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ABSTRACT

N- and Fe-containing carbon-based materials were prepared at 600 and 700 °C
via catalytic chemical vapor deposition (CCVD) with acetonitrile (as carbon and
nitrogen source) with the application of metal/metal oxides generated in situ from
Mg-Fe-Al hydrotalcite-like materials (HTs). The impact of synthesis tempera-
ture and transition metal (Fe) concentration in a blend of metal oxides derived
from HTs on carbon deposit content and its structural ordering, nitrogen doping,
location of N-containing groups in graphitic array, morphology and porosity
was investigated using XRD, EA, XRF, XPS, SEM, HR-TEM, Raman and Moss-
bauer spectroscopy, and N, sorption. Higher synthesis temperature and increased
concentration of Fe-containing species occurring in a mixture of metal oxides
derived from Mg-Fe-Al HTs enhanced the quantity of carbonaceous product, the
mesopore volume and the thickness of graphitic domains occurring in the carbon
materials and lowered nitrogen doping extent in carbon framework. Enhanced
accessibility to active sites via pore network, as well as, improved electrical con-
ductivity associated with increased graphitic domain thickness and reduced
amorphous carbon content were found to be critical factors in their performance
for oxygen reduction reaction (ORR) in alkaline electrolyte. No direct correlation
between the population of N-containing species and ORR activity is observed but
the presence of quaternary N appears to enhance selectivity for the 4-electron
pathway. In addition, the influence of the carbon materials dispersed in polymer
matrix in polycaprolactone (PCL)-based composite films on bulk (conductivity,
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dielectric constant) and surface (morphology, topography, roughness and water

contact angle) properties was also described.
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Introduction

The oxygen reduction reaction (ORR) plays a cru-
cial role in numerous electrochemical devices,
such as fuel cells, which directly convert chemical
energy into electrical energy. ORR can proceed via
two possible 2- or 4-electron reaction pathways.
To date, platinum (Pt)-based catalysts have been
recognized as the most efficient materials for cata-
lyzing the 4-electron O, reduction. However, due
to the high cost of Pt and its limited availability,
extensive research has been dedicated to develop-
ing alternative catalysts for ORR. This global effort
aims to reduce reliance on Pt while maintaining or
improving the performance of ORR in electrochemi-
cal devices.

Doping carbon materials with nitrogen (N) has gar-
nered significant attention for the development of elec-
trocatalysts for ORR, especially in alkaline electrolytes,
as potential replacement for Pt-based catalysts [1-4].
Nitrogen inserted in carbon matrix is responsible for
the creation of the active sites for ORR, as high electron
affinity of nitrogen atom can produce a positive charge
density into the adjacent carbon atom, which facilitates
easier oxygen adsorption. The catalytic active sites are
the neighbor carbon atoms where oxygen molecule is
attracted, chemisorbed and then reduced.
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Based on the review [3] and references therein,
pyridinic N is the most reported as responsible for the
high activity of N-doped carbon materials. DFT calcu-
lations showed that the chemisorption of molecular
oxygen on the carbon atom adjacent to the pyridinic
N at armchair position is more favorable compared to
the carbon atom adjacent to the pyridinic N located at
zigzag position. Besides, pyrrolic N and quaternary (or
graphitic) N are considered as functionalities respon-
sible for the formation of catalytic active sites. DFT
calculations showed that the chemisorption of oxygen
molecule on the sites created by edge-type graphitic
N is more favorable than by the carbon atom next to
basal-type quaternary N.

Among various carbon (C) and nitrogen (N) pre-
cursors, acetonitrile (CH;CN) is considered an effi-
cient dual-source of C and N for the synthesis of
N-doped carbon materials via chemical vapor depo-
sition (CVD) or catalytic CVD (CCVD). As noted in
the book Enhanced Carbon-Based Materials and Their
Applications [5], CVD/CCVD is widely regarded as a
prominent method for producing carbon nanostruc-
tures. Drawing on our extensive experience in the
synthesis of N-doped carbon materials from CH;CN
using hydrotalcite-like materials (HTs) as catalyst/sup-
port precursors—previously evaluated for hydrogen
storage, charge storage, electrocatalysis (e.g., methanol
oxidation), and as catalyst supports [6-9] —we applied



a similar approach to produce N-doped carbon mate-
rials for evaluation their electrochemical properties
in alkaline medium with the addition of oxygen as a
probe molecule.

The use of CH;CN vapor as a C/N precursor for the
preparation of ORR electrocatalysts began approxi-
mately 25 years ago, with pioneering work by Dodelet
and colleagues [10-13]. They synthesized electrocata-
lysts by carbonizing CH3;CN vapor at various tem-
peratures: 600-1000 °C for 1-2 h in the presence of
2% Fe/C or 10% Fe/C, utilizing various organic com-
pounds as Fe precursors. For instance, the electrocata-
lysts obtained at 1000 °C for 1 h derived from 2% Fe/C
contained Fe and N at concentrations of 0.2 and 4.8
at.%, respectively, while the electrocatalysts derived
from 10% Fe/C contained Fe and N at concentrations
of 9.9 and 6.1 at.%, respectively. The iron existed as
Fe-containing species (Fe’, Fe*, Fe*") but not as Fe-N,
species. The presence of N-containing groups (pyri-
dinic N, pyrrolic N, graphitic N, and oxidized N) was
confirmed in those materials. The resulting materials,
initially without any further purification and subse-
quently with treatment with acid, demonstrated both
activity and stability in ORR within an acidic electro-
lyte. Based on their results, Fe-containing particles
did not exhibit catalytic activity. Furthermore, the
catalytic performance was attributed to the presence
of N-containing groups (pyridinic N, pyrrolic N, and
graphitic N).

Since 2006, Ozkan and her colleagues have made
significant strides in developing electrocatalysts
derived from CH;CN vapor for ORR [14-22]. Their ini-
tial studies focused on synthesizing a series of electro-
catalysts by pyrolyzing CH,CN vapor at temperatures
of 600-900 °C in the presence of Fe or Ni deposited on
Vulcan carbon (VC) using appropriate acetate salts as
metal precursors [14]. The nominal content of transi-
tion metals in the supported catalysts was 2 wt%. In
addition, they studied the effects of varying pyrolysis
times (20 min, 2 h, and 12 h). Then, they extended their
work by carbonizing CH;CN vapor at 900 °C for 2 h
in the presence of 2% Fe or Ni supported on Al,O;
[15]. They also examined the effect of increasing Fe
content from 2 up to 10% in the Fe/Al,O; system [16].
However, increasing Fe concentration did not improve
ORR performance.

Ozkan and her team also investigated the use of
alternative supports, such as 5iO, and MgO, for the
preparation of electrocatalysts [17, 18]. They carried
out the pyrolysis of CH;CN vapor at 900 °C for 2 h

using Fe, Co, and Ni salts as impregnating agents,
with a nominal transition metal concentration of 2
wt%. After impregnation, the supports were further
heated at 550 °C under H, flow. To compare, they
also pyrolyzed CH;CN vapor using the pure sup-
ports. The carbon deposit morphology varied signifi-
cantly between Fe-, Co- and Ni-containing catalysts.
The presence of Fe and Co on the supports resulted
in the formation of carbon nanofibers (CNFs) with
a stacked-cup structure, whereas supported Ni led
to the formation of MWCNTs or broken MWCNTs.
These carbon nanostructures contained a relatively
high amount of metal particles encapsulated inside.
Fe-containing phases present in electrocatalysts
derived from CH;CN pyrolysis over supported
metal particles included metallic Fe, cementite, and
oxidized Fe. Acid washing removed more of the car-
bide and oxidized phases, leaving behind metallic Fe.
There was no clear correlation between the activity
and the iron phases present. The findings suggested
that iron’s role in these catalysts was to facilitate the
formation of carbon nanostructures, which increased
edge-plane exposure and potentially the number of
nitrogen functional groups on the surface. The result-
ing materials, initially without any further purification
and subsequently with treatment using acid or base,
were examined for their ORR performance in acidic
medium. The highest ORR activity was observed for
N-doped carbon nanostructures (CN,) grown on Fe
and Co supported catalysts. The purification led to a
modest improvement in ORR activity, likely due to
the removal of inactive supports and exposed metal.
Further analysis revealed that increasing pyridinic N
content and edge-plane exposure enhanced catalytic
performance. The authors speculated that pyridinic N
itself may not serve as the active site but instead acts
as an indicator of exposed edge planes.

Next, the authors evaluated the effect of increasing
Co content from 2 up to 10% in the Co/MgO and Co/
VC systems on CN, obtained by carbonizing CH;CN
at 800 °C for 2 h [21]. The synthesized materials
were treated with HCl to remove the metal carbide
phase and MgO, leaving only CN, with cobalt parti-
cles encapsulated within the carbon nanostructures.
The cobalt phase in both acid-treated samples was
predominantly metallic (Co®) compared to oxidized
(Co*). Both as-prepared and acid-treated materials
were tested for ORR in acidic medium. Acid treatment
improved electrocatalytic performance compared to
unwashed samples, although the selectivity remained
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similar. CN, grown over MgO exhibited a higher con-
tent of pyridinic N than those grown over VC. The
catalyst derived from 10% Co/MgO showed higher
activity than that derived from 10% Co/VC, with dif-
ferences in ORR activity being partially attributed to
variations in pyridinic N content.

In conclusion, the literature data demonstrate that
the metal itself is not the primary factor driving elec-
trocatalytic activity. No evidence was found to sup-
port the involvement of N-coordinated active metal
sites in ORR. Specifically, iron, being encapsulated
within the carbon nanostructures, does not directly
contribute to the active site for ORR. Instead, iron
likely plays a role in the formation of the active site
during the growth of carbon nanostructures, enhanc-
ing edge-plane exposure and potentially increasing
the number of N-containing functional groups on the
surface. These findings underscore the significance of
the carbon nanostructure architecture and nitrogen
content in determining electrocatalytic performance.
The authors emphasized that the presence of pyridinic
N and the degree of graphitic edge plane exposure are
critical factors influencing ORR performance. Based on
the available literature, the use of Al,O; and MgO as
supports for transition metals has demonstrated con-
siderable advantages in synthesizing N-doped carbon
materials with desirable properties. These materials
exhibit relatively high specific surface areas, elevated
nitrogen content, and a significant concentration of
graphitic edge planes, all of which enhance their ORR
activity.

Since 2007, Fe-containing HTs have been explored
for synthesizing N-doped carbon materials. Early
work by Chinese researchers, including Zhao et al.,
used Mg,Fe;Aly o, Zn,Fe; Aly o, and Cu,Fey;Al o HTs
to produce SWCNTs and MWCNTs via calcination and
reduction at 600 °C, followed by CHy-based CVD at
900 °C [23]. In 2010, MgFe HTs enabled N-doped CNT
growth using ethylenediamine as a nitrogen source at
550-750 °C [24].

From 2010, Wei et al. at Tsinghua University sys-
tematically studied MgFeAl HTs, varying synthesis
conditions (750-900 °C) and precursors (CH,, C,H,,
CH,;CN) to yield SWCNTs and N-doped CNTs [25-28].
Their work progressed to graphene/SWCNT hybrids,
synthesized via CH, carbonization at 900-1000 °C for
10-15 min using metal/metal oxide catalysts from
Mgs oFeq4Al; g and Mg, 6= oFeg = 53A11 o HTs.

Previous studies have underscored the critical roles
of temperature, pyrolysis duration, and active species
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concentration in determining the structure of carbon
deposits, the formation of carbon nanostructures, and
the extent of nitrogen doping. Fe-containing HTs are
particularly advantageous precursors for CCVD-based
carbon synthesis. Incorporation of Fe ions into the
HT lattice —coordinated with divalent (e.g., Mg*) and
trivalent cations (e.g., AP*)—ensures uniform disper-
sion of iron species, including iron oxides and partially
reduced forms, as well as metallic iron on the surface
of the resulting metal oxide mixture. These metallic
iron nanoparticles (NPs) serve as effective catalysts for
carbon nanostructure growth. Additionally, the amor-
phous Al,O; phase formed during HT decomposition
helps prevent Fe NP agglomeration, thereby enhanc-
ing their dispersion and catalytic performance.

Iron atoms embedded within N-doped carbon
frameworks may also contribute to improved ORR
performance [29-32]. Like other transition metals
such as cobalt or nickel, iron can serve as anchoring
sites for Pt NPs, promoting their dispersion [33-36].
This high dispersion enables the use of low Pt load-
ings (~ 5 wt%) while still achieving strong catalytic
activity. Such systems have demonstrated superior
performance and stability in electrochemical reactions,
including ORR and the hydrogen evolution reaction
(HER), when compared to commercial Pt/C catalysts
containing 20 wt% Pt.

Our previous research on MgCoAl and MgFeAl HTs
[9, 37] confirmed the effectiveness of HT-derived Co or
Fe nanoparticles as catalysts and Al,0;/MgO as sup-
ports for CH;CN carbonization, enabling the synthesis
of N-doped carbon nanostructures. In a recent study
[9], we reported the preparation of N-doped carbon
materials via extended pyrolysis (180 min) of CH;CN
using MgFeAl HTs and evaluated their performance
as capacitors and catalyst supports. In contrast, the
present work focuses on materials synthesized under
shorter pyrolysis conditions (30 min). The electrore-
duction of oxygen, one of the most extensively studied
electrochemical processes, was selected to evaluate the
electrocatalytic properties of synthetic carbon mate-
rials produced via CCVD/CVD using CH;CN at 600
°C and 700 °C. These materials were synthesized in
the presence of in situ-generated metal/metal oxide
phases derived from Fe-containing HTs with varying
iron content—classified as low (L), high (H), and very
high (VH), and designated as MgFeAl-L, MgFeAl-H,
and MgFeAl-VH, respectively.

Comprehensive physicochemical (XRD, EA, XRF,
XPS, Raman, Mossbauer spectroscopy, N, sorption,



SEM, HR-TEM) and electrochemical (CV, LSV) analy-
ses revealed enhanced ORR activity in the carbon
materials synthesized at 700 °C compared to those
prepared at 600 °C. This improvement is attributed
to increased pore volume, broader pore size distri-
bution—facilitating better access to active sites—and
higher electrical conductivity, as evidenced by a lower
amorphous carbon content and the development of
thicker graphitic domains. The presence of CNTs also
positively influenced ORR performance in N-doped
carbon materials produced at both temperatures using
Fe-containing HTs.

Interestingly, no direct correlation was observed
between ORR activity or selectivity and the total
nitrogen content in the carbon framework, despite
N-functional groups traditionally being associated
with improved ORR performance. However, synthesis
at 700 °C, particularly with high or very high Fe con-
tent, promoted the formation of quaternary nitrogen
species, which likely contribute to greater selectivity
toward the four-electron ORR pathway.

Additionally, the study found no significant inter-
action between iron species encapsulated within the
carbon matrix and the surrounding carbon structure,
indicating limited catalytic synergy between these
components. While the ORR activity of the result-
ing carbon materials is modest, the findings provide
important insights into the structural, morphological,
and porosity evolution of N- and Fe-doped carbon
materials.

The primary aim of this work was not to optimize
ORR performance but to understand how iron spe-
cies derived from HTs influence the formation and
characteristics of carbon deposits. The study also
explores the potential of these Fe-containing carbon
materials as supports for platinum, motivated by prior
research showing that transition metals embedded in
N-doped carbon matrices can serve as anchoring sites
for Pt nanoparticles. Furthermore, the carbon materi-
als were evaluated as components in polymer-based
composite films.

