 10 µl of ink suspension containing 4 mg of catalyst, 800 
µl of ethanol, 150 µl of water, and 50 µl of Nafion solution. This resulted 
in a catalyst loading of 0.2 mg cm⁻2. Before conducting the ORR mea-
surement, both the working electrode and Pt ring electrode of the RRDE 
underwent electrochemical cleaning. This involved continuous CV 
scanning in Ar-saturated 0.1 M KOH from 0.05 to 0.8 V vs. RHE at a scan 
rate of 500 mV s− 1 and a rotation speed of 1600 rpm for 50 cycles. After, 
the background and ORR measurements were performed at the scan rate 
of 10 mV s− 1 with the rotation of 1600 rpm in the electrolyte solution 
saturated with Ar or O2 for 15 min before each test, respectively. The 
potential of the Pt ring electrode was set to 1.2 V. The faradaic ORR 
current from the disk electrode was determined by subtracting the 
corresponding background current.

The H2O2 selectivity was calculated based on the following equation: 

H2O2 (%) = 200*(Iring/N)/((Iring/N)+Idisk))                                          

where Iring is the ring current, Idisk is the disk current and N is the 
collection efficiency with a value of 0.266 (experimentally determined 
using 0.01 M K3Fe(CN)6 + 0.1 M KNO3 solution mixture).

3. Results and discussion

3.1. FTIR analysis of carbonized PANI samples

FTIR spectroscopy was used to examine the structural modifications 
induced by MW and CONV heating in the PANI samples. The studied 
MW- and CONV-heated samples were labeled as C-W-t or C-T-t, 
respectively, where W represents the applied MW power in watts, T 
indicates the applied CONV temperature in degrees Celsius, and t de-
notes the total heating time in seconds. Fig. 1 displays the FTIR spectra 
(2500-500 cm− 1) of bare PANI, alongside samples showing the highest 
spectral similarities after MW- and CONV-carbonization. Specifically, 
samples heated with MW power of 450 W for 70 s (C-450W-70s) or 140 s 
(C-450W-140s) showed the closest match with CONV-heated ones at 
450◦C (C-450◦C-2610s) and 700◦C (C-700◦C-4110s) among investigated 
temperatures (see Fig. S1 for other temperatures), respectively. Results 
suggested a mild carbonization level in C-450W-70s samples, such as at 
a lower temperature (e.g., 450◦C), while C-450W-140s samples may 
reach more moderate temperatures (e.g., 700◦C) during MW treatment. 
However, extending MW heating to 210 s resulted in a non-uniform 
chemical composition for the C-450W-210s sample. Therefore, this 
sample will not be further analyzed here. However, detailed information 
about the distinct chemical structures of C-450W-210s can be found in 
the Supplementary Data.

To identify the chemical composition induced by MW- and CONV- 
heating under mild and moderate conditions in PANI, we analyzed 
changes in the FTIR spectra. The detected FTIR bands of bare PANI 
samples (as detailed in Table 1) corresponded to characteristic peaks 
described in previous studies [39–42]. The FTIR analysis confirmed the 

presence of PANI in emeraldine base and salt forms, along with N-phe-
nylphenazine structural units. All carbonized samples showed signifi-
cant changes in the FTIR band profile compared to bare PANI. At around 
2219 cm− 1, a new band, labeled as α, appeared in C-450W-70s, 
C-450◦C-2610s, C-450W-140s, and C-700◦C-4110s samples. This peak is 
attributed to stretching vibrations of nitrile groups (–C–––N–) formed 
from the opening of benzenoid (B) and quinoid (Q) PANI rings at high 

Fig. 1. FTIR spectra of bare PANI, along with MW- and CONV-heated samples, 
show the highest spectral similarities. The comparison was made between C- 
450W-70s and C-450◦C-2610s samples and between C-450W-140s and C- 
700◦C-4110s samples.

Table 1 
Summary of the characteristic FTIR bands observed in bare PANI and MW- and 
CONV- N–C samples. The studied samples are labeled in the table as follows: C- 
450W-70s (A), C-450◦C-2610s (B), C-450W-140s (C), and C-700◦C-4110s (D). 
The label Y signifies the presence, while N indicates the absence, of the char-
acteristic FTIR peaks.

