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Abstract: Carbon nanotubes (CNTs), graphene aerogels (GAs), and their hybrid (CNT-GA) prepared
by hydrothermal treatment were tested in the electrocatalytic oxygen reduction reaction (ORR). The
importance of porous structure derived from the combination of mesoporosity coming from CNTs
with macroporosity stemming from GAs was evidenced because the hybrid carbon material exhibited
synergistic performance in terms of kinetic current and onset potential. Different electrocatalysts
were prepared based on these hybrids doped with nitrogen using different precursors and also
supporting Fe nanoparticles. N-doped carbon hybrids showed higher electrocatalytic activity than
their undoped counterparts. Nevertheless, both doped and undoped materials provided a mixed two
and four electron reduction. On the other hand, the addition of a Fe precursor and phenanthroline to
the CNT-GA allowed preparing an N-doped hybrid containing Fe nanoparticles which favored the
4-electron oxygen reduction to water, thus being an excellent candidate as a structured cathode in
fuel cells.

Keywords: graphene aerogel; carbon nanotubes; nitrogen doping; electrocatalysis; oxygen reduction;
mesoporosity; macroporosity

1. Introduction

The electrochemical oxygen reduction reaction (ORR) can occur either involving four
electrons yielding water (Equation (1)) or involving two electrons producing hydrogen
peroxide (Equation (2)). Both reactions have a high impact on current society, the first for
fuel cell development and the second for hydrogen peroxide (H2O2) production, which
is among the 100 most important chemicals in the world. A catalyst with high activity
and high selectivity towards the 4e− reduction is needed to overcome the sluggish ORR
kinetics occurring at the cathode of a fuel cell [1,2]. Regarding selectivity, the O2 reduction
with 2e− is detrimental for fuel cell performance because reduces its efficiency and the
produced H2O2 damages the membrane fuel cell [3]. Nevertheless, high selectivity to 2e−

reduction is desired for decentralized H2O2 production as an alternative to the established
industrial anthraquinone process [4,5]. Most of the ORR catalysts are not purely selective to
the two or the four electron reduction, but they involve a combination of both mechanisms
Equations (1) and (2). Therefore, cheap catalysts delivering high selectivity and activity to
one of the two processes are of high technological interest.

O2(g) + 4H+ + 4e− → 2H2O(l) E0 = 1.229 V (1)

O2(g) + 2H+ + 2e− → H2O2(aq) E0 = 0.682 V (2)

Currently, noble metals or their alloys are the most efficient electrocatalysts both for
fuel cell cathodes and for H2O2 production [6,7]. However, the scarcity and high price of
noble metal hinder their large-scale application. In recent decades, the research has focused
on the development of earth-abundant materials to substitute the expensive and scarce
platinum-loaded carbon [8]. Carbon materials have shown high promise as metal-free
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electrocatalysts for O2 reduction, as they are earth-abundant, highly tunable, and stable
under reaction conditions [1,2,9]. Recent studies have demonstrated that their activity is
correlated to the carbon structure and heteroatom doping [10]. Among them, nitrogen
doped carbons have been widely investigated. Their unique electronic properties are
derived from the conjugation between the orbitals of the nitrogen lone-pair of electrons and
the graphitic π-system. Different carbon materials doped with nitrogen have shown high
selectivity to either H2O [10–13] or H2O2 [14–19]. The reasons that govern the selectivity
are still elusive, hampering a rational catalyst design. Besides the N-doping type, other
factors such as the microstructure of carbon or the porous structure are also reported to
affect the selectivity towards a certain product. For instance, it is reported that a carbon
material with an open structure such as carbon nanohorns [16] or mesoporous carbon [17]
favours the desorption of H2O2 preventing subsequent reduction to H2O.

