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Abstract. In the present experimental work new polymer-reduced graphene oxide (rGO) nanocomposites with bimetallic
platinum-palladium nanoparticles as functional electrodes for chemical power sources were prepared. The size and shape of
nanoparticles in the composites have been studied by use of atomic force and high-resolution transmission electron microscopy techniques, X-ray phase analysis and small-angle X-ray scattering. Model tests on the basis of chemically-obtained
composite electrodes under operating conditions of fuel elements with formic acid oxidation were carried out.
Keywords: polymer composites, reduced graphene oxide, platinum-palladium nanoparticles, chemical power sources, formic
acid

1. Introduction

the scarcity of its natural resources, high cost and
catalytic poison hypersensitivity (e.g. carbon, sulfur
and nitrogen oxides) during fuel cells’ operation. At
the same time, the development of new effective
electrode catalysts for chemical power sources is
considered to be an urgent task of both fundamental
and applied chemistry [1–7].
In our previous works composite electrode materials
with bimetallic platinum and palladium catalysts on
polymer carriers, as well as on porous silicon, have
been synthesized [8–13]. There was developed the
technology of formation and stabilization of catalytically active platinum and palladium metal layers in
aqueous-organic solutions of reversed microemulsions in the presence of anionic (AOT) and nonionic
(Triton X-100) surfactants. The evaluation of the

Creating of electrode materials with advanced specific characteristics is one of the key ways to increase the energy efficiency of chemical power
sources based on fuel cells (FC). FCs are considered
to be one of the alternatives to current fossil fuel operating sources. In comparison with other alternative
energy sources, fuel cells are more efficient, have
less emission of harmful chemical substances, exhibit silent operation and portability [1–5].
A prime objection of the FC commercialization is
searching for optimal and inexpensive anode and
cathode material catalysts. Platinum usually demonstrates maximum catalytic activity in the oxidation of
fuels in chemical power sources. But still platinum
hasn’t won wide commercial availability because of
*

Corresponding author, e-mail: YashtulovNA@mail.ru
© BME-PT

739

Yashtulov et al. – eXPRESS Polymer Letters Vol.13, No.8 (2019) 739–748

– advanced specific characteristics of bimetal polymer composites in formic acid-oxygen FC with a
low metal content have been received;
– optimal conditions for the metal-polymer nanocomposites synthesis have been indicated in order
to reduce the crossover effect of formic acid.
In scientific publications devoted to fuel cells based
on graphene oxide-Nafion support investigations,
experiments have been carried out for hydrogenoxygen or methanol models [24–27]. Formic acidoxygen fuel cells studies on such hybrid polymer
Nafion-reduced graphene oxide matrix have not
been conducted yet. Proposed advanced technology
allows to maintain the expensive platinum catalysts
with increasing of fuel cell power parameters.
The aim of this work is to test formic acid-oxygen
FC models based on composite electrodes, obtained
by chemical reduction (using nonionic surfactant –
Triton X-100) of platinum and palladium ions on
Nafion-reduced graphene oxide support.

