
Chemical and Process Engineering 2019, 40 (4), 361–376
DOI: 10.24425/cpe.2019.130212

Graphene oxide-based nanomaterials as catalysts
for oxygen reduction reaction

Zuzanna Bojarska∗, Marta Mazurkiewicz-Pawlicka, Łukasz Makowski

Faculty of Chemical and Process Engineering, Warsaw University of Technology, Warynskiego 1,
00-645 Warsaw, Poland

The aim of the presented research was to test different carbon supports, such as graphene oxide (GO),
graphene oxide modified with ammonia (N-GO), and reduced graphene oxide (rGO) for catalysts used
in a low-temperature fuel cell, specifically a proton exchange membrane fuel cell (PEMFC). Modifica-
tion of the carbon supports should lead to different catalytic activity in the fuel cell. Reduction of GO
leads to partial removal of oxygen groups from GO, forming rGO. Modification of GO with ammonia
results in an enrichment of GO structure with nitrogen. A thorough analysis of the used supports was
carried out, using various analytical techniques, such as FTIR spectroscopy and thermogravimetric
(TGA) analysis. Palladium and platinum catalysts deposited on these supports were produced and used
for the oxygen reduction reaction (ORR). Catalytic activity tests of the prepared catalysts were carried
out in a home-made direct formic acid fuel cell (DFAFC). The tests showed that the enrichment of the
GO structure with nitrogen caused an increase in the catalytic activity, especially for the palladium
catalyst. However, reduction of GO resulted in catalysts with higher activity and the highest catalytic
activity was demonstrated by Pt/rGO, because platinum is the most catalytically active metal for ORR.
The obtained results may be significant for low-temperature fuel cell technology, because they show
that a simple modification of a carbon support may lead to a significant increase of the catalyst activity.
This could be useful especially in lowering the cost of fuel cells, which is an important factor, because
thousands of fuel cells running on hydrogen are already in use in commercial vehicles, forklifts, and
backup power units worldwide. Another method used for lowering the price of current fuel cells can
involve developing new clean and cheap production methods of the fuel, i.e. hydrogen. One of them
employs catalytic processes, where carbon materials can be also used as a support and it is necessary
to know how they can influence catalytic activity.
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1. INTRODUCTION

The world is struggling with the problem of depletion of energy resources. The main sources of energy, such
as coal, natural gas or petroleum are not renewable, and their use produces a lot of environmental pollution.
There is also deep fear of using nuclear energy, therefore alternative technologies are sought (Bergstrom
et al., 2011; Bilgen and Sarikaya, 2018; Dresselhaus and Thomas, 2001). Hydrogen is considered an
ideal fuel for the future. Water-splitting is a promising way for clean, low-cost and environmentally
friendly production of hydrogen, during which hydrogen evolution reaction (HER) occurs (Bae et al,
2017). Hydrogen produced in HER can be further used as a fuel for proton exchange membrane fuel cell
(PEMFC). Hydrogen produced in the HER is pure and ideal for feeding it to the cell. The production of
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pure hydrogen in the process of water electrolysis and its use as a fuel could form the basis for sustainable
and environmentally friendly energy industry (Bilgen and Sarikaya, 2018; Cano et al., 2018).

PEMFCs are an especially interesting alternative for the conventional energy sources because of their high
efficiency of energy conversion, low operating temperature, and low emissions of pollutants (Akorede et
al., 2010; Carrette et al., 2000; EG&G Technical Services, 2004). One type of PEM fuel cells is a direct
formic acid fuel cell (DFAFC), in which liquid formic acid is fed as a fuel (Carrette et al., 2000; Rice et
al., 2002; Yu and Pickup, 2008; Zhu et al., 2004). The advantages of DFAFCs over other low temperature
fuel cells are: ability to obtain high power densities at lower temperatures, high electromotive force (1.45
V) and low permeability of formic acid through the Nafion®membrane (Rejal et al., 2014; Wang et al.,
2004; Yu and Pickup, 2008; Zhu et al., 2004).

