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Gelatine and chitosan were used as natural precursors for nitrogen-doping of the graphene foam structure,
creating specific types of active sites. The quantitative and qualitative content of nitrogen groups in the
carbon structure was determined, which, under the influence of high temperature, were incorporated
and transformed into forms of functional groups favorable for electrochemical application.
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Introduction

Presently, there is an urgent need to minimize environmental
pollution and find sustainable technology for energy
production, storage and conversion. All this is due to the
growing industry, whose demand for energy is constantly
increasing. Over the past few decades, energy storage devices
have become the focus of much attention, fuelling rapid
progress in the development of electrode materials for devices
such as fuel cells and metal-air batteries. Researchers are
continually improving current electrocatalysts to make them
more environmentally friendly, improve their conductive
properties, and efficiency by refining their electrochemical
properties. Currently, commercially available electrocatalysts
contain noble metals such as platinum, iridium, or ruthe-
nium. Platinum has excellent oxygen reduction reaction
(ORR) activity, but the disadvantages are its price and limited
sources. From an economic and environmental point of view,
noble metal-free electrocatalysts are a noteworthy alternative.
The properties that such an electrocatalyst should have are
good conductivity, a large specific surface area (SSA), and the
absence of noble metals in the structure.>* Graphene and the
doping of heteroatoms of the graphene structure with
elements such as nitrogen sulphur, boron or phosphorus play
a good role in this respect.>” When constructing new elec-
trocatalysts, carbon materials can act directly in the oxygen
reduction reaction via active sites in the structure, making
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cells may eliminate the use of noble metal-based electrodes.

them an effective energy carrier.® Various conductive natural
and synthetic polymers are used to enhance the catalytic
properties, expand the surface conductive properties or
introduce heteroatoms into the structure. The polymeric
matrix precursors involved in the synthesis of 3D hybrid
materials to date include polymethylmethacrylate, sulfonated
polystyrene, and poly(vinylpyrrolidone) beads,”*® poly-
urethane or polydimethylsiloxane,"* polycaprolactone.*
Poly(ethylene mine), polyaniline, and polypyrrole have been
used as nitrogen precursors.'*»'* Natural polymers include
cellulose,® starch,'® wood'” and also gelatine and chitosan.*®
These polymers are mainly used to improve the properties of
carbon materials for biomedical applications. The degree of
oxidation of polymers and their stability is very important in
energy storage devices.” However, in the case of natural
polymers, no use has been found for the synthesis of elec-
trode materials for oxygen reduction reactions. The natural
polymers are promising alternative to expensive carbon
precursors and their use in combination with graphene, can
give materials with advanced electrochemical properties.

Despite the observed progress in the synthesis of Pt-free ORR
catalysts, some domains still need to be explored. In particular,
the application of natural precursors is of interest. If properly
selected, natural precursors may ensure the instant transfer
of N atoms to carbon matrices upon carbonization of such
precursors. If carbonized solely, some natural precursors are
transformed into carbon matrices of relatively low electric
conductivity unless the carbonization temperature exceeds 800—
900 °C. On the other hand, high carbonization temperatures
lead to the collapse of pores and diminishing structural
parameters such as specific surface area and the total pore
volume. In parallel, the N-content also decreases due to the
release of volatile species that contain nitrogen at higher
temperatures.
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As mentioned in earlier literature reports, it is true that
nitrogen doping increases defects in the structure of graphene,
which can be observed by analyzing Raman spectroscopy. The
intensity of the D-band indicates a defected structure of the
material. As described in an earlier literature review* the
interaction between nitrogen and the neighboring carbon is
significant. The introduction of nitrogen into the sp* carbon
structure alters the electronic properties of the carbon atoms
due to the higher electronegativity of nitrogen. The activity is
attributed to the different nitrogen functional groups and, as
assumed, with increasing heat treatment temperature, N
pyrrole transforms into N pyridine and N quaternary.“*
However, indirect factors such as the morphology of the carbon
materials must also be taken into account. An appropriate
correlation between surface area and oxygen availability and the
content of the corresponding functional group can improve the
catalytic properties. In the case of the research described in this
manuscript, the calculated electron transfer value is indicative
of a four-electron pathway which is influenced by a component
of all the factors described above. In the present work, we
attempt to resolve the problem caused by the mentioned
contradictions. Graphene and widely available natural polymers
gelatine and chitosan were used low-cost precursors to obtain
N-doped graphene foams with porous structure. The effect of
the carbonization temperature on the content of nitrogen
functional groups and catalytic properties was investigated. The
best oxygen reduction properties in the alkaline medium are
exhibited in materials carbonized at 800 °C. Several instru-
mental analyses were performed for broad characterization.
Among others, a high-resolution transmission electron micro-
scope was used to determine the structure and morphology of
the graphene foams. To the best of our knowledge, it is the first
report on the aggregate use of graphene and natural polymers to
obtain N-doped graphene foams for practical application in
oxygen reduction reaction.