Several review papers published between 2019
and 2022 [38-42] highlight the growing body of
research focused on combining CNTs and their func-
tionalized derivatives (f-CNTs) with biomaterials
to develop novel, high-performance composites for
bone repair and regeneration. Among various poly-
mers, polycaprolactone (PCL) is widely used in tis-
sue engineering due to its favourable rheological and
viscoelastic properties, ease of processing, sufficient

mechanical strength, and biodegradability [43]. PCL
is commonly employed in the fabrication of scaffolds
designed to support cell growth. However, PCL lacks
bioactive functional groups capable of eliciting cel-
lular responses such as adhesion. To overcome this
limitation, various carbon-based nanomaterials have
been incorporated into PCL-based scaffolds, includ-
ing elongated nanostructures such as CNTs, f-CNTs,
carbon nanofibers (CNFs), and functionalized CNFs
(f-CNFs) [44-46].

Scaffolds made from PCL/MWCNTs (3 wt%) and
PCL/hydroxyapatite/ MWCNTs (0.75 wt%) enhance
hADSC attachment, proliferation, and differen-
tiation even without electrical stimulation (ES) [47,
48]. Carbon-based additives improve mechanical
strength, degradation, and introduce conductivity,
which, while not essential, supports bone regenera-
tion [49-51]. PCL/MWCNTs with ES promote thicker
bone formation, angiogenesis, and mineralization [49].
PCL/hydroxyapatite/CNT (2 wt%) scaffolds balance
mechanical and conductive properties, facilitating
ES-driven healing. Higher CNT levels (up to 10 wt%)
enhance protein adsorption and initial cell adhesion
[50]. Surface-modified PCL/hydroxyapatite scaffolds
with MWCNTs further improve conductivity, wetta-
bility, and bone cell proliferation and adhesion [51].

This study investigates the electrical and dielectric
properties of PCL-based composite films incorporat-
ing the carbon materials. The effects of carbon addi-
tion on the crystalline structure of the PCL matrix, as
well as the surface morphology and topography of the
resulting composites, are systematically examined.
The research is primarily fundamental in nature and
does not include characterization of mechanical or bio-
compatibility properties of the composites.

Materials and methods
Materials

The chemicals including magnesium nitrate hex-
ahydrate [Mg(NO;),6H,0], iron (III) nitrate
nonahydrate [Fe(NOj;);-9H,0], aluminium nitrate
nonahydrate [AI(NOj;);-9H,0], sodium hydrox-
ide [NaOH], potassium hydroxide [KOH], hydro-
chloric acid [HCI, 35-38%], acetonitrile [CH;CN],
iso-propyl alcohol [C3H,OH], chloroplatinic acid
hexahydrate [H,PtCl,-6H,0], sodium borohydride
[NaBH,], sodium citrate dihydrate [HOC(COONa)
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(CH,COONa),2H,0], poly(e-caprolactone) denoted
as PCL [M, = 80 kDa], dichloromethane denoted as
DCM were used as received. Commercial gases such
as argon (Ar, 99.999%) and oxygen (O,, 99.95%) were
used in laboratory. Deionized water was obtained via
Milli-Q purification system (Millipore).

Fabrication of the carbon materials

First, HTs varying in chemical compositions: MgFeAl-
L HTs (Mg/Fe/Al =3.0:0.2:0.8), MgFeAl-H HTs (Mg/
Fe/Al =3.0:0.4:0.6), MgFeAl-VH HTs (Mg/Fe/Al
=3.0:0.5:0.5) were synthesized according to proto-
col described in our previous publications [9, 52].
Then, the samples were prepared via the pyrolysis
of CH3CN vapor at 600 and 700 °C in the presence
of metal (iron)/metal oxides (magnesia, alumina, and
iron oxides) generated in situ from HTs. The carboni-
zation process lasted 30 min. After that, the samples
obtained in CCVD experiments were treated with
hydrochloric acid solution (HCI/H,O 2:1 v/v) for 24
h and ultrasonically agitated for 60 min to remove
inorganic compounds such as metal/metal oxides,
which were exposed and not encased in carbonaceous
component (carbon deposit). Finally, the acid-treated
samples were separated, washed with H,O and finally
dried at 50 °C.

In this work, the samples obtained directly from
CCVD experiments are labelled “the composites”,
while those obtained after treating the composites with
HCI solution “the carbon materials”. The composites
prepared at 600 or 700 °C, with the compounds gen-
erated from HTs of varied chemical compositions, i.e.
MgFeAl-L, MgFeAl-H, and MgFeAl-VH, are further
denoted as HTs-600-30 or HTs-700-30, respectively.
The corresponding carbon materials are denoted as
C-HTs-600-30 or C-HTs-700-30, respectively.

Fabrication of platinum (Pt) nanoparticles
(NPs) and their deposition on the carbon
material

Pt NPs were obtained via chemical reduction of plati-
num ions using NaBH, according to the procedure
[53]. Metal NPs in aqueous suspension were electro-
statically stabilized with the addition of sodium cit-
rate, therefore the estimated via ELS zeta potential (C)
was negative (- 40 +4 mV, pH =4.5). The mean value
of hydrodynamic diameter (d;;) of Pt NPs estimated
by DLS was equal to 9 £ 1 nm (Fig. S1). The deposition
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of Pt NPs on the surface of the carbon material was
performed by adsorption. It is worth noting that the
carbon grains in aqueous suspension (with a concen-
tration of 0.4 g dm™) formed agglomerates showing a
positive C (44 £2 mV, pH = 3.4), therefore the deposi-
tion of Pt NPs characterized by negative {, was addi-
tionally electrostatically assisted.

Fabrication of the PCL-based films

The PCL-based composite films were fabricated by
incorporating the carbon materials into polymer
matrix via the direct-blending method inspired by
previously published procedures [54, 55]. First, the
carbon material was dispersed in DCM (~ 10 ml, ~13.3
g) using a sonication probe (a stepped microtip with
a diameter of 3 mm installed in 750 Watts ultrasonic
processor: SONICS VCX 750) for 10 min (19 s pulse,
5 s pause, 30% amplitude). Afterwards, PCL (~ 0.74 g)
was added into the carbon material/DCM dispersion
and the slurry was agitated at room temperature for
24 h using a roller shaker until a uniform mixture was
achieved. Subsequently, the mixture was immediately
poured into the centre of a glass Petri dish (with a
diameter of ~ 9.4 cm) and left in a fume hood overnight
(at room temperature) to evaporate DCM. The Petri
dishes were protected with a plastic (polyethylene
(PE)) foil to prevent physical contamination like dust
particles. Then, the resulting PCL-based films were
dried in a vacuum oven at 50 °C for 48 h to remove
completely DCM remnants. The content of carbon
additive was equal to 2.4, 4.6 and 6.8 wt%. Control
film containing only PCL (5 wt% in DCM) was also
prepared for comparison.

Characterization of the physicochemical
properties

X-ray diffraction (XRD), elemental analysis (EA),
X-ray fluorescence (XRF) analysis, nitrogen (N,)
adsorption/desorption, Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), *’Fe Mossbauer
spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy, dynamic light scattering (DLS), elec-
trophoretic light scattering (ELS), scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM), and water
contact angle (WCA) measurements were employed
to characterize the properties of the studied samples.



Detailed descriptions of these methods and tech-
niques are provided in the Supplementary material
file.

Characterization of the electrocatalytic
properties

Electrochemical measurements were carried out
using a PGSTAT204 potentiostat (Metrohm Auto-
lab) in a conventional three-electrode configuration.
A Pt wire served as the counter electrode, while an
Ag/AgCl/KCl,,, electrode was used as the reference
electrode. The working electrode was a glassy carbon
(GC) disc with a 5 mm diameter. Prior to measure-
ment, the GC electrode was polished with an aque-
ous alumina suspension on a polishing cloth, fol-
lowed by ultrasonic cleaning in Milli-Q water and
isopropanol. A 2.5 mg sample of the material under
study was mixed ultrasonically for 20 min with a
1 wt% Nafion solution in a mixture of ethanol and
n-propanol (500 ul). Following this, 5 pl of the result-
ing suspension was applied onto the GC disc, which
was then dried at room temperature in air. The load-
ing of the studied material on the GC electrode was
0.128 mg cm™2. Cyclic voltammetry (CV) was per-
formed at a scan rate of 10 mV s™! in an aqueous 0.1
M KOH solution. Linear polarization measurements
were conducted at a sweep rate of 5 mV s™! using
a rotating disc electrode (RDE) with a rotation rate
ranging from 400 to 1600 rpm, in alkaline electro-
lyte either saturated with oxygen or bubbled with
argon. The temperature of 0.1 M KOH (25 £1 °C)
was maintained by JULABO (ED-5) thermostat. All
of the potentials are referred to Ag/AgCl/KCl,,. The
number of electrons involved in ORR in the presence
of the studied materials was determined from the
experimental data using the Levich equation:

i =0.62nFAD*PCo~V6x1/2 = Bpl/?

where i is the measured limiting current, # is the num-
ber of electrons transferred per oxygen molecule, F
is the Faraday’s constant (96,485 C mol’l), A is the
geometric electrode area (0.196 cm?), D and C are the
diffusion coefficient of dissolved oxygen (1.9 x 107
cm? s7') and the concentration of dissolved oxygen
(1.2 x107® mol cm™) in 0.1 M KOH, respectively; v is
the kinematic viscosity of the electrolyte solution (0.01
cm?s™), and w is the rotation rate (rad s™') [56].

Characterization of the electrical properties
of the films

The electrical properties of PCL-based films, includ-
ing electrical conductivity (o) and dielectric constant
(¢), were determined by measuring resistance and
capacitance, respectively, using a parallel equivalent
circuit model for the resistor and capacitor. These
measurements were performed at room temperature
in air using a two-point probe method with an LCR
(Inductance—Capacitance—Resistance) digital meter
(8101G, GW Instek), applying alternating current
(AC) at a frequency of v=1 kHz. The samples were
placed between two flat, circular brass discs, aligned
in a column within a Teflon holder. Prior to contact-
ing the brass pucks with the films, the relevant sur-
face (exposed to the film) was smoothed with abrasive
paper and cleaned with isopropanol. The diameter of
the brass pucks was approximately 4 cm, resulting in
a contact area of 1.22 x 10 m?. Measurements were
taken at four different locations on each film, sand-
wiched between two brass discs connected to the LCR
meter via Kelvin clips (two pairs of wires). Therefore,
the data are presented as the mean values + standard
deviation from four measurements. The average film
thickness was measured at four locations on each film
using a digital micrometer with a plate (Mitutoyo).
The mean thickness of the films ranged approximately
from 108 x 107 to 151 x 107 m.

Results and discussion

Physicochemical characterization
of the composites

The X-ray diffraction (XRD) analysis of the composites
(Fig. S2a and b) and the corresponding normalized
XRD plots (Fig. S3a—e) with the stick pattern from the
ICDD database (PDF 00-045-0946) for MgO reveals
nine reflections characteristic of MgO in the 20 range
of 5-139°. Additionally, a reflection corresponding to
MgAl,O, (at 20 ~ 37°, PDF 00-021-1152) overlaps with
reflections associated with iron species, namely FeO
(at 20 ~36°, PDF 01-089-0687) and Fe;O, (at 20 ~ 35°,
PDF 00-019-0629), resulting in a broad reflection in
the 20 range of ~35-37°. It is well established in the
literature that the thermal decomposition of MgAl
hydrotalcites (HTs), especially at high temperatures,
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Table 1 The content of carbon deposit (calculated from ele-
mental analysis) in the composites prepared at 600 and 700 °C
via CCVD/CVD (30 min) with the compounds derived from
MgFeAl-L HTs, MgFeAl-H HTs and MgFeAl-VH HTs

HTs CVD Carbon HTs CVD Carbon
temp. deposit temp. deposit
°C) (wt%) ®) (Wt%)

MgFeAl- 600 9.8 MgFeAl- 700 26.3

L L
MgFeAl- 600 26.4 MgFeAl- 700 36.4
H H
- - - MgFeAl- 700 41.2
VH

leads to a mixture of MgO and MgAl,O, phases [57].
Conversely, Fe,Oj which forms from the thermal
decomposition of Fe-containing HTs [58, 59], can be
reduced by solid carbon via gaseous intermediates
like CO and CO,, following the Boudouard reaction
(C+CO,—2CO) [60]. This reduction process leads to
the formation of FeO, which can be further reduced to
metallic Fe, and in some cases, iron carbide (Fe;C) can
be formed. Fe;O, is typically considered an intermedi-
ate phase in the reduction of Fe,O; to FeO, as it repre-
sents a chemical mixture of Fe,O; and FeO. The XRD
data suggest that MgO is the predominant crystalline
phase in the composites, with only minor contribu-
tions from MgAl,O,, FeO, and Fe;O,. Notably, Fe,O;,
Fe, and Fe;C are not detectable by XRD. This is likely
due to the low concentration and small crystallite size
of Fe-containing phases, which fall below the detec-
tion limit of XRD. Similarly, calcination of MgFeAl
HTs results in the formation of MgO and MgAl,O, (as
detected by XRD) and Fe,Oj; (as detected by XPS) [58].

During CVD/CCVD experiments, CH;CN vapor
undergoes carbonization with the assistance of com-
pounds generated in situ from MgFeAl HTs. The car-
bon content in the composites obtained at 600 °C with
MgFeAl-L and MgFeAl-H HTs was found to be 9.8
and 26.4 wt%, respectively, which are lower than the
26.3 and 36.4 wt% observed in the corresponding sam-
ples synthesized at 700 °C (Table 1). This indicates that
the amount of carbon deposit increases with increas-
ing pyrolysis temperature. Furthermore, varying the
iron concentration in Fe-containing HTs significantly
affects the quantity of carbon deposit formed during
pyrolysis of CH;CN vapor at both 600 and 700 °C.
The use of MgFeAl-H HTs in the CVD/CCVD process
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leads to higher carbon deposits at both temperatures
compared to MgFeAl-L HTs. This can be attributed
to an increased contribution of iron species, such as
defective Fe,O,, and potentially an increase in the con-
centration of metallic iron, despite the absence of Fe
reflections in the XRD data. Literature reports suggest
that iron nanoparticles (NPs) play a critical role in the
formation of solid carbon when in contact with hydro-
carbons [23, 61, 62].

The XRD analysis do not reveal any reflections
associated with carbon deposits in the sample with
the lowest carbon content (9.8 wt%). However, for
the composites with higher carbon content (26.3—41.2
wt%), a broad reflection at 20 ~25-26° is observed,
corresponding to the (002) diffraction plane of graph-
ite (PDF 04-014-0362). These findings indicate that
the composites consist of a mixture of metal oxides
(MgO, MgAl,O,, FeO, Fe;0,) and graphite-like carbon
in varying proportions.

Physicochemical characterization of the carbon
materials

The elemental analysis (EA) data (Table 2) reveal that
the carbon materials contain carbonaceous component
ranging from 81.9 to 94.0 wt%, resulting in an esti-
mated inorganic residue content between 6.0 and 18.1
wt%. A higher contribution of the carbonaceous com-
ponent is observed in the carbon materials synthesized
at 700 °C compared to those prepared at 600 °C, with
values of 94.0 and 93.7 wt% for the former and 81.9
and 90.1 wt% for the latter.