N-doped carbon black or activated carbons have been frequently utilized as electro-
catalysts due to their high availability, high surface area, and low cost [20,21]. However,
insufficient electrochemical stability due to the abundance of defects and low catalyst
utilization due to hindered transport of electrolyte, O2, and products in micropores have
spurred the research about alternative carbon materials [22–25]. Catalyst supports that
consist of a highly graphitized carbon structure, such as carbon nanotubes (CNTs) and
graphene, are reported to be highly stable under electrochemical conditions [2]. One strat-
egy to increase active site exposure is the 3D structuring of carbon materials [26]. Graphene
has high conductivity and can be doped by heteroatoms. However, it tends to restack lead-
ing to low porous and high compact materials similar to pristine graphite [27]. To prevent
restacking of graphene, several approaches have been used, such as using freeze-drying to
form aerogels [28] or forming hybrids with CNTs, which function as spacers for graphene
sheets [29]. In graphene-CNT hybrid, the CNTs form a conductive framework to which
the graphene flakes adhere, significantly improving the overall conductivity with respect
to CNT alone due to an increase in tunnelling efficiency [30,31]. In our previous work,
hydrothermal treatment of GO dispersion led to porous reduce graphene oxide hydrogel
and subsequently aerogel after freeze drying [32,33]. In the literature, there are a few
examples of the preparation of graphene-CNT used for supercapacitors [29] and metal-free
ORR catalysts [34]. In this latter work graphene- CNT showed enhanced performance
in 4 electron reduction ascribed to the N-doping but the porosity was not characterised.
Herein, we have prepared graphene-CNT hybrid aerogels. They have been doped with
nitrogen either in one-pot or ex situ. N-doped CNT-GA hybrid was also loaded with Fe
nanoparticles in a one-pot hydrothermal process using Fe precursor and phenanthroline
as chelating agent and N-precursor. We have analysed the performance of the different
doped and undoped GA-CNT hybrid materials in the electrochemical oxygen reduction re-
action (ORR) and also elucidated the effect of the porous structure of the hybrid (GA-CNT)
compared to the single components.

2. Results and Discussion

Carbon materials are reported to have intrinsic electrochemical activity. For instance,
the electrochemical activity of pristine heteroatom-free CNT is attributed to its quantum
properties that enhance charge transfer via the electron tunnelling under the electrochemical
polarization potential driving force [35]. Here, we studied the electrocatalytic activity of
carbon materials such as carbon nanotubes (CNT), graphene aerogels (GA), and their
hybrids (GA-CNT) with different CNT contents in electrochemical ORR by linear sweep
voltammetry experiments (Figure 1a). The carbon materials have activity in the ORR
reaction but exhibit only modest current values (<−2.5 mA cm−2). The activity of carbon
materials can be attributed either to the defects on the graphitic lattice or to oxygenated
groups. On one hand, the topological defects break the delocalization of electrons and
promote the O2 chemisorption and electrocatalytic reduction [36,37]. The catalytic activity
of defects has been reported both for CNT [37] and for graphene [38]. On the other hand,
oxygenated groups change the electron density of carbon, which promotes O2 adsorption
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at certain sites [39]. Moreover, oxygenated groups on carbon make it hydrophilic benefiting
the diffusion of the electrolyte and O2 [40]. In our case, the raw materials are oxidised
CNT and GO containing both types of active sites. After hydrothermal treatment CNT
and GA still contain some oxygenated groups as demonstrated by elemental analysis
(Table 1). Moreover, GA also contains nitrogen that comes from the addition of NH3 during
the preparation step, which can contribute to its activity. However, the nitrogen content
of GA does not supply a larger kinetic current and number of electrons than nitrogen-
free CNT, which can be attributed to the higher conductivity of the latter. In general,
the CNT-GA hybrid shows a synergistic effect leading to a slightly more positive onset
potential than the single components. However, it varies depending on the amount of
CNTs and on the presence/absence of the thermal treatment step. The main parameters
derived from polarization curves (Figure S2 of Supplementary Material) are compared
in Figure 1b–d. For the lowest concentrations of CNTs (5 and 10 mg), the onset potential
and kinetic currents are higher for the as-synthesised sample than for the pyrolysed one
which can be attributed to the larger content of heteroatoms (O, N) in the hybrid before
pyrolysing. However, the number of electrons does not change, remaining at around 2.5.
When the CNT content increased to 15 and 20 mg, the performance in terms of onset
potential, kinetic current, and number of electrons worsens for the as-synthesised catalysts
but it is enhanced for the pyrolysed ones. Consequently, for high CNT content catalysts,
the pyrolysed samples outperforms the pristine counterpart in terms of onset potential
and number of electrons, reaching the highest value (2.9 electrons) among all only-carbon
catalysts. It can be argued that for high CNT content the pyrolysis treatment favours the
electronic interaction between GA and CNT. In principle, pyrolysis at 700 ◦C may have
some favourable effects for ORR, namely, it can create more active defects by removal of
oxygen as CO2, remove the more acidic oxygenated groups, leave more basic groups, which
are reported to be more active in ORR [39], and transform amines to pyridinic, pyrrolic, or
quaternary nitrogen. However, the favourable effect of pyrolysis is not appreciable for low
CNT contents presumably due to the insufficient electric connection between graphene
sheets.