FTIR bands of PANI FTIR bands of N–C samples A B C D

 α – stretching of nitrile 
groups

Y Y Y Y

a (1740 cm− 1) – stretching of 
–C––O– groups

β – stretching of sp2- 
hybridized C––C bonds of 
aromatic or hetero-aromatic 
carbon rings

Y Y Y Y

b (1643 cm− 1) –banding of 
H2O molecule

c (1607 cm− 1) –bending 
vibration of –N–H–

d (1563 cm− 1) –stretching of 
the Q units (Q––N–Q)

e (1477 cm− 1) –stretching of 
the B units (B–NH–B)

γ – non-carbonized B–NH–B 
units of PANI

Y Y N N

f (1408 cm− 1) –stretching of 
phenazine heterocycles

g (1300 cm− 1) –stretching of 
–C–N– in the aromatic 
amine

δ* – stretching of –C–N– in 
the aromatic amine

Y Y N N

h (1241 cm− 1) –stretching of 
–C–N– in polaron lattice 
(––N+H–)

i (1130 cm− 1) –vibration of 
charged Q and B structures 
(Q––NH+–B)

δ** – –C–H in-plane bending 
of aromatic or hetero- 
aromatic carbon rings/ 
vibration of –C–O– bond 
from ethers, hydroxyl and 
carboxyl groups

Y Y Y Y

j (1010 cm− 1) –in-plane –C–H 
banding of benzene ring/ 
vibration of –C–O– bond 
from the ether, hydroxyl, 
and carboxyl groups
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temperatures [39,43]. In the range of 1750-900 cm− 1, PANI peaks 
transformed into three broad bands, labeled as β, γ, and δ, in 
C-450W-70s and C-450◦C-2610s samples, while C-450W-140s and 
C-700◦C-4110s samples exhibited only β and δ bands. These changes are 
consistent with PANI transformation into disordered carbonaceous 
structures with nitrogen (N) and oxygen (O) functional groups at mild 
and moderate carbonization temperatures, respectively [43,44].

The presence of the β peak suggests modification of the Q––N–Q 
PANI backbone into aromatic or heteroaromatic carbon rings in all 
analyzed samples [37]. However, the β peak appeared at lower wave-
numbers (~1597 ± 1 cm− 1) with lower intensity in the MW-heated 
samples, compared to higher wavenumbers (~1610 ± 2 cm− 1) with 
higher intensity in the CONV-heated samples. These differences may be 
related to the non-identical presence of neighboring O (e.g., –C––O 
bonds) or N (C––N bonds) groups of sp2-hybridized carbon atoms in 
C-450W-70s and C-450◦C-2610s, as well as in C-450W-140s and 
C-700◦C-4110s samples [45,46].

The presence of peak γ in C-450W-70s and C-450◦C-2610s samples 
may be attributed to the existence of residual, non-carbonized B–NH–B 
units of PANI [37,47]. However, under moderate carbonization condi-
tions, these units may transform into hetero-aromatic carbon structures 
with tertiary N or pyrrolic N groups. As a result, the flattening of peak γ 
and the broadening of peak β were observed in both C-450W-140s and 
C-700◦C-4110s samples, and related to the vibration of pentagons 
(pyrrole ring), heptagons, and the semi-circle stretching of the aromatic 
or hetero-aromatic carbon rings [40,48].

A broadband δ with a long tail was observed in C-450W-70s, C- 
450◦C-2610s, C-450W-140s, and C-700◦C-4110s samples after modifi-
cation of charged PANI species, such as Q––NH+–B or polarons. Signif-
icant differences were observed in the shape and position of this peak 
between the MW- and CONV-heated samples. In C-450W-70s, two 
maxima with high intensity were observed at 1306 cm− 1 (δ*) and 1247 
cm− 1 (δ**), while the latter peak was less pronounced in the C-450◦C- 
2610s sample. Under moderate conditions, the δ band appeared as a 
broad singlet with high intensity at 1252 cm− 1 in C-450W-140s and with 
lower intensity at 1275 cm− 1 in C-700◦C-4110s samples. These results 
may suggest a higher presence of the –C–N bond of aromatic amines 
(indicated by the intense δ* peak at ~1300 cm− 1) in samples carbonized 
under mild conditions compared to moderate. The increased vibrations 
in the 1275-1000 cm− 1 range (δ** peak) in MW-heated samples, as 
opposed to CONV-heated ones, could indicate a higher concentration of 
hydroxyl, carboxyl, ether, epoxide, and ketone species in the former 