The most commonly used catalyst in DFAFC on the cathode side (where the oxygen reduction reaction -
ORR occurs) is platinum. Due to very high price of platinum, the search for lower-cost alternatives has
intensified (Gamburzev and Appleby, 2002; Rice et al., 2003; Shao et al., 2011). One alternative is to use a
different metal, such as palladium which has a higher CO poisoning tolerance, which could lead to a longer
lifetime of the fuel cell, resulting in lower cost. However, experimental studies show less activity in the
oxygen reduction reaction than in platinum process (Antolini, 2009b; Jiang et al., 2014; Lesiak et al., 2016;
Mazurkiewicz-Pawlicka et al., 2019; Mikolajczuk-Zychora et al., 2016; Tobes et al., 2001). Furthermore,
in order to reduce the cost of catalysts and enhance catalytic activity, nanoparticle surface area can be
increased, by using catalyst supports. Supports should have proper mechanical, thermal and electrical
properties, high surface area, chemical indifference and stability in fuel cell working conditions (Antolini,
2009a; Sharma and Pollet, 2012). The most commonly used catalyst support for different reactions (such
as ORR and HER) include carbon nanomaterials, such as graphene, reduced graphene oxide, and carbon
nanotubes, due to their chemical and electrical properties (Antolini, 2009a; He and Que, 2016; Jung et
al., 2008; Latorrata et al., 2018; Lesiak et al., 2016; Li et al., 2011; Mazurkiewicz-Pawlicka et al., 2019;
Mikolajczuk-Zychora et al., 2016; Sharma and Pollet, 2012; Tobes et al., 2001).

Graphene oxide can be obtained by oxidization of graphite which leads to a large number of oxygen
functional groups present in the carbon structure (Stobinski et al., 2014). On the one hand these groups
decrease the electronic activity of the carbon support while on the other they can act as nucleation sites of
catalyst nanoparticles (Compton and Nguyen, 2010; Zaaba et al., 2017). During catalyst preparation some
functional groups are reduced and the conductivity of the support increases. Many nucleation sites in the
support structure are responsible for better dispersion and production of smaller catalyst nanoparticles.
Highly active surface of the catalysts is crucial for catalytic activity and thereby for the efficient production
of electricity (Compton and Nguyen, 2010; Mayrhofer et al., 2008; Mazurkiewicz-Pawlicka et al., 2019;
Seger and Kamat, 2009; Zaaba et al., 2017). As a result, it is possible to use graphene oxide as catalyst
support (Gao et al., 2013; Seger and Kamat, 2009; Shin et al., 2009; Yang et al., 2011; Zhuo et al., 2013).
To increase the conductivity of graphene oxide support reduction processes are often conducted (Gomez-
Navarro et al., 2007) during which many functional groups are removed. Reduction of GO can decrease
the number of nucleation sites resulting in worse dispersion and size increase of the catalyst particles.
Aforementioned factors can influence the activity of prepared catalysts and it is necessary to compare
which of these properties have higher significance for the catalyst effectiveness in fuel cells.

In addition, carbon nanomaterials can be modified by different functional groups (such as nitrogen/ sulfur/
boron-containing groups), which could enhance the catalytic efficiency of the obtained catalysts, due to
the formation of more nucleation sites in the support structure or changing the electronic structure of the
catalyst (Mazurkiewicz-Pawlicka et al., 2019; Puthusseri, and Ramaprabhu, 2016; Ratso et al., 2016; Su
et al., 2013; Xu et al., 2014). According to Ratso et al. the presence of nitrogen groups (in particular
pyridine) in the catalyst structure contribute to the increase of the activity for the ORR. Nitrogen-doped
carbon materials were compared to commercial Pt/C catalyst and catalytic activity and stability were very
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comparable (Ratso et al., 2016). Also, Su et al. (2013) reported that the enrichment of the graphene structure
with nitrogen groups improved the catalytic activity of catalysts used for the ORR in alkaline conditions.
According to Xu et al. (2014) boron-doped graphene and nitrogen-doped graphene calcined at 700 ◦C
demonstrated excellent electrocatalytic oxygen reduction activity. Mazurkiewicz-Pawlicka et al. (2019)
proposed a simple method using ammonia solution for enhancing the catalytic activity of Pd/MWCNT
catalyst for formic acid electrooxidation. Based on these reports we proposed a functionalization of GO
with nitrogen using an aqueous ammonia solution.