Table 1. Elemental analysis of different materials.

Catalyst C O N H
wt% wt% wt% wt%

CNT 93.7 5.1 0.6 0.6
GA 70 21.1 8.3 0.9

GA-CNT 81.8 13 4.4 0.8
CNT_700 97.6 1.6 0.4 0.4
GA_700 83 7.9 8 0.8

GA-CNT_700 90.4 4.8 4.2 0.6

Besides the active sites such as heteroatoms or defects, other factors can affect the
electrochemical behaviour of carbon materials such as electrically conductive pathways
and porosity. This latter may affect the accessibility of electrolyte and the diffusion of
O2 and intermediate products (mainly H2O2) to/from the catalytic sites. Therefore, the
texture of the carbon materials (CNT, GA, and GA-CNT hybrids) was characterised by
N2 physisorption. Figure 2 and Table 2 compile the results of the characterisation by N2
physisorption of the graphene aerogels, CNTs, and the two GA-CNT hybrids, containing
two different amounts of CNTs. The isotherms of all materials (Figure 2a) can be considered
of Type IV with hysteresis loop type H3 typical of micro-mesoporous materials. Moreover,
the fact that the loop does not exhibit limiting adsorption at high P/Po is indicative of
slit-shaped pores [41] with a size in the range of macropores (diameter > 50 nm) [42,43].
These macropores are evidenced in the SEM images below (Figure 3). The microporosity
stems likely from the slit-shaped pores formed by the stacking of crumpled graphene
nanosheets for GA and from the inner cavity of CNTs. Pore volume encompasses both
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micropores and mesopores (Figure 2b and Table 2), giving rise to a bimodal pore size
distribution (PSD in Figure 2b). The estimation of the micropore and mesopore surface
area, Smic and Smes respectively, was carried out using the t-plot method. All samples are
mainly mesoporous, exhibiting much larger Smes than Smic. CNT exhibited the largest pore
volume and the largest surface area both of micro and mesopores while GA exhibits the
lower values determined by N2 physisorption. The addition of CNT in the hybrid produces
an increase of the surface area with respect to GA, mainly of mesoporous surface area,
leading to Smes comparable or larger to that of CNTs. The PSD (Figure 2b) shows that the
mean pore size of mesopores is slightly larger for GA than for CNT, i.e., 46 nm and 32 nm
respectively. For the GA-CNT hybrid aerogels, the mean pore diameter is similar to that of
CNTs. There is a slight increase of the mesopore surface area when the amount of CNT
increases to double.
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Figure 2. Characterisation by N2 physisorption: (a) adsorption isotherms and (b) pore size distribution measured by BJH
method applied to desorption isotherm.

Table 2. Textural parameters of carbon nanotubes, graphene aerogels, and hybrids thereof.

Sample
Surface

Area
Pore

Volume
Micropore Surface

Area * (Smic)
External Surface

Area (Smes)

m2/g cm3/g m2/g m2/g

CNT 228 1.55 63 165
GA 173 0.48 43 130

GA-CNT (10 mg) 208 0.7 42 165
GA-CNT (20 mg) 200 0.8 21 178

* calculated using the t-plot method to the N2 adsorption isotherm.
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Figure 3. Representative SEM images of GA_700 (a,b) and GA-CNT(20 mg)_700 (c,d). Red arrows point to graphene sheets
and blue arrow to an area of entangled CNT.

The macroscopic shape and size of GA and GA-CNT are almost comparable (Figure S3
of Supplementary Material), suggesting that the macropores of GA remain in the hybrid
GA-CNT. The macropores in the hybrid are visible in SEM microscopy images (Figure 3).
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GA shows the macropores formed between the ice-templated graphene sheets (Figure 3a,b).
In the hybrid (Figure 3c,d), more fibrous features are observed, and some of them can be
attributed to CNTs connecting the graphene sheets. However, it is difficult to distinguish
between the CNTs and borders of graphene sheets at this magnification. The higher mag-
nification image of Figure 3d shows an individual transparent graphene sheet lying on a
bundle of CNTs, which are visible under the sheet and at the right-hand side. Summarising,
the hierarchical porous structure of the GA-CNT hybrid combines the macroporous struc-
ture of GA and the mesoporosity of CNTs. The enhancement of the hybrid is attributed
to the increase of active site exposure by macroporosity and the effect of the increased
conductive paths afforded by the CNT. The macroporous structure could be beneficial
for the diffusion of O2 and electrolyte ions to the catalytic sites located on CNT and GA
mesopores [33]. This may cause the enhanced onset potential and number of electrons.

