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Abstract: In this paper, we present the results of the gamma irradiation method to obtain N-doped
mesoporous activated carbons. Nitrogen-enriched mesoporous carbons were prepared from three
chosen commercial activated carbons such as Carbon Black OMCARB C-140, KETJENBLACK
EC-600JD and PK 1-3 Norit. HRTEM, SEM, Raman spectra, elemental analysis, XPS studies and
widely approved N2 adsorption–desorption measurements allowed us to evaluate the effectiveness
of N atom insertion and its influence on the BET surface area and the pore structure of modified
carbons. The obtained materials have an exceptionally high N content of up to 3.2 wt.%. Additionally,
selected N-doped activated carbons were fully characterized to evaluate their applicability as carbon
electrode materials with particular emphasis on Oxygen Reduction Reaction (ORR). The proposed
method is a relatively facile, efficient and universal option that can be added to the already known
methods of introducing heteroatoms to different carbons.

Keywords: carbon materials; mesoporous activated carbons; gamma irradiation; heteroatoms; nitrogen

1. Introduction

Carbon-based materials are still a cutting-edge research issue regarding even such
diversified ones as fibers, nanotubes, nano-onions, nano-horns, graphite, graphene (and
its derivatives), glassy carbon, pyrolytic char, activated carbon, etc. [1–4]. One of the main
application branches of carbon-based materials refers to its surface properties. One may cite
the most typical as (i) the adsorption of selected chemical species from the gas and liquid
phase for environmental and purification purposes, and (ii) electrode manufacturing for
electrochemical devices for generating energy (fuel cells) and/or energy storage (capacitors,
supercapacitors and primary/rechargeable batteries). Recently, due to the increasing
importance of electric energy storage, most attention has been paid to the eletrocatalytic
properties (ORR) of N-doped carbon materials working as potential cathodes in fuel cells
and air–metal batteries [5–7]. The mentioned practical use strongly depends on such factors
as surface area velocity, pore volume, pore size distribution, and above all the presence of
adsorption/catalytic domains. Some of these key features appear spontaneously during
the manufacturing process as the thermal conversion (carbonization) of an organic N-rich
precursor (such as chitosan, polyacrylonitrile, etc.) to a char or activated carbon. However,
these spontaneous effects are hardly controllable; therefore, practical applications are
limited, with no chance for any improvement. Progress is, however, possible provided
naturally formed carbon materials are subjected to appropriate additional processing which
may help steer/tailor the abovementioned key features, prioritizing the N content. Still,
satisfactory structural parameters (such as BET surface area, and well-developed pore
structure) should be ensured.
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Generally, two main processing categories should always be considered: the creation
of heterogeneous adsorption/catalytic centers and/or tailoring the material’s structural
parameters such as the specific surface area and pore structure (including pore size dis-
tribution). Moreover, carbon materials in any form can be chemically modified by the
insertion of different heteroatoms such as nitrogen, oxygen, boron, phosphorus, sulfur
or metal/metal oxide clusters. Nitrogen doping is one of the most popular chemical
modifications of carbons due to its potential electrochemical application [8–10].

Nitrogen enrichment is commonly regarded as the most effective way to eliminate
noble metals (mostly platinum and palladium) from electrodes for electrochemical energy
generation/storage devices such as photovoltaic cells, supercapacitors, fuel cells, metal–air
batteries and Li-on batteries [11–16]. Activated carbons, having rather chemically reac-
tive surfaces (spontaneous self-oxidation in air), relatively easily undergo the insertion of
heteroatoms (including nitrogen). In contrast, carbon materials predominantly consisting
of aromatic carbon six-ring domains (as in graphene and graphite, CNTs, etc.) are chem-
ically stable and hardly undergo the chemical insertion of heteroatoms (Table 1) [17–22].
Thus, most of the enrichment methods suitable for activated carbons are not applicable
to graphene or graphite Therefore, there is an obvious need to develop more universal
methods for nitrogen insertion applicable to possibly all carbon-based materials. As demon-
strated in our previous work, the influence of some key parameters, such as the porous
structure, carbonization temperature and presence of nitrogen, at the same time does not
always have a positive effect on the electrochemical efficiency of the obtained carbons in
the ORR [16,17]. In our previous text, we compiled several methods, which are commonly
exploited, for example, N-enrichment processes, i.e., nitrogenized of a slightly reactive
graphene/graphite matrix [17] (Table 1).

Table 1. An overview of currently practiced methods for nitrogen insertion into the relatively
chemically inert graphene matrix [17].

Method Description Drawbacks Example Study

CVD
High-temperature furnace up to 1000 ◦C,

vacuum 1 Torr; catalyst; NH3 as a
nitrogen source; He as a shielding gas

Complex instrumentation;
exceptionally low yield [19,20]

Arc Discharge Electric arc discharge conditions;
pyridine and a NH3 as nitrogen source

Complex instrumentation; difficult to
control; exceptionally low yield [21]

Pyrolysis High-temperature pyrolysis of a solid
mixture of GO-urea

Limited yield; long time
high-temperature synthesis;
application of GO instead of

pure graphene

[22]

Heat treating

Heating to 800–1000 ◦C of a solid mixture
of the GO-nitrogen source; a neutral
atmosphere; melamine as a potential

nitrogen source

Limited yield; long time
high-temperature synthesis; the

application of GO instead of
pure graphene

[23]

Solvothermal
200–300 ◦C; 4–5 h duration;

dimethylformamide as a solvent and
nitrogen source

Yield limited by the experimental
vessel volume; use environmentally

and health unfriendly reagents
[24]

Gas Annealing

A high temperature of 500–1000 ◦C
during electrical annealing of GO in the

nitrogen atmosphere; ammonia gas
(NH3) as a nitrogen source

GO applied instead of pure
graphene/graphite; low yield; a

high-temperature method
[25,26]
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Table 1. Cont.

