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Abstract: One of the most important problems in the development of proton exchange membrane fuel
cells remains the selection of an efficient electrocatalyst support capable of providing a low loading
of active metal with minimal changes in the electrochemical surface, electronic conductivity, and
activity. In this work, carbon nanotube arrays (CNTAs) grown directly on commercial gas diffusion
layers (GDLs) are used to form electrodes of a new type. The CNTAs are used in the electrode as
a microporous layer. The catalytic layer is formed in the microporous layer by a method that does
not destroy the carbon support structure and consists of the controlled impregnation of CNTAs
with the Pt-precursor with subsequent reduction in platinum particles in the surface volume of
the layer. The resulting electrode was studied by scanning/transmission electron microscopy and
Raman spectroscopy. This electrode provides increased electrical conductivity of the layer and can
also improve stability and longer service life due to the enhanced adhesion of carbon materials to
the GDL.

Keywords: electrode; carbon nanotube arrays; magnetron sputtering; fuel cells; hydrogen energy

1. Introduction

The global energy consumption of hydrocarbon resources is constantly increasing,
which increases the burden on countries’ economies and worsens the environmental situa-
tion. The solution may be switching to highly efficient renewable energy sources, including
plants with hydrogen fuel cells (FCs). However, the limited commercialization of electro-
chemical generators based on proton exchange membranes is explained by their relatively
short service life and high cost. These problems are mainly associated with degradation
processes occurring in the elements of the membrane electrode assembly (MEA) [1–3], in-
cluding deactivation of the platinum electrocatalyst due to corrosion of the carbon support,
as well as dissolution or agglomeration of Pt particles [4,5].

The high reactivity and durability of the catalytic layer (CL) largely depend on the
structure of the carbon support. Due to the unique architecture of graphite, it is possible
to synthesize rather complex nanomaterials on its basis, ensuring good dispersion of the
catalyst on their surface and, consequently, a large electrochemical surface area (ESA). There
are many different configurations of nanomaterials used as supports in fuel cells: carbon
nanotubes [6] and nanofibers [7], reduced graphene oxides [8,9], graphene nanosheets [10],
and other more complex structures, such as spheres and honeycombs [11,12]. Used as
catalyst supports, these materials have a positive effect on FC performance and can reduce
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the formation of surface oxides and corrosion currents. This is explained by the fact that
thinner microlayers produced from carbon nanomaterial influence the performance by
increasing gas permeability, electrical conductivity, and catalytic activity [13–16] while
simultaneously normalizing the water balance of the FC due to the specific packing of
graphene particles, leading to the appearance of micro- and macropores [17].

The performance of an electrochemical device with a proton exchange membrane
(PEM) is also greatly influenced by the formation of a CL, adhesion of the layer to the
surface of the membrane/microporous electrode layer, and uniformity of their deposition.
This problem can be solved by replacing the standard amorphous carbon support with a
complex structured one, in particular, with carbon nanotube arrays (CNTAs) [18]. CNTAs
have a developed surface, which enhances the deposition of nanometer-sized platinum
particles and prevents their agglomeration, thus reducing the loading of the expensive
catalyst and increasing its efficiency. The use of CNTAs in electrochemical cells also has
additional advantages over other carbon structures mentioned above: surface mechanical
properties, such as the modulus of elasticity and hardness, are improved [19].

CNTAs can be grown using various methods of catalytic decomposition of hydrocar-
bons (chemical vapor deposition—CVD). Depending on the desired CNTA shape, differ-
ent CVD variations are used, such as hot filament, radiofrequency, microwave plasma-
enhanced, water-assisted, thermal-enhanced, alcohol-assisted, or laser-assisted CVD [20].
In addition to the synthesis technique, the growth of CNTAs is influenced by many other
factors: substrate type and material, growth catalyst used, and its deposition method [21,22].
The problem of selecting the CNT growth catalysts and optimizing the CNT synthesis was
solved by Kudinova et al. [23]. The highly homogeneous film obtained in a magnetron
sputtering (MS) unit was successfully used as a catalyst for the synthesis of CNTAs in the
CVD process directly on the gas diffusion layer (GDL).