The next step we explored was the introduction of an additional source of nitrogen
during synthesis to dope the GA-CNT hybrid aerogels. To transform the N source into a N-
C carbon bond, pyrolysis under N2 was carried out at different temperatures, namely 500,
700, and 900 ◦C. As nitrogen precursors we used urea (Ur), melamine (Mel), pyrrole (Py),
and ethylenediamine (EDA). For EDA and urea precursor, the linear sweep voltammetry
curves (Figure S4 of Supplementary Material) hardly change as pyrolysis temperature
varies. In contrast, for pyrrole and melamine, the onset potential becomes more positive
and the limiting current is higher as the pyrolysis temperature increases from 500 ◦C to
700 ◦C. However, for the highest pyrolysis temperature of 900 ◦C, the electrochemical
behaviour decays in terms of onset potential and kinetic current. Thus, the optimum
pyrolysis temperature was 700 ◦C. It may be argued that 700 ◦C meets a compromise
between high conductivity and high N-doping levels. Lower pyrolysis temperatures
may lead to lower conductivities and higher temperatures may remove some N-atoms.
Therefore, 700 ◦C was selected as pyrolysis temperature to compare the different nitrogen
doping precursors (Figure 4).

The GA-CNT_Mel_700 exhibited higher onset potential and kinetic current than the
undoped GA-CNT_700. The electrocatalytic activity of N-doped carbon materials in the
oxygen reduction reaction is generally attributed to the activation of the O2 molecule due
to the enhancement of the electron-donor properties [44] and to the polarisation of the
C-N bonds due to the higher electronegativity of N compared to C [45]. Nevertheless, the
doping with EDA (GA-CNT_EDA_700) provided the poorest performance in terms of onset
potential, kinetic current, and number of electrons, even worse than the GA-CNT_700. It is
worth noting that the macroscopic shape of the aerogel synthesised in the presence of EDA
(Figure S5 of Supplementary Materi) was more irregular than the other aerogels. Thus
EDA affects substantially the assembling of nanosheets in the hydrogel.

Using pyrrole as N precursor provided a number of electrons closer to two and almost
constant with the voltage keeping a kinetic current and onset potential in the range of the
other N-doped materials. Thus, this catalyst would be an ideal candidate to synthesise
H2O2 selectively. The microstructure of GA-CNT-Py_700 (Figure S6 Supplementary Mate-
rial) shows graphene sheets very crumpled and even some graphene spheres of amorphous
carbon typical from hydrothermal carbonisation of carbohydrates [46]. The number of
electrons for the rest of N-doped GA-CNT electrocatalysts is close to 3, indicating a mixed
mechanism between the reduction towards H2O2 and H2O. Standing out among all the
catalysts, the electrocatalyst doped with melamine exhibited significantly more positive
onset potential and the highest kinetic current. Therefore, this is the most promising
metal-free catalyst among all tested here for future optimization of a cathode in a fuel cell.

For further exploring the doping with melamine, we studied the effect of several
parameters such as the amount of melamine and the type of carbon support on the elec-
trochemical behaviour of the catalyst. Figure 5a,b compares the effect of the amount of
melamine. The transition from a two stage ORR curve to a one-stage curve after the
addition of melamine indicates the efficiency of the dopant in enhancing ORR process.
Compared to the pristine GA-CNT_700, the addition of 150 mg of melamine provides a
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significantly more positive onset potential and higher kinetic current but the improvement
is only marginal for further addition of melamine (300 mg). One reason for this could
be that the increase in the number of active centres by the addition of a larger amount of
melamine could be counterbalanced by a decrease of electrical conductivity. The number of
electrons does not vary substantially, being for all melamine-doped catalysts in the range
2.7–3 electrons (Figure 5b). The doping of the hybrid (GA-CNT) with melamine was com-
pared with the doping of the single component supports, i.e., GA and CNT (Figure 5c,d).
The N-doped GA exhibited significantly poorer performance than N-doped CNT in terms
of onset potential and kinetic current. However, the hybrid GA-CNT provided a synergetic
enhancement of both onset potential and kinetic current. Since the N-doping amount was
similar, the enhancement may be due to the different texture of the supports as reported
above. That is, the hierarchical porous structure of GA-CNT compared to only macropores
for GA or micro-mesopores for CNTs.
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Figure 4. Effect of doping GA-CNT hybrids with different N-doping precursors pyrolysed at 700 ◦C: (a) LSV polarization
curves in O2 saturated 0.10 M KOH solution with a rotating rate of 1600 rpm; (b) interchanged number of electrons; (c) onset
potentials; (d) and kinetic currents.