Method Description Drawbacks Example Study

N2 Plasma Treatment

The nitrogen content is controlled by the
plasma strength and exposure

time; example plasma generator
parameters 40–200 W; 900 V DC bias;
high vacuum 200 mTorr; 20–80 min
treatment; Graphene or GO as a key

precursor; N2 and NH3 as
nitrogen source

Sophisticated instrumentation and
challenging synthesis conditions;

low yield
[27]

Dry Ball Milling

A mechano-chemical process; room
temperature direct grinding of dry

powdered graphite in the N2 or NH3
atmosphere; a nitrogen content

controllable by changing
milling parameters

The unwanted insertion of impurities
from the grinding setup which must
be removed by additional treatment;

a laboratory-scale process

[28]

Nanoscale High
Energy Wet
Ball Milling

A mechano-chemical process; room to
80 ◦C wet milling; gas, liquid, and solid
nitrogen carriers acceptable; GO advised

as a carbon precursor

A complex manufacturing pathway
including frequent rising, a

laboratory-scale process
[29]

MSCC-ET

The molten salt carbon capture and
electrochemical transformation method
can create N-doped carbon on a scale of

hundreds of kilograms; yield highly
ORR-active catalysts

high-temperature;
eventual impurities [30–32]

In the current study, the authors intend to verify the gamma radiation method in terms
of commercial activated carbons enriched in nitrogen. The authors plan to use commercial
mesoporous activated carbon due to practical reasons, i.e., mass production of N-enriched
activated carbons for electrochemical applications. The authors do not consider laboratory-
scale activated carbons because such materials, despite having interesting properties,
are manufactured in small quantities and at an unknown price. These factors exclude
such “laboratory”-activated carbons from any large-scale application. Our experiment
includes only mesoporous activated carbons, since this type of pore structure is of particular
importance due to its liquid electrolytes.

These methods (Table 1) suffer from many technological drawbacks, among which
extremely low efficiency appears to be the main obstacle to any scale-up. Another disad-
vantage is the expected high consumption of hazardous chemicals and chemical waste
production as synthesis by-products.

A new method of inserting nitrogen atoms into carbon matrixes is the so-called
gamma irradiation method, which was first proposed for graphene nanoplatelets by some
authors [17]. The obtained materials had an exceptionally high nitrogen content of up to
4 wt.%. Moreover, such N-doped graphene structures have nitrogen atoms exclusively
bonded as quaternary groups. Such carbons are utilized for electrode design in electro-
chemical devices. Hence, we had the idea to try to study other carbon structures, such
as activated carbons, with the irradiation method, the results of which are presented in
this paper.

The research hypothesis to be verified is that highly energetic factors, such as gamma
radiation, also trigger the formation of highly reactive species on the surface of activated
carbons. It is assumed that gamma irradiation of graphitic structures will generate active
sites on the surface of carbon matrixes, which are normally chemically inert and stable. In
addition, active radicals are created in any media (a liquid or gaseous carrier of heteroatoms)
in contact with a different carbon surface and also gamma-irradiated. Thus, active radicals
of these two origins (localized on the carbon surface and in the contacting media) may
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react, yielding new species on carbon surfaces, even on those which are hardly reactive,
such as graphene.

Thus, the experiments in gamma radiation-based N-doping proved that the method
is effective; however, it is not as spectacular as in the case of other doping methods and
materials [33,34]. Those very effective and spectacular methods mostly rely on a complete
synthesis of N-rich activated carbons, i.e., the high N-content was achieved by carbonization
of N-rich biopolymers (chitin, chitosan, amino acids, etc.), a concept very far from our
concept. In the current paper, we aim to modify (N-doping) of already manufactured
typical ACs. While it is truth that N-doping may be achieved by a high-temperature gas-
phase ammonia treatment [35], ammonia treatment suffers from two basic shortcomings:
high mass loss and the emission of toxic hydrogen cyanide (HCN). We are searching for
(and testing the limits) an alternative method, i.e., a gamma-radiation-based one.

2. Materials and Methods

N-doped activated carbons were synthesized by a self-designed gamma irradiation
method [17]. Firstly, 1 g of OMCARB C-140 (two series) purchased from Alchem (Torun,
Poland) was added to plastic test tubes and left open. The tert-butylamine purchased
from Sigma-Aldrich (Poznan, Poland) was placed in a separate and open test tube. The
amine creates some hazard to human health and the environment, but it was selected
due to its high chemical reactivity and volatility, which is important since the process is
supposed to be a gas-phase. The butylamine hazard may be reduced by the application of
ammonia in a water solution, but it would a change the process to a liquid-phase one. All
test tubes were sealed in a square transparent plastic box. Then, we inserted the box into a
radiation device. Irradiation, as described in our previous work [17], was carried out in
a radiation device RChM-γ-20, where the source of gamma radiation is Co-60. The unit
has one central irradiation chamber and six side chambers. The main chamber, used for
all experiments, was an air-filled cylinder with internal dimensions of 15 cm in diameter
and 24 cm in height; 27 Co-60 sources, each 8 cm long and 1.1 cm in diameter (ca. 4 L
working volume), were set in an annular arrangement in a ring-shaped cassette around
the central chamber. The shielded elevator assembly moved inside the tube to lower the
container with samples to the irradiation position for irradiation. Due to the short half-life
of Co-60 (2.56 years), the dose rate, determined by a Fricke dosimeter, varied slightly over
time during the experiment and ranged from 15.9 to 17.4 Gy/h. Next, each sample was
dried in an electric furnace at 50 ◦C for 2 h. The same procedure was performed for the
other used materials: KETJENBLACK EC-600JD, purchased from AkzoNobel (Warsaw,
Poland), and Norit carbon (Fluka Analytical) PK 1-3 Norit.