The aim of this work was comparison of different carbon supports, such as graphene oxide (GO), graphene
oxide modified with ammonia (N-GO) and reduced graphene oxide (rGO) on the catalytic activity of Pd
and Pt nanoparticles used for ORR in DFAFC. The obtained results can give information about which
properties of the carbon support are crucial for the catalysts and can lead to future design of new materials
with high activity used in low temperature fuel cells.

2. MATERIALS AND METHODS

2.1. Carbon nanomaterials

Graphene oxide was obtained from graphite powder using a modified Hummer’s method. The oxidation of
graphite powder was carried out using sulfuric acid and potassium permanganate in the presence of sodium
nitrate. In addition, the mixture was treated with hydrogen peroxide. After the process, the obtained product
was filtrated in a special filtration system with ceramic membranes and exfoliated with ultrasounds. The
final product was in the form of an aqueous solution of graphene oxide (Jaworski et al., 2018; Stobinski et
al., 2014).

Reduced graphene oxide was prepared by a chemical reduction method (Stobinski et al., 2014). To remove
oxygen-containing functional groups from the structure, graphene oxide was boiled with 50% hydrazine
solution in an alkaline environment, rinsed with distilled water and then dried. A graphite-colored powder
was the final product of the production process.

In order to obtain graphene oxide modified with ammonia, graphene oxide (1.4 wt.% aqueous solution) was
dispersed in ammonia solution in an ultrasonic bath for 15 minutes, followed by an ultrasonic homogenizer
for the next 5 minutes. The obtained mixture was dried at 70 ◦C. The product was obtained in the form of
a foil.

2.2. Catalysts for oxygen reduction reaction

In the present research palladium and platinum catalysts deposited on various carbon supports (GO, N-GO,
rGO) were synthesized (assuming 20 wt.% metal content) by NaBH4 reduction reaction method (Lesiak et
al., 2016). Because graphene oxide flakes tend to agglomerate, carbon support suspensions were dispersed
in distilled water (concentration of 150 mg of carbon in 250 ml of water) using a high-pressure homogenizer
(Microfluidics M-110P) and then using an ultrasonic bath for the next 15 min. Subsequently, the precursor
solutions (H2PtCl6, PdCl2) were gradually added dropwise to the suspensions. In the case of the platinum
catalysts, 0.979 g of H2PtCl6 (8 wt.% in H2O by Sigma Aldrich) was added, and in the case of the palladium
catalysts 1.263 g of PdCl2 (5 wt.% in 10 wt.% HCl by Sigma Aldrich) was added. The pH of the solutions
was raised to ∼11, using 1M sodium hydroxide solution. The prepared suspensions were left on a magnetic
stirrer for 30 min, and then a reducing agent (2.5 ml of 1 M NaBH4) solution was added dropwise to
every sample and left for another hour. Finally, the obtained solutions were washed several times to remove
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impurities (using DI water and acetone) and filtered on a vacuum filtration system. The obtained products
were left to dry at room temperature.

2.3. Characterization of carbon nanomaterials and catalysts

Physicochemical analysis of the obtained carbon nanomaterials: GO, N-GO, and rGO was carried out,
using various analytical techniques. Fourier-transform infrared spectroscopy (FTIR) analysis was carried
out using Nicolet iS10 spectrometer from Thermo Scientific in attenuated total reflection (ATR) mode
on a diamond crystal. Thermogravimetric analysis (TGA) was conducted using TGA/DSC 3+ analyzer
from Mettler Toledo. The analysis was carried out from 30 ◦C to 1000 ◦C with 10 ◦C/min heating rate in
30 ml/min air flow. Elemental analysis (CHNS) was carried out using Flash 2000 analyzer from Thermo
Scientific. The carbon samples (around 1 mg) were placed in a furnace (960 ◦C) where oxygen was injected.
This allowed to evaluate the C, H, N and S content in the samples.