samples [45,49]. However, further investigation is needed to confirm 
these findings by using complementary spectroscopic techniques.

3.2. Raman analysis of carbonized PANI samples

Raman spectroscopy complemented the FTIR analysis by providing 
insights into the chemical composition, particularly examining a 
graphitic level and structural defects in both MW- and CONV-heated 
PANI samples. Fig. 2a displays Raman spectra of carbonized samples 
exhibiting the highest spectral similarity. For mild carbonization con-
ditions, the Raman analysis contradicted FTIR observations. Specif-
ically, the characteristic G (graphitic) and D (disordered) bands were not 
clearly defined in the spectrum of C-450◦C-2610s (see Fig. S2), in 
contrast to its paired C-450W-70s sample. Instead, the Raman spectrum 
of C-450W-70s showed more similarities with a sample carbonized at 
500◦C (C-500◦C-2910s). These variations may be related to non-uniform 
carbonization conditions within the same sample. However, the Raman 
spectrum of C-450W-140s complemented that of C-700◦C-4110s, 
consistent with FTIR findings.

The Raman spectra of both MW- and CONV-heated samples dis-
played a broad G band, which corresponds to the stretching vibration of 
sp2-hybridized C––C bonds in hexagonal carbon rings [48,50,51]. This 
band appeared at slightly higher wavenumbers (G band at 1590 cm− 1) 
in C-450W-140s and C-700◦C-4110s compared to C-450W-70s and 
C-500◦C-2910s samples (G band at 1582 cm− 1). Similar observations 
have been noted in the samples carbonized at high temperatures in other 
studies, and attributed to the presence of larger aromatic clusters (with 
graphene-like domains) along with increased compressive strain be-
tween them [52]. The D band (1356 ± 1 cm− 1) in MW- and 
CONV-heated samples is related to the semicircle stretching of C––C 
bonds on hexagonal carbon rings, influenced by defects like edges, va-
cancies, heteroatoms, and non-hexagonal rings. Additionally, a Raman 
peak at 2216 cm− 1 with low intensity was observed in the spectra of 
C-450W-70s, C-500◦C-2910s, C-450W-140s, and C-700◦C-4110s sam-
ples, suggesting the presence of nitrile groups, consistent with FTIR 
observations.

To accurately compare the levels of graphitic (IG) and disordered 
structures (ID) in the Raman spectra, deconvolution was performed 
using five Gaussian curves. An example of this deconvolution for the C- 
450W-140s sample is shown in Fig. 2b. In addition to the G and D bands, 
the deconvolution revealed three other bands: D3 at 1457 cm− 1, D4 at 
1238 cm− 1, and D5 at 1116 cm− 1. The D3 band is associated with 

Fig. 2. (a) Raman spectra of MW- and CONV-heated samples show the highest spectral similarities. The comparison was made between C-450W-70s and C-500◦C- 
2910s samples and between C-450W-140s and C-700◦C-4110s samples. (b) deconvolution of the raw spectrum of the C-450W-140s sample.
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vibrations caused by heteroatom defects and non-hexagonal ring sys-
tems [52]. The D4 and D5 bands are characterized by the secondary 
breathing modes of larger non-hexagonal rings containing heteroatoms, 
disrupted breathing modes of aromatic carbons with heteroatoms, and 
the fundamental breathing modes of small aromatic carbons [52]. Our 
results indicated that the intensity ratio ID/IG varied between 0.92 and 
1.02 across the analyzed samples (see Table S1). Notably, the 
C-450W-140s and C-700◦C-4050s samples displayed slightly lower ID/IG 
ratios, suggesting a higher level of graphitic order and, in turn, greater 
conductivity compared to the C-450W-70s and C-500◦C-2910s samples.