As seen heretofore, the doping of the GA-CNT hybrid with melamine enhanced sub-
stantially the kinetic current and onset potential with respect to pristine carbon materials.
However, the number of electrons does not go beyond three, the same value as that found
also for pristine GA-CNT_700, suggesting that melamine doping partially reduces O2 to
H2O2. A strategy commonly used to push the mechanism towards four electrons is the ad-
dition of metal nanoparticles [47]. Here, we added to the CNT-GA hybrid a transition metal
(Fe) and N containing compound (phenanthroline), which form a metal complex [48–50].
The results for the GA-CNT doped with Fe (GA-CNT-FeN) pyrolysed at different tem-
peratures (500–800 ◦C) and also a commercial 20%Pt/vulcanXC-72 are shown in Figure 6,
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Figures S7–S11, and Table S1. The onset potential of the metal-doped GA-CNT-FeN is
more positive than for the melamine doped catalysts tested previously and the number of
electrons is closer to four. Among the different pyrolysis temperatures, 700 ◦C leads to the
highest kinetic current and most positive onset potential (Figure 6c). The number of elec-
trons and Tafel slope are similar to those of the commercial 20% Pt/vulcanXC-72 suggesting
that both follow predominantly one-step four-electron reduction pathway (Figure 6d). In
many cases, a variety of Tafel slopes are reported, and most are potential-dependent. For
instance, it is reported [51] that in an alkaline solution of 1 M NaOH, Pt/C exhibits a
two-step Tafel slope of 65–82 mV dec−1 that increases to >100 mV dec−1 with increasing
overpotential. Tafel slope dependence on each coverage is considered to determine the
rate-determined step. Tafel slope of 79 mV/dec for the Pt/C catalyst, similar to our results
with 20% Pt/VulcanXC72 (86 mV/dec), are attributed to the first electron transfer as rate-
determining step [52,53]. The GA-CNT_FeN_700 have a Tafel slope of 67 mV/dec which is
lower than for Pt/C, suggesting a slight change in the reaction mechanism but far from the
higher Tafel slopes (120 mV/dec) attributed to a change in the rate-determining step as, for
example, the O2 adsorption step. The increase of pyrolysis temperature to 800 ◦C degrades
the number of electrons and kinetic current as observed for the N-doped catalyst. Thus,
this high temperature probably removes C-FeNx-C active sites.
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Figure 5. Effect of N-doping using melamine as precursor: (a) polarization curves for different amounts of melamine in
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number of electrons transferred for the different supports in (c).
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Figure 6. Polarization curves in O2 saturated 0.10 M KOH solution with a rotating rate of 1600 rpm. (a) Number of electrons
(b) and other parameters derived from the treatment of polarization curves (c,d) for Fe-containing GA-CNT pyrolysed at
different temperatures and a commercial 20% Pt/VulcanXC72.

Although the Fe nominal loading in the hydrothermal solution was 3 wt%, part of the
Fe remains in the solution as observed by the brownish colour of liquid after hydrothermal
synthesis (Figure S12), suggesting that not all Fe phenanthroline on the mother liquid
was incorporated in the aerogel. In fact, ICP revealed that the Fe loading on the GA-
CNT-FeN_700 and GA-CNT-FeN_800 was 1.0 wt% (=0.22 at%) and 1.1 wt% (=0.24 at%),
respectively. The Fe atom percentage determined by XPS is shown in Figure 7 and it is
0.12 at% and 0.10 at% for GA-CNT-FeN_700 and GA-CNT-FeN_800, respectively. The
percentage of Fe determined by XPS is somehow lower that that determined by elemental
analysis. Moreover, it decreases as temperature increases which may be attributed to the
formation of larger nanoparticles by effect of temperature. XRD analysis did not show any
diffraction corresponding to Fe (Figure S13) suggesting that Fe is dispersed to very small
particles size which is not detected by XRD.

