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BDD was produced by an electrostatic self-assembly (ESA) method. We investigated the
improvement of durability by performing under real PEMFC operating conditions and
observing changes in the support material morphology.

Abstract

The durability of a fuel cell electrode was improved by using a boron-doped diamond (BDD) electrode
support. BDD nanoparticles was synthesized by a size-controllable electrostatic self-assembly method
(ESA). Moreover, the morphological changes as a function of operating time were investigated to prove
the durability enhancement. First, diamond seeds were formed by an ESA method. The BDDs were then
synthesized around these seeds by a conventional hot-filament chemical vapor deposition process. A Pt
catalyst was then deposited by the polyol method, and it was characterized by scanning electron
microscopy and transmission electron microscopy. The supporting BDD particles were 100-200 nm in
size, whereas the Pt catalyst particles were 2—4 nm. Multiwalled carbon nanotubes (MWCNTs) and a
conventional supporting material (Vulcan XC-72) were also studied for comparison. The electrochemical
characteristics were examined by cyclic voltammetry and unit cell tests. The BDD support showed a
larger surface area and better performance than the MWCNT and Vulcan XC-72 supports. According to
the accelerated long-term stability tests, the BDD support material was more stable than the MWCNT and
Vulcan XC-72 supports. These results show that BDD supports improve the durability of the fuel cell
electrode.
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Numerous researchers have investigated proton exchange
membrane fuel cells (PEMFCs) owing to their high energy
efficiency, relatively low operating temperature, and rapid
operation.'* However, the commercial application of PEMFCs
remains hindered by several problems. As a result of their low
corrosion resistance during operation, a considerable amount of
platinum, expensive electrolyte membranes, bipolar plates, etc.
are required, which drives the development of alternative
materials and improved performance.™® Moreover, this
durability limitation is a primary problem in commercializing
PEMEFCs,” " and it has recently been recognized as a vital issue
that needs to be addressed before commercialization of
PEMFCs can proceed. For this reason, improving the durability
of every part of PEMFCs has been widely researched, including
the use of composite materials for the bipolar plate,'""?
platinum catalyst alloys,'*'® and non-noble metal materials, and
improved durability has been reported.'*' However, problems
still remain owing to the acidic operating environment of
PEMFCs, and thus further research on improving durability is
needed.

The dissolution of Pt-based catalysts and corrosion of the
catalyst support are the main causes of catalyst degradation
under PEMFC operation. To protect against catalyst dissolution
and catalyst support corrosion, the use of water-fluxing,* pre-
leaching, and additives® have been investigated. Also,
research on alternative catalyst support materials has recently
been reported.”>*®* Among these catalyst support materials,
carbon is the most frequently used material under normal
conditions. However, carbon is destroyed under the PEMFC
operating conditions, which include high temperatures, high
potentials, high water content, and low pH. This corrosion of
carbon weakens the attachment of catalyst particles to the
support surface, decreasing its conductivity and performance.
For this reason, some have reported that boron-doped diamond
(BDD) can be used as a support material. Avaca er al.”’
prepared a BDD support material by grinding a BDD film, and
they produced platinized catalysts by the sol-gel method.
Swain et al®® reported the production of an electrocatalyst
support by overcoating the high surface area of diamond
powder with a thin layer of BDD. Reported results
demonstrated that platinized diamond was more resistant to
oxidation than platinized Vulcan XC-72. However,
understanding the durability and degradation mechanisms of
platinized diamond under real cell conditions is limited.

In this study, BDD was produced by an electrostatic self-
assembly (ESA) method. With the ESA method, the size of the
support can be controlled to less than 200 nm and well-
separated particles can be obtained by controlling the
processing time. We investigated the improvement of durability
by performing under real PEMFC operating conditions and
observing changes in the support material morphology. The
performance of the BDD support material was compared with
those of Vulcan XC-72, which is the most frequently used
material for catalyst supports, and multi-walled carbon
nanotubes by observing morphology changes as a function of
time. The enhanced durability and performance resulting from
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the application of the BDD support were confirmed by unit cell
tests and long-term stability tests.

