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In the polymer electrolyte membrane fuel cells (PEMFC) state of the art, rare and expensive platinum
group metals (PGM) or PGM alloys are used as catalyst material. Reduction of PGMs in PEMFC
electrodes is strongly required to reach cost targets for this technology. An optimal catalyst utilization
is achieved in case of nano-structured particles supported on carbon material with a large specific
surface area. In this study, graphitic material, in form of carbon nanofibers (CNF), is decorated with Pt
particles, serving as catalyst material for PEMFC electrodes with low Pt loading. As a novelty, the
effect of oxygen plasma treatment of CNFs previously to platinum particle deposition has been
studied. Electrodes are investigated in respect of the optimal morphology, microstructure as well as
electrochemical properties. Therefore, samples are characterized by means of scanning electron
microscopy combined with energy dispersive X-ray analysis, transmission electron microscopy,
thermogravimetry, X-ray diffraction as well as X-ray fluorescence analysis. In order to determine the
electrochemical active surface area of catalyst particles, cyclic voltammetry has been performed in 0.5
M sulphuric acid. Selected samples have been investigated in a PEMFC test bench according to their
polarization behavior.

Keywords: PEM fuel cell electrocatalysts, Carbon nanofibers, Oxygen plasma activation, Pulsed
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1. INTRODUCTION

Regarding the transformation of the energy sector into renewable sources based economy,
novel storage systems are required in the near future in order to ensure energy supply. Certainly,
prospective solutions need to be carbon dioxide emissions free. In this sense, water electrolysis is a
potential way for obtaining large amounts of energy in form of hydrogen. Environmental friendly
produced hydrogen can be reused for electricity generation in stationary or mobile fuel cell
applications. However, in order to develop commercially available solutions, technical as well as cost
aspects have to be taken into account [1].

The main function of the catalytic layer (CL) in polymer electrolyte membrane fuel cells
(PEMFC) is to provide active sites for the electrochemical reactions occurring at the anode -hydrogen
oxidation reaction (HOR) and at the cathode - oxygen reduction reaction (ORR) respectively.
According to this, catalytic material is needed in order to break the bonds of gas molecules fed to the
fuel cell [2]. Noble metals like Pt or platinum group metals (PGM) are known to be feasible catalysts
due to their ability to increase the reaction kinetics and their corrosion stability in acid environment. As
electrochemical reactions occur on the surface of catalyst particles, a large active surface within the CL
is necessary in order to achieve high power density [3]. Therefore, in current state of the art PEMFCs,
active surface is increased by the use of carbon supported catalyst nanoparticles, which are structured
directly at the interface between electrolyte membrane and porous electrode material. Structure of CL
is also porous as gas molecules diffuse to the catalyst particles. However, for electron transfer, catalyst
particles need to be electrically connected and furthermore, for proton exchange, catalyst particles need
to be in touch with the membrane. This area, which complies with mentioned conditions is known as
three phase reaction zone [4-8].

In order to increase power output and to decrease noble metal loading in PEMFCs respectively,
research is carried out on advanced CL architectures, which improve catalyst utilization. Catalyst
support material that offer itself a high specific surface area, contribute to a large active catalyst
surface within the CL. Furthermore, support material needs to be stable to fuel cell operation, as well
as electrical conductive for low-loss electron transfer from anode (HOR) and cathode (ORR) to the
catalyst particles. Graphitic nanoparticles are favorable as support material for PGM catalysts as these
meet the necessary criterions [9, 10].