The N-doped samples obtained by the proposed method were denoted as X-Y-I,
where, e.g., X-Y—means the type of activated carbon used (OMCARB C-140-AC–O;
KETJENBLACK-AC–KB; PK 1-3 Norit-AC–N) I or II—means the dosing rate for the gamma
irradiation method (1—means 2.80 kGy; 2—means 5.59 kGy). AC-Y_raw—means raw
material before processing.

The morphology of the N-doped activated carbons was analyzed by scanning electron
microscopy (SEM, 1430 VP, LEO Electron Microscopy Ltd., Oberkochen, Germany). The
obtained carbons were also examined by high-resolution transmission electron microscopy
(HRTEM, FEI Europe production, model Tecnai F20 X-Twin, Brno, Czech Republic). The
materials obtained prior to the HRTEM microscopic analysis were dispersed in ethanol and
treated with an Inter Sonic IS-1K bath for 15 min and deposited on holey carbon-coated
copper grids. The volumetric elemental composition (carbon, nitrogen and hydrogen) of
the materials was analyzed by means of a combustion elemental analyzer (Vario MACRO
CHN, Elementar Analysensysteme GmbH, Langenselbold, Germany). Raman spectra were
obtained by a micro-Raman spectrometer (laser wavelength 532 nm, Senterra, Bruker Optik,
Billerica, MA, the USA). The laser was tightly focused on the sample surface through a
50× microscope objective. To prevent any damage to the sample, excitation power was
fixed at 2 mW. The resolution was 4 cm−1, CCD temperature 223 K, laser spot diameter
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2.0 µm and total integration time 100 s (50 × 2 s). X-ray photoelectron spectroscopy (XPS,
PHI5000 VersaProbe II Scanning XPS Microprobe, Chigasaki, Japan) measurements were
performed using a monochromatic Al Kα X-ray source. Survey spectra were recorded
for all samples in the energy range of 0 to 1300 eV with a 0.5 eV step; high-resolution
spectra were recorded with a 0.1 eV step. The porous structure of the N-doped acti-
vated carbons was analyzed at −196 ◦C using an automatic adsorption instrument, ASAP
2020 Plus (Micromeritics, Norcross, GA, USA). Before analysis, carbons were outgassed in a
vacuum at 150 ◦C for 24 h. The surface area was calculated by the Brunauer–Emmett–Teller
(BET) model. Moreover, pore size distributions were determined from the nonlocalized
density functional theory (NLDFT) method using the SAIEUS program (Micromeritics,
Norcross, GA, USA). Nitrogen was selected as an adsorption gas. There is no guaran-
teed method for pore size distribution determination for activated carbons (generally: for
porous solids), and some studies suggest the use of Ar and/or CO2 instead of N2 in gas
porosimetry, pointing out some disadvantages of the latter gas, especially in the case of
ultramicroporous carbons. However, commercial activated carbons selected for this study
do not belong to this category, and the application of N2 does not face the abovementioned
obstacles. Moreover, basic standardization papers authorized by NIST and IUPAC consider
the low-temperature N2 adsorption as a reliable method for BET surface area and porosity
studies [36,37].

An essential stage of the research is to carry out electrochemical tests in order to
determine the potential application of the obtained materials. The electrochemical activity
of the produced carbon materials was determined by means of a rotating disc electrode
(RDE). The tests were carried out on the Autolab electrochemical analyzer (PGSTAT128N,
Ultrecht, The Netherlands). Before starting the tests, the surface of glassy carbon (3 mm,
GC) was polished, and then the appropriate amount of the catalyst with a packing of
0.4 mg cm−2 was applied, prepared in the following way. A total of 2.5 mg of the resulting
catalyst was dispersed in a mixture of distilled water, ethanol and Nafion (0.5 wt.%) for 1 h.
The activity of the obtained carbon materials was checked on the basis of the measurements
of linear voltammetry (LSV) and cyclic voltammetry (CV) in a three-electrode system. The
glassy carbon electrode and the applied catalyst constituted the working electrode; the
reference electrode was Ag/AgCl in 3 mol L−1 KCl, while the platinum wire served as
the counter electrode. All tests were performed in a 0.1 M KOH aqueous solution. The
reference material was commercial carbon with a 20 wt.% addition of platinum (20 wt.% of
Pt). CV and LSV tests were performed in electrolyte saturated with oxygen and nitrogen to
determine the actual activity of the catalyst. CV tests were performed at a scanning speed
of 10 mV s−1, while the LSV was measured at 5 mVs−1,and a rotation speed in the range of
800–2800 rpm. The number of electrons (n) involved in the oxygen reduction reaction was
calculated from Koutecky–Levich (K–L) equations by converting the system potential with
respect to the hydrogen electrode (RHE).

J−1 = JL
−1 + JK

−1 = (Bω1/2)−1 + JK
−1 (1)

B = 0.62nFC0(D0)2/3ν−1/6 (2)

The formula uses parameters such as: J or measured current density, JL or current
density limiting diffusion and JK is by definition the kinetic current density. The remaining
parameters are defined as ω,the angular velocity of the electrode, and n, the number
of transferred electrons directly participating in the oxygen reduction reaction. F is a
Faraday constant of 96485 C mol−1, C0 isthe concentration of dissolved oxygen which is
1.2 × 10−6 mol L−1, the diffusion coefficient of dissolved oxygen is D0 (1.9× 10−5 cm2 s−1),
the kinetic viscosity of the electrolyte 0.1 mol L−1 KOH is denoted as ν, and it amounts to
0.01 cm2 s−1. The equations were used to determine the slope of the K–L curve and thus to
estimate the number of electrons participating in the ORR.
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3. Results and Discussion

Selected activated carbons were modified with nitrogen using the gamma irradiation
method and fully characterized to evaluate their applicability as carbon electrode materials.
Characterization included key features such as elemental composition, surface area and
pore structure, morphology and the collection of a standard of electrochemical profiles.