When a film of aligned CNTs is used as an FC cathode, current density and produc-
tivity increase, and electrocatalytic activity improves in comparison with a Pt/nonaligned
CNT electrode [24]. Vertically aligned CNTs, together with Pt particles forming the elec-
trodes, ensure good transmission of protons, electrons, and reactants. According to the
study [25], vertically aligned CNTs grown on a stainless steel substrate coated with iron
catalysts and inactive oxide allow for the creation of a novel structure, which directs gas
diffusion through the CNTA with a platinum catalyst. This enhances the chemisorption
of gaseous reagents and improves the performance of an FC with a PEM device. The
hydrophobicity of vertically aligned CNTs prevents water condensation on the cathode,
leading to the long-term stability of fuel cells with PEM, which is achieved through the
ability to control aqueous reagents and gas diffusion [26]. The study [27] showed that the
direct growth of vertically aligned CNTs on the stainless steel surface of a bipolar plate
(BP) by the hot filament CVD method significantly improved the hydrophobic properties,
antifreezing capability, electrical conductivity, and corrosion resistance of the BP. In [28], a
new structure of a microporous layer (MPL) for FCs was created by direct growth of thin
multiwalled vertically aligned CNTs on a commercial GDL carbon fiber substrate without
hydrophobic treatment. A good electrical contact between the CNT and the substrate was
ensured through the use of a three-layer Ti/Al/Fe catalyst. The thus obtained CNTAs were
perpendicularly aligned along the entire length of carbon fibers and covered the surface of
the GDL. The fuel cell tests demonstrated improvements in performance of up to 30% and
improved stability and degradation resistance.

The use of CNTAs in fuel cells is currently being investigated and optimized due to
the weak adhesion of carbon structures to the surface of GDLs and electrodes; the issue of
the deposition of electrocatalysts, i.e., of reproducibility when creating electrodes based
on new carbon structures, is still unresolved. In this regard, it is of interest to form an
electrode of an electrochemical device as a complex system consisting of a commercial
GDL with a deposited MPL and a CL based on a CNTA. As can be seen from the literature,
a number of works are aimed at the use of a CNTA both as a GDL and an MPL and
directly as a catalytic layer. However, it is necessary to optimize the morphological and
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physicochemical properties of CNTAs by changing the structure of the supported catalyst
film in order to create a high-quality MPL structure and to ensure minimal contamination
with the growth catalyst.

In this work, we solved the problem of forming a new type of electrode by growing
CNTAs directly on commercial GDLs. For this purpose, a Ni catalyst deposited on the
GDL surface by MS [23] was used, which allowed growing the CNTA layer by layer to
the required layer thickness. The formation of a near-surface CNTA-based catalytic layer
as part of the microporous electrode layer was also carried out by methods that did not
disturb the structure of the carbon support.

2. Results and Discussion

Characteristics of the resulting CNTA (layer thickness and tube diameter) were largely
determined by parameters of the predeposited Ni catalyst (the size of agglomerates), which
in turn were determined by the MS mode and sputtering duration. This phenomenon is
associated, first of all, with the termination of the array growth process when the catalyst is
completely carbonized [22,29].

Figure 1 shows the size distribution of the Ni particles predeposited on the GDL
and outer diameters of the grown nanotubes. The distribution of the obtained nanotube
diameters correlated with the particle sizes of the Ni catalyst and practically repeated the
particle size distribution shape, with almost coinciding average diameter of the particles
and outer diameter of the nanotubes. The long duration of the MS of the Ni catalyst (about
10 min) led to an increase in the particle size and agglomeration of the particles, as well as
an increase in the unevenness of the size distribution of the agglomerates.

Figure 1. SEM image of the GDL with the Ni catalyst (a), size distribution of Ni agglomerates (b), SEM
image of the grown CNTs (c), and size distribution of CNTs diameters for the CNTA 120 sample (d).
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For nanotubes of smaller sizes, the nanotube diameter distribution was more uniform
due to a more uniform distribution of catalyst particles during the MS (Figure 2). A
reduction in the Ni catalyst sputtering time resulted in a more uniform nanotube diameter
distribution profile. However, the CNTA thickness also decreased.

Figure 2. SEM images of the surface of the CNTAs and size distribution of grown nanotubes for
CNTA 40 (a,b) and CNTA 75 (c,d).

The change in the thickness of the GDL fibers with and without the grown array
is shown in Figure 3. The thickness of the CNTA for the obtained samples varied and
correlated with the diameter of the Ni particles.

Figure 3. SEM images of GDL carbon fibers with (a) and without (b) CNTA 40. The thickness of the
array is 4 µm.
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Table 1 presents the data on the dependence of the diameter of the tubes in the obtained
CNTA and the thickness of the obtained array on the diameter of the Ni catalyst particles.

Table 1. Dependence of the characteristics of the obtained CNTA (layer thickness and tube diameter)
on the particle size of the predeposited Ni catalyst. D is the diameter of the GDL fiber with the CNTA,
d is the diameter of the initial GDL fiber, HCNT* is the one-layer CNTA thickness, and HCNT* is the
entire CNTA thickness.