Typically, Pt on carbon black catalyst is reported for PEMFCs [11-13]. Here, carbon blacks
(e.g. Vulcan XC72) with a particle size of about 40 nm and a specific surface area of about 75 m2 gt is
used as support for Pt with a particle size in the range of 2 up to 5 nm. Furthermore, interest is on more
graphitized (and less turbostratic) carbon supports like carbon nanotubes (CNT) [14-16] or carbon
nanofibers (CNF) [9, 17]. In addition, graphene sheets have been studied as support material [18, 19].
However, layers consisting only of graphene sheets or graphene flakes may have disadvantageous
properties concerning gas flux due to the formation of a roof tile structure [18]. CNTs and CNFs show
high specific surface area and are believed to be superior in comparison to turbostratic graphitic
structures (like e.g. typically used carbon blacks). As corrosion resistance against oxygen is higher,
this makes them suitable, especially for the use at fuel cell cathodes [20].
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It was already reported that oxygen plasma treatment on CNFs results in a formation of
functional groups on the graphitic surface. This influences the characteristics of treated particles,
increasing the surface energy [21-23]. Furthermore, particles deposition is affected due to the plasma
activation process [9]. Different plasma parameters (plasma power, gas flow and pressure or exposure
time) have to be carefully set in order to achieve formation of oxygen containing functional groups
(hydroxylic, carboxylic or carbonylic) on the CNF’s surface.

For this experimental work, CNFs with high specific surface area (up to 200 m? g*) produced
in industrial scale [24, 25] are decorated with platinum particles, serving as catalyst material for
PEMFC electrodes with low noble metal loading. Pulse plating technique, which is performed for this
work is a suitable method for electrode preparation with low catalyst content [26-28]. The effect of
CNF pre-treatment in radio frequency induced oxygen plasma on electrochemical activity of electrodes
has been investigated.

2. EXPERIMENTAL

2.1. Preparation of gas diffusion electrodes

In order to prepare gas diffusion electrodes (GDE), CNF dispersions are spray coated on the
porous graphitic substrate (gas diffusion layer type Freudenberg H2315 12C6). To achieve functional
group formation on the graphitic surface, CNFs are activated by means of radio frequency induced
oxygen plasma (RF plasma reactor type Plasma Finish RFG 300 RF). Plasma treatment has been
carried out in an oxygen/argon environment at 60 Pa. Oxygen flow through the reactor chamber, as
well as argon flow, has been set to 0.1 N L min™. Plasma power was varied from 80 to 150 W for an
exposure time of 5 to 30 minutes. Plasma parameters (power and duration) have been investigated and
optimized in a previous work [29]. Size for samples, which are applied to membrane electrode
assemblies (MEA) for investigation in a PEMFC test bench, was 45 mm x 45 mm (20.25 cm?).
Samples with 1 cm? have been used to investigate the properties of the catalytic material.

Subsequently, CNFs are decorated with Pt nanoparticles by pulsed electrodeposition from
hexachloroplatinic acid (Galvatron Platinbad from Wieland Edelmetalle) employing a
potentiostat/galvanostat type Materials Mates 510. Current density for pulse plating process has been
modified from 0.1 A cm™ up to 0.5 A cm™ in order to obtain an optimal particle size and distribution.
The electrolyte was heated up to 60 °C. The pH-value has been adjusted to a value of 2 by adding
hydrochloric acid to the electrolyte solution. Pulse length was set to 1 s and pause length at 60 s. This
procedure was repeated twelve times for each specimen preparation.

A typically Pt/C electrocatalyst based GDE has been prepared for comparison with Pt/CNF
based samples. A Pt/C (50 wt.-% Pt) dispersion was formulated in isopropanol and spray coated on
GDL.
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2.2. Analysis of morphology and microstructure