3.1. Morphology and Structural Characterization of Carbon Materials

Elemental composition results of all investigated materials are presented in Table 2.
The nitrogen content for the obtained samples was in the range of 0.9 wt.% to 3.2 wt.%
There was an increase in N-content in each modified sample in relation to the starting
material and with an irradiation dose/irradiation time. The C-content in activated carbons
was high and in the range of 95.2 wt.% to 96.3 wt.% for AC–O samples, 94.2 wt.% to
97.3 wt.% for AC–KB samples and 85.2 wt.% to 87.0 wt.% for AC–N samples. Moreover, the
activated carbons modified with N atoms decreased the carbon content wt.% The difference
to 100 wt.%, called a residue, is attributed to a removable element such as oxygen. Raw
materials were chemically pure and contained only minor amounts of durable impurities.

Table 2. The chemical composition and structural parameters of the obtained N-doped activated
carbons and raw materials.

Sample Elemental Content (wt.%) SBET Vt Vmi Vme Vme/Vt
N C H Residue (m2/g) (cm3/g) (cm3/g) (cm3/g) (%)

AC–O-raw 0.4 96.3 0.5 2.8 291 0.584 0.065 0.519 89
AC–O-I 0.9 95.2 1.0 2.9 248 0.583 0.043 0.540 93
AC–O-II 1.3 95.7 0.8 2.2 223 0.531 0.036 0.495 93

AC–KB-raw 0.2 97.3 0.4 2.1 1837 2.773 0.016 2.754 99
AC–KB-I 2.9 94.2 1.0 1.9 1787 2.508 0.014 2.494 99
AC–KB-II 3.2 94.7 1.0 1.1 1556 2.195 0.026 2.169 99

AC–N-raw 0.8 87.0 1.0 11.2 705 0.456 0.256 0.200 44
AC–N-I 1.6 85.2 1.1 12.1 661 0.524 0.176 0.348 66
AC–N-II 1.8 85.7 1.0 11.5 625 0.525 0.153 0.372 71

The HRTEM technique can give helpful knowledge on the structure of the obtained
N-doped activated carbons. Figure 1 presents the HRTEM images of representative samples
for all series. The images show the typical structure of activated carbons (an amorphous
structure and foam-like character of all samples). As visually observed, the structure of
obtained N-rich carbons becomes more ordered. The layers presented in Figure 1 are
stacked with smaller apparent interlayer spacing. The raw carbon materials are presented
in Figure S1 in the Supporting Information.
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All gamma irradiation treated samples used in the synthesis have different structure
parameters. Generally, the surface area of the samples changed slightly with the increase of
the introduction of nitrogen. The samples from the AC–KB series show the highest surface
area in the range of 1556–1837 m2/g. In turn, the samples from the AC–O series show the
lowest surface area in the range of 223–291 m2/g. AC–O and especially AC–KB samples are
mesoporous carbons. On the other hand, AC–N samples are micro/mesoporous carbons
with a relatively high micropore volume Vmi in the range of 0.153–0.256 cm3/g.

Figure 2 shows SEM/EDX mapping images of representative samples for all investi-
gated series of activated carbons. The surface and pore entrances are covered pointwise
by a tert-butylamine. Nitrogen is present on the entire surface of the carbons. This fact
confirms that the proposed irradiation method does not significantly damage the porous
structure of the starting material, regardless of the type of activated carbon used. As in the
case of our previous obtained N-rich graphene [17], the proposed method is also highly
effective in producing N-doped activated carbons.
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Figure 2. SEM mapping images of all investigated series of the obtained samples: (a) AC–O-II;
(b) AC–KB-II; and (c) AC–N-II.

According to the IUPAC classification, nitrogen adsorption–desorption isotherms
(Figure 3) for AC–O series are type IV, AC–KB series are type II, and AC–N series are
type II. The PSD plots determined for all obtained N-rich activated carbons are shown
in Figure 4. These plots are obtained from the nonlocalized density functional theory
(NLDFT) method in the SAIEUS program. The AC–O and AC–N series have similar pore
widths from 1 to 2 nm. In turn, the AC–KB series have pore widths between 1–4 nm. The
hysteresis loops have the same shape, and gamma irradiation and nitrogen enrichment
have an effect on their shape. The morphology of the starting activated carbon material has
a significant influence on the porosity results. The contribution of the mesopore volume
Vme to the total pore volume Vt increased in the AC–O and AC–N series. Only for the
AC–KB series, this value remains constant (99%). Figure 4 allows us to conclude that the
proposed N-doping method does not considerably alter pore size distribution of treated
carbon matrixes in comparison with raw carbon materials. It suggests that molecules of
amine, presumably adsorbed in pores of treated carbons, are removed/desorbed in the last
steps of the manufacturing procedure. The conclusion is supported by the data in Table 2
since SBET and Vt values only underwent a minor decrease.

Raman spectroscopy was used to better characterize the obtained materials. Raman
spectra and the intensity ratio of the D-band and G-band (ID/IG) is presented in Figure 5
and Table 3. Figure 5 shows a single sharp G peak at 1592 cm−1 and a characteristic band at
1345 cm−1 (D band). The ratio of intensities between the D and G bands (ID/IG) depends
on the level of the disorder. The ID/IG ratios for the AC–O series are between 0.98–1.01;
the AC–KB series are between 1.11–1.24, and the AC–N series are between 1.06–1.11. The
ID/IG ratio did not change significantly. This means that the size of crystalline domains
and the number of defects were comparable.
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Table 3. D and G band data of Raman spectra.