catalytic activity and stability of platinum and palladium bimetallic catalysts in the hydrogen and formic
acid oxidation reactions in low-temperature current
sources were observed. Also, the application perspectives of polymer membranes and porous silicon as
matrix carriers have been demonstrated [8–20].
Recent publications have shown keen interest in the
design of composite materials based on polymer membranes (e.g., Nafion membranes) and nanoparticles of
various metals. These hybrid materials represent a
class of nanomaterials that can combine the characteristics of metallic and polymer components in a single catalytic composite [8, 11, 12, 16, 18, 21, 22].
Carbon carriers, carbon black particularly, are standard substrate matrices for fuel cell catalysts. However, the concomitant process of carbon oxidation is
metal catalysts ‘poisoning’ with carbon monoxide
(CO), resulting in the degradation of the active layer
as well as specific characteristics and service life of
the fuel cell. In order to construct advanced fuel cells
which have high specific power efficiency, low loading of platinum metals, increased service life, the investigations of efficient catalysts and replacement of
carbon black with other matrix carriers, for example,
carbon nanotubes (CNT) have been carried out [6,
13–15, 17, 20, 23]. Recently special attention has
been paid to the development of nanocomposite materials based on graphene oxide (GO), reduced
graphene oxide (rGO) [24–27].
Presently special attention is paid to the development
of palladium/platinum based catalysts, for fuel cells
with direct oxidation of formic acid [6, 8, 10, 13, 14,
17, 20, 27–31]. This type of chemical power sources
has a number of advantages over other types of hydrogen-containing fuels: 1) fuel cells with direct oxidation of formic acid have a high open circuit potential at room temperature; 2) formic acid is a
non-toxic liquid fuel; 3) in contrast to methanol, it is
possible to use highly-concentrated formic acid as a
high specific energy fuel; 4) formic acid is an electrolyte, therefore it can facilitate the transfer of protons inside the anode space.
The principal novelty of this work consists in the following:
– for the first time composite electrodes, obtained by
chemical reduction (using nonionic surfactant –
Triton X-100) of platinum-palladium ions on combined reduced graphene oxide-polymer Nafion
support have been formed;

2. Experimental
2.1. Materials
Chemicals used in this work were commercially
available from Aldrich, Merck, Fluka or POCH and
used as received, unless otherwise stated. Pristine
graphite (JSC NIIGraphite, Russia) [32] was used as
a precursor material for rGO synthesis.

2.2. Characterizations
The size and form of platinum metal nanoparticles
were estimated by means of atomic force microscopy (AFM) using the N-Tegra Prima microscope
(NT MDT, Russia). Ultrasonic treatment was carried
out on an UD150SH-6L Ultrasonic Cleaner ultrasonic disperser (Eumax, Germany). The surface morphology of platinum-palladium nanocomposites on
polymer-reduced graphene oxide was studied through
scanning electron microscopy (SEM) at JSM-7401F
(Jеol, Japan) instrument with the INCA analyzer (Oxford Instruments, England) and high-resolution transmission electron microscopy (HRTEM), using Zeiss
Libra 200FE (Carl Zeiss, Germany). The molar ratio
of the metals in the nanocomposites was determined
by atomic adsorption spectroscopy (AAS) on a Kvant
Z-Eta spectrometer (Akvilon, Russia). X-ray diffraction (XRD) patterns were recorded on diffractometer
D8 FOCUS (Bruker AXS, Germany) using Cu Kα
radiation sources, operated at 30 kV and 30 mA. The
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small-angle X-ray scattering (SAXS) experiments
were performed at a specialized SAXSess diffractometer (Anton Paar, Austria) in a vacuum chamber
at room temperature using monochromatic Cu Kα
radiation. Small-angle X-ray scattering was measured in the transmission geometry, the sample was
placed in a non-scattering adhesive tape. Volt-ampere and watt-ampere tests of the formed electrode
materials were carried out at the Fuel Cell Test System 850C (Scribner Associates Inc., USA).
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Figure 1. rGO preparation scheme

UD150SH-6L ultrasonic disperser (Eumax, Germany). For obtaining the metal-polymer films, the
samples of the Nafion membranes were placed in
cells with a reverse microemulsion solution with PtPd nanoparticles and solution was sonicated during
3–5 minutes. After that, the modified metal-polymer
membrane was washed to remove the excess surfactant and the organic solvent.
To obtain combined metal-polymer films with rGO,
the modified Nafion membrane modified with Pt-Pd
nanoparticles was immersed in an aqueous solution
of propanol-2 and glycerol (Merck, Germany) the
addition of rGO. The resulting suspension was sonicated for 10–15 min. The homogeneous suspension
containing the required amount of platinum metals,
the polymer, and rGO was dried on a glass substrate
at 70 °C in an argon atmosphere. The obtained rGOPt-Pd/Naﬁon composites were then hot pressed at
120 °C to assure good adhesion between rGO and
the Naﬁon membrane. In order to clean the electrodes from traces of surfactant and solvent, NafionrGO samples with Pt-Pd nanoparticles were washed
in isooctane, ethanol and distilled water.