In the frame of this experimental work, electrodes are investigated in respect of optimal
morphology and microstructure. Therefore, samples were characterized by means of scanning electron
microscopy (SEM) combined with energy dispersive X-ray (EDX) spectroscopy (SEM/EDX type
Phillips ESEM XL 30, respectively SEM type Hitachi S4500) and transmission electron microscopy
(TEM type FEI CM200). X-ray diffraction (XRD) was used to indicate interlayer spacing of
investigated carbon support materials in order to determine the graphitization degree (XRD type
Philips X Pert). Results have been compared with highly oriented pyrolytic graphite (HOPG). With
respect to the determination of platinum loading of the prepared GDEs by thermogravimetric analysis
(TGA), mass changes were detected due to temperature increase using a Netzsch STA 449 F1 Jupiter
instrument. For investigated electrodes, pieces of 1 cm? area have been analyzed. Starting from nearly
ambient conditions (30 °C), the samples were completely burnt off with a heating rate of 20 °C min™
up to 1.200 °C. The samples residues are related to non-flammable metallic components. In order to
distinguish the platinum catalyst loading from the metallic content of CNFs (transition metal catalysts,
e.g. Ni, Co or Fe used for CNF production), X-ray fluorescence analysis (XRF) has been carried out
(XRF spectrometer type SPECTRO MIDEX).

2.3. Electrochemical investigation

In order to determine the electrochemical active surface area (ECSA) of prepared GDEs, cyclic
voltammetry (CV) has been performed with the aid of a potentiostat type Ivium Technologies Vertex,
in 0.5 M sulphuric acid at room temperature. A galvanic cell type Radiometer Analytical CEC/TH was
used in a three-electrode configuration with a Pt counter electrode and a saturated calomel reference
electrode (SCE). Scan rate was set at 100 mV sec™ starting from -0.2 VV / SCE up to a vertex potential
of 0.8 V / SCE. ECSA was calculated after 200 cycles between starting and vertex potential.

Furthermore, corrosion measurements are carried out in order to identify corrosion resistance of
the electrodes in acid environment. Measurements were performed in 0.5 M H,SO, starting from a
potential of 0.2V / SCE to 1.2 V vs. SCE with a scan rate of 0.16 mV s™.

Membrane electrode assemblies (MEA) are manufactured in order to characterize the samples
in a fuel cell test environment. Prepared GDEs are used as anodes. As cathode material, standard GDE
with high platinum loading (1 mg cm™) was used. To achieve an improved catalyst connection to the
membrane, GDEs are coated with Nafion® solution (5 wt.-% in alcohol). MEAs have been prepared by
hot pressing the electrode on each side of a proton conductive membrane type Dupont Nafion® 212.

In order to determine in-situ polarization behavior, MEA samples are tested in a fuel cell test
bench with a controlled electrical load type Hocherl & Hackl type ZS1806NV. The utilized test cell
based on hydraulic compression has already been described in detail [30, 31]. U-i characteristic plots
are measured in constant current mode (stepwise). Starting from open circuit voltage (OCV) at 0 A,
load current was increased by steps of 1 A up to the vertex current of 15 A (i = 0.75 A cm™). Load
current was hold for 2 seconds. Average values for current and corresponding cell voltage are recorded
digitally (10 values per step).
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3. RESULTS AND DISCUSSION

3.1. Graphitization Degree, Morphology and Microstructure

XRD measurements confirmed the high graphitization degree of investigated CNFs (90.0 +
2.8%). Graphitization degree of CNF based electrodes is about 18% higher in comparison to the
carbon black based electrocatalyst (about 73%). Table 1 shows the calculated graphitization degree’s
from XRD measurements.

Table 1. Graphitization degree of selected samples calculated from the XRD measurements

Graphitization degree [%0]

HOPG 100
Pt/CNF 90.0+2.8
Pt/C 73.1+1.8
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Figure 1. SEM micrographs of Pt/CNF based electrodes depending on current density for Pt particle
electrodeposition at different magnifications (a-a; a-b; a-c: i = 0.1 A cm™; b-a; b-b; b-c: i = 0.2
A cm’? c-a; ¢-b; c-c: i = 0.5 A cm; SEM- Phillips).
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The influence of current density for platinum particle deposition on the morphology and
structure of the electrodes has been investigated by SEM (Figure 1). It can be observed that platinum
distribution is more homogeneous for particle deposition using higher current density. However, for a
deposition current density of 0.5 A cm™, particle size increases to about 100 nm and clusters start to
agglomerate. An optimum platinum particle distribution and cluster size is found when the
electrodeposition current density was 0.2 A cm™. Therefore, PtYCNF based GDEs further investigated
in this work refer to this parameter.