Materials and methods

The N-doped graphene foams were synthesized based on the
synthesis stages presented in Scheme S1.f The commercial
graphene nanoplatelets (GNPs) were used as the carbon source,
and gelatine or chitosan was used as the nitrogen source and
the medium for hydrogel formation. In the first series (1F),
gelatine and Na,CO; (16.9% w/v) were dissolved in 20 ml of
distilled water, heated and stirred continuously to dissolve the
reagents completely. The GNPs were added to the clear solution
while stirring continuously and then left to stand until the next
day. The ratio of gelatine to GNPs was 2.5:1. Then 0.5 g of
instant yeast was added to the mixture and stirred, followed by
10 ml of perhydrol (30%). Yeast and perhydrol were used in the
reaction to form the foamed structure. The yeast acted as
a catalyst for the decomposition of perhydrol into water and
oxygen, thus accelerating the decomposition process and
keeping the oxygen molecules in a dense matrix. In the second
series (2F), the chitosan material was prepared the same way as
in series 1F except that a solution consisting of 10 ml H,0/1 ml
HCI was added to gel the chitosan. In both series, 1F and 2F
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samples were freeze-dried to remove water from the foam. After
the freeze-drying process, the samples were carbonized in an N,
atmosphere at 600, 700, 800, or 900 °C with a heating rate of 3 ©
C min " and a holding time of 1 hour. The samples obtained
after the carbonization process were washed with hydrochloric
acid to remove all unreacted substrates and then with distilled
water to a neutral pH. They were dried at 110 °C in an electric
dryer until completely dry. N-doped graphene foams synthe-
sized with gelatine were denoted as 1F_T, where T is carbon-
ization temperature 600 °C, 700 °C, 800 °C, 900 °C, respectively.
The second series of N-doped graphene foams obtained with
chitosan were denoted as 2F T.

The materials were used for the synthesis and the synthesis
scheme are described in the ESI.f A description of the tech-
niques used to characterize the materials and electrochemical
measurements are also described in the ESL.{

Results and discussion
Materials characterization

The morphology was investigated by high-resolution trans-
mission electron microscopy (HRTEM) analysis. The HRTEM
images at various magnifications show the resulting N-doped
graphene foams presented in Fig. 1 and S1.7

For samples 1F_800 and 2F_800, a wrinkled structure is
observed and also consisted of several overlapping individual
graphene layers. The distance between individual graphene
layers is within the range of literature data and is 0.35 nm.*
Such an extended structure and uneven edges, is characteristic
of N-doped graphene foams.