Experimental

Production of support material

Fig. 1 shows the preparation procedure for the BDD support
using the ESA method. First, attrition-milled nanodiamond (ND)
particles were seeded onto pretreated SiO,-coated silicon substrates
by the ESA method.” During the attrition-milling process, the
anionic polyelectrolyte [poly(sodium 4-styrenesulfonate), PSS] was
added to produce a negatively charged coating on the nanodiamond
surface (PSS-ND). The substrate was then dipped into a cationic
aqueous solution [poly(diallyldimethylammonium chloride) PDDA,
M,,: 400,000-500,000] for 1 day, followed by a 1 min dip in the
anionic PSS-ND aqueous solution. After the ESA process, the BDD
support materials were synthesized on the nanodiamond-seeded

Fig. 1. Schematic of the steps used to produce the BDD support: (a) the
substrate used for BDD growth, (b) initial coating of the PDDA, (c)
deposition of the PSS-wrapped NDs, (d) deposition of the BDD through
CVD around the NDs, and (e) removal of the SiO, to separate the BDDs

silicon substrates by conventional hot-filament chemical vapor
deposition (HF-CVD). During the BDD support synthesis, the
substrate temperature was kept at 470 °C and the deposition time
was 4 h. To separate the BDD support materials from the underlying
silicon substrate, hydrofluoric acid was used to etch the SiO, layer.
The BDD support materials obtained by this method were confirmed
by X-ray diffraction (XRD, model D/MAX-2500V/PC, Rigaku),
transmission electron microscopy (TEM), and selected area electron
diffraction (SAED) pattern analyses.

This journal is © The Royal Society of Chemistry 2014
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Production of the electrocatalyst

Three different electrocatalysts were prepared by a modified
polyol method,*® where ethylene glycol was used as a reducing agent
and a solvent. The ESA/HF-CVD-produced BDD, a commercial
carbon powder (Vulcan XC-72), and MWCNTs were used to
compare electrocatalyst support performance. A Pt precursor,
chloroplatinic acid hexahydrate (H,PtCls:6H,O, Aldrich), was
prepared as a 0.01 M stock solution to prevent Pt salt hydration. The
Pt salt stock solution was mixed individually with each support
material and stirred for 30 min. The mixed solutions were placed
into a dropper and dropped at a rate of 2 mL/min into the reducing
agent heated to a 180—-190 °C temperature in a reactor. The reactor
was maintained at the reaction temperature for 30 min and then
cooled to room temperature in air. The Pt electrocatalysts were
obtained after the resultant suspension was washed with deionized
water, filtered through a nylon membrane, and dried for several
hours. In this study, 20 wt% Pt/support electrocatalysts were
produced and their morphology and distribution were identified by
TEM.

Electrochemical measurements

Membrane electrode assemblies (MEAs) with a 5 cm?
active area were fabricated by hot pressing. The prepared
Pt/BDD, Pt/Vulcan XC-72, and Pt/MWCNT electrocatalysts
were used as the respective cathodes. A commercial E-TEK
electrode loaded with 0.4 mg/cm?® of Pt was used as the anode.
The anode and the cathode were arranged in a sandwich form
with a layer of Nafion® 212 [pretreated with hydrogen peroxide
(H,0,) and sulfuric acid (H,SO,) solutions] between them. The
resulting MEAs were pressed at 170 kg-f-cm™ (17 MPa) and a
temperature of 140 °C for 90 s.

The unit cell test was carried out at 80 °C wunder
atmospheric pressure using hydrogen gas (H,) as the fuel and
oxygen gas (O,) as the oxidant. The fuel and oxidant were
injected into the cell through separate humidifiers at 80 and 75
°C, respectively, at a flow rate of 150 mL-min”'. The cell
performance was evaluated with an electronic loader (ESL-
300Z, CNL).