Figure 2. TEM micrograph of a Pt cluster on CNFs obtained using 0.2 A cm™ deposition current
density.

 Mag: 20000x
04.02,2015 S HV: 10 kY WD; 6 mm

Figure 3. SEM micrograph of Pt particles on CNFs obtained using 0.2 A cm™ deposition current
density (SEM - Hitachi).
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Figure 4. SEM micrograph of Pt particles on CNFs - fracture of a sample (SEM - Hitachi).

TEM, as well as SEM analysis for optimized Pt/CNF based electrodes show clusters of
agglomerated Pt particles with the size of about 5 nm. Cluster size is about 30 nm (Fig 2).
Furthermore, Pt distribution over the electrode area is nearly homogeneously (Fig. 3). Only less
particles have been found within the CNF layer by cross section microscopy and fracture microscopy
images (Fig. 4). As a result, localization of Pt particles is favorable for PEMFC electrodes. Concerning
particle size and distribution, no influence is observed visually by microscopy due to different plasma
treatment.

3.2. Platinum Loading

Table 2. Results from XRF and TG analyses of selected electrode samples depending on CNF loading

CNF loading Pt content Residual mass Pt loading

Sample

[mg cm™] [%0] [mg cm™] [mg cm™]
GDL substrates
blank - - 0.030 + 0.001 -
GDLs with
CNFs only 0.5 - 0.096 + 0.020 -
Pt/CNF 0.15 84.8+0.4 0.160 0.110
Pt/CNF 0.3 854+15 0.289 0.221
Pt/CNF 0.5 82.3+0.7 0.382 0.290

Platinum loading of prepared electrodes has been determined by TGA. Metallic electrode
content is analyzed by XRF in order to distinguish platinum from CNF catalysts, which occur due to
the fibers production. XRF measurements are performed at three different points of a sample. CNF
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growth catalyst is found to be only nickel. Platinum loading of prepared electrodes depending on CNF
loading is given in Table 2.

For blank GDL samples, residues determined by TGA belong to organic content. About 0.03
mg cm need to be subtracted for the calculation of platinum loading due to GDL residue. Ni content
Is determined to be in the range of 13.2% * 4% (0.132 + 0.04 mg Ni/mg CNF). The platinum ratio
from metallic content of prepared samples remains nearly constant with varying CNF loading (82.3%
to 85.4%). This means that the platinum loading is highly dependent on the CNF loading of a sample.

Furthermore, influence of oxygen plasma treatment is observed. Investigation has been carried
out for samples with a CNF loading of about 0.2 mg cm™.

Table 3 gives information about platinum ratio of metallic content and platinum loading of
selected samples depending on the plasma treatment. Electrochemical investigations are carried out
with these samples previously to TGA.

Table 3. Results from XRF and TGA analyses of selected samples depending on plasma treatment

Pt content Residual mass Pt loading

[mg cm™]

[%6] [mg cm™]

Pt/CNF no plasma 85.3+6.8 0.189 + 0.025 0.135 + 0.026
Pt/CNF 80 W 30 min 93.0+0.5 0.172 +0.017 0.132 £ 0.018
Pt/CNF 100 W 20 min 941+0.4 0.124 £ 0.025 0.088 + 0.026
Pt/CNF 120 W 10 min 93.9+0.8 0.145 £ 0.011 0.108 + 0.012
Pt/CNF 150 W 5 min 81.0+£0.2 0.136 + 0.002 0.086 + 0.003

Pt/C no plasma 100 0.162 + 0.005 0.132 + 0.006

Platinum loading of selected electrode samples varies from 0.086 to 0.135 mg cm™. One can
observe that the mass ratio of platinum from metallic electrode content changes with the parameters for
plasma treatment. Highest mass fraction is found for plasma activation with 100 W and a treatment
time of 20 minutes. Electrodes treated in this circumstances have a platinum mass fraction 10.3%
higher than for samples without plasma activation. Samples, which are plasma activated at 150 W, for
5 minutes, show slightly lower platinum loading. However, a mass ratio for platinum is below those
for samples without previous plasma treatment. This fact can be explained due to a dominant etching
effect of plasma process. Therefore, these samples have not been considered for electrochemical
investigation.