The Fe containing catalyst was further characterised by XPS (Figure S14). The 2p
photoelectron peaks appear around 711.2 and 724.0 eV, which are characteristic of Fe3+ in
Fe2O3 [54] or to Fe-Nx species [55]. No component related to zero-valent Fe was observed.
We also performed fitting of the N 1s spectra (Figure 8). The common five peaks for N1s
were pyridinic N with binding energy of 398.2 eV, N in FeNx with B.E = 399.7 eV, pyrrolic
N (or hydrogenated pyridinic) with B.E = 401.0 eV, graphitic N with B.E = 402.1 eV, and
N-oxide with B.E at 403.6 eV [55,56]. The relative contribution of FeNx at 399.7 eV remains
almost constant for all treatment temperatures (Figure 8b) indicating that these species
are stable up to 800 ◦C. FeNx species are claimed as the active phase for the 4-electron O2
reduction pathway [57]. The relative contribution of the rest of N species changes with
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the treatment temperature. From 600 ◦C upwards, the relative contribution of pyridinic
decreases significantly and these groups are probably transformed in pyrrolic groups,
whose relative contribution increases as treatment temperature rises.
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The electrocatalyst GA-CNT-FeN_700 was characterised further by STEM-HAADF. By
this technique, the Fe metal can be distinguished in the images by the lightest contrast. At
low magnification, no nanoparticles were observed (Figure 9a). At higher magnifications,
no metal nanoparticles larger than 1 nm were detected in most of the images (Figure 9b),
suggesting that all the Fe was highly dispersed as FeNx or small subnanometric Fe oxide
clusters.
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Figure 9. Representative STEM-HAADF images of catalyst GA-CNT-FeN_700 at two different
magnifications: (a) low magnification STEM image; (b) high-magnification image. The lightest
contrast corresponds to Fe oxide clusters or FeMx.

3. Materials and Methods
3.1. Aerogel Preparation and N-Doping

Figure S15 of Supplementary Material illustrates the methods used for the preparation
of the different materials. Graphene aerogel (GA) was prepared by the hydrothermal re-
duction/gelation of graphene oxide (GO) [32,58]. In brief, 8 mL of 4 mg/mL GO dispersion
(supplied by Graphenea Co., San Sebastián, Spain, ref GO-4-1000) were diluted with 8 mL
distilled water in a glass vial and this vial was introduced in a Teflon-lined autoclave as
that shown in Figure S1. The autoclave was introduced in an oven at 185 ◦C, reaching an
autogenous pressure and kept for 20 h. Subsequently, the autoclave was withdrawn from
the oven and left to cool down at ambient conditions during 2 h. After this, a cylindrical
rGO monolithic hydrogel had been segregated inside the vial, which was subsequently
immersed in liquid nitrogen (−196 ◦C) for 10 min and then freeze-dried in lyophiliser
(Telstar Cryodos) under 0.3 mbar and 223 K for 48 h to obtain the graphene aerogel (GA).
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For the preparation of the hybrid graphene aerogel with carbon nanotubes (GA-CNT),
20 mg of CNT (Nanocyl 7000 previously oxidized with 65% HNO3 at room temperature for
4 h) was added to the GO dispersion and tip sonicated for 5 min. Subsequently, the same
process described previously to synthesised GA was applied.

N-doped GA-CNT hybrids were obtained in one-pot using three different N-precursor,
urea (Ur), ethylenediamine (EDA), and pyrrole (Py). The one-pot method consisted of well
dispersing an adequate amount of the N-precursor into the GO+CNT aqueous dispersion
to have a final nitrogen concentration of 7 wt% with respect to the final GA-CNT weight.
For doping the GA-CNT with Fe-nitrogen, the amount of Fe acetate corresponding to a
3 wt% Fe with respect to GA-CNT was dissolved in absolute ethanol (8 mL). Afterwards,
1,10-phenanthroline (2.0 equiv., Aldrich ≥ 99%) was added and the resulting solution was
stirred for 1 h at 60 ◦C. Subsequently, the Fe acetate solution was mixed with 8 mL GO and
CNT and the hydrothermal treatment was carried out as described previously.