The elemental composition of carbon, nitrogen, and
hydrogen is summarized in Table 1. For electrochemical
application, nitrogen concentration, in particular, will play an
important role in the oxygen reduction reaction; therefore,
optimizing their concentration is essential.>® Notably, it is
possible to control the limiting current density and effectively
use the heteroatoms incorporated into the structure to reduce
the overpotential.>>*® For the 1F_T series, the percentage of
nitrogen content decreases from 6.39 wt% to 2.39 wt% with an
increase in the carbonization temperature from 600 to 900 °C,
respectively. The second series of 2F_T N-doped graphene
foams showed the same trend with a decrease in nitrogen
content from 5.72 wt% to 2.43 wt%. This is a typical trend for
non-permanent nitrogen groups, which undergo a decomposi-
tion process at higher temperatures resulting in a decrease in
the total nitrogen content of the materials obtained." In the case

Fig. 1 High-resolution transmission electron microscopy images of
1F_800 sample at different magnifications.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Elemental content of C, H and N elements determined by
combustion analysis, porosity parameters, and intensity ratios of G, D,
and 2D-bands from the Raman spectra of 1F_T and 2F_T series®

Elemental content

(wt%)

Sample C H N Sger Vi Vi Vme Inlls Lol
GNPs  87.32 0.90 0.72 750 0.99 0.13 0.86 0.64 0.40
1F_600 79.61 1.84 6.39 453 044 0.14 0.30 0.99 0.30
1F_700 83.54 1.63 3.93 768 0.64 022 0.42 1.01 027
1F_800 88.75 1.33 2.86 861 0.77 0.21 0.56 0.81 0.30
1F_900 96.07 0.97 2.39 795 0.77 0.17 0.61 0.90 0.32
2F_600 76.91 232 572 287 034 0.07 028 0.90 0.28
2F_700 78.74 1.41 516 648 0.51 0.18 0.32 0.99 0.27
2F_800 81.88 1.97 3.39 769 0.56 0.23 0.32 1.03 0.32
2F_ 900 93.65 0.93 2.43 941 0.64 029 035 0.94 0.25
“ Sper — (m* g7Y), Vi - (em® g71), Vini = (em® g7), Ve - (em® g71).

of the carbon content for 1F_T and 2F_T series, their concen-
tration increase from 79.61 wt% to 96.07 wt% and 76.91 wt% to
93.65 wt% with the increase of carbonization temperature. This
relationship is typical for carbonaceous materials as the
number of carbon bonds increases with increasing tempera-
ture, causing an increase in the degree of graphitization.

The porosity of the obtained N-doped graphene foams was
determined by sorption of nitrogen analysis. Fig. S2a and
b1 present adsorption-desorption isotherms of the materials
obtained in 1F_T and 2F_T series and commercial GNPs. The
shape of curves for the obtained samples are characteristic of
type-1I isotherm with a visible hysteresis loop according to the
IUPAC classification.”” The SSA was calculated by Brunauer—
Emmett-Teller (BET) equation and compared with commer-
cial graphene in Table 1. In the 1F_T series, the sample
carbonised at 800 °C has the highest SSA, 861 m> g—'. The
specific surface area of samples 1F_600, 1F_700 and 1F_900 is
453 m*> ¢!, 768 m* g—" and 795 m> g—', respectively. The
decrease in surface area for sample 1F_900 relative to 1F_800
may be due to the collapse of the structure during the intense
release of gaseous thermal transformation products. Similar
trend was observed for materials obtained from gelatine by
Yang et al.>® The 2F_T series showed a trend of increasing SSA
with increasing carbonization temperature. The obtained
material 2F_600 carbonized at 600 °C shows the lowest
specific surface area of 287 m? g—'. The 2F_900 sample
carbonised at 900 °C has a higher SSA than GNPs of about 191
m® g~'. The value of the specific surface area of sample
2F_900 was 941 m”> g~ '. The use of two-dimensional-non
localised density functional theory (2D-NLDFT) method
permitted the determination of the pore size for the N-doped
graphene foams. The subtle differences are shown in Fig. S2c
and d.t The pore volumes were compared with commercial
graphene and are summarised in Table 1. The pore sizes of
the materials in detail is described in the ESL.f