3.3. Electrochemical Investigations

CVs for selected samples carried out in 0.5 M H,SO,4 are shown in Fig 5. It was found that
hydrogen adsorption and hydrogen desorption occurs between -0.2 and 0.1 V vs. SCE. For each
plasma parameter, three electrodes are investigated. The peaks A and B, correspond to the atomic H
formation and adsorption (HsO" + € = Hags), and H, formation and adsorption (Hags + H3O" + ¢ >
Howas) + H20) respectively. Peak currents for A and B are almost directly proportional to catalytic
activity of the electrodes for hydrogen evolution reaction. Similarly, peaks C and D correspond to H,
and H oxidation. That means the highest catalytic activity is found for the sample treated in oxygen
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plasma (120 W for 10 minutes). In addition, an anodic region E, where CNFs are oxidized, is
emphasized, as well as region F - just for metallic Pt - in which Pt-oxide is formed. Further, cathodic
peak G is assigned to Pt-oxide reduction [32, 33]. Charge associated with the hydrogen desorption is
calculated from the area below the plot by numerical integration. ECSA is obtained by dividing the
calculated charge with the charge for a polycrystalline platinum surface (210 pC cm®) [33]. CV
analysis of prepared GDEs presents the ECSA values, depending on the plasma process. Calculated
values of ECSAs, as well as specific ECSAs can be found in Table 4.
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Figure 5. Cyclic voltammograms of selected electrode samples in 0.5 M H,SO, aqueous solution, scan
rate 100 mV s™.

Table 4. ECSA of selected electrode samples depending on plasma treatment calculated from the CV
measurements performed in 0.5 M H,SO,4 aqueous solution

2 Specific
ECs | ECSA [cm® mg™]
Polycrystalline Pt disk 1.01 -
Pt/CNF no plasma 6.44 £ 0.07 47.7
Pt/CNF 80 W 30 min 13.55 + 0.06 102.7
Pt/CNF 100 W 20 min 1197 +2.31 136.4
Pt/CNF 120 W 10 min 16.03 +0.75 148.6

For prepared electrodes, CNF functionalization in RF oxygen plasma at 120 W for 10 minutes
provides an increased specific ECSA of 148.6 cm? mg™, which is 3.1 times higher in comparison to
samples without previous plasma activation (47.7 cm?® mg™). Similar studies have shown that a
superior catalytic activity correlated with a high ECSA was obtained for plasma treated carbon
nanotubes supported catalysts for electrochemical methanol oxidation [34]. As platinum loading is
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slightly higher for electrode samples without activation, higher platinum utilization is achieved when a
pre-treatment is applied. This may be explained due to formation of smaller particles, which are
distributed more homogeneously on the CL surface as a result of functional groups formation on the
fibers surface.

By electrochemical analysis of the corrosion behavior in 0.5 M H,SQO,, corrosion current is
determined for Pt/CNF electrocatalyst according to the optimized preparation route, as well as, for
Pt/C based electrodes (Figure 6).

5
T 5
-7 4
-8 : — = —Pt/CNF
—+—DPt/C
-9 | ! | ! | ! | ! | ! |
0.2 0.4 0.6 0.8 1,0 1,2

E [V]vs SCE

Figure 6. Potentiodynamic polarization curves for Pt/C and Pt/CNF based electrodes in 0.5 M H,SO,
aqueous solution, scan rate 0.16 mV s™.