Sample Initial GDL
Diameter

(Average) of Ni
Particles, nm

Diameter
(Average) of

Nanotubes, nm
D, µm d, µm

HCNT*, µm
(One-Step
Growth)

HCNT, µm

CNTA 45 ELAT LT 1400 W
without a

microporous layer

40 ± 5 45 ± 5 17 ± 1

9 ± 1

4 ± 1 -
CNTA 50 50 ± 5 50 ± 5 20 ± 1 5 ± 1 27 ± 2
CNTA 75 70 ± 5 75 ± 5 22 ± 1 6 ± 1 -

CNTA 120 110 ± 10 120 ± 10 25 ± 1 8 ± 1 -

The thickness of the deposited microporous layer for commercially available GDLs
is about 36 µm (MPL for a hydrophobic cloth of the ELAT brand), which is 5 to 10 times
greater than that of the obtained CNTAs. However, a further increase in the Ni sputtering
time will lead to the agglomeration of particles into a continuous film, which will no longer
act as a CNT growth catalyst. The use of layer-by-layer growth allows for increasing the
array thickness. This method of layer-by-layer deposition made it possible to achieve the
required CNTA layer thickness of about 27 µm in five iterations while at the same time
controlling the size of the obtained nanotubes. The average nanotube diameter was about
50 nm.

Based on the measurement of the resistivity of the electrode with the MPL from the
nanotube array, the electrical conductivity increased by approximately 10% compared with
the commercial ELAT LT 1400 W GDL (Table 2). The layer thickness for these samples
was the same—400 µm. As can be seen from the data in Table 2, at equal thickness of
the electrodes, the deposited commercial carbon microporous layer with a hydrophobic
component made a greater contribution to the electrode resistance compared with the
deposited CNTA. The table also gives values for the ELAT LT 1400 W GDL without
undercoat. The resistance of the resulting CNTA was 30% lower than that of the commercial
MPL of the same thickness.

Table 2. Results of measuring the longitudinal resistivity of GDL samples.

Sample Longitudinal Resistivity
(Ohm·µm)

Thickness
(µm)

Longitudinal Resistivity
of the MPL (Ohm·µm)

ELAT LT 1400 W 330 400 100
ELAT LT 1400 W without MPL 230 370 -
ELAT LT 1400 W + CNTA 50 300 400 70

Since all GDLs represent structured carbon materials, the analysis of Raman spectra is
based on the analysis of spectra of carbonaceous substances. The following two regions
can be identified in the GDL spectrum: of the first (1100–1800 cm−1) and of the second
(2350–3350 cm−1) order. For all samples, narrow D and G peaks of similar high intensity
were observed. The shift in the G lines associated with symmetric E2g stretching and com-
pression vibrations of C–C sp2 bonds in six-atom aromatic rings of graphene layers, from
1581 cm−1 (graphite) toward higher frequencies up to 1590–1595 cm−1, is characteristic of
crystallites with a size of ~2.5 nm and less. The main contribution to the D band was made
by vibrations that were specific to the six-atom aromatic rings; therefore, the D band can
serve as an indicator of the presence of graphite-like nanoclusters in the carbon structure. In
contrast to the D band, the G band was observed at any arrangement of carbon sp2 bonds,
including all kinds of rings and chains. The spectra did not contain an additional band of
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“defects” D2 (1620 cm−1) in the form of a shoulder at the G peak. Nanographite is charac-
terized by the presence of a usually very wide D3 peak (~1510 cm−1) due to the presence
of interlayer defects in the structure, such as disorders in the form of amorphous carbon,
which is also not characteristic of GDLs. The D4 peak (~1212 cm−1) indicated the presence
of sp3 carbon bonds and was very weakly expressed. The narrowing and the increase in
the intensity of the 2D peak (~2700 cm−1), which reflects the interaction between carbon
layers, were associated with an increase in the crystallite size. The splitting of the band into
two peaks—2D1 and 2D2—was due to the appearance of three-dimensional ordering. All
considered GDLs were highly ordered carbon materials predominantly containing carbon
in sp2 hybridization (long chains and rings) and forming carbon filaments, the internal
structure of which is represented by graphite nanoclusters.

Analyzing the Raman spectra from ELAT LT 1400 W with and without a CNTA MPL,
it can be noted that the G peak (second-order peak) was much larger in ELAT 1400 without
the sublayer prior to the CNT synthesis (Figure 4), while there was no significant difference
in the degree of defectiveness (based on the G/D peak intensity ratio).

Figure 4. Raman spectra of ELAT LT 1400 cloth without MPL and with the grown CNTA 50.