Sample ID cm−1 IG cm−1 ID/IG

AC–O-raw 772 1345 739 1597 0.98
AC–O-I 532 1347 529 1592 1.01
AC–O-II 605 1349 611 1596 0.99

AC–KB-raw 750 1336 677 1591 1.11
AC–KB-I 1426 1338 1149 1599 1.24
AC–KB-II 926 1331 753 1592 1.23

AC–N-raw 3136 1335 2953 1582 1.06
AC–N-I 2908 1338 2628 1593 1.11
AC–N-II 8087 1330 7472 1584 1.08
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Next, XPS analysis was aimed at discovering the chemical environment of obtained
samples. The XPS spectra of obtained samples are demonstrated in Figure 6, Figure 7 and
Table 4. The analysis of C1s energy determined the chemical bonding of carbon atoms. The
C1s spectra are composed of seven peaks corresponding to the C=C bond (sp2) peak at
284.4 eV [38], the C–C bond (sp3) peak at 284.9 eV [38,39], the C–O–C, C–OH or C–NH bond
peak at 286.2 eV [38,39], the C=O, O–C–O or N–C–O bond peak at 287.5 eV [38,39] and the
O–C=O bond peak at 288.6 eV [38]. Peaks 6 and 7 (290.1 eV and 293.4 eV, respectively) are
related to the shake-up excitation [40]. The excitation of the shake-up type comes from the
carbon sp2 and its aromatic forms. Moreover, it is an additional parameter confirming the
presence of this type of bond [38,41]. The total amount of oxygen in samples is in the range
from 0.7 to 5.0 at.%. The peak at 530.7 eV corresponds to the O*=C–O or O–C–O bond,
whereas the second peak at 532.8 eV corresponds to O=C–O*, C–O–C or –OH [38,39,41].
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Table 4. The elemental composition of the obtained N-doped activated carbons from XPS spectra.

Element C O N

Binding energy
(eV) 284.4 284.9 286.2 287.5 288.6 290.1 293.4 530.7 532.8 399.1 401.3

Sample Content (at.%) % of total Content (at.%) % of total Content
(at.%) % of total

AC–O-raw 54.5 22.8 8.0 3.3 2.6 4.8 2.6 98.6 0.7 0.3 1.0 0.2 0.2 0.4
AC–O-I 52.0 23.2 8.6 3.2 1.4 7.0 2.1 97.5 0.2 1.0 1.2 0.8 0.5 1.3
AC–O-II 55.3 21.0 8.2 3.2 1.7 6.2 1.3 96.9 0.4 1.1 1.5 0.9 0.7 1.6

AC–KB-raw 50.6 23.8 8.9 3.9 1.7 7.3 3.1 99.3 0.3 0.4 0.7 0.0 0.0 0.0
AC–KB-I 51.3 23.0 8.3 3.5 1.0 8.2 2.6 97.9 0.4 0.3 0.7 0.9 0.5 1.4
AC–KB-II 50.3 23.4 9.0 3.7 0.0 5.2 5.2 96.8 0.7 0.3 1.0 1.4 0.8 2.2

AC–N-raw 50.7 22.4 8.8 3.3 2.1 5.8 1.9 95.0 2.5 2.5 5.0 0.0 0.0 0.0
AC–N-I 42.9 25.4 9.6 4.2 2.8 8.0 2.0 94.9 2.2 1.8 4.0 0.0 1.1 1.1
AC–N-II 50.2 22.3 8.7 3.2 2.2 6.2 1.9 94.7 2.3 1.6 3.9 0.0 1.4 1.4
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The XPS spectra of representative samples (Figure 7) show two peaks at 399.1 and
401.3 eV, which are characteristic of nitrogen (N1s). Peaks at 399.1 eV correspond to C=N–R,
CH2–NH2 or in the form of pyridine [39]. In turn, the peak at 401.3 eV corresponds to
(C=O)–N–(C=O), -NH–(C=O)–O or the -NH- group attached to an aromatic ring [38].

The elemental content of nitrogen is in the range from 1.3 to 1.6 at.% for the AC–O series,
1.4 to 2.2 at.% for the AC–KB series and 1.1 to 1.4 at.% for the AC–N series, respectively. In
turn, the total amount of oxygen in the samples is in the range of 0.7 to 5.0 at.%, respectively.

Moreover, for the AC–N series, samples show only one characteristic peak of nitrogen
at 401.3 eV. The raw XPS spectra of the investigated samples are presented in Figures S2–S4
in the Supporting Information.

Structural parameters, i.e., the surface area, total pore volume, nitrogen content and
the volume share ascribed to mesopores, assume that the obtained N-rich activated carbons
are expected to be effective electrodes for electrochemistry tests. Therefore, the next step
was electrochemical measurements.

3.2. Electrochemical Performance

The catalytic activity of the obtained carbon materials in the oxygen reduction reaction
was tested. Cyclic voltammetry and linear voltammetry tests in oxygen-saturated and
nitrogen-saturated 0.1 M KOH solutions were aimed at determining potential application
in metal–air batteries or fuel cells. Table 5 presents the characteristic parameters for the
samples obtained, such as the value of the cathode peak (Ep), the onset potential (Eonset),
the half potential (E1/2), the diffusion-limiting current value and the number of electrons
transferred in the oxygen reduction reaction. The presented CV curves in Figure 8 are
correlated for a particular group of materials and compared with commercial carbon with a
20% addition of platinum. The cathode peak is clearly visible for the group of compounds
based on active carbon (AC–O) and also (AC–KB) and is in the range of 0.69–0.70 V vs.
RHE and 0.72–0.75 V vs. RHE, respectively. For the remaining groups of materials based
on (AC–N), the peak is less visibly blurred compared with the previous group. The tested
LSV measurements made it possible to determine the number of electrons carried on in
the oxygen reduction reaction. The results shown in Figure 9 were compared for CV
measurements to a commercial platinum-based carbon material at a rotating disc electrode
(RDE) speed of 1600 rpm. The largest diffusion-limiting current was recorded for AC–O
and AC–KB materials and in the range off 2.99–3.30 mA cm−2 and 2.80–2.99 mA cm−2,
respectively. For the remaining AC–N materials, the ranges were 2.10–1.72 mA cm−2.