XRD patterns of the carbon materials (Fig. 1) exhibit
two broad reflections with peaks at 20 ~26° and ~ 44°,
as well as a shoulder at 26 ~80°, corresponding to
the (002), (100), and (110) diffraction planes of a two-
dimensional turbostratic carbon lattice, respectively
[63, 64]. As shown in Fig. S4a—e, the reflections shift to
smaller angles compared to those observed in refer-
ence graphite with a hexagonal structure (PDF 04-014-
0362). This indicates that the interlayer distance (d) in
the turbostratic carbon present in the studied materi-
als is larger (dgg, ~ 0.341, 0.342, and 0.344 nm) than in
graphite (dyy, ~ 0.338 nm). This increase in interlayer
distance is a result of both the low pyrolysis tempera-
ture (600 or 700 °C) and the substitution of some car-
bon atoms with nitrogen atoms in the graphitic lattice,
leading to distortion of the graphitic layers.

The decreasing degree of graphitization of the car-
bonaceous material with increasing nitrogen doping
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Table 2 The composition

Sample Elemental analysis (wt%)
(calculated from elemental
analysis) of the carbon C N H N/C? C+N+H Inorganic
materials prepared at 600 and residue®
790) C,:}llaﬂfCVD’ CVDd(30 C-MgFeAL-L-600-30 70.2 10.0 17 0.122 81.9 18.1
min) with the compounds
s . S B O
HTs, MgFeAl-H HTs and ~VigreAt-ou : : : : : :
MgFeAl-VH HTs C-MgFeAl-H-700-30 90.1 2.1 1.5 0.020 93.7 6.3
C-MgFeAl-VH-700-30 86.4 34 1.5 0.033 91.3 8.7
#Atomic ratio
"Mass percentages are the values obtained by subtraction of (C+N-+H) from 100 wt%
~ 4 ~1590 cm™
(002) 1360 cm cm

C-MgFeAl-VH-700-30
d002 =0.344 nm

100
(100) (110)
'\ C-MgFeAl-H-700-30

—:-,: N..J \W dog2= 0.344 nm
@ .
:; J \ C-MgFeAl-L-700-30
'g \ N doop = 0.344 nm‘ﬂ“
=

C-MgFeAl-H-600-30
d002= 0.342 nm

C-MgFeAl-L-600-30
dgg2= 0.341 nm

10 30 50 70 90 110 130
2-theta (degree)

Figure 1 The XRD patterns of the carbon materials synthesized
at 600 and 700 °C via CCVD/CVD in the presence of the com-
pounds generated in situ from MgFeAl-L HTs, MgFeAl-H HTs
and MgFeAl-VH HTs.

is further confirmed by Raman spectroscopy (Fig. 2).
A more detailed analysis of the Raman spectra (Fig.
S5a—e) reveals the information on the contributions of
disordered carbon and amorphous carbon (Table 3).
Details of the decomposition of Raman bands of the
carbonaceous materials, attribution of components
D1-D4, and G can be found in a work by Sadezky
et al. [65] and references therein. D1, D2 and D4 bands

| !

C-MgFeAl-VH-700-30

:

C-MgFeAl-H-700-30

C-MgFeAl-L-700-30

Intensity (a. u.)

e

C-MgFeAl-H-600-30

C-MgFeAl-L-600-30

800 1200 1600 2000

Wavenumber (cm-)

Figure 2 The Raman spectra of the carbon materials synthe-
sized at 600 and 700 °C via CCVD/CVD in the presence of the
compounds generated in situ from MgFeAl-L HTs, MgFeAl-H
HTs and MgFeAl-VH HTs.

correspond to disordered graphitic lattice, while D3
band originates from amorphous carbon. In particular,
D1 band is attributed to graphitic layer edges, whereas
D2 band is attributed to graphitic layer surfaces (i.e.
graphitic layers, which are not sandwiched between
two other graphitic layers). D4 band is attributed to
sp>-sp’ bonds or C-C and C=C stretching vibrations
of polyene-like structures. G band corresponds to an
ideal graphitic lattice. The numbers denoted I, Ip,,
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Table 3 The area ratios of various components (D1, D2, D3, D4
and G) of the Raman spectra of the carbon materials prepared at
600 and 700 °C via CCVD/CVD (30 min) with the compounds
derived from MgFeAl-L HTs, MgFeAl-H HTs and MgFeAl-VH
HTs

Sample In/Ig+Iy +iy, In/lg Inylg Ipns/lg
C-MgFeAl-L-600-30  0.66 349 079 0.85
C-MgFeAl-L-700-30  0.63 237 037 044
C-MgFeAl-H-600-30  0.65 272 048 0.61
C-MgFeAl-H-700-30  0.61 219 041 035
C-MgFeAl-VH-700-30  0.62 219 034 040

Ips Ipy and I are areas of the respective components
(D1-D4 and G) obtained during the nonlinear fitting
procedure. The numbers are used for the calculation
of the parameters: Ip;/(Ig + Ip; + Ip,) (indicates degree
of organization of carbonaceous material) and I;/I
(proportional to the fraction of edge plane surfaces),
Ips/Ig (proportional to the fraction of amorphous
carbon) or Ij,/I; (inversely proportional to the thick-
ness of graphitic domains). The In;/(Ig+ Ip; + Ipy)
ratio follows this order: C-MgFeAl-H-700-30 (0.61)
<C-MgFeAl-VH-700-30 (0.62) < C-MgFeAl-L-700-30
(0.63) <C-MgFeAl-H-600-30 (0.65) <C-MgFeAl-
L-600+30 (0.66).

SEM micrographs indicate that the carbon materials
synthesized at 600 °C (Fig. 3a and b) exhibit similar
morphologies, consisting primarily of aggregates of
plate-like carbon particles. In contrast, the samples
obtained at 700 °C (Fig. 3c—e) contain not only plate-
let-shaped carbon particles but also tubular carbon
structures. HR-TEM micrographs further confirm
that the carbon deposits consist of assemblies of gra-
phiticlayers (Fig. S6a and b), and the elongated carbon
particles are hollow (Fig. S6c-d). Based on the SEM
images, it appears that CNTs population in these mate-
rials differs. CNTs predominantly expose basal planes,
whereas the plate-like carbon particles mainly expose
edge planes. Raman spectroscopy shows that the ratio
of edge planes to basal planes (Ip;/I;) decreases with
increasing carbonization temperature, with values of
Ip,/Ig dropping from 3.49 or 2.72 for the samples syn-
thesized at 600 °C to 2.37 or 2.19 for those synthesized
at 700 °C (Table 3). This suggests that the contribution
of tubular carbon particles increases as the carboniza-
tion temperature rises.

The increasing population of CNTs is accompanied
by a decrease in nitrogen concentration, with values
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of 10.0 or 5.1 wt% for the samples prepared at 600
°C, compared to 2.1-3.4 wt% for the samples synthe-
sized at 700 °C, as determined by EA (Table 2). We can
conclude that the degree of N-doping in the carbon
materials is influenced by their morphology, which is
governed by the synthesis temperature and the com-
position of the compounds present during the CCVD/
CVD processes.

XPS measurements were conducted to identify the
nitrogen functionalities incorporated into the N-doped
carbon materials. Figure 57 displays the N/C atomic
ratios determined by XPS, which will be discussed
further. The application of a lower pyrolysis tempera-
ture, specifically 600 °C, promotes the incorporation
of nitrogen (N/C ~0.088 and 0.048) into the graphitic
structure of carbon particles, resulting in an increased
number of structural defects (Ip/(Ig+ Ip; + Ip,) ~ 0.66
and 0.65). These samples, predominantly composed
of platelet-shaped carbon particles, are character-
ized by relatively thin graphitic domains (Ip,/Ig ~
0.79 and 0.48). In contrast, the samples prepared at
700 °C, which contain both plate-like carbon parti-
cles and CNTs (C-MgFeAl-L-700-30 and C-MgFeAl-
H-700-30), exhibit thicker graphitic domains (Ip,/Ig ~
0.37 and 0.41) compared to those prepared at 600 °C
(C-MgFeAl-L-600-30 and C-MgFeAl-H-600-30). Fur-
thermore, the carbon materials synthesized at 700 °C
contain less amorphous carbon (Ip;/I; ~ 0.44 and 0.35)
than their counterparts prepared at 600 °C (Ips/I; ~
0.85 and 0.61). This demonstrates that the synthesis
conditions, such as temperature and the type of HTs,
influence both the thickness of the graphitic domains
and the contribution of amorphous carbon.

XPS analysis of the surface of the carbon materi-
als reveals that the elemental carbon concentration
ranges from 81.7 to 92.7 wt% (Table 4). Figure 4a and
b shows high-resolution C 1 s spectra for C-MgFeAl-
L-600-30, C-MgFeAl-L-700-30, C-MgFeAl-H-600-30,
and C-MgFeAl-H-700-30. The core-level C 1 s spec-
tra can be well fitted with six components. The most
dominant component, located at a binding energy
around 285 eV, is attributed to C—C and C-H bonds
in sp*-hybridized graphitic carbon. The contribution
of this component to the total C 1 s peak area is 37.3,
449, 48.9, 49.5 and 47.1% for C-MgFeAl-L-600-30,
C-MgFeAl-L-700-30, C-MgFeAl-H-600-30, C-MgFeAl-
H-700-30 and C-MgFeAl-VH-700-30, respectively.
Based on the surface carbon concentration (at.%), we
calculated the carbon concentration in graphite-like
units, which are 32.1, 41.9, 44.4, 47.3 and 42.5% for



Figure 3 SEM micrographs of the carbon materials: C-MgFeAl-L-600-30 (a), C-MgFeAl-H-600-30 (b), C-MgFeAl-L-700-30 (c),
C-MgFeAl-H-700-30 (d) and C-MgFeAl-VH-700-30 (e).

C-MgFeAl-L-600-30, C-MgFeAl-L-700-30, C-MgFeAl- of the surface carbon detected by XPS is attributed
H-600-30, C-MgFeAl-H-700-30 and C-MgFeAl-  to carbon in a graphite-like structure. Furthermore,
VH-700-30, respectively. Approximately 30-50%  observed increase in sp>-hybridized graphitic carbon
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Table 4 Surface (derived from XPS analysis) chemical composition of the carbon materials prepared at 600 and 700 °C via CCVD/
CVD (30 min) with the compounds derived from MgFeAl-L HTs, MgFeAl-H HTs and MgFeAl-VH HTs

Sample XPS analysis (wt%)

C N 0 Mg Fe Al Cl N/C*
C-MgFeAl-L-600-30 81.7 8.3 6.8 - 1.4 - 1.8 0.088
C-MgFeAl-L-700-30 90.4 3.1 4.0 - 1.4 - 1.1 0.030
C-MgFeAl-H-600-30 86.6 4.9 4.4 0.6 1.7 0.2 1.6 0.048
C-MgFeAl-H-700-30 92.7 2.2 1.9 0.5 1.4 0.2 1.1 0.021
C-MgFeAl-VH-700-30 81.8 3.0 1.5 5.3 32 - 5.2 0.032

* . .
Atomic ratio

indicates higher graphitization and consequently may
be responsible for higher electrical conductivity.

Figure 4c and d present the N 1 s core-level spec-
tra for C-MgFeAl-L-600-30, C-MgFeAl-L-700-30,
C-MgFeAl-H-600-30 and C-MgFeAl-H-700-30. The
N 1 s spectra can be deconvoluted into four distinct
components, which are attributed to pyridinic N (at
~399 eV), pyrrolic N (at ~400—401 eV), graphitic N (at
~404-405 eV), and oxidized N (at ~ 407-408 eV) [66].
It is likely that nitrogen doping in the carbon materials
predominantly occurs at the edges, as evidenced by
the significant proportion of N-containing functional
groups located at the graphite edge, including pyrrolic
N (at pentagonal sites) and pyridinic N (at hexagonal
sites). The percentages of these edge-bound N groups
are 60.0, 60.2, 75.4, 77.0, and 89.2% for C-MgFeAl-
H-700-30, C-MgFeAl-VH-700-30, C-MgFeAl-L-700-30,
C-MgFeAl-H-600-30, and C-MgFeAl-L-600-30, respec-
tively. Additionally, the contribution of graphitic N,
which may also be present near the edge, ranges from
9.8 to 37.4%. Thus, the carbon materials are primar-
ily characterized by N-containing groups located in
edge-plane orientations of the graphitic structure.
These findings align with previous literature, which
suggests that N incorporation tends to favor non-pla-
nar environments, particularly at the edges, such as
in pentagonal positions within hexagonally arranged
carbon atoms [67, 68].

A closer examination of the N 1 s spectra reveals
that the relative contributions of pyrrolic N and
pyridinic N decrease as the carbonization tempera-
ture increases, while the contribution of quaternary
N increases (Fig. S8). A similar trend is reported for
N-doped carbon materials derived from polyaniline
(PANI) treated at different temperatures (800-1200 °C)
[2], consistent with prior information indicating that
the distribution of nitrogen functional groups shifts
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with more severe pyrolysis conditions [12, 69]. This
shift is a result of the condensation process, where
nitrogen atoms are incorporated into graphitic layers,
replacing carbon atoms.

The bulk nitrogen content (2.1-5.1 wt%) measured
by EA (Table 2) is very similar to the surface nitrogen
content (2.2-4.9 wt%) determined by XPS (Table 4) for
the studied carbon materials. The molar N/C ratios
obtained by both techniques (EA vs. XPS) are also
comparable (0.020 vs. 0.021, 0.027 vs. 0.030, 0.033 vs.
0.032, 0.052 vs. 0.048), further supporting the conclu-
sion that nitrogen is uniformly distributed within the
graphitic lattice.

XPS measurements also indicate that small amounts
of magnesium (0.5-5.3 wt%) and aluminum (approxi-
mately 0.2 wt%) remain in the carbon materials pre-
pared with MgFeAl-H HTs after acid treatment. These
species are likely to be associated with traces of Mg—Al
spinel remaining in the carbon materials following
the acid treatment of the composites. Additionally,
the presence of chlorine (1.1-5.2 wt%) in the carbon
materials is confirmed by XPS. Chlorine species, such
as CI-C and Cl-metal, are likely to be formed during
the treatment of the composites with HCl solution. A
small amount of chlorine may remain in the samples
after washing with the HCl solution, as reported else-
where [18].