The electrochemical measurements were performed at 80 °C on a
5 cm? electrode area unit cell across a potential range of 50 mV to
1.2 V vs. a reversible hydrogen electrode (RHE) with a 50 mV-s™
sweep rate. In these measurements, the anode was used as the
reference and counter electrode and the cathode was used as the
working electrode.

Accelerated long-term stability tests

Accelerated long-term stability tests for 100 h of cell operation
were performed. Each catalyst, i.e., Pt/ Vulcan XC-72, PYMWCNT,
and Pt/BDD, was coated onto an individual electrode. During the
accelerated stability tests, the voltage was maintained at 0.6 V and
the unit cells were kept at 90 °C, which was a higher temperature
than that of normal PEMFC operation (70-80°C). The tests were
carried out for a total of 100 h, with scanning electron microscopy

This journal is © The Royal Society of Chemistry 2014

RSC Advances

(SEM) images taken at 30 h, 60 h, and 100 h in order to check the
morphology.

Results and disccusions

Characterization of the electrocatalyst

The phases of the prepared electrocatalysts were identified
using XRD. Fig. 2 shows the XRD pattern of the Pt/BDD

--- Platinum
—— Diamond (111)

Intensity (arb.unit)

30

5
g
3
3

80

5 1/nm

Fig. 3. (a) and inset in (a) TEM images of the BDD support material
fabricated by ESA/CVD and (b) corresponding SAED pattern of the
diamond (1 1 1) plane.

electrocatalyst prepared by the ESA/polyol method. Three Pt
peaks at 260 of ~40°, ~47°, and ~68° can be seen, which
correspond to Pt (1 1 1), Pt (2 0 0), and Pt (2 2 0), respectively.
The average size of the electrocatalyst particles is estimated to
be 2.5 nm from the (2 2 0) peak using the Scherrer formula.
There is a narrow peak at 20 of ~44°, which indicates the
diamond (1 1 1) phase, as verified with JCPDS. Therefore, the
XRD results confirm the formation of diamond phases.

Fig. 3 shows the TEM images of the BDD particles. As
shown in Fig. 3(a), the BDD particle size was approximately
200 nm with a uniform size distribution. Therefore, the
nanodiamonds were uniformly grown and well distributed by
the ESA/HF-CVD method. The measured d-value of the lattice
fringe was 0.2 nm, which was indexed as the (1 1 1) diamond
plane, as seen in the corresponding SAED pattern [Fig. 3(b)].
The SAED ring patterns were measured as the radius from the
pattern’s center and compared to the known d-spacings of
diamond. According to the calculated d-spacings, this material
was identified as diamond, where the ring spots clearly
represent the (1 1 1), (2 2 0), and (3 1 1) diamond planes. The
TEM images shown in Fig. 4 show that the Pt nanoparticles are

RSC Adv., 2014, 00, 1-3 | 3
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distributed uniformly on the three different support materials,
i.e., the carbon powder Vulcan XC-72 [Fig. 4(a)], MWCNTs
[Fig. 4(b)], and BDD [Fig. 4(c)]. The average particle size of
the electrocatalysts was measured to be 2.3 nm, which satisfies

the criteria for commercial electrocatalysts.*'*?

Electrochemical properties
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Fig. 5. CV curves of BDD (solid red line), carbon powder Vulcan XC-72
(blue dashed line), and MWCNTs (purple dotted line).