Table 5. ORR performance parameters of the obtained N-doped activated carbons and commercial
Pt/C catalysts tested in alkaline media.

Catalyst Ep
(V vs. RHE)

Eonset
(V vs. RHE)

E1/2
(V vs. RHE)

Diffusion-
Limiting Current

(mA cm−2)

n
(0.5 V)

Pt/C 0.76 0.98 0.88 6.37 4.00
AC–O-raw 0.73 0.77 0.71 2.93 2.81

AC–O-I 0.69 0.74 0.66 3.30 3.09
AC–O-II 0.70 0.75 0.66 2.99 2.77

AC–KB-raw 0.73 0.79 0.72 3.44 2.84
AC–KB-I 0.75 0.81 0.75 2.99 2.51
AC–KB-II 0.72 0.76 0.71 2.80 2.43

AC–N-raw 0.75 0.81 0.75 2.36 2.11
AC–N-I 0.68 0.80 0.69 2.10 2.21
AC–N-II 0.72 0.82 0.73 1.72 1.95
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By analyzing the parameter diffusion-limiting current in Table 5, the relationship
between radiation doses is visible. The highest values are observed after the first dose,
while after the second dose of radiation, this parameter decreases, which could indicate the
formation of functional groups that do not affect the oxygen reduction reaction. This also
has an influence on the number of transferred electrons, which is an important parameter
for determining the catalytic activity of the obtained materials, determined on the basis of
the Koutecky–Levich equation. All obtained materials show a 2-electron oxygen reduction
pathway. The materials AC–O-I and AC–O-II showed the highest number of transferred
electrons and amounted to 3.09 and 2.77, respectively. For AC–KB and AC–N samples,
the number of electrons range from 2.43 to 2.51 and from 1.95 to 2.21, respectively, and
the comparison for other carbon materials and raw materials is shown in the graph of
Figure 10.
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Activated carbons are considered catalytically inactive materials in the oxygen re-
duction reaction; therefore, it is important to dope such materials with nitrogen in order
to improve their catalytic activity. The number of functional groups is not important as
much as the quality of the nitrogen groups produced. Even a small percentage of nitrogen
can have a positive effect on ORR parameters, as can the functional groups located in the
mesoporous carbon structure that create active sites for oxygen reduction, according to the
reaction equations [42,43]:

O2 (g) + ∗ → O∗2 (3)

O∗2 + H2O (I) + e− → HOO∗ + OH− (4)

HOO∗ + e− → O∗ + OH− (5)

O∗ + H2O (I) + e− → HO∗ + OH− (6)

HO∗ + e− → OH− + ∗ (7)

O2 (g) + ∗ + ∗ → O∗ + O∗ (8)

In the gamma irradiation method, ions, electrons and excited molecules are the pri-
mary, transient state products of the radiolysis of amines. Both ions and excited molecules
give free radicals, products of the decomposition of exciting species or ion–molecule and
neutralization reactions. The typical volatile products of pure amine radiolysis are hydro-
gen, methane and ammonia. The radiation yields of hydrogen and methane depend on
the amine, with the highest value for methylamine and much less for secondary or tertiary
amines. Free radicals can be formed at both nitrogen and carbon atoms and may react
with amine or with one another. Irradiation of tert-butylamine gives products suggesting
the formation of both ButNH∗ and NH2CMe2CH2∗ radicals [44,45], which can dimerise
or couple.

4. Conclusions

Some intensively N-doped mesoporous activated carbons were successfully prepared
using gamma irradiation at a radiation dose lower than 6 kGy from commercial precur-
sors. The proposed gamma irradiation method is universal for different materials and did
not destroy the original morphology of the used activated carbons. In the current study,
the authors proved the applicability of activated carbons as an extension to previously
verified applicability to graphene/graphite. SEM/EDX mapping, nitrogen adsorption
data, elemental analysis and XPS confirm that N-atoms were in the structure of the investi-
gated activated carbons. Nitrogen enrichment proceeded in a controlled manner i.e., the
N-content increased upon the irradiation dose.

Generally, nitrogen can positively influence the electrochemical properties of materials.
The electrochemical results show that not all used and modified activated carbons are
essential from an electrochemical point of view. Based on our results, it can be concluded
that only the AC–O series may potentially be a promising electrode material. However,
these samples have the lowest nitrogen content. Hence, high N-content or a large sur-
face area does not always have a positive effect on the electrochemical properties of the
final material.

We have proved that high nitrogen content is not always enough to improve a given
material. In our previous paper [16], we demonstrated that the N-insertion issue is a very
complex one. We found that structural factors may play as crucial a role as N-doping itself
in the improvement of electrochemical performance. We intend to resolve the problem and
investigate it intensively. The current paper is the next argument in favor of the statement
that N-doping is only one of the key factors governing the electrochemical performance.
Our work also points out which of the commercially available activated carbons is worth
N-doping aiming at better behavior in ORR (AC–O).
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The current research again points out the complexity of N-doping of diversified
carbon matrixes and the fact that the quantity of N is not the sole factor governing the
electrochemical performance of such materials in ORR.

The aspect of using the proposed self-designed gamma irradiation method for intro-
ducing other heteroatoms to different carbon materials will be continued in further studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12183156/s1, Figure S1: TEM images of raw carbons sample in different magnifications
(a) AC–O, (b) AC–KB, and (c) AC–N, Figure S2: XPS image of AC–O-II sample, Figure S3: XPS image
of AC–KB-II sample, Figure S4: XPS image of AC–N-II sample.