Figure 4e and f demonstrate that the carbon mate-
rials derived from MgFeAl HTs contain iron species,
including both metallic Fe (Fe’) and oxidized forms
(Fe* and Fe®). Figures S9a and b, S10a and b fur-
ther illustrate that iron species are well-distributed
within the carbon materials. These species are pre-
sent either as metallic Fe nanoparticles encapsulated
in CNTs (Figs. S11a and b, S12a and b) or as partially
oxidized metallic Fe nanoparticles intermixed with
the carbon deposit. The surface concentration of iron,



Figure 4 The XPS spectra
showing C 1s,N 15, Fe

2p and O 1 s signals for the
carbon materials synthe-
sized at 600 and 700 °C via
CCVD/CVD in the presence
of the compounds generated
in situ from MgFeAl-L HTs,
MgFeAl-H HTs and MgFeAl-
VH HTs.
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as determined by XPS, ranges from 1.4 to 3.2 wt% HTs, or 3.8-4.1 wt% for those from MgFeAl-H HTs.
(Table 4), which is slightly lower than the bulk iron =~ The bulk Fe concentration in C-MgFeAl-VH-700-30 is
content (2.4-4.1 wt%) measured by XRF (Fig. S13a 2.4 wt%.

and b). XRF reveals that the bulk concentration of Fe The presence of Fe-containing species on the sur-
depends on the concentration in the HTs, ranging from face of the carbon materials is further confirmed by
2.4 to 2.6 wt% for the samples derived from MgFeAl-L.  cyclic voltammetry (CV) measurements. Previous
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Figure 4 continued
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studies report on the formation of Fe(OH), and Fe;O4
on iron surfaces exposed to alkaline solutions [70, 71].
The CV curves (Fig. S14) display small redox peaks
corresponding to the reduction and oxidation of iron
species in the carbon materials. However, in the case
of the sample obtained at 600 °C with MgFeAl-L HTs,
no such redox response is observed in the CV curve.
We speculate that iron species may not be exposed
to the electrolyte, either because they are completely
shielded by a graphitic envelope or due to the current
associated with the charging/discharging of the electri-
cal double layer at the electrode/electrolyte interface,
which may obscure the redox processes related to
iron species. Faradaic processes related to iron spe-
cies may be hidden by the large double layer charge
as reported for Fe-N/AS and Fe-N/KUA immersed in
N,-saturated aqueous solution (0.1 M KOH) [32]. A
similar redox response due to the presence of Fe;O, in
the ORR electrocatalysts (Fe;O,/N-GAs, Fe;O,/N-GSs,
Fe;0,/N-CB, Fe;0,-CN,-Lys) was recorded in N,- and
O,-saturated 0.1 M KOH [66, 72].

In addition, Mdssbauer spectroscopy provides
clear evidence of the presence of various iron spe-
cies in the acid-treated samples derived from MgFeAl
HTs (Fig. 5). The well-resolved low-temperature (193
°C) spectrum of C-MgFeAl-H-600-30 consists of five
distinct components, corresponding to four sextets
and one doublet (Fig. S15a). Among them, the com-
ponents attributed to Fe, O, (non-stoichiometric FeO)
and Fe;C account for approximately 17 and 26%,
respectively. Two additional components, attributed
to Fe*"-containing amorphous or defective phases,
contribute 54% in total. The remaining 3% is ascribed
to metallic iron (Fe). The fitted parameters are sum-
marized in Table S1.

Similarly, the well-resolved low-temperature (193
°C) spectrum of C-MgFeAl-H-700-30 features three
components: two sextets and one doublet (Fig. S15b
and Table S2). The main component (48%) corresponds
to Fe;C. The second component, a doublet (37%), is
attributed to iron atoms with threefold coordination
by carbon and nitrogen in a nitrogen-defected Fe;C
structure. The ratio of the main component to the sec-
ond component is 1.3: 1. The third component, contrib-
uting 15%, is assigned to Fe,O.

The Mossbauer spectra of C-MgFeAl-L-600-30 and
C-MgFeAl-H-600-30 recorded at room temperature
exhibit similar features, suggesting the presence of
analogous Fe-containing compounds in both carbon
materials synthesized at 600 °C, despite the different
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Figure 5 The Mossbauer spectra recorded at room tempera-
ture for the carbon materials denoted as C-MgFeAl-L-600-30,
C-MgFeAl-H-600-30 and C-MgFeAl-H-700-30.

Fe content in the HTs used for their preparation. >’Fe
Mossbauer spectroscopy thus confirms the presence
of diverse iron species in the acid-treated samples
obtained with MgFeAl HTs exhibiting a broader vari-
ety of Fe-containing compounds in the samples pre-
pared at 600 °C than in those prepared at 700 °C.
Having confirmed the presence of iron species on
the surface of the studied materials, we cannot exclude
the possibility that they may contribute to ORR, as
they could be electrocatalytically active [32, 66, 72].
XPS studies confirm the presence of oxygen on
the surface of the carbon materials. Figure 4g and h
show high-resolution O 1 s spectra for C-MgFeAl-
L-600-30, C-MgFeAl-L-700-30, C-MgFeAl-H-600-30,
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and C-MgFeAl-H-700-30. Four or five components
are identified, corresponding to: (i) metal-oxygen
bonds (at ~ 531 eV), (ii) C=O groups (at ~532-533
eV), (iii) C-OH, O=C-N, C-O-C bonds (at ~533-534
eV), and (iv) carboxyl groups (COOH), or adsorbed
water (at ~534-536 eV) [73-75]. In addition, oxygen
atoms in adsorbed O, molecules may contribute to
the component at ca. 537 eV [76]. For the samples
prepared with MgFeAl-L HTs, approximately 60% of
the oxygen atoms are present on the surface of the
graphitic lattice, while the remaining oxygen (around
40%) is likely in the form of inorganic compounds
(e.g., MgAl,O,, iron species containing Fe** and Fe®*)
that are covered by relatively thin carbon layers. In
contrast, for the samples prepared with MgFeAl-H
HTs, over 90% of the oxygen atoms are attached to
the surface of the graphitic network, with the remain-
ing oxygen (around 10%) associated with metal oxide
species. The EDS analysis of HAADF micrographs,
which show the distribution of four elements—carbon,
nitrogen, oxygen, and iron—in the carbon materials
(C-MgFeAl-H-700-30 and C-MgFeAl-VH-700-30), con-
firms the even distribution of C, N, O, and Fe within
the samples (Fig. S9a and b, S10a and b).

The N, adsorption/desorption isotherms for
the studied carbon materials, shown in Fig. S16a
and b, display Type IV isotherms, characteristic of
mesoporous materials [77]. Three distinct types of
hysteresis loops—H?2, H3, and H4 —can be observed.
Specifically, the H4-type loop for C-MgFeAl-L-600-30
suggests that this material consists of aggregates of
plate-like particles with slit-shaped mesopores. The
H2-type loops for C-MgFeAl-L-700-30, C-MgFeAl-
H-600-30, and C-MgFeAl-H-700-30 indicate a more
complex pore structure, consisting of aggregates of
plate-like particles with slit-shaped mesopores of var-
ying widths, such as bottleneck pores. The hysteresis
loop with an H3-type profile for C-MgFeAl-VH-700-30
suggests that, in addition to mesopores within the
plate-like particle aggregates, the sample also contains
a pore network associated with macropores between
CNTs.

The pore size distribution (PSD) profiles, pre-
sented in Fig. 6, reveal that the studied carbon mate-
rials besides mesopores contain also micropores.
The ratio of micro- to mesopores (V icro/ Vineso) 15
0.05, 0.09, 0.12, 0.14, and 0.15 (Table 5), demonstrat-
ing a clear predominance of mesopores in all the
carbon samples. Notably, in the case of C-MgFeAl-
VH-700-30, approximately 95% of the existing pores
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Figure 6 Micro/mesopore size distribution calculated using
QSDFT method using N, adsorption/desorption data for the car-
bon materials synthesized at 600 and 700 °C, via CCVD/CVD in
the presence of the compounds generated in situ MgFeAl-L HTs,
MgFeAl-H HTs and MgFeAl-VH HTs.

are mesopores, resulting in a low V_;../Vneso Value
of 0.05, with only 5% of the total pore volume con-
sisting of micropores. For the carbon materials pre-
pared with MgFeAl-L HTs, mesopores account for
87-88%, while micropores make up 12-13%. The
samples prepared with MgFeAl-H HTs exhibit com-
parable mesopore volumes (around 64%) but show
the highest relative contribution of micropores (36%)
among all the studied carbon materials. Figure 6
also illustrates that the choice of temperature and
the chemical composition of HTs does not signifi-
cantly impact the width of the micropores but they
affect the diameter of the larger pores. The mesopore
diameters for C-MgFeAl-L-600-30 are smaller (~ 2-7
nm) compared to those of the other carbon materi-
als, where mesopore diameters range from ~ 2 to 13
nm for C-MgFeAl-L-700-30 and C-MgFeAl-H-600-30,
and from ~2 to 17 nm for C-MgFeAl-H-700-30.
Mesopore diameters for C-MgFeAl-VH-700-30 range
from ~ 2 to 26 nm. This may result from the forma-
tion of a greater number of tubular carbon particles,
which provide larger mesopores compared to plate-
like carbon particles, which have mesopores with
narrower diameters. Furthermore, the morphology
of the carbon particles also influences the shape of
the existing mesopores, as evidenced by the various
hysteresis loops (H4—H2—H3).

Figure S17 demonstrates that the carbon materials
derived from MgFeAl-L HTs exhibit lower pore vol-
umes (0.227 and 0.584 cm® g™, Table 5) compared to
those obtained from MgFeAl-H HTs and MgFeAl-VH
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£ HTs (0.657, 0.659, and 1.056 cm?® g!, Table 5), sug-
ﬁ X _ gesting that a higher Fe content in Fe-containing
z 3 E g HTs not only increases the amount of carbon deposit
g 52 § 58I IT L L and influences total pore volume but also enlarges
3 o mesopores. The Vqgppr/Sqsprr ratio gradually
é E increases from 1.6 and 1.7 nm for the carbon materi-
g - E als prepared with MgFeAl-L HTs to 1.8 and 2.3 nm
é >§ >§§ moe e for those prepared with I.\/IgFeA.l—H HTs, and further
= to 3.1 nm for those obtained with MgFeAl-VH HTs
E é% (Table 5).

é < When comparing a pair of carbon materials derived
2 %’ 23z from carbon deposits formed at 600 and 700 °C (9.8
a > ceeeee and 26.3 wt%, respectively) using MgFeAl-L HTs,
5 = e.g. C-MgFeAl-L-600-30 and C-MgFeAl-L-700-30, we
é m: observe clear differences in their textural properties.
9 S The sample obtained at 700 °C exhibits significantly
g é 3 E § é %‘ % higher total pore volume (0.584 vs. 0.227 cm® g-!),
0 > SS S S =S mesopore volume (0.512 vs. 0.197 cm?® g-!), and
08 =2 - mesopore diameter (~ 2-13 nm vs. ~2-7 nm). In addi-
- 0 < tion, the mesopore shape changes from an H4-type to
§ 5 g an H2-type hysteresis loop, indicating a transition in
% § g g % g E g % pore structure.

= > SScc oo o A similar trend is observed in the carbon materials
= ~ S derived from carbon deposits formed at 600 and 700
o) (\'.w g °C (26.4 and 36.4 wt%, respectively) using MgFeAl-
% §; ;. H HTs, e.g. C-MgFeAl-H-600-30 and C-MgFeAl-
5 g - S Bl ey H-700-30. Although these samples display comparable
g ” R total pore volumes (0.657 vs. 0.659 cm® g-') and exhibit
§ T’; E‘) similar mesopore shapes (H2-type hysteresis), they
g s @) differ slightly in mesopore volume (0.588 vs. 0.606
2 b _§ cm® g') and mesopore diameter (~ 2-13 nm vs. ~2-17
5 m?é n ¥ 28282 nm), both of which are greater in the sample obtained
s 2 at 700 °C.

& - g Further differences are evident when compar-
2 2 g Eé—" e £ ing another pair of carbon materials formed at 700
> T SSE|2T 2GS S|E °C using MgFeAl-H HTs and MgFeAl-VH HTs (36.4
2> o -é and 41.2 wt%, respectively), e.g. C-MgFeAl-H-700-30
'02 < § ém: Ny SagQ E and C-MgFeAl-VH-700-30. The latter shows signifi-
E Eo g =5 R E cantly enhanced textural parameters, including total
25| s ~ < pore volume (1.056 vs. 0.659 cm® g-!), mesopore vol-
2 § g £ s E ume (1.002 vs. 0.606 cm® g-'), and mesopore diam-
g E = (,,8(15/ § % § § 5 § Qg,- eter (~ 2-26 nm vs. ~2-17 nm). Additionally, a shift
;:i ;j o % in mesopore shape .is observed, from HZ—.to HB—Wpe
TC: % coooasg|d hyst'ere51s, suggesting further modification in pore
- caa28al3 architecture.

8 & 8RR E =18 We attribute the increased mesopore volume and
é 5 SR EEx g diameter in these carbon materials to the partial
w 2| o E E E E E Eo 72 removal of Fe from CNTs during acid washing. It is
= % g- O I likely that the size of Fe NPs, which catalyse CNT
Es|& Vo oooualE growth, increases not only with higher carbonization
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temperatures but also with higher Fe content in HTs.
Based on this, we infer that the CNTs in C-MgFeAl-
H-600-30 were formed with smaller Fe NPs than those
in C-MgFeAl-H-700-30, while CNTs in C-MgFeAl-
H-700-30 originated from smaller Fe NPs than those
in C-MgFeAl-VH-700-30.

Electrocatalytic characterization of the carbon
materials

The presence of structural imperfections and defects
induced by nitrogen incorporation into the carbon
framework plays a crucial role in the catalytic and
electrocatalytic properties of N-doped carbon mate-
rials [78]. Carbon atoms adjacent to nitrogen atoms
become active sites, facilitating processes such as the
adsorption of oxygen molecule [1, 79]. Therefore, we
aimed to investigate the potential of N-doped carbon
materials as electrocatalysts for ORR, which can fol-
low either a 2-electron or 4-electron pathway. Electro-
chemical behavior was evaluated using linear sweep
voltammetry (LSV) measurements with a rotating disc
electrode (RDE) made of glassy carbon (GC). Figure
S18a—e show the LSV curves recorded for GC elec-
trodes modified with the studied carbon materials,
immersed in a 0.1 M KOH electrolyte saturated with
oxygen. The plots reveal a two-step reaction mecha-
nism for the carbon materials, suggesting a significant
role for the 2-electron transfer process, leading to the
formation of hydroperoxide anions (HO,") as interme-
diates in alkaline electrolyte.

Figure 7a and b presents a comparison of polari-
zation curves obtained at a rotation rate of 1600 rpm
for GC electrodes modified with the carbon materials.
The potential at the onset of the polarization curves
allows for comparison of the ORR activity of the sam-
ples. The potentials corresponding to a current of
—0.10 mA are as follows: —0.18, - 0.16, —0.15, — 0.15,
and -0.13 V for C-MgFeAl-L-600-30, C-MgFeAl-
H-600-30, C-MgFeAl-L-700-30, C-MgFeAl-H-700-30,
and C-MgFeAl-VH-700-30, respectively. These values
show an incremental improvement in ORR activity for
the sample synthesized at 700 °C compared to those
prepared at 600 °C. A similar increase in activity and
selectivity towards ORR with increasing carboniza-
tion temperature (500, 600, and 700 °C) is reported for
N-doped carbon materials derived from pyrrole [80].

Furthermore, the kinetic currents (obtained between
-0.13 and - 0.15 V) emphasize that the samples pre-
pared at 700 °C are more active than those prepared
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Figure 7 The comparison between current—potential relations
recorded in the aqueous solution of O,-saturated 0.1 M KOH at
1600 rpm with a potential sweep rate of 5 mV s™! for the car-
bon materials: C-MgFeAl-L-600-30 and C-MgFeAl-L-700-30
(a), C-MgFeAl-H-600-30, C-MgFeAl-H-700-30 and C-MgFeAl-
VH-700-30 (b).

at 600 °C (Fig. S19a). Notably, C-MgFeAl-VH-700-30
exhibits the highest kinetic current among the studied
materials. This may be attributed to a greater num-
ber of accessible active sites for oxygen in this sam-
ple, owing to its higher pore volume (Vqgppr = 1.056
cm® g1, larger pore diameters (ranging from 2 to 26
nm), and the presence of macropores. Other studies
also report on the positive influence of increasing
mesopore diameters (22-50 nm) in mesoporous carbon
spheres used as supports for Fe-based electrocatalysts,
enhancing their ORR activity [81].