The Raman spectra Fig. 2 possess three characteristic bands,
D, G, and 2D. The intensity ratio of the D to G bands and 2D to G
bands are shown in Table 1. Explanations of the meaning of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Raman spectra of samples in series (a) 1F_T and (b) 2F_T
compared to GNPs.

individual peaks and the intensity ratio of D to G bands (Ip/Ig)
and 2D to G bands (Ip/I;) are described in the ESL.T

The type of functional groups in the N-doped graphene
foams is very important and influences the catalytic properties.
Therefore, X-ray photoelectron spectroscopy (XPS) analysis was
used to determine the content of functional groups.

The resulting XPS spectra were taken for 1F_800 and 2F_800
samples. The tests performed made it possible to determine the
type of elements present in the XPS survey spectra (Fig. 3a and
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Fig. 3 (a and b) The XPS survey spectra. The high-resolution XPS
spectra of (cand d) C 1s, (e and f) O 1s, (g and h) N 1s for 1F_800 and
2F_800 sample.
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b). The natural polymers used, gelatine and chitosan, were the
sources of carbon and nitrogen atoms. High-resolution spectra
were determined for carbon (Fig. 3c and d), oxygen (Fig. 3e and
f), and nitrogen (Fig. 3g and h). The individual spectra and
corresponding bonds at a given energy value are described in
the ESLT Under the influence of high temperatures, the
nitrogen atoms were transformed into the corresponding
nitrogen functional groups (Table S17).

In the literature, researchers described different nitrogen
groups responsible for electrochemical activity. In one paper,
the authors suggested that pyrrole-N, pyridinic-N and graphitic-
N influence activity in the oxygen reduction reaction.”® In
another case, pyridinic-N enhances activity in the oxygen
reduction reaction and, in combination with another hetero-
atom, may also effectively contribute to the use of materials as
catalysts for additional application.***

Electrochemical performance

Catalytic activity is an extremely important parameter when
evaluating electrocatalysts determined by cyclic voltammetry
(CV) and linear sweep voltammetry (LSV). The potential appli-
cation of the obtained electrocatalysts was investigated in
relation to oxygen reduction reaction, which is a crucial reaction
in metal-air batteries or fuel cells. The CV curves (Fig. 4a and
S3at) obtained for both series of materials possess character-
istic cathodic peaks, which indicates the catalytic activity of the
composites obtained. The cathodic peak for the samples in the
1F_T series was in the potential range from 0.77 to 0.80 V vs. the
reversible hydrogen electrode (RHE). In series 1F, the current
density range for sample 1F_800 is the widest, which may
indicate high activity over a wide range of current densities. For
the 2F_T series, a shift of the cathode peak towards positive
potential values is evident. The peak range in which oxygen
reduction occurs for the samples in the 2F_T series is between
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Fig. 4 The results of electrochemical performance for 1F_T and Pt/C
saturated with O, in 0.1 mol L™ KOH (a) CV plots with a scan rate of
10 mV s~ (b) LSV plots with a scan rate of 5 mV s~ and rotation speed
of 1600 rpm, (c) onset potential, (d) Koutecky—Levich plots at 0.5 V vs.
RHE for samples in the 1F_T series.
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0.75 and 0.81 V vs. RHE. In series 2F, sample 2F_900 shows the
broadest range of current density than the other samples in this
series. By analyzing the LSV voltammograms (Fig. 4b and S3bt)
and onset potential determined on LSV curves (Fig. 4c and S3cf¥)
at a scan rate of 5 mV s~ ' and a sweep rate of 1600 rpm, the most
effective catalysts in the oxygen reduction reaction can be
selected.

Based on the results from the LSV method measured at
different speeds in the range from 800 to 2800 rpm, using the
equations and the K-L diagram (Fig. 4d and S3d¥), the number
of electrons involved in the ORR reaction was determined. After
calculations determining the number of electrons transferred, it
can be concluded that the materials from both series demon-
strate a four-electron oxygen reduction pathway (Table 2). Fig. 5
shows the number of electrons involved in the oxygen reduction
reaction for samples of 1F_T and 2F_T series and also for GNPs,
and commercial platinum-based catalysts.