As melamine was not soluble in water, the doping with melamine was performed ex
situ, starting from the previously formed CNT-GA hybrid. For N-doping with melamine,
the amount corresponding to a 7% nitrogen was mixed with the GA-CNT hybrid mechani-
cally in solid phase using an agate mortar.

All the aerogels obtained as above were subsequently pyrolysed in N2 at different
temperatures, namely 500 ◦C, 700 ◦C, and 900 ◦C.

3.2. Electrochemical Characterisation

Cyclic voltammetry (CV) and rotating disk electrode (RDE) studies were conducted
using Autolab PGSTAT30 potentiostat equipped with an analogue linear sweep generator
at the sweep rate of 10 mV s−1. A glass cell with 0.1 M KOH as electrolyte, Ag/AgCl as
reference electrode, and Pt wire as the counter electrode were used. The potentials are
referred to the reversible hydrogen electrode (RHE)

The catalyst ink was prepared by mixing 10.0 mg of the catalyst sample, 5 mL iso-
propanol, and 50 µL Nafion solution (5 wt%) and sonicated for half an hour. The working
rotating ring disk (RDE) electrode (Pine instruments) was prepared by drop casting 52.5 µL
of catalyst ink onto a pretreated glassy carbon (GC) electrode (5.5 mm diameter and
0.2376 cm geometric area) and then dried at room temperature. The catalyst density re-
sulted in 445 µg cm−2. As a benchmark, a 20 wt% Pt on Vulcan XC72R (Sigma-Aldrich,
St. Louis, MO, USA) catalyst was used. All aqueous solutions were prepared using ultra-
pure water (18 MΩ cm, <3 ppb TOC) and supra-pure KOH (Sigma–Aldrich, St. Louis, MO,
USA). In O2-reduction experiments, a saturation level of O2 was maintained by constantly
bubbling O2.

The apparent number of electrons transferred per O2 molecule was calculated using
the first-order Koutecky–Levich equation [59]:

1
J
=

1
Jk

+
1
Jd

(3)

where Jk is the kinetic current density and Jd is the diffusion-limited current density through
the expression Jd = B ω

1
2 = 0.62 n F γ−1/6D2/3

O2
CO2 ω

1
2 . Here, F is the Faraday constant, n

is the number of electrons, γ is the kinematic viscosity of the electrolyte, CO2 is the bulk
oxygen concentration in the electrolyte (1.15× 10−6 mol cm−3), DO2 is the oxygen diffusion
coefficient (1.95 × 10−5 cm2 s−1) [60], and ω is the angular velocity of the electrode. The
kinetic current density (Jk) and the Koutecky–Levich slope (1/B) can be obtained from a
plot of 1/J vs. ω−1/2.

3.3. Electrocatalyst Characterisation

Physisorption of N2 at 77 K was carried out in a Micromeritics ASAP 2020 apparatus
(Micromeritics Corporate, Norcross, GA, USA) after outgassing the sample for 4 h at 423 K.
The surface area (SN2) has been calculated by applying the BET (Brunauer, Emmet, and
Teller) theory to the adsorption isotherm in the relative pressure range 0.01–0.10 following
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standard ASTM-4365. Pore volume was calculated from the amount of N2 adsorbed at a
relative pressure of 0.99. Pore-size distribution was obtained applying the BJH method
(Barrett-Joyner-Halenda) to the adsorption branch of the N2 isotherm using the DataMaster
V4.0 software and assuming slit pore geometry. The model fitted quite well to the isotherm
with a standard deviation of ~0.05 cm3 g−1 STP. The micropore surface area (Smic) was
calculated by the t-plot method and the external surface area (Smes) by subtraction from
the total surface area.

SEM analysis was carried out with a microscope SEM EDX Hitachi S-3400 N with
variable pressure up to 270 Pa and with an analyser EDX Röntec XFlash de Si(Li). The
images were obtained both from the secondary and backscattered signal.

The X-ray photoelectron spectroscopy (XPS) was carried out with an ESCAPlus Om-
nicrom equipped with a Mg Kα radiation source to excite the sample. All measurements
were performed under UHV, better than 10−10 Torr. Calibration of the instrument was
performed with Ag 3 d5/2 line at 368.27 eV. The curve fitting of the spectra was performed
using CASA XPS software. For the correction of the binding energies of the spectra, the C
1s signal at 284.6 eV was used as reference. The XPS peaks were fitted to GL(70) lineshape
(a combination of 30% Gaussian and 70% Lorentzian character), performing a Shirley
background subtraction. In the fitting procedure the FWHM (full width at half maximum)
values were fixed at a maximum limit of 2 eV.