Figure 8a and b displays the Levich plots (i vs. ©'/?),
which illustrate the relationship between the meas-
ured limiting current (at a potential of —0.9 V) and
the square root of the rotation rate. The plots for the
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Table 6 The comparison . o
of the data obtained Sample ZOt/imgll (V vs. Elec;ron Tafel slope (mV dec™)
from the electrochemical g/AgCl) number . .
measurements in aqueous Low current region High
solution of O,-saturated cur.rent
0.1 M KOH for the carbon region
materials prepared at 600 and  ¢_MgFeAI-L-600-30 -0.18 1.92 - 111 - 199
700 °C via CCVD/CVD (30 C-MgFeAl-H-600-30 ~0.16 2.15 — 114 ~ 190
g‘“?) ”;‘tfh thel\c/["fgpi‘;nfs C-MgFeAl-L-700-30 ~0.15 234 ~97 ~ 161
erived rom VIFeA L C-MgFeAl-H-700-30 ~0.15 3.02 - 90 - 138

MgFeAl-H and MgFeAl-VH
HTs C-MgFeAl-VH-700-30 -0.13 2.93 - 116 —202

Pt/C-MgFeAl-VH-700-30 -0.11 3.20 - 9% - 205

Pt/XC-72 —0.05 3.18 -90 - 114

For comparison, the analogue results for Pt deposited on the carbon material labelled as C-MgFeAl-
VH-700-30 (5 wt% Pt/C-MgFeAl-VH-700-30) and the commercial catalyst labelled as Pt/XC-72 (20

wt% Pt/C) are also included

samples prepared at 700 °C using MgFeAl-H HTs and
MgFeAl-VH HTs lie between the theoretical lines for
2- and 4-electron reaction pathways. In contrast, the
plots for C-MgFeAl-L-600-30, C-MgFeAl-H-600-30,
and C-MgFeAl-L-700-30 align with the theoretical line
for a 2-electron reaction.

The number of electrons involved in ORR (n)
increases with higher synthesis temperatures and
higher Fe content in the HTs, with values of 1.92, 2.15,
2.34,2.93, and 3.02 (Table 6). Similar electron numbers
(n ~3) for ORR in alkaline media, oscillating between
2 and 4, is reported for various N-doped carbon

materials [80, 82-84]. Furthermore, the presence of oxi-
dized form of iron on the surface of the electrocatalysts
(revealed by CV) during ORR may be responsible for
mixed selectivity during ORR as previously reported
for Fe/AS in alkaline solution [32]. The synthesis of the
electrocatalysts with the application of CH;CN vapor
and MgFeAl HTs does not lead to more active and
selective ORR catalysts than those already reported
in the literature.

To assess the stability of the electrocatalysts,
two samples, C-MgFeAl-L-700-30 and C-MgFeAl-
H-700-30, were selected for continuous recording of 50
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LSV curves in O,-saturated 0.1 M KOH. The measure-
ments were taken between the open circuit potential
(~0V)and -1.2V at 1600 rpm, with a potential sweep
rate of 5mV s7, over a testing period of approximately
12,000 s. We conducted a similar evaluation for the
commercial catalyst, 20 wt% Pt/C, and published the
obtained data in our previous work [85]. The current
results demonstrate that both the onset potential (Fig.
S20a and b) and the number of electrons involved in
ORR (Fig. S21a and b) remain stable. Furthermore,
cyclic voltammograms (CV) recorded at a potential
between the hydrogen and oxygen evolution reaction
in the aqueous solution of O,-saturated 0.1 M KOH for
C-MgFeAl-L-700-30 and C-MgFeAl-H-700-30, before
and after stability test are shown in Fig. 520c and d,
additionally indicate the stability of these materials,
with a weaker response to Faradaic process related to
iron species as a result of iron dissolution. However,
thorough surface characterization after prolonged
operation is essential to confirm the long-term stability
of the carbon-based electrocatalysts. Carbon materials
undergoes degradation over time when subjected to
an applied voltage in alkaline medium. Carbon oxida-
tion to CO, and/or CO is a primary cause of corrosion,
ultimately leading to the degradation of carbon-based
electrodes. A range of techniques, such SEM coupled
with EDX, XPS and Raman spectroscopy, can be
employed to evaluate changes in the morphological
and physicochemical properties of the carbon materi-
als after extended use (e.g., during accelerated durabil-
ity test, ADT).

Tafel analysis was performed (Fig. 522) using data
from the polarization curves (Fig. S18a—f). The cor-
responding Tafel slopes for the low (- 0.10 to - 0.15
V) and high current regions (- 0.15 to - 0.25 V) are
summarized in Table 6. The Tafel slopes for the car-
bon materials prepared at 700 °C, namely C-MgFeAl-
L-700-30 and C-MgFeAl-H-700-30, are close to those
for 20 wt% Pt/XC-72 (- 90 and — 114 mV dec™") [85]. In
contrast, the Tafel slopes for the samples prepared at
600 °C, including C-MgFeAl-L-600-30 and C-MgFeAl-
H-600-30, as well as C-MgFeAl-VH-700-30, are higher
than those for the 700 °C samples. The reason for the
Tafel slopes of C-MgFeAl-VH-700-30 being more
similar to those of the 600 °C samples is not imme-
diately clear. It may be due to a comparable number
of active sites involved in ORR for both C-MgFeAl-
VH-700-30 and the samples synthesized at 600 °C.
Although the concentration of electrocatalytic sites
in C-MgFeAl-L-600-30 seems to be higher than in
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C-MgFeAl-VH-700-30, its lower pore volume and con-
ductivity may limit its activity. In contrast, C-MgFeAl-
VH-700-30, with fewer active sites, benefits from bet-
ter oxygen access due to its larger pore volume and
higher conductivity, facilitating 4-electron reduction
over 2-electron reduction.

Electrochemical measurements confirm that
C-MgFeAl-L-600-30 is the least active for ORR and
the least selective for 4-electron reduction (Table 6).
This sample has a high contribution of lamellar grains,
exposing many edge plane sites (Ip;/Ig=3.49) and a
high nitrogen concentration (N/C = 0.088). However,
access to electrocatalytic sites may be hindered by
the small contribution of mesopores (V .., = 0.197
cm® g ™), leading to a relatively low number of acces-
sible active sites. Additionally, the presence of thin
graphitic domains (Ip,/I=0.79) and a large amount
of amorphous carbon (Ips/I; = 0.85) could contribute
to its relatively low conductivity. Previous studies also
demonstrate that development of electrical conduc-
tivity as well as surface area result in improved ORR
activity [86, 87].

As the carbonization temperature increases and the
Fe concentration in Fe-containing HTs rises, the total
number of nitrogen atoms decreases (Fig. 57), and the
defect population is reduced (Table 3). Despite this,
the ORR activity of the studied samples improves, and
the number of electrons involved in ORR increases,
ranging between 2 and 4. The effects of the conden-
sation reactions promoting the transformation of
N-containing functional groups in the graphitic lattice,
along with the increased formation of carbon nano-
structures and higher Fe nanoparticle content are more
pronounced at 700 °C. The specific N-containing func-
tional groups (Fig. S8) and their distribution change,
affecting the overall ORR performance.

According to the publication by Sharifi et al. [1], the
condensation reaction induced by annealing N-doped
carbon materials can convert existing N-containing
functional groups, such as pyrrolic N, into N-Q,jjey
species and/or pyridinic N into both N-Q,,, and
N-Q_enter Species. The ORR on nitrogen edge defects
(e.g., pyrrolic-N, pyridinic-N, and N—Qvaney sites) pro-
ceeds predominantly through a 4-electron pathway.
In contrast, the reaction follows a 2-electron path-
way when occurring on bulk nitrogen defects, such
as N-Q_.ter Sites. Sharifi et al. also demonstrated that
annealing at temperatures between 500 and 1000 °C
leads to an increase in the total amount of quater-

nary N (N-Q), including both N-Qener and N-Q iy



species, with the increase being more pronounced for
N-Qyaiey- While our XPS measurements do not differ-
entiate between N-Q, e, and N-Q_ ¢, the observed
electrochemical response indicates an increase in the
number of electrons transferred with rising synthesis
temperatures. This suggests that the contribution of
N-Q,jiey likely increases under these conditions.

Two samples obtained at 700 °C using HTs with
either high or very high iron content can be classified
as the most active and selective for 4-electron reduc-
tion among the studied carbon materials (Table 6).
These samples contain relatively thick graphitic
domains (Ip,/Ig= 0.41 and 0.34, respectively) and
minimal amounts of amorphous carbon (Ip;/Ig=
0.35 and 0.40, respectively). As a result, their ability
to transfer electron (conductivity) is expected to be
superior to that of other samples, especially those pre-
pared at 600 °C. C-MgFeAl-H-700-30 and C-MgFeAl-
VH-700-30 exhibit a lower number of edge plane sites
(Ip1/Ig=2.19) (Table 3), likely due to the high popu-
lation of CNTs, accompanied by relatively low N/C
atomic ratios of 0.021 and 0.032, respectively (Table 4).
When compared to C-MgFeAl-H-700-30, C-MgFeAl-
VH-700-30 offers electrocatalytic sites responsible for
higher kinetic current. This could be due to better
access to the active sites in C-MgFeAl-VH-700-30, as it
has a higher mesopore volume (1.002 cm® g! vs. 0.606
cm?® g-!) (Table 5) and a broader mesopore diameter
range (2-26 nm vs. 2-17 nm).

Previous studies demonstrate that better electri-
cal conductivity and higher mesopore surface area
are critical for electron and mass transfer in fuel cell
[88]. Judging by the contribution of sp*-hybridized
graphitic carbon (determined by XPS), among both
samples, C-MgFeAl-H-700-30 possesses better elec-
trical conductivity than C-MgFeAl-VH-700-30.
Although C-MgFeAl-H-700-30 is more conductive
than C-MgFeAl-VH-700-30, its lower ORR activ-
ity may be attributed to other factors such as lower
mesopore volume.

Both samples also have a higher proportion of qua-
ternary N compared to the other studied samples,
which may account for the increased number of elec-
trons transferred (2.93 and 3.02 vs. 1.92, 2.15, 2.34).
An increased selectivity for 4-electron O, reduction
with a higher fraction of quaternary N is reported for
N-doped carbon materials prepared at 500, 600, and
700 °C using pyrrole [80].

Our previous research on N-doped carbon materi-
als obtained at 600, 700, and 800 °C using MgCoAl

HTs demonstrated that the increasing contribution of
CNTs with carbonization temperature in a series of
electrocatalysts (C-600, C-700, and C-800) could sup-
press their electrocatalytic performance [37]. How-
ever, in contrast to the previous results, the presence
of CNTs in the current study appears to be beneficial
for the ORR behavior of N-doped carbon materials
obtained at 600 and 700 °C using Fe-containing HTs.
According to the literature [89], the existence of CNTs
in ORR electrocatalysts may be helpful as they are sta-
ble against corrosion during ORR and maintain high
electrical conductivity.

According to the previous studies [90, 91], iron
encapsulated in CNTs can positively impact ORR
occurring on the surface of the CNTs. This effect is
likely to be amplified by the incorporation of nitro-
gen atoms into the carbon framework. Indeed, iron is
present inside the CNTs of the studied carbon materi-
als (Figs. S11 and 512). The surface concentration of
Fe, determined by XPS, is comparable across most of
the studied samples, ranging from 1.4 to 1.7 wt% (Fig.
S13a). Only C-MgFeAl-VH-700-30 has a higher surface
Fe content (3.2 wt%).

A comparison of the binding energies for the Fe’
component in the Fe 2p spectra (at 707.2 to 707.9 eV)
and the C-metal component in the C 1 s spectra (at
283.5-284.0 eV) reveals no shift in binding energy,
suggesting no significant interaction between iron and
the carbonaceous envelope. Furthermore, despite the
nitrogen concentration and, more importantly, the
contribution of nitrogen atoms located at the edges
or near the edges—identified as key for ORR [1]—no
clear correlation between activity/selectivity and the
population of N-containing species could be estab-
lished (Fig. S8).

Based on the observed potential values, the fol-
lowing order of ORR activity is seen: C-MgFeAl-L-
600-30<C-MgFeAl-H-600-30<C-MgFeAl-L-700-30,
C-MgFeAl-H-700-30<C-MgFeAl-VH-700-30, which
generally corresponds to the decreasing contribu-
tion of amorphous carbon (Ips/I; = 0.85, 0.61, 0.44,
0.40, 0.35) and the increasing thickness of the gra-
phitic domains (Ip,/I; = 0.79, 0.48, 0.41, 0.37, 0.34).
Therefore, we hypothesize that electrical conductiv-
ity plays a significant role in the electrocatalytic per-
formance of these materials, as previously empha-
sized by several studies [4, 66, 72, 86, 88]. However,
the contribution of sp>-hybridized graphitic carbon
(32.1,44.4, 41.9, 47.3 and 42.5%) does not increase lin-
early across the samples ranked by catalytic activity,
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indicating no straightforward correlation with elec-
trical conductivity. This suggests that other factors,
such as the nature and availability of active sites,
mesopore volume, and pore diameter, play critical
roles in determining performance.

We conclude that increasing synthesis tempera-
tures from 600 to 700 °C enhances ORR activity, as
evidenced by higher onset potentials and greater
kinetic currents. Elevated temperature facilitates
the formation of quaternary N, which increases
selectivity for the 4-electron ORR pathway. Among
the studied carbon materials, those prepared at
700 °C, i.e. C-MgFeAl-H-700-30 and C-MgFeAl-
VH-700-30, demonstrated the best ORR performance,
with C-MgFeAl-VH-700-30 exhibiting the highest
kinetic current. This superior performance can be
attributed to its larger pore volume, broader pore
diameter range, and enhanced oxygen accessibility.
Additionally, the presence of CNTs and thicker gra-
phitic domains in the carbon materials synthesized
at higher temperature may contribute to enhanced
electron transfer and improved ORR activity. Fur-
thermore, iron encapsulated within CNTs may posi-
tively impact on ORR activity.

Based on our experimental results, we propose that
iron plays multiple roles in the system: (a) metallic iron
formed during the CCVD process catalyzes the growth
of carbon nanostructures; (b) acid washing removes
not only Fe NPs that acted as catalysts but also other
Fe-containing species partially embedded in the car-
bon matrix. This dissolution process creates pores,
particularly when iron species are not fully encapsu-
lated within CNTs or the carbon deposit. We attrib-
ute the observed increase in mesopore volume and
diameter to the partial removal of Fe species during
this treatment; (c) iron species (metallic or oxidized)
exposed on the sample surface, and thus accessible to
the electrolyte, may participate in ORR under applied
voltage. This is supported by CV data and aligns with
previous reports of mixed ORR pathways (both 2-elec-
tron and 4-electron) facilitated by such iron species,
e.g. Fe,05 [32, 66, 72]; (d) metallic iron encapsulated
within carbon nanostructures, as revealed by electron
microscopy, appears to have limited interaction with
the surrounding carbon matrix (as indicated by XPS).
Although not active in ORR, these encapsulated iron
particles may improve the electrical conductivity of
the carbon material, which is beneficial; (e) we found
no evidence for the formation of nitrogen-coordinated
Fe centres (Fe-N-C), which are typically associated
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with high ORR activity. This observation is consistent
with previous findings reported for Ozkan’s catalysts.