Chronopotentiometric tests were carried out to assess the
durability of the 1F_800 and 2F_800 electrodes. Stability tests
were measured for 5 h at 0.5 V vs. RHE. The obtained materials
exhibit high durability in the oxygen reduction reaction after 5 h
the materials still maintained high current stability, indicating
a potential alternative to metal-containing catalytic materials. A
graph showing the stability of the best materials is shown in the
ESI on Fig. S4.F

Slight differences can be seen in the variation of the
carbonization temperature. For the first 1F_T series, the
number of electrons ranged from 3.16 to 3.88. The highest
number close to the four-electron pathway was exhibited by
sample 1F_700 at 3.88. Nevertheless, comparing the other
parameters, such as current density and diffusion-limiting
current, indicates that it is possible to choose the best carbon-
ization temperature for the 1F_T series. Therefore, tempera-
tures of 700 °C or 800 °C are required to obtain favorable
catalysts synthesized with gelatine. As for the second 2F_T
series, it is apparent that as the carbonization temperature
increases, the electron number also increases, ranging from
3.19 to 3.99. A breakdown of this trend can also be seen for the
highest carbonization temperature of 900 °C; for sample
2F_900, the electron number is 3.43. Therefore, the highest
electron number involved in the oxygen reduction reaction for

Table 2 ORR performance parameters of the obtained N-doped
graphene foams compared to commercial Pt/C catalyst, tested in
0.1 mol L™* KOH

E, (V Eonset (V' Eipp (V Diffusion-limiting n
Catalyst vs. RHE) vs. RHE) vs. RHE) current (mAcm 2) (0.5V)
Pt/C 0.76 0.98 0.88 6.37 4.00
1F_600 0.77 0.83 0.73 3.93 3.16
1F_700 0.80 0.86 0.77 5.16 3.88
1F_800 0.80 0.87 0.77 6.18 3.84
1F_900 0.80 0.86 0.77 5.25 3.44
2F_600 0.75 0.81 0.72 3.44 3.19
2F_700 0.78 0.86 0.75 4.22 3.45
2F 800 0.80 0.88 0.77 5.93 3.99
2F_900 0.82 0.91 0.79 5.80 3.43

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The number of transferred electrons in the (a) 1F_T and (b)
2F_T series compared to the commercial catalyst Pt/C and GNPs.

sample 2F_800 is 3.99; this number is equal to the number of
electrons transferred for commercial platinum-based carbon.

Conclusions

In summary, the obtained graphene foam electrodes synthe-
sized with natural polymers - gelatine and chitosan are porous
and nitrogen-doped. The best graphene-based catalysts are
materials carbonized at 800 °C and exhibit a four-electron
oxygen reduction pathway in an alkaline medium. The
applied carbonization temperatures (up to 800 °C) did not lead
to the collapse of the pore structure and the considerable
elimination of nitrogen from carbon matrices. The introduction
of graphene was seen as an inevitable measure to ensure high
electric conductivity of the synthetized ORR catalyst, a key
feature for high ORR performance. This plan succeeded, since
even carbon matrices obtained at a very low temperature of
600 °C had noticeable values for the number of transferred
electrons 7 (3.16 and 3.19). Moreover, the matrices obtained at
the highest carbonization temperature of 900 °C did not suffer
from diminished structural parameters and exhibited, for
example, a surface area above 795 m” g~ ', which is even better
than the parameter observed for pristine graphene nano-
platelets. In addition, the influence of quaternary nitrogen
functional groups and the predominance of pyridinic groups on
the catalytic activity of the obtained materials were investigated.
In the future, the presented graphene foams will be successfully
used as commercial electrodes for energy storage devices such
as metal-air batteries and fuel cells.
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