Figure 5 shows SEM images of the electrode surface and the size distribution of
nanotubes for the CL based on the Pt/CNTA 50 electrocatalyst. Due to the use of the
method of forming the CL as part of the grown MPL based on a CNTA, which involves the
method of impregnation of the CNTA with the platinum precursor followed by a reduction
in particles with hydrogen, which does not destroy the original structure of the substrate,
the resulting CL was characterized by a highly uniform CNT distribution, the tubes were
not damaged, the integrity of their structure was preserved, and the direction of the tubes
relative to the horizontal surface of the electrode also had a distributed isotropic character
(Figure 5).
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Figure 5. SEM image of the electrode surface.

Figure 6a shows TEM images of the platinum particles and the size distribution of
platinum. The average particle size of platinum was 5.2 nm (Figure 6b). The formation
of large agglomerates was observed. The increase in the size of the platinum particles
was associated with the high mass fraction of platinum in the electrocatalyst [30]. This
effect was observed regardless of the electrocatalyst synthesis method. The larger particles
were also characteristic of the hydrogen reduction method; however, it was the hydrogen
and gas-phase reduction that allowed for preserving the structure of the obtained CNTAs
during the synthesis of catalytic particles. The platinum particle size reduction could be
achieved by reducing the platinum content in the electrocatalyst.

Figure 6. TEM image of the obtained Pt particles (a) and their size distribution (b) for the Pt/CNTA
50 electrocatalyst.



Inorganics 2023, 11, 219 8 of 12

3. Materials and Methods
3.1. Making an Electrode

Application of the CNTA growth catalyst. The Ni catalyst was predeposited on the
GDL by the MS method (MIR-1 facility, National Research Center “Kurchatov Institute”,
Moscow, Russia) in the direct current mode with a bias voltage applied to the substrate [31].
Ni particles served as catalytic sites for nanotube growth. The Ni target thickness was
2 mm, and its diameter was 75 mm. The spraying time was from 2 to 10 min, and the Ni
coating density was 0.05–0.20 mg/cm2, respectively.

3.2. Growing a CNTA

CNTAs were grown directly on commercial GDLs (hydrophobic carbon cloth of the
ELAT LT 1400 brand without a microporous layer) by the CVD method (pyrolytic gas-phase
deposition facility at Lomonosov Moscow State University, Moscow, Russia [32]). The
synthesis procedure is described in detail in [23]. The CNT synthesis time for all samples
was 30 min. The CNTA growth was stopped when the predeposited Ni catalyst was
completely carburized [22]. Samples were obtained with a CNTA as an MPL with tube
diameters of 40, 50, 75, and 120 nm named CNTA 40, CNTA 50, CNTA 75, and CNTA
120, respectively.

An important characteristic of the resulting array was its thickness. Since the CNTA
acted both as a carrier of catalytic particles and as a microporous layer, it needed to have
sufficient thickness. As shown in Figure 7a, the growth of the CNTA led to an increase in
the diameter of carbon fibers of the initial GDL, which was used to judge the thickness of
the CNTA layer on the GDL surface.

Figure 7. (a) Schematic representation of the CNTA growth on the GDL. CNTA on the fibers of the
initial carbon GDL. (b) Layer-by-layer growth of the CNTA, where d is the diameter of the initial fiber,
D is the diameter of the fiber with the CNTA (one-step growth), HCNT* is the one-layer (one-step
growth) CNTA thickness, and HCNT is the entire CNTA thickness. Symbols: blue dots are Ni particles,
gray cylinder is the GDL fiber, and black line is CNT.

The CNTA thickness may increase with increasing particle size of the Ni catalyst;
however, in this case, the purity and quality of the synthesized tubes decreased, and their
diameter also increased [33]. Therefore, sufficient thickness of the layer was ensured by
depositing an additional Ni catalyst layer on the synthesized CNTA. Thus, the array was
formed layer by layer, as shown schematically in Figure 7b.

3.3. Growing a Catalytic Layer

The deposition of platinum particles was carried out by impregnation with an aqueous
solution of the precursor (H2PtCl6) of a specified concentration of platinum (0.6 mg/mL)
and subsequent reduction with gaseous hydrogen [34]. The impregnation was carried out
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by spraying the solution with an airbrush onto the surface of the CNTA layer preliminarily
grown on the surface of the hydrophobized GDL. The reduction of platinum from hex-
achloroplatinic acid in a hydrogen flow was carried out in two stages. In the first stage,
the support was dried and cleaned in an argon flow for 12 h; the reactor temperature was
120 ◦C, the inlet gas temperature was 25 ◦C, and the relative humidity was not more than
20%. In the second stage, the platinum reduction was carried out in a stream of humidified
hydrogen for 12 h. Hydrogen was humidified by bubbling through the water column in a
saturation tank at 50 ◦C. The hydrogen flow was 0.2–0.5 L/min. The platinum content in
the CNTA layer was 20 wt.% at a coating density of 0.3 mg/cm2. A Pt/CNTA 50 sample
was synthesized.