In summary, Raman spectra confirmed the presence of disordered 
carbon structures with defects in the form of heteroatoms and non- 
hexagonal carbon rings in both MW- and CONV-heated samples. 
Raman analysis did not reveal significant variations in chemical 
composition between matched MW- and CONV- heated samples as 
observed in FTIR analysis, likely due to its lower sensitivity in dis-
tinguishing types of functional groups compared to FTIR. To further 
clarify the similarities in the functional groups between the analyzed 
samples, additional insights were obtained through XPS analysis.

3.3. XPS analysis of carbonized PANI samples

XPS analysis was used to compare the type and concentration of N 
and O functional groups in MW-heated samples with their respective 
samples in the CONV group by evaluating core-level spectra of nitrogen 
(N 1s, see Fig. 3), oxygen (O 1s, see Fig. 4) and carbon (C 1s, see Fig. S3) 
atoms. The typical types of N and O functional groups that could be 
found in carbon materials are illustrated in Fig. S4.

Analysis of N 1s core-level XPS spectra showed the highest similar-
ities between C-450W-70s and C-450W-140s with C-500◦C-2910s and C- 
700◦C-4110s samples, respectively. Fig. 3 displays five distinct peaks in 
the N 1s spectra of the analyzed samples: N1 (397.8 ± 0.2 eV), N2 
(398.8 ± 0.2 eV), N3 (399.9 ± 0.1 eV), N4 (400.8 ± 0.1 eV), and N5 
(403.0 ± 0.1 eV). Minor variations of 0.1 eV in binding energy and 
below 11 % in peak area were observed in the N 1s spectra of C-450W- 
140s and C-700◦C-4110s samples, suggesting very similar types and 
relative concentrations of N functional groups in these samples. In 
contrast, the C-450W-70s and C-500◦C-2910s samples exhibited more 
pronounced variations, with changes reaching up to 0.3 eV in binding 
energy and up to 31 % (for N1) or 58 % (for N4) in peak areas. In 
general, both MW- and CONV-heated samples exhibited a mixture of N 

functionalities, including pyridinic or imine functional groups (N1), 
primary and secondary amines or nitriles (N2), hydrogenated pyridinic 
or pyrrolic species (N3), graphitic N groups or tertiary amines sur-
rounded by varying numbers of aromatic rings (N4) [53–58]. However, 
the relative amount of primary and secondary amines, or nitrile species 
(N2 peak) was higher in the MW- and CONV- carbonized samples under 
mild than moderate conditions, consistent with FTIR findings. In 
contrast, pyridinic N (N1 peak) formation was preferable at higher 
carbonization temperatures. The exact quantification of a single type of 
N species in MW- and CONV-heated samples is challenging to provide 
here, as the binding energies of N groups can overlap, influenced by 
factors such as the location of N atoms in the carbon plane (e.g., edge or 
basal), neighboring vacancy defects, or nearby functional groups (e.g., 
O-based) [53,54,59].

Fig. 4 presents the O 1s spectra of C-450W-70s, C-500◦C-2910s, C- 
450W-140s, and C-700◦C-4110s samples, emphasizing significant dif-
ferences in spectral characteristics between these previously matched 
pairs. Six components were detected in the analyzed samples: O1 (530.4 
± 0.1eV), O2 (531.6 ± 0.1 eV), O3 (532.7 ± 0.1 eV), O4 (533.5 ± 0.1 
eV), O5 (534.3 ± 0.2 eV), and O6 (535.9 ± 0.1 eV). While minor vari-
ations within 0.2 eV were observed in binding energies, notable differ-
ences were found in the relative areas of the detected O peaks. 
Particularly, significant variations were observed in O1 (36 %) and O3 
peaks (31 %) for the C-450W-70s and C-500◦C-2910s samples, while 
even greater differences were detected between the C-450W-140s and C- 
700◦C-4110s samples, with variations of 61 % for O1, 38 % for O2, and 
48 % for O3 peaks. CONV-heated samples generally exhibited higher 
concentrations of double-bonded O atoms with C functionality, such as 
in carbonyl or carboxyl species (O1 peak) [60–65]. In contrast, 
MW-heated samples showed increased levels of C–O–C groups of epoxy 
structures or aromatic ethers (O2 peak), hydroxyl groups (O3 peak), and 
cyclic ether groups found in compounds like pyrans, furans, and pyrenes 
(O4 peak) [59,66–68]. MW- and CONV-heated samples demonstrated 
similar concentrations of single-bonded O atoms in carboxylic acid or 
ester groups (O5 peak) [66], as well as moisture content (O6 peak) [61]. 
The observed variations in the concentration of O functional groups 
between MW- and CONV-heated samples may be caused by the 
non-equivalent gas environment during the carbonization reaction [69] 
and the shorter reaction times for oxygen molecules to interact with the 
PANI backbone under rapid MW heating [70].