Fig. 5 shows the cyclic voltammograms (CVs) obtained
for the three different electrocatalysts prepared by the polyol
method. The CV for a Pt support typically consists of two peaks
in the forward scan, one at 250 mV (vs. RHE), representing the
hydrogen (H) desorption/oxidation, and the other at 900 mV,
representing the Pt oxidation (PtO,). Also, two additional peaks
appear in the reverse scan, one at 700 mV representing the PtO,
reduction and the other at 200 mV representing the H
adsorption/readsorption. As compared to the CV of the Vulcan
XC-72, the BDD CV looks similar but it exhibits a higher peak
area. The peak area, especially for the H desorption peak, is
known to provide a quantitative measurement of the
electrochemically available surface area for the catalyst
particles. As demonstrated in Fig. 5, the BDD support had the
largest surface area of the three materials. However, the size of
the Vulcan XC-72 particles (50 nm) is smaller than that of the
BDD nparticles (200 nm), indicating that the BDD support is
less agglomerated than the other support materials owing to the
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Fig. 6. Performance of BDD (red circles), Vulcan XC-72 (open black
squares), and MWCNT (open blue diamonds) electrocatalysts as unit cells.
The fuel cell operation conditions were: Teqi: 80 °C, anode: H,, cathode: O,
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individual BDD particles being produced through ESA, as
shown in Fig. 1. Therefore, the performance of the BDD
support is expected to be better than that of the other support
materials.

The unit cell tests of the three different electrocatalysts are
shown in Fig. 6, with the polarization curves obtained at 80 °C
using H,/O,. The voltage and power density of the BDD
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Fig. 7. Accelerated long-term stability test used to compare the durability of
the BDD (red circles), carbon powder Vulcan XC-72 (open black squares),
and MWCNT (open blue circles) electrocatalysts. The fuel cell operation
conditions were: T 90 °C, anode: H,, cathode: O,, voltage: 0.6V.

support is higher than those of the other electrocatalysts as the
current density increases. Therefore, the cell performance was
clearly enhanced when the BDD support was used except in the
low-current-density region. Since a low voltage infers large
ohmic losses, the higher voltage of the BDD support in the
high-current-density region indicates that the BDD support
fabricated by ESA has high electroconductivity and low contact
resistance. Owing to differences of electrical conductivity in the
polarization direction and perpendicular direction, the MWCNT
support showed lower performance than the Vulcan XC-72 and
BDD supports. Therefore, BDD is a more suitable support
material in terms of performance improvement than the other
support materials.

Accelerated long-term stability tests

This journal is © The Royal Society of Chemistry 2014
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Fig. 8. SEM images showing the surface damage evolution at different points during the 100 h of operation for the carbon powder Vulcan XC-72 at (a)
30 h, (b) 60 h, and (c) 100 h; the MWCNTSs at (d) 30 h, (e) 60 h, and (f) 100 h; and the BDD at (g) 30 h, (h) 60 h, and (i) 100 h.

Accelerated long-term stability tests of the different support
materials were performed for 100 h of cell operation, including
a 10 h activation period. Fig. 7 shows the stability test after the
10-h activation period because the cell performance of the three
different catalysts was similar. Each support material, i.e., the
Pt/Vulcan XC-72, Pt/MWCNT, and Pt/BDD, was coated on a
cathode. During the long-term stability tests, the voltage was
maintained at 0.6 V and the unit cells were supplied with a 75
cm’ min”' flow rate of hydrogen and air. As shown in Fig. 7,
the BDD-supported catalyst had a stabilized current density
after 30 h of cell operation, whereas the current densities for the
Vulcan XC-72- and MWCNT-supported catalysts steadily
decreased up to 80 h. Therefore, the time required to stabilize
the BDD-supported catalyst was over 50 h, which was less than
that required for the other catalysts. The degradation ratio of the
BDD-supported catalyst decreased after 10 h and stabilized
after 30 h. In comparison, the degradation tendencies of the
MWCNT- and Vulcan XC-72-supported catalysts did not
change after 70 h and were expected to stabilize after 80 h.
These results indicate that the durability is dependent on the
support material and that the BDD support enhanced the
durability and stability of the electrode as compared to the
commercial Vulcan XC-72 support.