The analysis of the obtained catalysts was carried out, using the following analytical techniques: X-ray
fluorescence analysis (XRF) and scanning electron microscopy (SEM). A device from Epsilon 3XLE by
PANalytical was used for the XRF analysis. Samples were analyzed in special containers with a diameter
of 28 mm, in which the bottom was a film made of a permeable X-ray polymer (Mylar) with a thickness
of 3.6 µm. Due to the minimum volume of samples, only catalysts based on rGO were analyzed with XRF
techniques. Hitachi S5500 field emission scanning electron microscope (FE-SEM) with a resolution of
0.4 nm was used. The images obtained as a result of the SEM analysis were taken in two modes: in the
secondary electron (SE) mode and the bright-field scanning transmission electron microscopy (BF-STEM)
mode. The SE mode allowed to obtain information about the surface morphology of the sample, and the
BF-STEM mode allowed to obtain information about the size of particles. Samples were prepared by
applying a few drops of the catalyst suspension in acetone on the TEM copper grid with carbon film. Based
on SEM images, particle size distributions of catalysts were calculated.

2.4. Measurements of catalytic activity

In order to prepare the cathodes for DFAFC, the prepared catalyst samples were dispersed into Nafion®
Solution Dispersion – alcohol based 1100 EW at 5 wt.% (Du Pont) solution and distilled water in the
ultrasonic bath for 15 minutes. The amount of catalyst used for the ink was determined on the assumption
that the catalyst content would be 0.5 mg metal/cm2 with 30 wt.% losses. The electrodes with a 5 cm2

active area were prepared using a “direct-paint” technique applying a catalyst ink on the carbon cloth
diffusion layer. Next, the electrodes were hot-pressed in the drier at 120 ◦C for 30 minutes. To prepare the
anodes the same method was used for the commercial catalyst 60 wt.% Pd/Vulcan (Premetek) with the
assumption that the catalyst content would be 1.5 mg metal/cm2 with 30 wt.% losses.

Catalytic activity and stability tests of the obtained catalysts (Pt/GO, Pt/N-GO, Pt/rGO, Pd/GO, Pd/N-GO,
Pd/rGO) were carried out in a prototype direct formic acid fuel cell with Nafion membrane as the electrolyte
and with 3 M HCOOH (p.a., Chempur) (She et al., 2014) fed to the anode at a flow rate of 0.5 ml/min, and
air supplied to the cathode with a flow rate of 1000 ml/min. During measurements, the fuel cell was kept
on a hot plate to maintain constant temperature (30 ◦C), which was checked by a pyrometer. Stability tests
were carried out at constant current (equal to the current for the highest power obtained for each catalyst)
for 30 minutes, measuring the voltage drop. Scheme of the used measurement system is presented in Fig. 1.

The DFAFC was connected to a programmable power source, which could be controlled by a computer
set and was connected to the data collection system, thanks to which it was possible to read changes in the
current and voltage in the system.

http://journals.pan.pl/cpe364



Graphene oxide-based nanomaterials as catalysts for oxygen reduction reaction

Fig. 1. Scheme of the used measurement system

3. RESULTS AND DISCUSSION

3.1. Characterization of carbon nanomaterials

Results obtained from the thermogravimetric analysis of carbon supports are shown in Fig. 2. TGA
measurements showed differences in thermal stability of the analyzed carbon nanomaterials. It can be
observed that graphene oxide shows the lowest thermal stability. Up to 100 ◦C, a small weight decrease
is visible, which might be ascribed to water removal from GO. Another weight decrease is observed at
around 200 ◦C, which might be due to thermal degradation of some functional groups present in GO. The
biggest decrease is observed at ~450 ◦C suggesting the removal of other functional groups present in GO.
For N-GO sample the TGA curve looks similar to GO. There is a smaller weight decrease up to 100 ◦C
suggesting a smaller amount of water in the sample. Another difference is higher degradation temperature
for N-GO. This result shows that the modification with ammonia resulted in small changes in GO structure,
not leading to a reduction of the functional groups. TGA curve for rGO is significantly different from GO
and N-GO samples. Only one weight decrease can be observed, and thermal stability of this material is the

Fig. 2. Thermogravimetric analysis of carbon supports
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highest compared to GO and N-GO. This result suggests that oxygen functional groups were removed (to a
certain extent) from graphene oxide. According to the obtained data, the inorganic residue of rGO was the
smallest and equaled 0 wt.%, while those of N-GO and GO were 4.24 wt.% and 7.46 wt.%, respectively.
Inorganic impurities in the supports might be derived from the process of obtaining carbon materials.