In summary, the observed variations in the position and intensity of 

Fig. 3. N 1s core-level XPS spectra of MW- and CONV-heated samples show the 
highest spectral similarities. The comparison was made between C-450W-70s 
and C-500◦C-2910s samples and between C-450W-140s and C-700◦C-4110s 
samples. The peaks correspond to pyridinic N/imine functional groups (N1), 
primary and secondary amines/nitrile (N2), pyrrolic N/hydrogenated pyridinic 
N/tertiary amines (N3), tertiary amines (e.g. graphitic N) (N4) and shake-up 
signals (N5).

Fig. 4. O 1s core-level XPS spectra of MW- and CONV-heated samples show the 
highest spectral similarities. The comparison was made between C-450W-70s 
and C-500◦C-2910s samples and between C-450W-140s and C-700◦C-4110s 
samples. The peaks correspond to double-bonded O atoms in carbonyl and 
carboxyl groups (O1), epoxide/cyclic ether groups of lactones (O2), hydroxyl 
groups (O3), cyclic ether groups (O4), single-bonded O atoms in carboxyl or 
esters groups (O5) and moisture (O6).
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characteristic FTIR peaks in C-450W-140s and C-700◦C-4110s samples 
could be associated with the identified differences in the levels of O 
functional groups, as N groups remained consistent across these sam-
ples. For instance, the higher concentration of carbonyl species (indi-
cated by a high intensity of O1) in C-700◦C-4110s resulted in a shift of 
the β peak to higher wavenumbers (~1610 cm− 1) and greater intensity 
compared to C-450W-140s, where the lower relative area of O1 leads to 
a less intense β peak at ~1597 cm− 1. Similar trends have been observed 
previously [45,46]. The variations in the content of hydroxyls, epoxy, 
and cyclic ethers groups between C-450W-140s and C-700◦C-4110s 
samples led to different intensity levels in the δ region of the FTIR 
spectra. Particularly, in C-450W-140s, with higher concentrations of 
these O functional groups, there was a stronger intensity of the δ peak in 
the 1200-1280 cm− 1 range [71]. In contrast, C-700◦C-4110s showed a 
lower content of hydroxyl, epoxy, and cyclic ether species (O2, O3, and 
O4 peaks) and reduced intensity of the δ peak. Hence, these results 
showed that it is crucial to consider the influence of defects in carbon 
structures in the form of O functional groups on the resulting charac-
teristic FTIR peaks, such as β and δ, during literature interpretation. 
Typically, these FTIR peaks have been analogously interpreted as peaks 
complementary with G-band-like (β) and D-band-like (δ) peaks in 
Raman spectra [39,43,72].