Author Contributions: Conceptualization, P.K. and J.P.L.; methodology, P.K. and J.P.L.; formal anal-
ysis, P.K., M.S. and J.P.L.; investigation, P.K., M.S., I.K., M.L., V.K.A.-F. and J.P.L.; data curation,
P.K. and M.S.; writing—original draft preparation, P.K., M.S., I.K. and J.P.L.; writing—review and
editing, P.K. and J.P.L.; visualization, P.K. and M.S.; supervision, P.K. and J.P.L.; project administra-
tion, P.K.; funding acquisition, P.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Innovation Incubator 4.0 NCU (Poland) grant MNISW/
2020/331/DIR decision 5/2021.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: All experimental work (synthesis, analysis) was supported by the Innovation
Incubator 4.0 NCU (Poland) grant MNISW/2020/331/DIR decision 5/2021. The article was created
during the postdoc internship of Piotr Kamedulski at the University of Granada (Spain) financed by
the NCU competition Mobility 4 edition project decision 60/2021/Mobility.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Habisreutinger, S.N.; Blackburn, J.L. Carbon nanotubes in high-performance perovskite photovoltaics and other emerging

optoelectronic applications. J. Appl. Phys. 2021, 129, 010903. [CrossRef]
2. Dhand, V.; Yadav, M.; Kim, S.H.; Rhee, K.Y. A comprehensive review on the prospects of multi-functional carbon nano onions as

an effective, high-performance energy storage material. Carbon 2021, 175, 534–575. [CrossRef]
3. Kamedulski, P.; Skorupska, M.; Binkowski, P.; Arendarska, W.; Ilnicka, A.; Lukaszewicz, J.P. High surface area micro-mesoporous

graphene for electrochemical applications. Sci. Rep. 2021, 11, 22054. [CrossRef] [PubMed]
4. Kamedulski, P.; Gauden, P.A.; Lukaszewicz, J.P.; Ilnicka, A. Effective Synthesis of Carbon Hybrid Materials Containing Oligothio-

phene Dyes. Materials 2019, 12, 3354. [CrossRef] [PubMed]
5. Wu, Y.; Muthukrishnan, A.; Nagata, S.; Nabae, Y. Kinetic Understanding of the Reduction of Oxygen to Hydrogen Peroxide over

an N-Doped Carbon Electrocatalyst. J. Phys. Chem. C 2019, 123, 4590–4596. [CrossRef]
6. Otsuka, K.; Yamanaka, I. One step synthesis of hydrogen peroxide through fuel cell reaction. Electrochim. Acta 1990, 35, 319–322.

[CrossRef]
7. Fellinger, T.-P.; Hasche, F.; Strasser, P.; Antonietti, M. Mesoporous Nitrogen-Doped Carbon for the Electrocatalytic Synthesis of

Hydrogen Peroxide. J. Am. Chem. Soc. 2012, 134, 4072–4075. [CrossRef]
8. Granzier-Nakajima, T.; Fujisawa, K.; Anil, V.; Terrones, M.; Yeh, Y.-T. Controlling Nitrogen Doping in Graphene with Atomic

Precision: Synthesis and Characterization. Nanomaterials 2019, 9, 425. [CrossRef]
9. Wang, H.; Maiyalagan, T.; Wang, X. Review on Recent Progress in Nitrogen-Doped Graphene: Synthesis, Characterization, and

Its Potential Applications. ACS Catal. 2012, 2, 781–794. [CrossRef]
10. Kaur, M.; Kaur, M.; Sharma, V.K. Nitrogen-doped graphene and graphene quantum dots: A review on synthesis and applications

in energy, sensors and environment. Adv. Colloid Interface Sci. 2018, 259, 44–64. [CrossRef]
11. Kakaei, K.; Ghadimi, G. A green method for Nitrogen-doped graphene and its application for oxygen reduction reaction in

alkaline media. Mater. Technol. 2020, 36, 46–53. [CrossRef]
12. Sahoo, M.K.; Gogoi, P.; Rajeshkhanna, G.; Chilukuri, S.V.; Rao, G.R. Significance of optimal N-doping in mesoporous carbon

framework to achieve high specific capacitance. Appl. Surf. Sci. 2017, 418, 40–48. [CrossRef]
13. Wen, Z.; Wang, X.; Mao, S.; Bo, Z.; Kim, H.; Cui, S.; Lu, G.; Feng, X.; Chen, J. Crumpled nitrogen-doped graphene nanosheets with

ultrahigh pore volume for high-performance supercapacitor. Adv. Mater. 2012, 24, 5610–5616. [CrossRef] [PubMed]
14. Shao, Y.; Zhang, S.; Engelhard, M.H.; Li, G.; Shao, G.; Wang, Y.; Liu, J.; Aksay, I.A.; Lin, Y. Nitrogen-doped graphene and its

electrochemical applications. J. Mater. Chem. 2010, 20, 7491–7496. [CrossRef]

https://www.mdpi.com/article/10.3390/nano12183156/s1
https://www.mdpi.com/article/10.3390/nano12183156/s1
http://doi.org/10.1063/5.0035864
http://doi.org/10.1016/j.carbon.2020.12.083
http://doi.org/10.1038/s41598-021-01154-0
http://www.ncbi.nlm.nih.gov/pubmed/34764324
http://doi.org/10.3390/ma12203354
http://www.ncbi.nlm.nih.gov/pubmed/31618831
http://doi.org/10.1021/acs.jpcc.8b12464
http://doi.org/10.1016/0013-4686(90)87004-L
http://doi.org/10.1021/ja300038p
http://doi.org/10.3390/nano9030425
http://doi.org/10.1021/cs200652y
http://doi.org/10.1016/j.cis.2018.07.001
http://doi.org/10.1080/10667857.2020.1724692
http://doi.org/10.1016/j.apsusc.2016.11.181
http://doi.org/10.1002/adma.201201920
http://www.ncbi.nlm.nih.gov/pubmed/22890786
http://doi.org/10.1039/c0jm00782j