Elemental analysis of carbon supports allowed to determine the contents of carbon, nitrogen, hydrogen,
and sulfur in the samples. Based on the obtained data as a result of the elemental analysis and the TGA
analysis, the oxygen content in the sample was estimated according to Equation (1):

CO [%] = 100% − CC − CN − CH − CS − CTGA (1)

Results are presented in Table 1.

Table 1. Contents of C, H, N, S, O elements in carbon supports

Carbon
content
[wt.%]

Nitrogen
content
[wt.%]

Hydrogen
content
[wt.%]

Sulphur
content
[wt.%]

TGA
residue
[wt.%]

Oxygen
content
[wt.%]

GO 48.98 0.00 2.18 1.03 7.46 40.35

N-GO 50.55 1.86 2.08 0.00 4.24 41.27

rGO 82.7 1.66 0.68 0.00 0.00 14.96

As can be seen, the reduction of GO led to partial removal of oxygen groups from GO. The content
of oxygen in GO and in rGO was 14.96 wt.% and 40.35 wt.%, respectively. Modification of GO with
ammonia resulted in an enrichment of the GO structure with nitrogen, up to 1.86 wt.%. In addition, due to
ammonia modification, no reduction of oxygen groups was observed. The content of oxygen of N-GO was
41.27 wt.%. The presence of nitrogen in the rGO sample was the result of the use of hydrazine during the
reduction process and in case of GO the presence of sulfur resulted from the use of sulfuric acid.

FTIR spectra of carbon supports are presented in Fig. 3. All tested carbon supports have shown characteristic
absorption bands associated with carbonyl C=O stretching vibration (1710–1740 cm−1) and C-O stretching
vibration of alkoxy group (1050–1150 cm−1). In case of GO and N-GO samples C–H deformation (around

Fig. 3. FTIR analysis of carbon supports
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1420 cm−1), C=C stretching (about 1625 cm−1), O–H stretching (3200–3600 cm−1), and C–H stretching
(2850–2960 cm−1) could be also observed. Furthermore, in rGO and N-GO samples vibrations of the
amide groups were observed (1530–1580 cm−1). A highly intense band 3200–3600 cm−1 of the N-GO,
corresponds to the presence of O–H (3200–3600 cm−1) and N–H (3300–3500 cm−1) functional groups
within the structure. FTIR analysis confirmed the results from TGA and elemental analysis. The rGO
sample was the most reduced carbon support (having the least functional groups, as evidenced by the
smallest number of peaks), and the modification with ammonia resulted in a nitrogen enrichment of the
GO sample.

3.2. Catalysts activity and stability in DFAFC

Results of the catalytic activity tests in the DFAFC of the synthesized catalysts are presented in Figs. 4–5.

Fig. 4. The initial voltage and power density versus current density curves for platinum
cathode catalysts (Pt/GO, Pt/N-GO, Pt/rGO) measured in DFAFC

Fig. 5. The initial voltage and power density versus current density curves for palladium
cathode catalysts (Pd/GO, Pd/N-GO, Pd/rGO) measured in DFAFC
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The highest catalytic activity was demonstrated by the rGO-based catalysts. This might be due to the
highest electron conductivity of reduced graphene oxide, but also the highest hydrophobicity. Both GO and
N-GO still have many oxygen functional groups which make them very hydrophilic. High hydrophilicity
can make the water produced during the work of the fuel cell not be removed from the catalyst surface. This
might reduce the contact surface of oxygen with the catalyst and consequently decrease catalytic activity.
The Pt/rGO catalyst allowed to obtain the highest fuel cell power density, equal to 24.9 mW/mgPt. This
is because platinum is the most catalytically active metal for oxygen reduction reaction. Furthermore, the
Pd/rGO catalyst allowed to obtain high fuel cell power density, equal to 20.5 mW/mg. The highest fuel cell
power densities of the tested catalysts are presented in Table 2.