2.3. Nanoparticles synthesis and
nanocomposites formation
Bimetallic platinum – palladium nanoparticles (NPs)
were synthesized by chemical reduction of sodium
tetrahydroborate NaBH4 (98%, Merck, Germany) in
solutions of reversed microemulsions [8–13], using
nonionic surfactant-Triton X-100. The method of solution preparation was as follows: an aqueous-organic solution of a mixture of two salts of platinum
H2PtCl6 and palladium [Pd(NH3)2]Cl2 (Sigma Aldrich,
USA) was prepared. To form a microemulsion medium, 0.15 M solution of Triton X-100 (Sigma Aldrich,
USA) and propanol-2 was used. Then, a microemulsion of similar composition, contained 0.1 M water
solution of the reducing agent – NaBH4, was added
to this solution under ultrasonic action for 2–3 min.
In the process of mixing the two emulsions, platinum
and palladium ions were simultaneously reduced in
the water pools of micelles – microreactors. The molar
water/surfactant ratio (ω) while making the experiments was changed from 1.5 to 8. In order to prevent
the sunlight destruction of nanoparticles, the solutions of microemulsions were stored in darkness at
room temperature. The molar ratios of platinum metals in bimetallic Pt-Pd nanoparticles ranged from 1:7
to 5:1.
Figure 1 shows the well-known reduced graphene
oxide preparation method, described by Tkachev et
al. [33] and used in present work. RGO synthesis includes oxidation of graphite by (NH4)2S2O8 in Н2SO4
and subsequent oxidation of the product by KMnO4
in Н2SO4 and by 30% H2O2.
Metal-polymer films of Nafion (Nf) membranes with
bimetallic Pt-Pd nanoparticles were synthesized as
described in [8, 11, 12]. The perfluorinated membrane
of the Nafion 115 type (Sigma Aldrich, USA) with
a thickness of 0.127 mm was used for the formation
of the metal–polymer films. The solubilization of solutions was performed on an Ultrasonis Cleaner

3. Results and discussion
A study of the sizes and shapes of platinum-palladium nanoparticles was carried out by atomic force
microscopy (AFM). Metal nanoparticles were analyzed on mica, which is a standard substrate for such
measurements. Figure 2 shows an example of bimetallic Pt-Pd nanoparticles AFM image obtained at
metal ratio of 1:1 and solubilization coefficient ω =
3. One can observe the formation of both spherical
and ellipsoidal Pt-Pd nanoparticles, the average size
of which is from 4.5 to 6 nm. With increasing the
palladium content and solubilization coefficient the
nanoparticles’ size rises up to 8–10 nm.
Due to the possibility of controling and to stabilizing nanoparticles’ size, special attention should be
paid to the above mentioned methods of obtaining
metal nanoparticles in aqueous-organic solutions
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Figure 4. HRTEM micrograph of Pt-Pd(1:5)/Nf-rGO nanocomposites at ω = 1.5.
Figure 2. AFM image of Pt-Pd NPs at ω = 3 (6–7 nm).

Naﬁon and the rGO sheets. Without proper hotpressing treatment, rGO disintegrated from the Naﬁon
membrane when the composite was immersed in
water.
Figure 4 demonstrates a HRTEM micrograph of PtPd(1:5)/Nf-rGO nanocomposites formed at ω = 1.5.
It can be seen that Pt-Pd NPs size in Nafion-rGO
composite are 4–5 nm.
In Table 1 the comparison of the nanocomposites’
size distribution based on Nafion-rGO and Nafion,
modified by Pt-Pd NPs is presented.
Thus, according to Table 1 we may conclude that the
minimum size of platinum-palladium nanoparticles
in nanocomposite materials is achieved by using
Nafion-rGO support and the least degree of solubilization ω = 1.5. Due to the large specific surface
area reduced graphene oxide further stabilizes the
platinum-palladium nanoparticles, so there is no aggregation, as it happens with pure Nafion membrane.
The microstructures of the Nafion-rGO composite
membranes were comprehensively investigated by