Nanomaterials 2022, 12, 3156 14 of 15

15. Bourquard, F.; Bleu, Y.; Loir, A.-S.; Caja-Munoz, B.; Avila, J.; Asensio, M.-C.; Raimondi, G.; Shokouhi, M.; Rassas, I.; Farre, C.; et al.
Electroanalytical Performance of Nitrogen-Doped Graphene Films Processed in One Step by Pulsed Laser Deposition Directly
Coupled with Thermal Annealing. Materials 2019, 12, 666. [CrossRef]

16. Kamedulski, P.; Lukaszewicz, J.P.; Witczak, L.; Szroeder, P.; Ziolkowski, P. The Importance of Structural Factors for the Electro-
chemical Performance of Graphene/Carbon Nanotube/Melamine Powders towards the Catalytic Activity of Oxygen Reduction
Reaction. Materials 2021, 14, 2448. [CrossRef]

17. Kamedulski, P.; Truszkowski, S.; Lukaszewicz, J.P. Highly Effective Methods of Obtaining N-Doped Graphene by Gamma
Irradiation. Materials 2020, 13, 4975. [CrossRef]

18. Kamedulski, P.; Kaczmarek-Kedziera, A.; Lukaszewicz, J.P. Influence of intermolecular interactions on the properties of carbon
nanotubes. Bull. Mater. Sci. 2018, 41, 76. [CrossRef]

19. Luo, Z.; Lim, S.; Tian, Z.; Shang, J.; Lai, L.; MacDonald, B.; Fu, C.; Shen, Z.; Yu, T.; Lin, J. Pyridinic N doped graphene: Synthesis,
electronic structure, and electrocatalytic property. J. Mater. Chem. 2011, 21, 8038–8044. [CrossRef]

20. Lu, Y.-F.; Lo, S.-T.; Lin, J.-C.; Zhang, W.; Lu, J.-Y.; Liu, F.-H.; Tseng, C.-M.; Lee, Y.-H.; Liang, C.-T.; Li, L.-J. Nitrogen-Doped
Graphene Sheets Grown by Chemical Vapor Deposition: Synthesis and Influence of Nitrogen Impurities on Carrier Transport.
ACS Nano 2013, 7, 6522–6532. [CrossRef]

21. Panchakarla, L.S.; Subrahmanyam, K.S.; Saha, S.K.; Govindaraj, A.; Krishnamurthy, H.R.; Waghmare, U.V.; Rao, C.N.R. Synthesis,
Structure, and Properties of Boron- and Nitrogen-Doped Graphene. Adv. Mater. 2009, 21, 4726–4730. [CrossRef]

22. Lin, Z.; Waller, G.; Liu, Y.; Liu, M.; Wong, C.-P. Facile synthesis of nitrogen-doped graphene via pyrolysis of graphene oxide and
urea and its electrocatalytic activity toward oxygen reduction reaction. Adv. Energy Mater. 2012, 2, 884–888. [CrossRef]

23. Sheng, Z.-H.; Shao, L.; Chen, J.-J.; Bao, W.-J.; Wang, F.-B.; Xia, X.-H. Catalyst-Free Synthesis of Nitrogen-Doped Graphene via
Thermal Annealing Graphite Oxide with Melamine and Its Excellent Electrocatalysis. ACS Nano 2011, 5, 4350–4358. [CrossRef]
[PubMed]

24. Liu, Q.; Guo, B.; Rao, Z.; Zhang, B.; Gong, J.R. Strong two-photon-induced fluorescence from photostable, biocompatible
nitrogen-doped graphene quantum dots for cellular and deep-tissue imaging. Nano Lett. 2013, 13, 2436–2441. [CrossRef]
[PubMed]

25. Li, X.; Wang, H.; Robinson, J.T.; Sanchez, H.; Diankov, G.; Dai, H. Simultaneous Nitrogen Doping and Reduction of Graphene
Oxide. J. Amer. Chem. Soc. 2009, 131, 15939–15944. [CrossRef] [PubMed]

26. Li, X.; Geng, D.; Zhang, Y.; Meng, X.; Li, R.; Sun, X. Superior cycle stability of nitrogen-doped graphene nanosheets as anodes for
lithium ion batteries. Electrochem. Commun. 2011, 13, 822–825. [CrossRef]

27. Wang, Y.; Shao, Y.; Matson, D.W.; Li, J.; Lin, Y. Nitrogen-Doped Graphene and Its Application in Electrochemical Biosensing. ACS
Nano 2010, 4, 1790–1798. [CrossRef]

28. Ju, M.J.; Jeon, I.Y.; Kim, J.C.; Lim, K.; Choi, H.J.; Jung, S.M.; Choi, I.T.; Eom, Y.K.; Kwon, Y.J.; Ko, J. Graphene Nanoplatelets Doped
with N at its Edges as Metal-Free Cathodes for Organic Dye-Sensitized Solar Cells. Adv. Mater. 2014, 26, 3055–3062. [CrossRef]

29. Zhuang, S.; Nunna, B.B.; Boscoboinik, J.A.; Lee, E.S. Nitrogen-doped graphene catalysts: High energy wet ball milling synthesis
and characterizations of functional groups and particle size variation with time and speed. Int. J. Energy Res. 2017, 41, 2535–2554.
[CrossRef]

30. Johnson, M.; Ren, J.; Lefler, M.; Licht, G.; Vicini, J.; Licht, S. Data on SEM, TEM and Raman spectra of doped, and wool
carbonnanotubes made directly from CO2 by molten electrolysis. Data Br. 2017, 14, 592–606. [CrossRef]

31. Licht, S.; Liu, X.; Licht, G.; Wang, X.; Swesi, A.; Chan, Y. Amplified CO2 reduction of greenhouse gas emissions with C2CNT
carbon nanotube composites. Mater. Today Sustain. 2019, 6, 100023. [CrossRef]
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