Table 2. The highest power densities of tested catalysts

Cathode Highest power
density [mW/mgmetal]

Pt/GO 2.5

Pd/GO 2.3

Pt/N-GO 3.4

Pd/N-GO 16.7

Pt/rGO 24.9

Pd/rGO 20.5

As can be seen from the results presented in Figs. 4–5 and Table 2, for each catalyst (Pt, Pd) supported on
N-GO an increase in the catalytic activity is observed, compared to catalysts supported on GO. In the case
of the Pd/N-GO catalyst, initial power density was equal to 16.7 mW/mgPd and was seven times higher in
relation to the Pd/GO sample. These results suggest that enrichment of the carbon support with nitrogen
can significantly enhance the catalytic activity of the catalyst.

The produced catalysts are stable, the loss of stability for each catalyst is less than 15% from the initial
value (for 30 minutes). Catalysts based on palladium are more stable than platinum catalysts, which might
suggest a better resistance to CO poisoning of Pd.

3.3. Catalyst characterization

XRF analysis allowed to estimate the contents of metals in the samples. Obtained results are presented in
Table 3. As can be seen from results presented in Table 3, the actual content of the metal in the sample
was around the assumed one (20 wt.%), suggesting a proper preparation method was used.

SEM images of produced catalysts are shown in Figs. 6–11. SEM results confirmed that the produced
catalysts have nanometer sized particles. In the case of palladium catalysts, the Pd nanoparticles were
evenly deposited on carbon supports, in particular in the Pd/N-GO sample (Fig. 9), which could contribute
to the increase of their catalytic activity. Platinum catalysts, unfortunately, did not exhibit such an evenly
distribution of particles and formed agglomerates, which could cause reduced activity of Pt catalysts. As
can be seen in Fig. 6b and Fig. 7b Pt and Pd nanoparticles are not visible on the surface of the carbon flake,
which can contribute to the worse catalytic activity of GO-supported samples compared to other produced
catalysts.
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Table 3. XRF analysis of the catalysts supported on rGO

Pt/rGO Pd/rGO

Element Content [wt.%] Element Content [wt.%]

Cl 0.17 Pd 19.15

Pt 18.25 C* 80.85

C* 81.58

* Content of elements such as C, O, H, N since it was not possible to distinguish these elements
using XRF technique

a) b)

Fig. 6. SEM analysis of the Pt/GO; a) SE mode and on the right side; b) BF-STEM mode

a) b)

Fig. 7. SEM analysis of the Pd/GO; a) SE mode and on the right side; b) BF-STEM mode

Based on SEM images, particle size distributions of catalysts have been calculated (Fig. 12). Platinum
catalysts form agglomerates, which can be seen in SEM images and particle size distributions. Especially
Pt/rGO has bimodal particle size distribution with an average size of primary particle equal to 3.4 nm and
average size of agglomerates equal to 20.4 nm. Palladium catalysts exhibit modal distributions with an
average size of less than 5 nm for each sample.
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a) b)

Fig. 8. SEM analysis of the Pt/N-GO; a) SE mode and on the right side; b) BF-STEM mode

a) b)

Fig. 9. SEM analysis of the Pd/N-GO; a) SE mode and on the right side; b) BF-STEM mode

a) b)

Fig. 10. SEM analysis of the Pt/rGO; a) SE mode and on the right side; b) BF-STEM mode
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a) b)

Fig. 11. SEM analysis of the Pd/rGO; a) SE mode and on the right side; b) BF-STEM mode

a) b)

c) d)

e) f)

Fig. 12. Particle size distribution of (a) Pt/GO; (b) Pd/GO; (c) Pt/N-GO; (d) Pd/N-GO; (e) Pt/rGO; (f) Pd/rGO
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4. CONCLUSIONS