Scanning transmission electron microscopy in high-angle annular dark field mode
(STEM-HAADF) was carried using a FEI TECNAI F30 electron microscope equipped with
Gatan energy filter and cold field-emission gun (FEG) operated at 300 kV with a 1.5 Å
lattice resolution. TEM specimens were prepared by ultrasonic dispersion in ethanol of
powder catalyst. A drop of the suspension was applied to a holey carbon support grid.

X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Advance diffractometer
in configuration theta-theta using nickel-filtered CuK α radiation (wave length = 1.54 Å), a
graphite monochromatic source and scintillation detector. Then, 2θ angles from 3 to 80◦

were scanned with a length step of 0.05 and an accumulation time of 3 s. ICP-OES (Inductive
coupled plasma-optical emission spectroscopy) was performed using a Spectroblue de
Ametek apparatus.

4. Conclusions

Pure carbon materials such as CNT and GA exhibited modest activity in ORR and
the number of electrons involved was between 2 and 2.5. The formation of a hybrid of
CNT and GA affords a synergetic enhancement of the performance that depends on the
amount of CNTs and on a thermal post-treatment. A thermal post-treatment enhanced the
performance of GA-CNT hybrids with the higher amount of CNTs while it was the reverse
for the lower amount of CNTs. Thus, the GA-CNT hybrid with a higher amount of CNT
(20 mg) and pyrolysed at 700 ◦C provided the best performance and the highest number of
electrons (around 3) among the undoped carbon materials. The doping of the GA-CNT
hybrid with nitrogen, using melamine as a nitrogen source, improved significantly the
performance of the catalyst in terms of onset potential and kinetic current but did not
provide a number of electrons higher than three. The enhanced performance of the hybrid
with respect to the pure components can be ascribed to its hierarchical porous structure
encompassing the macroporosity of GA and the mesoporosity of CNTs. Likewise, the
GA-CNT hybrid exhibited surface area of mesopores comparable or larger than that of the
single components. The macroporous structure may affect advantageously the diffusion of
the electrolyte and O2, increasing active site exposure while CNT increases the electrically
conductive paths between rGO sheets of GA. The electrocatalyst prepared by adding Fe
and phenanthroline during the preparation of GA-CNT hybrid provided almost complete
selectivity to H2O, more positive onset potential, and higher kinetic current than the
metal-free catalyst, the behaviour approaching that of benchmark Pt electrocatalyst. The
enhancement of ORR performance is attributed to the presence of FeNx sites. Therefore, the
CNT-graphene aerogel hybrid has excellent prospects to be used as self-standing structured
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cathode in fuel cells due to its porous texture favourable for ions and O2 diffusion. One of
the challenges for future catalyst improvements would be to attain a high density of single
metal sites.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111404/s1, Figure S1: autoclave used for the preparation of aerogels; Figure S2:
LSV polarization curves and number of electrons exchanged of GA-CNT hybrids with different
amounts of CNT; Figure S3: digital photograph of graphene aerogel (GA) at the left and hybrid
GA-CNT at the right; Figure S4. LSV curves for GA-CNT hybrids doped with different N-doping
precursors and pyrolised at three different temperatures 500, 700 and 900 ◦C; Figure S5: digital
photograph of GA-CNT aerogels with ethylendiamine; Figure S6: Representative SEM image of
GA-CNT-Py_700: Figure S7: ORR electrochemical results for GA-CNT-FeN_500 CNT using RDE.
Figure S8; ORR electrochemical results for GA-CNT-FeN_600 CNT using RDE; Figure S9. ORR
electrochemical results for GA-CNT-FeN_700 CNT using RDE. Figure S10: ORR electrochemical
results for GA-CNT-FeN_800 CNT using RDE; Figure S11: ORR electrochemical results for Pt 20%-
Vulcan using RDE; Figure S12: Photography of hydrogel after hydrothermal synthesis in the absence
of Fe phenanthroline and in the presence of Fe phenanthroline; Figure S13. XRD of the composites
with Fe; Figure S14: XPS spectra of Fe 2p and 1 deconvolution of the N1s XPS core level spectra;
Figure S15: Scheme of the preparation of the different electrocatalysts. Table S1: parameters of LSV
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