We applied one of the studied carbon materials,
namely C-MgFeAl-VH-700-30, as a support for Pt
NPs. We decided to load a small amount of Pt (5 wt%)
as other authors recommended [34, 36]. The presence
of Pt crystallites in Pt/C-MgFeAl-VH-700-30 is con-
firmed by XRD (Fig. 523). Crystallite sizes for plane
(111), (200) and (220) estimated by Scherrer equation
are equal to 3.7, 5.5 and 12.1 nm, respectively. The con-
trast analysis of BSE images showing the distribution
of four elements, i.e. carbon, oxygen, iron and plati-
num, confirms the presence of Pt evenly distributed
on the grains of the carbon material (Fig. S24a and b).
The BSE images reveal that besides Pt phase homoge-
neously distributed on the carbon material, it can also
be perceived as the aggregates of Pt on C-MgFeAl-
VH-700-30 indicated by a distinct bright spot.

Spreading Pt particles on C-MgFeAl-VH-700-30
does not affect the textural properties (Table 5) and
pore size distribution of the support (Fig. 525), which
suggests that Pt particles may reside on the outer sur-
face of the support, between individual carbonaceous
grains and/or aggregated Pt particles may locate on
individual carbonaceous grains only partially block
the entrance to the mesopores within carbonaceous
grains.

The electrochemical measurements (Figs. S18f,
519b, S22, Table 6) reveal that Pt/C-MgFeAl-VH-700-30
is more active and more selective for 4-electron ORR
than Pt-free C-MgFeAl-VH-700-30 as it contains
additional active sites (Pt species). Even though the
deposition of Pt onto C-MgFeAl-VH-700-30 leads to
improved electrocatalytic properties, Pt/C-MgFeAl-
VH-700-30 does not surpass the commercial Pt-based
catalyst in terms of ORR activity.

Incorporation of the carbon materials
into PCL-based composite films

Further investigations into the utilization of the car-
bon materials as components in the preparation of
polymer-based composite films reveal that three
samples —C-MgFeAl-L-700-30, C-MgFeAl-H-700-30,
and C-MgFeAl-VH-700-30 —differently influence the
electrical and dielectric properties of PCL-based com-
posite films.

PCL itself is an insulator, with the electrical con-
ductivity of the pure PCL film measuring 2.88 x 1071°
S m™, a value consistent with previous reports [92].
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Figure 9 Dependence of the electrical conductivity (a) and
the dielectric constant (b) of PCL-based composite films on the
weight percentage (0, 2.4, 4.6 and 6.8 wt%) of the carbon mate-
rials (C-MgFeAl-L-700-30, C-MgFeAl-H-700-30, C-MgFeAl-
VH-700-30).

Preliminary experiments focused on preparing PCL-
based composite films with varying weight percent-
ages of the carbon materials (2.4, 4.6, and 6.8%) reveal
that the electrical conductivity of these composite films

Table 7 The electrical conductivity (calculated from measured
electrical resistance) of the composite membranes prepared with
PCL and various amounts (2.4, 4.6 and 6.8 wt%) of the carbon

increases with the amount of the carbon material incor-
porated. As shown in Fig. 9a and Table 7, the plot of
AC conductivity versus carbon material concentration
demonstrates that the percolation threshold occurs
at a loading of approximately 2.4 wt% of the carbon
material. Among the composite films, those prepared
with C-MgFeAl-H-700-30 exhibit higher conductivity
compared to those prepared with C-MgFeAl-L-700-30
or C-MgFeAl-VH-700-30. We assume that the electri-
cal properties of the PCL-based composites may be
associated with the degree of graphitization of the car-
bonaceous component and the presence of amorphous
carbon in the studied carbon materials. According to
the data achieved by Raman measurements (Table 3),
the extent of defects in the carbon materials follows
this order: C-MgFeAl-H-700-30 (0.61)<C-MgFeAl-
VH-700-30 (0.62)<C-MgFeAl-L-700-30 (0.63), while the
contribution of amorphous carbon follows the same
order: C-MgFeAl-H-700-30 (Ip,/Ig = 0.35)<C-MgFeAl-
VH-700-30 (Ips/I; = 0.40)<C-MgFeAl-L-700-30 (Ips/
I = 0.44). Furthermore, the contribution of graphitic
carbon (determined by XPS) increases from 41.9 via
42.5 up to 47.3% for C-MgFeAl-L-700-30, C-MgFeAl-
VH-700-30 and C-MgFeAl-H-700-30, respectively.
Besides intrinsic features, also other properties such
as the contribution of lamellar and tubular carbon par-
ticles plays a role. According to the literature [93-95],
the morphology of the fillers in the composite mate-
rials affect their global electrical/dielectric response.
Preliminary results demonstrate that the morphology
of the carbon particles influences the distribution of
the carbon component within the polymer matrix (Fig.

materials synthesized at 600, 700 and 800 °C using various HTs
(MgFeAl-L, MgFeAl-H, MgFeAl-VH, NiAl-L and NiAl-H)

Sample Carbon Electrical conduc- Carbon Electrical conduc- Carbon Electrical conduc-
material tivity (S m™) material tivity (S m™) material tivity (S m™)
(Wt%) (Wt%) (Wt%)
PCL+C-MgFeAl-L-700-30 2.4 7.88 £0.98 x 107 4.6 1.14 023 X107 6.8 1.32 +£0.28 x 107
PCL+C-MgFeAl-H-700-30 2.4 131 +036x107° 4.6 8.96 +0.61 x10° 6.8 9.89 +0.35 x 107
PCL+C-MgFeAl-VH-700-30 2.4 3.00+0.63 x10°° 4.6 3.04+037%x10° 6.8 8.35 +0.91 x 107
PCL+C-NiAl-H-600-30 2.4 3.74+£0.65 X107 4.6 2234021 x10* 6.8 1.77 £0.10 x 107*
PCL+C-NiAl-H-700-30 2.4 1.80 £0.63 x10™* 4.6 419 +£048 x10* - -
PCL+C-NijAl-H-800-30 2.4 3.71+0.74 x10™* 4.6 768 +1.22x10™%* - -
PCL+C-NiAl-L-600-30 2.4 1.03£0.13x10° 4.6 1.45+0.63 10" 6.8 1.90 +£0.59 x 107
PCL+C-NiAl-L-700-30 2.4 757 +1.00x107° 4.6 407 +0.76 x10* - -
PCL+C-NiAl-L-800-30 2.4 1.65+0.53 x10* 4.6 647 +1.7x10* - -
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S26a—c, S27a—c, S28a-f). The carbon materials domi-
nated by tubular carbon nanostructures seem to mix
more effectively with the polymer compared to those
primarily containing lamellar grains (Fig. S27a—c).

Figure S27a—c clearly illustrates that the carbon
material in PCL-based composite films prepared with
C-MgFeAl-L-700-30 is not evenly distributed, result-
ing in macroscopic aggregation of the carbon parti-
cles. Some aggregates are isolated by polymer coat-
ing preventing direct contact and thereby reducing
conductivity. In contrast, both C-MgFeAl-H-700-30
and C-MgFeAl-VH-700-30, which contain a compa-
rable proportion of plate-like particles to CNTs (Ip;/
I =2.19) and relatively more CNTs than C-MgFeAl-
L-700-30 (Ip,/Ig=2.37), therefore can be better blended
with the polymer (Fig. S28a—f).

C-MgFeAl-L-700-30 shows macroscopic aggre-
gation, whereas the carbon materials such as
C-MgFeAl-H-700-30 and C-MgFeAl-VH-700-30 dis-
tribute more uniformly within the matrix. Despite
certain similarities between C-MgFeAl-H-700-30 and
C-MgFeAl-VH-700-30, the electrical properties of
the corresponding composite films are different. We
assume that metallic iron particles trapped in CNTs
may contribute to the electrical conductivity of the
composite films. XRF analysis reveals a higher iron
content in C-MgFeAl-H-700-30 (4.1 wt%) compared
to C-MgFeAl-L-700-30 (2.6 wt%) and C-MgFeAl-
VH-700-30 (2.4 wt%). Thus, the electrical conductiv-
ity of the composite films may be influenced by the
concentration, distribution, and chemical composition
of iron species, which exist in both metallic and oxi-
dized forms.

The difference between electrical conductivity
of PCL+C-MgFeAl-H-700-30 and PCL+C-MgFeAl-
VH-700-30 determined for the same carbon additive
contents decreases with increasing quantity of the car-
bon material. It suggests that the formation a conduc-
tive network inside the polymer matrix by these two
carbon materials develops in different ways, with a
certain obstacle for C-MgFeAl-VH-700-30. The former
may exhibit better compatibility with PCL than the
latter or the studied carbon materials may contain the
carbon particles with different dimensions. Indeed,
other authors reported that spreading carbon additive
in the polymer matrix depends on its particle size dis-
tribution [95] and on aspect ratio (length-to-diameter
ratio) in the case of CNTs [96]. These are additional
variables, which have to be taken into consideration.
Perhaps not only a global distribution but also a local
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dispersion of the carbon particles may play a role. We
assume that C-MgFeAl-H-700-30 offers more charge
carriers than C-MgFeAl-VH-700-30, which is a conse-
quence of its composition (higher degree of graphiti-
zation, lower contribution of amorphous carbon) and
higher content of metallic nanoparticles incorporated
in CNTs. As a consequence, the highest conductivity
(0=9.89 x10° S m™!) for PCL-based composite films
is achieved for C-MgFeAl-H-700-30 at carbon additive
concentration of 6.8 wt%.

SEM images (Fig. S29a and b) illustrate the pres-
ence of spherulites on the top and bottom surfaces of
the pure PCL film, which are irregular in size and in
shape. The PCL spherulites on the top surface have
larger dimensions than those on the bottom surface
probably because during crystallization process the
top side of polymer solution being exposed to air had
lower content of nucleation seeds (only internal one),
whereas the bottom side of polymer solution being in
contact with a glass surface (Petri dish) had a greater
number of nucleation seeds (internal and external
ones).

XRD patterns of PCL and PCL-based composite
films (Fig. S30a—e) exhibit two broad reflections with
peaks at 20 ~21.4° and ~ 23.7-23.8°, as well as a shoul-
der at 20 ~22.0-22.1°, corresponding to the (110), (200),
and (111) diffraction planes of semi-crystalline PCL
structure, respectively [97-101]. The intensity of the
reflections characteristic of PCL gradually decreases
in PCL-based composite films with increasing amount
of the carbon materials, indicating a loss of crystal-
linity. This effect may be attributed to decreased con-
centration of PCL crystallites. Similar observations are
reported for other PCL-based composites, i.e. contain-
ing various amounts of nanofibrillated chitosan (2.5,
5 and 10 wt%) [98] or grapefruit seed extract (GSE) (1,
3 and 5 wt%) [99] or graphene quantum dot (GQD)
or a mixture (1:1) GQD and hydroxypropyl cellulose
(HPC) [100]. In addition, the XRD data (Table S3) con-
firm a slight reduction in size of PCL crystallites with
the presence of the carbon particles within the poly-
mer matrix. The most pronounced effects are observed
for PCL-based composites with the highest loading of
the carbon materials (6.8 wt%), indicating high dis-
tribution and perhaps high dispersion of the carbon
particles.

According to the literature [102], the addition
of montmorillonite (MMT) (2.5, 4.6 and 8.1 wt%)
to polypropylene (PP) in PP/MMT composites
affected nucleation during crystallization of PP. The



Table 8 The dielectric constant (calculated from measured elec-
trical capacitance) of the composite membranes prepared with
PCL and various amounts (2.4, 4.6 and 6.8 wt%) of the carbon

materials synthesized at 600, 700 and 800 °C using various HTs
(MgFeAl-L, MgFeAl-H, MgFeAl-VH, NiAl-L and NiAl-H)

Sample Carbon Dielectric constant Carbon Dielectric constant Carbon Dielectric constant
material material material
(Wt%) (Wt%) (Wt%)
PCL+C-MgFeAl-L-700-30 2.4 292 +0.13 4.6 7.11 £0.18 6.8 6.44 +0.14
PCL+C-MgFeAl-H-700-30 2.4 9.14 +0.33 4.6 6.18 +£0.10 6.8 5.74 £0.25
PCL+C-MgFeAl-VH-700-30 2.4 5.38 £0.44 4.6 6.41 +0.99 6.8 8.08 +£0.40
PCL+C-NiAl-H-600-30 24 5.95 +£0.79 4.6 6.61 £0.58 6.8 7.87 £0.62
PCL+C-NiAl-H-700-30 2.4 7.79 £2.11 4.6 5.01 +1.07 - -
PCL + C-NiAl-H-800-30 2.4 8.84 +£1.63 4.6 444 +£0.84 - -
PCL+C-NiAI-L-600-30 2.4 9.76 +0.65 4.6 9.11 £0.96 6.8 5.31+0.61
PCL+C-NiAl-L-700-30 2.4 7.80 £0.97 4.6 3.94 +£0.54 - -
PCL+C-NiAI-L-800-30 24 8.78 +0.61 4.6 524 +0.12 - -

crystallinity of PP in PP/MMT composites decreased
with the increase in MMT content, indicating that the
MMT layers dispersed in the PP matrices confined
the PP chains and hindered the crystallization of the
PP chains.

Based on the information prevailing in the litera-
ture, we assume that the carbon particles introduced
into PCL solution constitute the nucleation centres,
and consequently the growth of crystalline PCL in
the studied PCL-based composites is suppressed by
the presence of the carbon additive. Better blending
of tubular carbon particles than plate-like carbon par-
ticles with PCL chains can more disturb PCL crystal-
lization process. Indeed, significant changes in the
surface morphology of PCL-based films are observed
for PCL+C-MgFeAl-L-700-30 (SEM Fig. S31a—c) but
especially for PCL+C-MgFeAl-VH-700-30 (Fig. S32a—c)
compared to pure PCL. The authors reported that the
spherulitic structure of PCL gradually disappeared
for PCL-based composite containing 0.5 wt% CNTs or
CNFs with the increasing number of the heterogenous
nucleation seeds for the crystallization [46].

Figure 9b and Table 8 show the dielectric constants
of PCL-based composite films as a function of carbon
material loading. When a small amount (2.4 wt%) of
carbon material is spread in the PCL matrix, numerous
capacitors in the composites are formed, leading to an
increase in dielectric constant (¢ =2.92, 5.38, 9.14) com-
pared to that of pure PCL (e = 1.92). The same quantity
of various carbon materials leads to different dielectric
properties as the contribution of lamellar and tubular
carbon particles varies in each sample and therefore

the aggregates of the carbon materials in the polymer
matrix occupy different volume fractions.

Even though digital images (Figs. 527a, S28a, d)
illustrate that the carbon additive is more distrib-
uted in PCL+C-MgFeAl-VH-700-30 (2.4 wt%) than
in PCL+C-MgFeAl-L-700-30 (2.4 wt%) and PCL+C-
MgFeAl-H-700-30 (2.4 wt%), the highest value of
dielectric constant (e =9.14) is observed for PCL+C-
MgFeAl-H-700-30 (2.4 wt%). It suggests that more
interfaces are formed between the aggregates of
C-MgFeAl-H-700-30 and the polymer matrix than
in the case of other carbon materials, i.e. C-MgFeAl-
L-700-30 and C-MgFeAl-VH-700-30. Knowing that the
proportion of lamellar to tubular carbon particles is
comparable for C-MgFeAl-H-700-30 and C-MgFeAl-
VH-700-30, CNTs existing in both samples may differ
in aspect ratio, which seems to be higher for the former
compared to the latter.