3.4. Electrocatalytic ORR performances of carbonized PANI samples

The ORR activity of the MW-heated sample was investigated and 
compared with the properties of the CONV-heated samples in alkaline 
media. The results revealed the greatest similarities in catalytic perfor-
mance between the C-450W-70s and C-500◦C-2910s samples, as well as 
between the C-450W-140s and C-700◦C-4050s samples (see Fig. 5a). 
These conclusions were drawn after comparing the catalytic properties 
of these pairs with other CONV-heated samples at different temperatures 
(see Fig. S5). The C-450W-70s and C-500◦C-2910s samples, carbonized 
under milder conditions, exhibited comparable onset potentials of 0.62 
V versus a reversible hydrogen electrode (RHE), where the onset po-
tential is defined as the potential at which a current density of 0.2 mA 
cm⁻2 is achieved. In contrast, the onset potentials for the C-450W-140s 
and C-700◦C-4050s samples were 110 mV more positive than those 
carbonized under milder conditions. Furthermore, the diffusion-limited 
current densities of the C-450W-140s (-2.40 mA cm⁻2) and C-700◦C- 
4050s (-2.50 mA cm⁻2) samples were significantly higher compared to 
the lower current density (-1.0 mA cm⁻2) observed in the C-450W-70s 
and C-500◦C-2910s samples at 0.5 V vs. RHE. The increase in ORR ac-
tivity in samples carbonized under moderate conditions could be 
attributed to their enhanced graphitization level, which improves con-
ductivity, and higher specific surface area (SSA), which hosts more 
active sites and enhances mass transport [16,73–75]. Specifically, for 
the MW-heated samples, the SSA increased from 236 m2 g− 1 in 
C-450W-70s to 522 m2 g− 1 in C-450W-140s. Similarly, for the CONV 
samples, the SSA increased from 398 m2 g− 1 in C-500◦C-2910s to 524 m2 

g− 1 in C-700◦C-4050s. N₂ sorption analysis indicated type III adsorption 
isotherms (see Fig. S8) across all samples, suggesting macroporous ar-
chitectures. Additionally, CO₂ sorption measurements confirmed the 
presence of ultramicropores within the analyzed materials. The reported 
SSA values of the analyzed materials are comparable to those found in 
the literature for PANI carbonized at similar temperature ranges [36,
76].

To further assess the efficiency of the catalysts, we calculated H2O2 
selectivity using the RRDE method, based on measured disk current 
(Idisk) and ring current (Iring). The highest Iring current, indicative of 
H2O2 oxidation on the Pt electrode, was observed between 0.4-0.5 V vs. 
RHE (refer to Fig. 5b). At the specific potential of 0.5 V vs. RHE, the H₂O₂ 
selectivity of the C-450W-70s, C-500◦C-2910s, C-450W-140s, and C- 
700◦C-4050s samples were similar, ranging between 79 % and 82 %. 
This similarity in H₂O₂ selectivity may indicate the catalytic sites gov-
erning the ORR to H2O2 are consistent across the samples, regardless of 

their carbonization temperatures. XPS results showed a mixture of N 
functionalities in all samples, namely, C-450W-70s, C-500◦C-2910s, C- 
450W-140s, and C-700◦C-4050s (see Fig. 3). Notably, there was con-
sistency in the relative concentration of hydrogenated pyridinic or 
pyrrolic species (N3) among these samples, while variations were 
observed in the relative concentration of pyridinic or imine functional 
groups (N1), primary and secondary amines or nitriles (N2), and 
graphitic N (N4). The literature still debates the exact roles of pyridinic 
N, graphitic N, and hydrogenated pyridinic or pyrrolic N species as 
active sites for ORR [4,15]. Some recent studies suggest that pyrrolic-N 

Fig. 5. (a) The LSV curves of MW- and CONV-heated samples that show the 
highest catalytic similarity in O₂-saturated 0.1 M KOH recorded at 1600 rpm 
and a scan rate of 10 mV s⁻1. The comparison includes C-450W-70s versus C- 
500◦C-2910s samples and C-450W-140s versus C-700◦C-4110s samples. (b) 
H2O2 selectivity determined by RRDE method. (c) short-term stability tests of C- 
450W-140s at a potential of 0.5 V vs. RHE in O2-saturated 0.1 M KOH.
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appears to be the most important functional group for the catalysis of O2 
to H2O2 in alkaline media [15,26]. Even though our results show similar 
H2O2 yields across the tested samples, likely due to comparable con-
centrations of hydrogenated pyridinic or pyrrolic species, we believe 
that beyond the nitrogen functional groups, a well-developed and 
extensive pore network is crucial for preventing H2O2 trapping and 
achieving high selectivity. Further studies are needed to fully explore 
this complex and unresolved debate that is ongoing in the community.