Comparing the obtained results to literature data, it can be seen that in this paper much lower power
densities were obtained. This is mainly due to the fact that measurements were performed in different
conditions (e.g. air vs oxygen fed to the cathode side, different carbon supports tested). However, the
advantage of the conducted experiments is the comparison of the work of many catalysts in identical
operating conditions, which provides information about how different modifications of graphene oxide
can influence the properties of the catalysts used for ORR in DFAFC. The best results were obtained for
catalysts supported on rGO due to its highest electron conductivity and hydrophobicity compared to other
tested materials. Pt/rGO catalyst exhibited the highest power density equal to 24.9 mW/mgPt which is due
to the fact that platinum is the most catalytically active metal for oxygen reduction reaction. Enrichment
of the GO structure with nitrogen resulted in an increase of the catalytic activity compared to GO (even
seven-fold for Pd catalysts) due to higher dispersion and smaller particle size of the catalysts. The proposed
modification method with ammonia solution is simple and low-cost and results in an increase of nitrogen
up to 1.86 wt.% and does not significantly reduce the amount of oxygen functional groups present in
the carbon structure. These results will be used in the future not only to better understand the catalytic
properties of different materials used in low temperature fuel cells, but also to deliberately design fuel cell
geometries to reduce unwanted phenomena such as the reduction of the active surface by residual water.

5. OUTLINE

Undoubtedly, fuel cells are considered to be a renewable and efficient method of energy production. For
current low-temperature fuel cells, one of the primary fuels is hydrogen, which is called the green energy
source of the future (Bergstrom et al., 2011; Carrette et al., 2000; Dresselhaus and Thomas, 2001). One of
the methods of its production is water-splitting. It is a promising way for clean, low-cost and sustainable
production of hydrogen. During water-splitting, hydrogen is produced by hydrogen evolution reaction
(HER), which is presented by reaction (2):

2H2O + 2e− ↔ 2OH− + H2 (2)

For HER, platinum, gold, and silver catalysts are known as the most effective. In order to commercialize
fuel cells powered by hydrogen, cheaper catalysts to obtain hydrogen are sought (Hisatomi et al., 2014;
Roger et al., 2017).

Molybdenum disulfide (MoS2) seems to be a very promising catalyst for HER, which can be conducted in
the photocatalytic or electrocatalytic process. MoS2 has a crystal structure consisting of layers of S–Mo–S
where a layer of molybdenum atom is sandwiched by two layers of sulfur atoms. MoS2 is thought to be
the most renowned H2-evolution catalyst due to its low cost, excellent chemical stability, non-toxicity, and
high reactivity (He and Que, 2016; Li et al., 2011; Yuan et al., 2015). The main method of obtaining
molybdenum disulfide is its extraction from natural molybdenite. Unfortunately, as every fossil material –
molybdenite shows varied properties depending on the source of origin and cleaning treatment process.
It can be done through the proper synthesis of MoS2 precipitation process. The recent years have seen a
noticeable growth of interest in the use of jet reactors in practical solutions, in particular with regard to
obtaining nanoparticles. Chemical processes in these reactors can be controlled by various parameters,
such as geometry of the impingement zone, velocity of dosing fluid, initial concentrations of reagents,
etc. A high energy dissipation occurs for impinging jets because the kinetic energy of each jet stream
is converted into a turbulent- like motion through a collision and redirection of the flow in a very small
volume. The process streams for mixing must pass through this region without bypassing (Makowski et
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al., 2012; Wojtas et al., 2017). Literature already lists the first solutions of using jet-rectors to obtain
nanoparticles of MoS2 (Santillo et al., 2012).

As in the case of the catalysts for ORR, to improve the photocatalytic activity of MoS2 carbon nanomaterials
are used as the catalyst support (He and Que, 2016; Lei et al., 2013; Li et al., 2011; Yuan et al., 2015).
Carbon supports enriched with nitrogen seem to be very promising as a support for catalysts based on
MoS2 for HER (He and Que, 2016; Lei et al., 2013). Hydrogen produced in hydrogen evolution reaction
can be further used as a fuel in PEMFC. Nevertheless, the application of MoS2 catalysts based on modified
carbon supports needs further research.

This work was supported by the National Science Centre [No. 2017/27/B/ST8/01382] and by the National
Centre for Research and Development [No.PL- TWIII/4/2016].

SYMBOLS

CO oxygen content, wt.%
CC carbon content, wt.%
CN nitrogen content, wt.%
CH hydrogen content, wt.%
CS sulfur content, wt.%
CTGA inorganic residue after TGA analysis, wt.%
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