As the carbon material content increases to 4.6 wt%,
the dielectric constant rises progressively in the case
of PCL-based composite fims with C-MgFeAl-L-700-30
(2.92 — 7.11) and C-MgFeAl-VH-700-30 (5.38 — 6.41),
whereas it decreases for the PCL-based composite film
with C-MgFeAl-H-700-30 (9.14 — 6.18).

The distribution of the carbon additive in the vol-
ume of the matrix in PCL+C-MgFeAl-VH-700-30 (4.6
wt%) and PCL+C-MgFeAl-H-700-30 (4.6 wt%) may
be comparable as seen with the naked eye (Fig. S27b,
528b, e). Moreover, these two composites have a simi-
lar value of dielectric constant (6.41 vs. 6.18), which
suggests that the contribution of interfaces between
the aggregates of either C-MgFeAl-VH-700-30 or
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C-MgFeAl-H-700-30 and the PCL matrix may be also
comparable. However, in the case of PCL+C-MgFeAl-
H-700-30 (4.6 wt%) its dielectric properties are reduced
compared to PCL+C-MgFeAl-H-700-30 (2.4 wt%). The
value of € decreases due to the formation of a con-
ductive network and resultant leakage current within
the composite, as observed in earlier studies [103].
According to the Fig. 9a, the conductivity of PCL+C-
MgFeAl-H-700-30 (4.6 wt%) is distinctly higher than
that of PCL+C-MgFeAl-VH-700-30 (4.6 wt%), there-
fore we assume that C-MgFeAI-H-700-30 compared
to C-MgFeAl-VH-700-30 offers more charge carriers
and/or it forms a more connected conductive network.
It may be also associated with the presence of high-
aspect-ratio CNTs in C-MgFeAl-H-700-30 compared
to CNTs existing in C-MgFeAl-VH-700-30.

At a loading of 6.8 wt%, the dielectric constant
increases only for PCL+MgFeAl-VH-700-30 system
(6.41 — 8.08), while it decreases for the others, such
as PCL+C-MgFeAl-L-700-30 (7.11 — 6.44) and PCL+C-
MgFeAl-H-700-30 (6.18 — 5.74). As seen with the
naked eye (Figs. 527c, S28c and e), the carbon additive
is only poorly distributed in PCL+C-MgFeAl-L-700-30
(6.8 wt%), whereas it is more uniformly blended
with PCL in PCL+C-MgFeAl-H-700-30 (6.8 wt%) and
PCL+C-MgFeAl-VH-700-30 (6.8 wt%). We assume
that in the case of C-MgFeAl-VH-700-30, the carbon
additive (6.8 wt%) is relatively highly distributed but
its dispersion may be relatively poor, and the carbon
particles still exist in small aggregates, which main-
tain the dielectric properties. In the case of other PCL-
based composite films with high loading (6.8 wt%), the
carbon material may be either highly distributed and
highly dispersed in the case of C-MgFeAl-H-700-30 or
poorly distributed and poorly dispersed in the case of
C-MgFeAl-L-700-30.

The highest dielectric constant (e =9.14) for PCL-
based composite films is achieved for C-MgFeAl-
H-700-30, which facilitates the highest number of
interfaces between the carbon particles and PCL
matrix even at relatively low carbon additive concen-
tration, i.e. 2.4 wt%.

The quality and quantity of the carbon materials
significantly affect the electrical and dielectric proper-
ties of the composite films (Tables 7 and 8). Features
such as the degree of graphitization, the contribution
of amorphous carbon, the content of metallic nano-
particles encapsulated in CNTs, the morphology of
carbon grains (aggregates of plate-like particles,
tubular nanostructures), non-uniform particle size
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distribution, CNTs with different aspect ratios, and
consequently volume fraction & aggregation effect
are decisive factors. To support preliminary observa-
tions and our assumptions, we proceeded to prepare
anew set of the composite films with the carbon mate-
rials characterized by varying contributions of CNTs
and different nickel contents. These carbon materials
were synthesized at temperatures of 600, 700, and 800
°C using CH;CN in the presence of the compounds
derived from NiAl HTs with varying Ni/Al atomic
ratios (2 or 3), denoted as low (L) and high (H). The
synthesis of these carbon materials was described in
a previous study [8]. The CCVD experiments were
carried out for 30 min. Immediately after synthesis,
the as-received samples, consisting of carbon depos-
its and metals/metal oxides, were treated with acid
to remove the majority of inorganic compounds and
extract the carbon component. According to elemental
analysis (EA), the carbon content in the acid-treated
samples ranges from 75 to 86 wt% (Table 54). XRD
(Figs. S33a and b, S34a—c, S35a—c) and XPS (Table S5)
analyses confirm that the inorganic compounds in
the acid-treated samples include metallic nickel cov-
ered with nickel oxide, nickel-aluminum oxide, and
alumina. The acid-treated samples primarily contain
CNTs, which exhibit a spaghetti-like appearance (Fig.
S36a and b). Raman spectroscopy reveals that the ratio
of edge planes to basal planes (Ip;/I¢) in the carbon
materials decreases with increasing carbonization tem-
perature. Specifically, the I, /I; values decrease from
2.29 or 2.65 for samples prepared at 600 °C to 1.65 or
1.64 for those prepared at 700 °C, and further to 1.32
or 1.18 for samples prepared at 800 °C (Table S6). This
trend suggests that the proportion of CNTs increases
with higher carbonization temperatures.

Initially, three composite films were fabricated
using C-NiAl-H-600-30 at 2.4, 4.6, and 6.8 wt% of the
carbon material. The film with the highest carbon con-
tent (6.8 wt%) exhibited lower electrical conductivity
than the one prepared with 4.6 wt% (1.77 x 10 vs. 2.23
x 10 S m). This result indicates that a higher carbon
content caused issues with the suspension’s density
and the blending of the components, particularly the
integration of the carbon material into the polymer
matrix. To avoid difficulties with the non-quantitative
transfer of the suspension, leading to material loss, we
decided to continue the preparation of the composite
films with 2.4 and 4.6 wt% of carbon material, which
allowed for more consistent and reliable results.
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Figure 10 The linear dependence of the electrical conductivity
of PCL-based composite films on the weight percentage (0, 2.4
and 4.6 wt%) of the carbon materials: C-NiAl-L-600-30, C-NiAl-
L-700-30, C-NiAl-L-800-30 (a), C-NiAl-H-600-30, C-NiAl-
H-700, C-NiAl-H-800 (b).

As shown in Fig. S37a and b and Table 7, the elec-
trical conductivity of the composite films increases
with the amount of the carbon material added as
seen before for the composite films prepared with the
carbon materials obtained with Fe-containing HTs.
Moreover, Fig. 10a and b reveals a linear relationship
between the conductivity of the composite films and
the weight percentage of the carbon materials synthe-
sized at 600, 700, and 800 °C. This indicates that con-
ductivity increases with higher CCVD temperatures,
likely due to the development of graphitic domains
and the reduction of amorphous carbon contribution
in the carbon component. Indeed, the contribution of
sp>-hybridized graphitic carbon (determined by XPS)
increases from 35.6 via 37.9 up to 41.5% for C-NiAl-
H-600-30, C-NiAI-H-700-30 and C-NiAl-H-800-30,
respectively. Note that the electrical conductivity of
the composite films prepared with the carbon materi-
als obtained with NiAl-L HTs (Fig. 10a) deviates more
from a linear dependence on the carbon additive con-
tent than that of the composite films prepared with the

carbon materials obtained with NiAl-H HTs (Fig. 10b).
This effect is especially pronounced for the composite
films prepared with C-NiAl-L-600-30. Furthermore,
it is also noticeable for the composite films prepared
with C-NiAl-H-600-30. A slightly weaker correlation
may be affected by the contribution of graphitic car-
bon (36.5, 41.8 and 36.4%, estimated by XPS), which
does not increase linearly across the carbon materials
obtained with NiAl-L HTs at increasing temperatures
(600, 700 and 800 °C). Perhaps the intrinsic properties
of the carbon materials (determined by Raman and
XPS spectroscopy) play in some cases a less signifi-
cant role in determining the electrical properties of the
composite films.

Figure S38a—c shows that as the contribution of
plate-like carbon particles decreases in the carbon
materials obtained with NiAl-L HTs at higher CCVD
temperatures, the composite films become less trans-
parent, which is attributed to better distribution of car-
bon particles in the polymer matrix. The same trend
is observed in Fig. S39a—c for the composite films pre-
pared with the carbon materials obtained with NiAl-
H HTs. The reduced population of lamellar grains in
the carbon materials synthesized at 700 and 800 °C,
coupled with a better distribution of the carbon parti-
cles in the PCL matrix, leads to the modification of the
surface of the composite film with CNTs, as shown in
the SEM images (Fig. S40a—d) for PCL-based compos-
ites containing 4.6 wt% of the carbon materials. Other
authors also reported on SEM images illustrating the
presence of tubular carbon nanostructures on the
surface of PCL containing (5 wt%) highly dispersed
MWCNTs [104].

The highest electrical conductivity, 7.68 x 10 Sm-!,
is achieved for the composite film prepared with the
carbon material obtained at 800 °C with NiAl-H HTs.
This material exhibits a high contribution of CNTs (I;/
I =0.18), alow contribution of amorphous carbon (I3/
Ig=0.11), and large graphitic domains (Ip,/I;= 0.15).
It is also possible that Ni nanoparticles encapsulated
in CNTs contribute to the electrical conductivity of the
composite film. The Ni content in C-NiAl-H-800-30 is
0.9 wt% (Table S5). However, upon closer inspection
of the data (Table 7 and Table S5), no direct correlation
can be found between the electrical conductivity of the
composite films and the Ni concentration, as deter-
mined by XPS, in the corresponding carbon materi-
als. The surface concentration of nickel decreases with
increasing CCVD temperature, from 3.6 wt% at 600
°C to 1.9 wt% at 800 °C for the samples obtained with

@ Springer



Figure 11 The dielectric (a) 12
constant of PCL-based 2.4 wt. %
composite films as a function ’ ’ &
of the weight percentage (0, 10 { B4.6wt. %
2.4, 4.6 and 6.8 wt%) of the ‘g m6.8wt. %
carbon materials: C-NiAl- % 8 4
L-600-30, C-NiAl-L-700-30, g
C-NiAI-L-800-30 (a), Q
C-NiAI-H-600-30, C-NiAl- L 61
H-700, C-NiAl-H-800 (b). ©
(Y]
@ 47
(]
9 1.92
0 i 4
PCL PCL + PCL + PCL +
C-NiAl-L-600-30 C-NiAl-L-700-30  C-NiAl-L-800-30
(b) 12
24 wt. %
10 { ®4.6wt. %
Y= m6.8 wt. % 8.84
s b
» 8 4
=
O
Q
L 6
-
&
s 47
(]
1.92
2 -
0
PCL PCL + PCL + PCL +

NiAl-L HTs, and from 4.2 wt% at 600 °C to 0.9 wt%
at 800 °C for the samples obtained with NiAl-H HTs,
as shown in Fig. S41a. This trend contrasts with the
observed effect of CCVD temperature on the electrical
conductivity of the composite films. The bulk nickel
concentration, measured by XRF (Fig. S41b), is higher
than the surface nickel content determined by XPS,
ranging from 3.6 to 8.0 wt% compared to the surface
levels of 0.9 to 4.2 wt%. However, this does not sug-
gest that the presence of nickel is a determining fac-
tor for the conductivity. It looks as the carbon com-
ponent plays a more significant role in the electrical
conductivity of the composite films than the presence
of nickel species, due to its higher abundance.
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The results presented in Fig. 11a and Table 8 dem-
onstrate a four- to five-fold increase in the dielectric
constant of pure PCL films after incorporating 2.4 wt%
of the carbon materials synthesized at 600, 700, and
800 °C with NiAl-L HTs into the PCL matrix (¢ =9.76,
7.80, 8.78). This shows that a small amount of each
carbon material causes a more or less similar effect due
to the formation of microcapacitor networks. Further
increase in the loading of the carbon materials up to
4.6 wt% leads to a decrease in the dielectric constant
values (€=9.76 — 9.11, 7.80 — 3.94, 8.78 — 5.24), likely
due to higher distribution of carbon additive in the
PCL matrix and the formation of a conductive net-
work. No general trend is observed in the dielectric



constant values for the composite films prepared with
the same carbon loading but using materials synthe-
sized at different temperatures, even though Raman
spectroscopy reveals variations in the proportion of
lamellar to tubular grains with respect to CCVD tem-
perature. Certainly other features of the carbon materi-
als, apart from those revealed by Raman spectroscopy,
have more significant influence on the global dielec-
tric response of the composite films. Perhaps, CNTs
in C-NiAl-L-600-30 may have higher aspect ratio than
those in C-NiAI-L-700-30 and C-NiAl-L-800-30, and
therefore the highest dielectric constant (¢ =9.76) can
be achieved for PCL-based composite film containing
C-NiAl-L-600-30 at relatively low concentration, i.e.
2.4 wt%.

Figure 11b and Table 8 show the development of
dielectric constants for the composite films prepared
with the carbon materials obtained with NiAl-H
HTs. A gradual increase in the dielectric constant is
observed, rising from 5.95 to 7.79 to 8.84 for the films
prepared with 2.4 wt% of the carbon materials synthe-
sized at 600, 700, and 800 °C, respectively. The same
amount of various carbon materials has different
impacts on the dielectric properties of the composite
films as they show varying proportion of grains with
different morphology. Increase in the contribution of
tubular nanostructures (as revealed by Raman), leads
to increased degree of dispersion/distribution of the
carbon grains, and consequently increased interfacial
contact area between the carbon grains and the poly-
mer matrix.

Further increase in the loading of the carbon materi-
als up to 4.6 wt% leads to either an increase (¢ =5.85
— 6.61) or a decrease in the dielectric constant values (e
=7.79 —5.01, 8.84 — 4.44). Figures S38a—c and S539a-c
illustrate that the distribution of the carbon materials
prepared at 700 and 800 °C within the PCL matrix is
higher than that for the carbon additive prepared at
600 °C. We assume that in the case of PCL+C-NiAl-
H-700-30 (4.6 wt%) and PCL+C-NiAl-H-800-30 (4.6
wt%) their dielectric properties become suppressed
probably due to the formation of more connected con-
ductive network. On the other hand, the introduction
of C-NiAI-H-600-30 (4.6 wt%) into the PCL matrix still
allows to develop microcapacitance structures. There-
fore we assume that CNTs in C-NiAI-H-600-30 may
be characterized by lower aspect ratio than CNTs in
C-NiAl-H-700-30 and C-NiAl-H-800-30.