Among the analyzed MW-heated samples (see Fig. S6), C-450W-140s 
showed the best overall electrocatalytic performance, demonstrating 
both high activity and selectivity. In contrast, low activity and low 
selectivity were observed in the C-450W-70s and C-450W-210s samples, 
respectively. Among the analyzed CONV-heated samples (see Fig. S5), 
C-700◦C-4050s demonstrated the best ORR performance, which was 
analogous to that of the C-450W-140s sample. This similarity can be 
attributed to consistent structural characteristics reflected in the types of 
N functional groups (see Fig. 3) and to similar morphological features, as 
indicated by the consistent SSA (520 ± 4 m2 g⁻1) in both samples. 
Moreover, the scanning electron microscopy (SEM) images of both 
samples (see Fig. S9) reveal globular features with the presence of 
macropores. Despite these similarities, significant variations are 
observed in the O functional groups (see Fig. 4) between the C-450W- 
140s and C-700◦C-4050s samples, which do not have a notable effect on 
H₂O₂ selectivity between the two samples. These results suggest that the 
mixed N groups could serve as the primary active sites for ORR to H₂O₂ 
in both C-450W-140s and C-700◦C-4050s samples, while the O groups 
likely play a minor role. However, the role of O groups as active sites has 
been demonstrated in other studies mostly for carbon-based structures 
functionalized only with O groups, rather than in N, O-co-doped carbon 
[77–79]. Quinone groups are commonly classified as active sites for the 
ORR to H₂O₂, but other studies have also highlighted the potential roles 
of carboxyl groups at armchair edges, as well as epoxy or ring ether 
groups located on basal planes or at plane edges [15,80,81]. Similarly to 
nitrogen-based active sites, determining the exact nature of active sites 
within oxygen functional groups remains complex, especially when 
multiple heteroatoms are present in the carbon structure. This un-
derscores the need for further systematic research to clarify these roles.

In addition to activity and selectivity, stability is another crucial 
factor for a catalyst’s practical application. Thus, we assessed the sta-
bility of C-450W-140s, identified as the best-performing catalyst among 
the MW C-group, at a fixed potential of 0.5 V vs. RHE under the 7.5-hour 
chronoamperometry test. The currents recorded at both the ring and 
disk electrodes remained stable without significant decay during the test 
period (see Fig. 5c), indicating the good stability of the C-450W-140s 
catalyst. This is in agreement with the fact that metal-free catalysts 
possess a significant advantage in terms of stability compared to metal 
catalysts, attributed to the absence of metal dissolution degradation 
mechanisms, a known weakness of all metal-containing electrocatalysts 
[6,82]. Despite being widely used in the literature, we note that the 
RRDE may not be the best methodology to investigate the durability of 
the catalysts during 2e− ORR due to the limited oxygen solubility and 
mass transport, and thus lower H2O2 production rate. In our future work, 
we plan to devote more attention to investigating the activity, stability, 
and degradation mechanisms of carbon-based catalysts for electro-
chemical H2O2 synthesis using more appropriate setups, such as 
gas-diffusion electrode (GDE) [83,84].

The ORR performance of the C-450W-140s catalyst was evaluated 
against commercially available carbon materials, specifically Vulcan 
XC72 carbon black and KetjenBlack EC-600JD carbon black, as shown in 
Fig. S10. These commercial carbon materials contain heteroatoms, 
including oxygen, nitrogen, and sulfur, within their structure [85,86]. 
The C-450W-140s catalyst demonstrated comparable performance to 
Vulcan XC72 carbon black in terms of onset potential, diffusion-limiting 
current, and H₂O₂ selectivity. In comparison to KetjenBlack EC-600JD, 
the C-450W-140s catalyst exhibited a similar onset potential but ach-
ieved significantly higher H₂O₂ selectivity, with a value of 82 % 

compared to 63 % for KetjenBlack EC-600JD at 0.5 V vs. RHE. These 
results suggest that the C-450W-140s catalyst performs similarly to, or 
even better than, well-established commercial benchmarks, highlighting 
its potential as an effective and sustainable alternative for H₂O₂ elec-
trogeneration. Additionally, there is potential for further improvement 
of the C-450W-140s catalyst through targeted surface modifications.