Durability test analyses

This journal is © The Royal Society of Chemistry 2014

Fig. 8 shows the SEM images of the three different
catalysts with respect to the operating time of the long-term
stability test. Partial surface damage is observed for both the
MWCNT and Vulcan XC-72 support materials, and full surface
destruction of both supports can be observed after the 100 h

long-term stability test. Therefore, decreased
—e—BDD
20 —o— Vulcan XC-72
—>—MWCNT

Fig. 9. Degradation of the Pt loading on the different catalysts from the initial
state (0 h) to 100 h of operation for the BDD (red circles), carbon powder
Vulcan XC-72 (open black squares), and MWCNT (open blue triangles)
supports.
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electroconductivity with Pt particle detachment from the
support surface is expected. However, the surface of the BDD
support after 100 h of operation is less damaged than that of the
MWCNT and Vulcan XC-72 supports after 30 h. Therefore, it

RSC Adv., 2014, 00, 1-3 | 5
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is expected that the BDD support would prevent a decrease in
cell performance and Pt particle detachment from the support
surface. Fig. 9 shows the component analysis measured by
energy dispersive X-ray (EDX). The amount of Pt on the
MWCNT and Vulcan XC-72 catalysts was reduced by 60% and
70%, respectively, after 100 h of operation as compared to their
initial states. In contrast, the amount of Pt on the BDD support
was reduced by only 30% after 100 h of operation. This
evidence supports the above theory, i.e., Pt detachment from
the MWCNT and Vulcan XC-72 catalysts is more severe than
that from the BDD catalyst.
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Fig. 10 shows the polarization curves of the unit cells with

Fig. 10. Polarization curves of BDD (red circles), carbon powder Vulcan
XC-72 (open black squares), and MWCNT (open blue triangles) supports for
(a) 30 h, (b) 60 h, and (c) 80.

respect to the operation time. The degradation ratio of the unit
cell performance increased with increasing operation time,
following a tendency similar to that of the support damage
shown in Fig. 8. Despite the small difference in performance
between the BDD support and the other supports at 30 h (20%
and 25%, respectively), the difference increased to 45% and
80%, respectively, after 80 h of operation. The slopes of the
polarization curves decline steeply at 80 h of operation for both
the MWCNT and Vulcan XC-72 supports, and this
demonstrates that the Pt particles detached from the support
material. The performance of the unit cells after 100 h for both
the MWCNT and Vulcan XC-72 supports is meaningless
because the amount of remaining Pt is negligible, as shown in
Fig. 9. On the other hand, the slope of the BDD support’s
polarization curve decreases at a slower rate, with less
performance degradation than was seen with the MWCNT and
Vulcan XC-72 supports. Accordingly, the BDD-supported
catalyst performed better than the other catalysts, improving the
electrode’s durability.

Conclusions

6 | RSC Adv., 2014, 00, 1-3

In this study, a BDD material was investigated as an
electrocatalyst support in PEMFCs. The BDD support was
fabricated by the ESA/HF-CVD method. From the XRD data
and SEM and TEM images, the generation of diamond crystals
was confirmed, and the BDD support particle sizes were
approximately 150 nm. According to the CV test results, the
surface area was larger than that of the other catalysts, even
though the BDD particle size was larger than that of the
MWCNT and Vulcan XC-72 support materials. The unit cell
tests and the accelerated long-term stability tests revealed that
the BDD material performed better than the MWCNT and
Vulcan XC-72 supports, thus enhancing the electrode durability
in PEMFCs. The MWCNT and Vulcan XC-72 supports showed
degraded surfaces under PEMFC operating conditions.
However, the surface of the BDD support did not change from
its initial state under the accelerated stability test. Owing to the
improved stability of the BDD support, Pt detachment under
PEMFC operation was reduced, and the durability and stability
of the BDD-supported electrode was enhanced. Thus, the BDD
material proved to be a more durable electrode support than
other conventional carbon support materials.
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