with subsequent nanocomposites formation on functional matrix substrates. Reduced graphene oxide,
because of its high surface area, is the most effective
carrier matrix for the composite materials formation
with metal nanoparticles. On the basis of catalytic
platinum metal composites with rGO, current
sources with increased specific characteristics have
been constructed [24–27].
Platinum-palladium nanocomposites were formed in
microemulsion solutions with nonionic surfactant
(Triton X-100) in contact with rGO. Figure 3 shows
a SEM image of Pt-Pd(1:5)/Nf-rGO nanocomposites
formed at ω = 1.5. Because rGO is hydrophilic and
is highly compatible for forming ionic-conducting
composite membranes, the protons released from the
COOH groups on the basal plane of rGO sheets represent the key factor in the ionic conductivity of the
rGO additive of the membrane. Hot-pressing treatment improved the interfacial bonding between the

Table 1. Comparison of the nanocomposites’ size distribution based on Nafion-rGO and Nafion modified by
Pt-Pd nanoparticles (HRTEM data).
Support

Nafion-rGO

Nafion

Figure 3. SEM image of Pt-Pd(1:5)/Nf-rGO composite:
1 – rGO layer, 2 – Pt-Pd/Nafion layer.
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d
[nm]

Pt:Pd
ω = 1.5

ω=3

ω=5

5:1

3.3–4.6

3.7–4.9

4.1–5.2

1:1

4.0–5.1

4.5–5.6

5.4–6.3

1:5

4.5–5.7

4.8–6.0

5.6–7.0

5:1

3.7–5.0

4.1–5.4

4.5–5.8

1:1

4.3–5.5

4.9–6.0

5.7–6.9

1:5

4.9–6.2

5.3–6.6

5.8–7.4
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SAXS, as shown in Figure 5. The scattering maximum of SAXS, the ionomer peak, is typically observed at 1–2 nm–1 of the scattering vector (q), following this Equation (1) [33]:
q=

4r $ sin i
m

(1)

where 2θ is the scattering angle and λ is wavelength.
The Bragg spacing of d, which corresponds to the
size of the ionic cluster, is inversely proportional to
q as d =2π/q. The pristine Naﬁon membrane showed
a broad peak with a q value of 1.27 nm–1, which is
in good agreement with literature data [18]. When
rGO were incorporated into Naﬁon membranes, the
q values increased. These results indicate that the
ionic clusters shrunk with the incorporation of rGO
sheets due to reorganization through interactions between the sulfonic groups of Naﬁon and the hydrophilic groups of rGO.
The phase composition of nanocomposites was studied by means of X-ray phase analysis (XPA). Figure 6 presents the diffractogram of bimetallic Pt-Pd
nanoparticles in the Nafion-rGO composition. On diffractogram for bimetallic nanocomposites with Pt-Pd
at a metal ratio in the range from 1:7 to 5:1, four detected characteristic reflexes may be attributed to
bimetallic platinum-palladium nanoparticles at: θ =
39.8° (111), θ = 46.3° (200), θ = 68.6° (220), θ =
81.8° (311) [10, 19, 20]. Since Pt and Pd have the
same crystal structure (Fm3m) and similar lattice parameters (face-centered cubic, a = 3.92400 and
3.99100 Å, respectively), the peaks of Pt-Pd/CNTbased nanocomposites on diffractograms are much
the same as similar peaks for Pt and Pd-CNT

Figure 6. Diffractogram of Pt-Pd nanocomposites based on
Nafion-rGO. Metal ratio of 5:1 and a solubilization
coefficient ω = 1.5.