As a result of the above procedure, there was formed an electrode based on a com-
mercial GDL, with a CNTA formed on its surface, acting as an MPL and a support of the
Pt/CNTA electrocatalyst. The schematic diagram of the resulting electrode is shown in
Figure 8.

Figure 8. Schematic of the obtained CNTA-based electrode, where particles of the Ni catalyst used
for the CNT growth are marked in blue, the platinum catalyst particles are marked in red, HCL is
the height of the catalytic layer, HCNT is the height of the entire microporous layer of the CNTA, and
HCNT* is the height of one layer obtained by a single CNT synthesis.

3.4. Electrode Studies

The layer thickness was calculated on the assumption that the growth of tubes is
uniform over the entire surface of the sample, as schematically shown in Figure 7a. Since it
clearly distinguishes only the diameters of the original fiber and the diameters with CNTs
synthesized on it in SEM images, using the approximation of the uniform growth of the CNTA,
the thickness of the array (one-step growth) was calculated using the following formula:

HCNT
∗ =

D − d
2

(1)

where d is the diameter of the initial fiber, D is the diameter of the fiber with the CNTA,
and HCNT* is the thickness of the one-step growth CNTA layer (see Figure 7a).

The samples were examined by scanning electron microscopy (SEM) using a Versa 3D
DualBeam instrument (FEI, Hillsboro, OR, USA) and a Titan 80-300 S/TEM (FEI, Hillsboro,
OR, USA) transmission electron microscope (TEM).

The images obtained by SEM were processed using the ImageJ program with prelim-
inary generation of particle contours in a graphical editor (for Pt catalyst particles). To
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obtain reliable data, several micrographs with different magnifications were processed,
providing a total sample size of at least 100 particles.

A series of experimental Raman spectra from carbon nanotubes were obtained using the
INTEGRA Spektra Probe NanoLaboratory with a SOLAR TII spectrometer (Moscow, Russia).

The specific longitudinal electrical resistance was measured in a cell consisting of a
holder, electrodes, and a bar used to press the sample against the electrodes. The measure-
ments were carried out using a CorrTest CS350 potentiostat (CorrTest Instruments, Wuhan,
China). The EIS method was used for the measurement, and the values were recorded
using an open potential. Detailed information is described in [35].

The specific longitudinal electrical resistance R expressed in Ohm·µm was calculated
by the formula:

R =
Z·h·δ

L
(2)

where Z is the measured value of the sample resistance, Ohm; h is the sample width, cm;
δ is the sample thickness, µm; and L is the distance between the inner electrodes that
corresponds to the sample length, cm.

4. Conclusions

Thus, there was created a new type of electrode for PEMFC that uses a CNTA as a
microporous layer. The CNTAs were grown by the CVD method directly on a gas diffusion
layer representing a hydrophobized carbon cloth. Ni was used as a growth catalyst, which
was deposited using a magnetron sputtering facility in a constant current mode with a bias
voltage applied to the substrate. The size (diameter) of the obtained CNTs correlated with
the size of the Ni particles and practically repeated it. To increase the layer thickness, as
well as to preserve the quality of the nanotubes in the absence of contamination by the Ni
catalyst, the carbon nanotubes were grown layer by layer. Deposition of platinum catalyst
particles was carried out by a nondestructive method of impregnation of CNTAs with a
precursor and subsequent reduction to metal particles using hydrogen gas.

The resulting electrode demonstrated electrical conductivity that was 10% higher
compared with commercial MPLs. Raman spectroscopy showed that this CNTA synthesis
method has practically no effect on electrode defectiveness. The optimal CNTA thickness
at a nonpolluting MPL amount of Ni was formed to 27 µm with preservation of the array
structure for the tube diameter of 50 nm, suitable for uniform deposition of platinum
particles without loss of their catalytic activity. The average particle size of the Pt/CNTA
50 catalyst was 5.2 nm.

Formed MPL provides increased electrical conductivity of the layer by controlling its
porosity and gas permeability. The enhanced adhesion of CNTAs on the GDL increases
durability at a reduced platinum content, achieved by increasing the dispersion and ESA
of the platinum catalyst supported on the CNTA.
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