Corrosion rate for Pt/C based electrode material determined from Tafel extrapolation is
significantly higher than the value measured for the experimental Pt/CNF catalyst. Results are
presented in the , fact which is well correlated with other literature reports [35]. Moreover, it has been
shown that the corrosion resistance is strongly related to the graphitic character of the carbon structures
[36]. Consequently, the higher graphitization degree of the CNF samples leads to a higher corrosion
resistance of the material in comparison to carbon black based electrodes.

Table 5. For the investigated specimens, CNF based electrode is more stable in acid
environment in comparison to carbon black electrode, fact which is well correlated with other literature
reports [35]. Moreover, it has been shown that the corrosion resistance is strongly related to the
graphitic character of the carbon structures [36]. Consequently, the higher graphitization degree of the
CNF samples leads to a higher corrosion resistance of the material in comparison to carbon black

based electrodes.

Table 5. Corrosion current and corrosion potential of investigated PEMFC electrode samples from
Tafel extrapolation
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Pt/CNF Pt/C
icorr [MA €M™ 1.87 - 10° 3.71-10°
Ecor [V Vs. SCE] 0.63 0.65
Ba [mV dec™] 305 248
S [mV dec™] -74.5 -72.8
Corr [pum year™] 21.88 44.19

MEA testing is performed at ambient conditions (room temperature) with atmospheric air and
pure hydrogen without additional humidification. Hydrogen is circulated through the anode with 0.2
bar overpressure with high excess gas in order to prevent hydrogen starvation over the active cell area.
Air is pumped through the cathode. The cathode outlet is open to atmosphere. Stoichiometry factor is
controlled to A = 4. Polarization curve of a MEA with Pt/CNF based anode prepared according to the
determined optimized pre-treatment parameters (120 W for 10 min) is shown in Fig 7. Furthermore, a
MEA with typical Pt/C catalyst based anode is analyzed. Values for OCV and polarization behavior
have been determined after MEAs are conditioned by a fast cycling procedure in constant voltage
mode. Cell voltage is hold for 15 seconds at 0.65 V, 0.40 V and 0.15 V, consecutively. This procedure
is repeated 50 times.

OCV for the P/CNF based sample is 0.95 V and 0.94 V for Pt/C based sample, respectively.
For the optimized PYCNF based MEA maximum power density of 0.25 Wcm™ is obtained at a cell
voltage of 0.45 V. This is 37% higher than for the Pt/C based MEA (0.18 W cm at 0.40 V). As it was
already described, a higher graphitization degree has been found for Pt/CNF based samples. This leads
to higher electrical conductivity of the CL. As a result, ohmic voltage drop due to electrical resistance
is decreased in comparison to Pt/C based electrodes.
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Figure 7. In-situ polarization behavior of Pt/C and Pt/CNF based MEA samples.
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Furthermore, according to

Table 3 platinum loading for the Pt/C based anode is about 25% higher than for the Pt/CNF
sample. The significant difference in specific power output as well as in platinum utilization may result
from a high number of electrochemical active particles within the Pt/CNF based CL due to the
optimized electrode preparation.

4. CONCLUSIONS

The high graphitization degree of about 90% for CNFs investigated in this study, is favorably
for PEMFC electrodes. In terms of electrical conductivity and corrosion stability of the CNF based
electrodes show better performance than typically Pt/C based electrodes.

An optimized preparation method for PEMFC anodes based on spray coated CNFs with
subsequent platinum deposition has been presented in this experimental work. From the SEM
micrographs fractured sample it can be concluded that particles are mainly located on top of the CNF
layer, which leads to higher Pt utilization than for typical Pt/C based electrodes.

The oxygen plasma treatment preformed previously to catalyst deposition affects platinum
loading, ECSA and consequently the power density of prepared MEAs for PEMFCs by formation of
functional groups at the fibers surface. Higher plasma power leads to increased etching phenomena
which interrupts graphene layers of the treated fibers and decreases formation of functional groups.
Therefore, an activation process with plasma power below 150 W is suggested. An optimized pre-
treatment procedure in radio frequency induced oxygen plasma is achieved using 120 W plasma power
and an exposure time of 10 minutes.
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