monometallic composites. A slight shift of typical Pt
peaks towards large values of angles as well as a noticeable broadening of the bands is not worth our notice. In addition, for bimetallic platinum-palladium
nanoparticles (5:1), a significantly higher intensity of
the Pt-Pd peak (111) is seen in diffractogram [19, 20].
It is seen from the X-ray patterns that for rGO the
main peak being observed at 2θ ≈ 23–24° [34].
The results of the calculation of the coherent scattering region of Pt-Pd nanocomposites practically
coincided with the data on the sizes of nanoparticles
obtained with the high-resolution transmission electron microscopy (Figure 4, Table 1). The size of bimetallic Pt-Pd nanoparticles at varying metal ratios
from 1:7 to 5:1 in the composition of carbon carriers
ranged from 3 to 9 nm.
The data of energy-dispersive X-ray spectroscopy
(EDXS) were obtained for Pt-Pd nanoparticles synthesized at ω = 5 on the surface of Nafion-rGO. The
EDX spectrum of the nanocomposite membrane
clearly shows the presence of Pt and Pd, next to other
elements, like fluorine, carbon and oxygen. The results
(Table 2, Figure 7) for an initial ratio of platinum
metals of 1:1 demonstrated that Pt-Pd(1:1)/Nf-rGO
nanocomposite contains (in molar per cent) 92.5%
Table 2. Elemental composition of Pt-Pd(1:1)/Nafion-rGO
at ω = 5.
Element

Figure 5. SAXS curves of Naﬁon and Nafion-rGO membranes with Pt-Pd(1:5) NPs at ω = 1.5.
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consisted of a polymer membrane Nafion-115
pressed at a temperature of 85 °C [35] between the
composite anode and cathode based on reduced
graphene oxide. Pt-Pd nanoparticles when metal loading (ms) was of 0.8–1.3 mg/cm2 on rGO-Nafion
served as anode, rGO-Nafion with Pt nanoparticles
when metal loading (ms) was 0.5 mg/cm2 served as
cathode, the process temperature was 25 °C. For the
study of volt-and watt-ampere dependences, four types
of models with constant (concentration of formic
acid of 5 M and process temperature of 25±1°C) and
variable characteristics (catalyst loading, a different
ratio of metals and a type support) were made:
Model 1: platinum-palladium catalyst loading (ms)
was 1.3 mg/cm2, Pt:Pd ratio was 1:5, average nanoparticles diameter – 4.5–6 nm,
Nafion-rGO electrodes;
Model 2: platinum-palladium catalyst loading (ms)
was 0.8 mg/cm2, Pt:Pd ratio was 1:5, average nanoparticles diameter – 4.5–6 nm,
Nafion-rGO electrodes;
Model 3: platinum-palladium catalyst loading (ms)
was 1.3 mg/cm2, Pt:Pd ratio was 1:5, average nanoparticles diameter – 5–6 nm,
Nafion electrodes;
Model 4: platinum-palladium catalyst loading (ms)
was 1.3 mg/cm2, Pt:Pd ratio was 1:1, average nanoparticles diameter – 4–5 nm,
Nafion-rGO electrodes.
In the literature there are no data on the study of fuel
cells with direct oxidation of formic acid using combined polymer-reduced graphene oxide supports.
Besides there is no experimental data on the creation
of bimetallic platinum-palladium catalysts based on
such combined matrices. In this connection the results obtained in this work are new and undoubtedly
practically significant for development of effective
materials on the basis of polymers.
Figure 8 shows the current – voltage characteristics
(U–j) of models No– 1–No– 4. As a result of carried out
tests, model No– 4 (Figure 8 curve No– 4) showed the
smallest specific characteristics because of low palladium content in the nanocomposite electrode, due
to which the formation of carbon monoxide CO according to Equation (3) and degradation of electrodes with high platinum content occurs.
The model 3, formed on the basis of rGO electrodes
(Figure 8 curve No– 3), shows the worst characteristics, in comparison with the similar models (Figure 8
curves No– 1 and No– 2), developed on the basis of

Figure 7. EDX spectrum of the Pt-Pd/Nf-rGO composite.

of carbon, 1.1% of platinum, and 1.0% of palladium.
These data prove the production of Pt-Pd(1:1)/NfrGO nanocomposites corresponding to the metal
ratio in solutions of precursors and can testify to the
absence of oxide forms on the metals and carbon surfaces. The EDXS data corresponded with AAC
method data.
For FC with direct oxidation of formic acid, the electrooxidation reaction proceeds in two ways: direct
oxidation without the formation of carbon monoxide
(Equation (2)) and indirect oxidation with the formation of a by-product – adsorbed CO molecules
(Equation (3)):
НСООН → СООН + Н+ + ē → СО2 + 2Н+ + 2ē
(2)
НСООН → СОads + Н2О → СО2 + 2Н+ + 2ē