Both C-NiAl-L-600-30 and C-NiAl-H-600-30
exhibit relatively high values of I,;/Ig, 2.29 and 2.65,

respectively. These results suggest that the popula-
tion of plate-like carbon particles may be slightly
lower in C-NiAl-L-600-30 than in C-NiAl-H-600-30.
Upon incorporating a small amount (2.4 wt%) of the
carbon materials into the PCL matrix, the dielectric
constant increases from 1.92 (for pure PCL film) to 9.76
for C-NiAl-L-600-30 and to 5.95 for C-NiAl-H-600-30.
Further increasing the carbon content to 4.6 wt%
leads to either a decrease in the dielectric constant
(9.76 — 9.11) for C-NiAl-L-600-30, or an increase (5.95
— 6.61) for C-NiAl-H-600-30. These observations sug-
gest that the proportion of tubular grains, which blend
more easily with the polymer matrix than plate-like
carbon materials, may be larger in C-NiAl-L-600-30
than in C-NiAl-H-600-30. To test this hypothesis, we
prepared the composite films containing 6.8 wt% of
C-NiAl-L-600-30 and C-NiAl-H-600-30, which show
dielectric constants of 5.31 and 7.87, respectively, con-
firming that the carbon particles form a network of
contacts in the former case. Figure S42a—c illustrate
that the optical transparency of the composite films
prepared with C-NiAl-L-600-30 gradually decreases
and is eventually lost as the carbon content increases
(2.4, 4.6, and 6.8 wt%). In contrast, Fig. S43a—c dem-
onstrates that composite films prepared with C-NiAl-
H-600-30 retain partial transparency across the entire
range of carbon contents, showing the presence of a
macroscopic network of black spots, indicative of a
less uniform distribution of the carbon material in
the polymer matrix. Thus, C-NiAl-L-600-30 contain-
ing more CNTs than C-NiAl-H-600-30 can be better
distributed in PCL matrix. Furthermore, we assume
that CNTs in the former may have higher aspect ratio
than those in the latter. Therefore the highest dielectric
constant (e =9.76) for PCL-based composite films pre-
pared with the carbon materials obtained with NiAl
HTs is achieved for C-NiAI-L-600-30, which facilitates
the highest population of interfaces between the car-
bon particles and the PCL matrix at relatively low car-
bon additive concentration, i.e. 2.4 wt%. This effect is
similar to that observed for C-MgFeAl-H-700-30.
According to Rietveld analysis of the XRD patterns
of the samples received just after CCVD experiments
prepared with NiAl-L HTs at 600, 700 and 800 -C [8],
the mean diameter of Ni crystallites is 9, 11 and 18 nm,
respectively, whereas for those prepared with NiAl-
H HTs at 600, 700 and 800 °C, the mean diameter of
Ni crystallites is 14, 16 and 24 nm, respectively. The
size of Ni crystallites increases with increasing Ni/Al
atomic ratio and CCVD temperatures. The difference
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between the values of Ni crystallite diameter for the
samples prepared with NiAl-L HTs and NiAl-H HTs
at the same temperatures (9 nm vs. 14 nm, 11 nm vs.
16 nm, 18 nm vs. 24 nm) is the most striking for the
pair of samples prepared at 600 °C and decreases with
increasing CCVD temperatures. These changes in the
diameter of Ni crystallites existing in the as-received
samples monitored by XRD could reflect in the size
of Ni NPs being involved in the growth of CNTs. As
the size of the catalyst (Ni) determines the diameter
of CNTs, we may expect that the average diameter
of CNTs increases not only with rising carbonization
temperature but also with increasing Ni content in
HTs. From this we can deduce that CNTs in C-NiAl-
L-600-30 were formed with smaller Ni NPs than those
in C-NiAl-H-600-30, therefore the former should have
higher aspect ratio than the latter as they have smaller
diameters. Similarly, CNTs in C-MgFeAl-H-700-30
probably were formed with smaller Fe NPs than those
in C-MgFeAl-VH-700-30, for the same reason the for-
mer should have higher aspect ratio than the latter.
Experimental data (dependence of dielectric constant
values on carbon additive content in the composite
films) are consistent with this assumption.

Extent of carbon additive distribution in the PCL-
based composites has an influence on the contribution
of crystalline PCL, as mentioned above for PCL-based
composites prepared with the carbon materials syn-
thesized with Fe-containing HTs. Figure S30d—e show
XRD patterns recoded for two series of PCL-based
films prepared with either C-NiAl-L-600-30 or C-NiAl-
H-600-30 using various concentrations: 2.4, 4.6 and 6.8
wt% of carbon additive. The intensity of XRD reflec-
tion characteristic of semi-crystalline PCL is more sup-
pressed by the introduction of C-NiAl-L-600-30 into
PCL matrix than by C-NiAl-H-600-30. This observa-
tion is especially pronounced for the PCL-based com-
posites with the highest concentration of the carbon
material (6.8 wt%), which indicates distinct effects of
high distribution/high dispersion of the carbon parti-
cles in the polymer matrix.

For composite films prepared with the carbon
materials where the population of plate-like carbon
particles is comparable (Ip;/Ig= 1.65 for C-NiAl-
L-700-30 and I /I = 1.64 for C-NiAl-H-700-30), the
dielectric constants are nearly identical, with values
of 7.80 and 7.79 for 2.4 wt% loading, and 3.94 and
5.01 for 4.6 wt% loading, respectively. A similar trend
is observed for the composite films prepared with
C-NiAl-L-800-30 and C-NiAl-H-800-30 (Ip;/I;=1.32
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and 1.18, respectively), showing dielectric constants of
8.78 and 8.84 for 2.4 wt% loading, and 5.24 and 4.44 for
4.6 wt% loading. These results clearly indicate that the
proportion of lamellar to tubular carbon grains in the
carbon materials synthesized at the same temperature
(700 or 800 °C) but using different NiAl HTs (L or H) is
similar. Furthermore, CNTs in both carbon materials
may have similar aspect ratios.

Metal contaminants in CNTs can increase toxicity
by inducing cell death through mitochondrial dam-
age and oxidative stress [105]. Given the presence of
residual metals in the carbon materials, it is crucial to
conduct appropriate biocompatibility tests, to ensure
that PCL-based composite films are safe for short-
term and non-invasive contact with human tissues.
Additionally, these composites could be employed in
contact-based, indirect applications, where electrical
conductivity is beneficial but tissue exposure remains
controllable. For instance, a layer of PCL/CNTs com-
posite could serve as the electroactive component in
flexible electronics in biomedical applications. The
studied PCL-based composites exhibit a relatively low
dielectric constant (< 10), which limits their suitability
in some physical sensors, which require materials with
a high dielectric constant [106].

Next, we examined whether the presence of CNTs
near the surface of the composite film affects the sur-
face properties of the PCL-based composite films or
not. The water contact angle (WCA) for the top and
bottom sides of the pure PCL film is 88.6 +4.5° and
82.0 £4.1°, respectively, indicating the hydrophilic
nature of the polymer (WCA <90°). Figure S44a—c,
S45a and b, and S46a and b show the contact angles
for both surfaces (top and bottom) of the composite
films as a function of the carbon material content. For
a small amount of carbon material (2.4 wt%), the con-
tact angle for the top side ranges from 81.7 to 94.4°,
and for the bottom side from 66.9 to 83.1° (Table S7).
For a larger amount (4.6 wt%), the contact angle for
the top surface is between 80.1 and 90.3°, and for the
bottom surface between 67.5 and 80.4° (Table S7). The
hydrophilic properties of the PCL-based composite
films are largely retained, as the films are predomi-
nantly composed of polymer. Furthermore, FT-IR
spectra recorded for the composite films for both
sides: top (Figs. S47a, S48a) and bottom (Figs. S47b,
548b), show only spectroscopic response characteris-
tic of PCL [107] because PCL is the major component,
whereas the carbon additive exists on the surface in
small quantities. It demonstrates that the population



of the carbon particles on both surfaces is insignificant.
Thus the surface properties of the composite films are
dominated by the polymer characteristics. However,
the carbon additive itself has a potential for reducing
the water contact angle as the carbon materials con-
tain functional groups (O-, N-, Cl-containing). Such
an impact is reported for MWCNTs/polysulfone (PSf)
blend films [108]. Other authors [109], explained the
reduction in WCA measured for MWCNTs/PCL com-
posites by the presence of oxygen-containing species,
such as hydroxyl and carboxylic groups, on the MWC-
NTs surface that protrude from the composite or by
changes in surface roughness.

Experimental results indicates a slight enhancement
of the hydrophilic properties on the bottom side of the
composite film in comparison to the top one, which
can be noticed even for pure PCL film. The possible
explanation for such an observation is that the crystal-
lization process of PCL may be affected by the contact
of the polymer solution with the glass surface (Petri
dish) being an additional source of nucleation seeds.
As a result, the contributions of crystalline phase of
PCL and its amorphous form on the surface of PCL-
based film change depending on the side, which is also
reflected in morphology (Fig. 529a and b) and topogra-
phy (Fig. 12a and b). Furthermore, the introduction of
the carbon additive enhances this effect as the carbon
materials, especially tubular carbon nanostructures
(which can be more easily blended with PCL than
plate-like carbon particles) disturbs the crystalliza-
tion process of PCL (as evidenced by XRD) leading to
reduced population of PCL crystallites. This phenome-
non is more likely on the bottom side of the composite
films due to the sedimentation of the carbon material
during film formation, enriching the bottom side with
carbon additive relative to the top and influencing the
proportion of crystalline PCL phase to its amorphous
form. We assume that increasing amount of the car-
bon materials in the composite films is responsible for
increasing exposure of amorphous PCL phase on both
sides but especially on the bottom one.

Some authors report that pure PCL film can be char-
acterized by WCA of 93 +5° and therefore it is con-
sidered to be hydrophobic as WCA >90° [110]. Using
such criterion, top surfaces of PCL+C-NiAl-L-700-30
(2.4 wt%) and PCL+C-NiAl-H-700-30 (2.4 wt%) show
somewhat hydrophobic properties, but such results
are only exceptions.

Figure 12a—f show three-dimensional (3D) AFM
images of the top and bottom surfaces of pure PCL

and PCL-based composite films, along with the cor-
responding surface roughness (RMS) values. The 3D
images reveal that the topography of the top surface
of pure PCL films is varied, with extensive smooth
areas with the RMS value of 182 nm, and boundaries
between these flat regions, and larger voids resem-
bling triangular holes (Fig. S49a and b). The bottom
surface of the pure PCL film is smoother, with the
RMS value of 44 nm, as confirmed by SEM images
(Fig. S49c—d), indicating more uniformity due to the
pressure exerted by the film’s contact with the glass
surface of the Petri dish during formation. Thus, the
bottom surface of the PCL-based film can be deformed
under compression. Furthermore, the PCL spherulites
on the top surface have larger dimensions than those
on the bottom probably because during PCL crystal-
lization process, polymer exposed to the air has less
nucleation seeds (only internal) than PCL exposed to
the glass (both internal and external).

The addition of a small amount of carbon material
(2.4 wt%) does not significantly alter the topographi-
cal properties of the film, as RMS values remain simi-
lar. However, SEM images (Fig. S50a—d) show that a
small addition of the carbon material affects the mor-
phology of the top surface, making it less diverse and
reducing the size and contribution of the holes. With
a higher carbon material content (4.6 wt%), the topo-
graphical features of both surfaces change, as RMS
values decrease for the top surface and increase for
the bottom. As a result, the difference between the two
surfaces becomes smaller (88 nm vs. 140 nm). SEM
images (Fig. S51a—d) show that the topography of both
surfaces becomes more similar with the addition of
the carbon material. It happens like that as the carbon
additive (C-NiAl-H-800-30) disturbs crystallization
process of PCL and as a consequence a lower num-
ber of PCL crystallites is formed as evidenced by XRD
(Fig. S52a). A similar decrease in the intensity of XRD
reflections characteristic of PCL after blending PCL
with the carbon material can be seen for the analogue
set of films prepared with C-NiAl-L-800-30 (Fig. S52b).

Both SEM and AFM microscopy techniques con-
firm that the surface morphology and topography are
modified by the incorporation of additives in vary-
ing ratios. The changes in the water contact angle
and RMS values—top: 182 nm — 187 nm — 88 nm;
bottom: 44 nm — 68 nm — 140 nm—suggest that the
film’s hydrophilic properties are influenced not only
by the chemical composition of the surface of the film
but also by its topographical properties.
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RMS =182 + 14 nm RMS =44+ 15 nm
top side bottom side

RMS =187 +12 nm RMS =68 + 8 nm
top side bottom side

RMS = 88 + 20 nm RMS = 140 + 17 nm s !
top side bottom side

Figure 12 3D images from (40 x40 um) 1600 um? scanning areas and root mean square (RMS) (nm) values by AFM for top and bot-
tom sides of pure PCL film (a and b), PCL+C-NiAl-H-800-30 (2.4 wt%) (c—d) and PCL+C-NiAl-H-800-30 (4.6 wt%) (e—f).
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The presence of CNTs on the surface of the PCL-
based composite films is evidenced by SEM only in
some cases. Furthermore, the population of carbon
additive on the surface of the PCL-based composite
films is scarcely, so the carbon materials cannot be
detected by FT-IR. It implies that the carbon parti-
cles have minimal direct effects on the hydrophilic
nature of the PCL-based films. Increasing loading of
the carbon materials, especially increasing distribution
of the carbon additive, reduces voids formation and
morphological diversity of both sides, which leads to
more uniform roughness across both sides of the films.
Our observations are consistent with previous stud-
ies demonstrating that MWCNTs, acting as numer-
ous crystallization nuclei, significantly disturbed the
process of spherulite growth, what in a consequence,
led to obtain more uniform and compact surface mor-
phology [111]. It seems that the carbon materials via
impact on PCL crystallization and consequently the
proportion of crystalline to amorphous PCL phases,
are responsible for slight reductions in water contact
angles, especially on the bottom side of the films,
where sedimentation enriches carbon particle distri-
bution and emphasizes their influence on the growth
of PCL crystallites.

Conclusions

Our findings underscore the critical role of synthesis
conditions, particularly temperature (600 °C, 700 °C)
and Fe concentration in MgFeAl HTs, in determining
the pore structure and the incorporation of N- and
Fe-containing species in the carbon materials derived
from acetonitrile. These factors are instrumental in
enhancing the ORR performance of N-doped carbon
materials in alkaline environment.

Electrochemical measurements demonstrate that
the synthesized N-doped carbon materials exhibit
strong potential for hydrogen peroxide (H,0,) pro-
duction, a key process in advanced water purification
technologies based on the electrochemical degrada-
tion of contaminants. Additionally, carbon materials
co-doped with nitrogen and iron—where iron is intro-
duced via dissolution in alkaline solution—can pro-
mote Fenton-like reaction. In this process, Fe* reacts
with H,O, to generate hydroxyl radicals (-OH) and
hydroxide ions (OH"), which subsequently degrade
organic pollutants present in wastewater.

Furthermore, the results demonstrate how synthe-
sis parameters, including temperature and Fe or Ni
content in HTs, influence the structural and morpho-
logical characteristics of the carbon materials, thereby
affecting the electrical and dielectric properties of
PCL-based composite films. These insights establish
a valuable framework for improving composite film
performance by selecting the carbon materials with
tailored properties and achieving precise control over
their incorporation into the polymer matrix. Although
the conductivity of the composite films does not reach
the highest values reported in the literature, PCL rein-
forced with CNTs demonstrates satisfactory electrical
conductivity. However, its biomedical application
is limited by potential cytotoxicity, primarily due
to residual metal catalyst nanoparticles (e.g., Fe, Ni)
commonly present in CNTs as synthesis by-products.
These metal contaminants may negatively impact
cell viability, especially in long-term or direct-contact
applications. Metal impurities can be removed via
purification combing heat and acid treatments, which
would make the carbon materials less toxic but also
less active for ORR. Instead of employing PCL-based
composite films in internal scaffold applications, a
more appropriate approach would be to utilize them
in contact-based, indirect applications, where electri-
cal conductivity is advantageous but tissue exposure
is controllable. The combination of these two com-
ponents enables the creation of a flexible, stretchable
material that simultaneously exhibits the ability to
conduct electrical signals.
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