Moreover, we also compared the C-450W-140s material with other 
catalysts reported in the literature that utilized MW heating. The results 
are summarized in Table 2. C-450W-140s showed the highest H2O2 
production current and diffusion-limited current, surpassing values re-
ported for other materials, indicating favorable catalytic activity. When 
the catalyst loading was reduced to 0.1 mg cm− 2 (see LSV curves in 
Fig. S7) for equitable comparison, C-450W-140s exhibited competitive 
H2O2 selectivity of 90 % to literature data. Moreover, C-450W-140s also 
demonstrated comparable stability to literature reports. Overall, C- 
450W-140s showed similar or even superior ORR performance 
compared to other carbon-based catalysts utilizing MW heating. How-
ever, it should be underlined that most of the cited works primarily used 
MW heating for functionalization rather than synthesis itself for carbon- 
based catalysts. Specifically, they have investigated the modification of 
materials such as carbon nanotubes, graphene, and commercially 
available porous carbons. These precursors are initially formed through 
long multistep processes involving high-temperature treatments. 
Therefore, these synthesis approaches do not meet the sustainability 
criteria of short preparation time and energy non-invasiveness as seen in 
the preparation of C-450W-140s. As a result, C-450W-140s can be 
classified as a leading metal-free catalyst for H2O2 production where 
sustainable synthesis has been achieved.

4. Conclusion

The synthesis of metal-free heteroatom-doped carbon catalysts 
derived from PANI was demonstrated using a one-step MW-assisted 
heating approach under optimized conditions, namely, a power of 450 
W and a heating time of 140 s (C-450W-140s sample). Mild and more 
severe degrees of carbonization were observed with a MW power of 450 
W and a heating period of 70 and 210 s, respectively. FTIR, Raman, and 
XPS analyses confirmed the formation of nitrogen and oxygen- 
functionalized disordered carbon structures in the C-450W-140s sam-
ple. This sample exhibited a very similar distribution and concentration 
of carbon and nitrogen functionalities as the CONV carbonized samples, 
synthesized at 700◦C for 4110 s (C-700◦C-4110s). However, significant 
differences were observed in the oxygen functional groups, where the C- 
450W-140s sample displayed higher concentrations of hydroxyl, epoxy, 
and cyclic ether groups, and lower carbonyl content compared to the C- 
700◦C-4110s sample. Despite these differences in chemical composition, 
both samples showed comparable electrocatalytic performances for ORR 
towards H2O2, including onset potential (0.73 ± 0.0 V vs. RHE), 
diffusion-limited current densities (-2.45 ± 0.05 mA cm–2), and H2O2 
selectivity (81 ± 1 %). These similarities can be attributed to nearly 
identical nitrogen functional groups and specific surface area in both 
samples, suggesting their role as major active sites. In summary, our 
study demonstrated a sustainable approach for synthesizing metal-free 
nitrogen-doped carbon catalysts with promising electrocatalytic prop-
erties, significantly reducing heating time by 29-fold and energy con-
sumption by 77-fold compared to CONV methods.
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Milena Šetka: Writing – original draft, Visualization, Validation, 
Project administration, Funding acquisition, Formal analysis, Concep-
tualization. Albert Behner: Writing – original draft, Validation, Inves-
tigation. Roman Bleha: Investigation. Milutin Smiljanić: Writing – 
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GN-rGO 
Pyrr- rGO

63 
95

1.2 
2.4

-1.9 
-2.3

- 
8

0.1 M KOH 
0.1 M KOH

0.1 
0.1

[26] 
[26]

GN-CNT 
PyrrN-CNT

36 
94

0.6 
2.3

-2.3 
-1.9

- 
8

0.1 M KOH 
0.1 M KOH

0.1 
0.1

[26] 
[26]

Mesoporous C 90 0.2# -1.6 8 0.1 M KOH - [87]
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-
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