(3)

The process of oxidative dehydrogenation of formic
acid (Equation (2)) is mainly typical for palladium catalysts. Indirect oxidation (Equation (3)) predominates
in platinum-based catalysts [10, 17, 19, 20, 27].
In this work, the models of formic acid-oxygen fuel
elements have been tested on the basis of carbon
nanotube composite electrodes with platinum-palladium particles. The membrane-electrode assemble
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a catalyst load of 1.3 mg/cm2. The maximum specific
power was 79±3 mW/cm2 with a current density of
130±10 mA/cm2. While increasing the current density of more than 140 mA/cm2, there has been observed a sharp decrease in the specific power, associated with the increase of polarization losses of FC
with direct oxidation of formic acid [6–8, 36].
The maximum value of the current density proportional to the reaction rate has been observed in electrode materials based on Nafion-rGO and modified
by bimetallic Pt:Pd nanoparticles at a ratio of 1:5. A
further increase in the palladium content in nanocomposites to 1:7 causes a decrease in the specific characteristics while the testing of FC models. The cause
of this process probably is less catalytic activity and
corrosion resistance of Pd compared to Pt that was
observed in the direct oxidation of formic acid. The
main advantage of the proposed electrode materials
is low crossover effect of formic acid in fuel cells [7,
26, 36, 37] – this is proved by high current density
and specific power.
Also there has been observed the increase of catalytic activity in the formic acid oxidation reaction (platinum catalysts loading was increased to value of 1.2–
1.3 mg/cm2), and that affected both the increase in
the current density and the power of the fuel cells.
Further increase of catalyst loading on carbon nanotubes (more than 1.7 mg/cm2) lead to increasing the
size of bimetallic Pt-Pd nanoparticles up to 10–
17 nm and causes a significant reduction in current
density and power.
Thus, the choice of the optimal platinum catalysts
ratio in the formic acid-oxygen membrane-electrode
assemblies while operation and catalyst nanoparticles size reducing lead to increasing of the FC specific power at a given current density.
To compare the obtained power characteristics with
analogous systems the Table 3 is presented. As it can
be seen the formed composites have high specific
power both under similar conditions of FC investigation (3–5 M HCOOH) with other works which
confirms the advantages of the created materials.
It is worth noting that Kivrak et al. [7] had been proposed Pd-containing catalysts on multiwall carbon
nanotube for direct formic acid fuel cell performances. As a result current density parameters in 5 M
HCOOH (platinum and palladium catalyst loading
was 4 mg/cm2) at 18, 30 and 60 °C was about 5.6,
17 and 44 mA/cm2, which is significantly less than
the results obtained in our work. The achievement

Figure 8. Volt-ampere characteristics of laboratory models
N–o 1–N–o 4 for fuel cell membrane-electrode assemblies.

Nafion-rGO electrodes. This fact may be explained
by the presence of π-electrons, which play an important role in the interaction of graphene structures
with platinum metal nanoparticles. Accelerated delocalization of the electron density amplifies the coupling of rGO with catalyst metals and increases the
specific characteristics of catalysts. In this regard,
we conclude that the best energy characteristics of
the four variants of the fuel cell layouts have been
obtained by using electrodes based on Nafion-rGO,
loading platinum catalysts 1.3 mg/cm2 and a platinum-palladium ratio of 1:5. The maximum current
density was 130–140 mA/cm2 in the operating voltage range 0.4–0.6 V.
According to Figure 9 there is a maximum specific
power for all four models of membrane-electrode assemblies of fuel cells while increasing current density. The best energy characteristics have been obtained by using electrodes based on Nafion-rGO with

Figure 9. Watt-current characteristics of laboratory models
N–o 1–N–o 4 for fuel cell membrane-electrode assemblies.
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Ref.
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[mg/cm2]

Cathode
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[26]
This work
This work
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This work
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This work

2
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1
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1
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4
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1
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Temperature
density
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2
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