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Fuel cell membrane electrode assemblies with Pt loading of 0.2 mg P#fcthe anode and ultralow Pt
loadings of 6ug Pt/cnt and 12ug Pt/cnt at the cathode have been fabricated using thin films of multiwalled

carbon nanotube supported Pt catalysts (Pt/MWNTS) at the cathode. The PtYMWNTSs have a Pt weight loading

of 26.8 wt % and a uniform and small Pt particle size of 2.1 nm. The MWNTSs used arem3606ng. This
thin film cathode catalyst layer with a loading of«§ Pt/cn? is about 1.3:m thick, contains no ionomer, and

exhibits surprisingly high performance in a hydrogen proton exchange membrane fuel cell. The peak power

density for a membrane electrode assembly with a cathode loadinguaf P2cn? when tested at 70C with
hydrogen and oxygen is 613 mW/éniA mass activity (ampere per milligram of Pt) based on the cathode Pt
loading greater than 250 A/mg Pt is achieved with@ Pt/cn?, and this is among the highest reported to
date.

Introduction CNTs using ethylene glycol as a reducing agent and solvent to
. o achieve 30 wt % or higher metal catalyst loading and then
One dominant obstacle to the commercialization of fuel cells making a CNT film comprised of the catalyzed CNTs by a

is cost. It has been estimated that the fuel cell electrode fjjiration method. Alignment of the CNTs was possible by the
encompassing the carbon backing layer and Pt precious metaijyation method. This CNT film was subsequently transferred
represents about 40% of the total cost of the fuel'cElerefore, onto Nafion via a hot pressing method to become a catalyst

reducing the amount of Pt is intimately related to reducing @ |ayer in the fuel cell cathode. A Nafion solution was usually
major cost contributor of the fuel cell. Consequently, there are spayed onto the CNT film before the hot press transfer. This
numerous studies on a variety of different catalyst supports i ation technique was successfully applied to hydrogen
utilized in the proton exchange membrane fuel cell (PEMFC). pemEcs using MWNTY and to direct methanol fuel cells
The more widely used conventional catalyst support is carbon (DMFCs) using various forms of CNT4.In this study, we use
black. Other catalyst supports range from carbon nanotubes,y simjjar variation of this filtration technique in a hydrogen

fibers, and aerogels to nanofibers of an organic pigmeht.  pEyEC, However, Nafion is eliminated from the catalyst layer,
Notably, multiwalled carbon nanotubes (MWNTSs) have been . substantially lower catalyst loadings are used.

shown to be more resistant to corrosion than carbon black under Previous work by 3M using nanofibers of an organic pigment

a smglated agceleranon of fuel cell opgratmg conqhtl@).ns. o form & nanostructured thin film (NSTF) of less thanrh as
_Earlier studies by the authors of this manuscript include ¢ catalyst support demonstrates the elimination of Nafion in
different configurations pf car_bon nanotubes (CNTSs) in fuel iheir catalyst layer. Debe at 3M believes a submicrometer
cells. One of these configurations of CNTs used as a catalystcaralyst layer thickness allows for a higher surface area to
support entailed growth of the CNTSs directly onto carbon fiber 4 1yme ratio giving smaller distances of travel for protons to
based paper by chemical vapor deposition (CVD) followed by percolate to the catalyst surface sites from the proton exchange
electrodeposmon_or impregnation _of the P_t _nanopart_lcles oNnto membrane (PEM) effectively bringing about nearly 100%
the CNTs!™® In this configuration, it was difficult to simulta-  ¢a¢a1yst utilization. This is in stark contrast to the much thicker
neously prepare small uniform Pt nanoparticles of less than ¢onyentional catalyst layers of dispersed Pt on carbon black
5 nm and achieve a high Pt loading. Additionally, the CVD jyhregnated with Nafion where distances between the catalyst

process was also an expensive process to scale up if large areagifaces sites and the PEM can be as high agmt times.
were needed. Another configuration of CNTs that was inves- pape achieves high mass activities with the NSTF catalyst

tigated involved first depositing small catalyst nanoparticles onto support (PUNSTF) and shows small decreases in fuel cell
performance with a decrease in Pt loading by a full order of
TPart of the special issue “Richard E. Smalley Memorial Issue”. magnitude. Additionally, this high performing Pt/NSTF uses
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MWNTSs surpass 3M’s reported cathode specific mass activities slowly brought down to 2 by the dropwise addition of an
in the higher mass activity range using a lower operating aqueous solution of 0.1 M HCI. A Pt loading of 26.8 wt % was

pressure than that reported by Débe. achieved after filtration, washing with water, and drying. This
loading was determined by thermogravimetric analysis (Pyris
Experimental Methods 1 TGA) after adjusting for MWNT iron precursor catalyst

content (1.3 wt % after surface oxidation).

Pt/MWNT Characterization. The P/MWNT catalyst was
imaged by transmission electron microscopy (TEM) using a
Philips Tecnai 12. Mean Pt nanopatrticle size was measured by
X-ray diffraction (XRD) using a Bruker AXS D8 Advance.

MWNT Synthesis. MWNTs were made using a CVD
method commonly found in literatuf@ The CVD system used
is custom built comprised of a 47 mm inner diameter quartz
tube and Lindberg Blue single zone tube furnace. Ferrocene
dissolved inp-xylene act as the precursors. This mixture is . S
introduced d?op)\//vise through asn’?all 1/16 in. flexible stainless Cross_ sections of the t.h'n films of the PUMV_VNT after .hOt
steel tube by a solvent resistant peristaltic pump into an upstreampress'_ng onto the Naflon memb_rgne were imaged W"h a
region heated at 180C where it is evaporated as it is carried scanning electron microscope (Ph'l.'ps XL30-FEG) to estimate
by an Ar and H mixture (10% H by volume) into the MWNT  the thickness of the resulting thin films.
growth region downstream held at 880. The MWNT growth Membrane/Electrode Assembly Fabrication and Testing.
time is 2.5 h resulting in aligned MWNTs of approximately The carbon backing layers used in the membrane/electrode
360um in length as measured by scanning electron microscopy @ssembly (MEA) were purchased from SGL Carbon Group
(SEM). The MWNTSs are collected from the quartz tube after (Model GDL 25CC). The GDL 25CC comes with the hydro-
cooling in Ar flow. Typical transmission electron microscope Phobic microporous layer (MPL) deposited onto the carbon fiber
(TEM) images show a range of MWNT diameters mostly from based carbon backing layer by the manufacturer. The GDL
30 to 80 nm with a few occasional tubes of 100 nm. 25CC were used on both the anode and cathode. Anodes used

Catalyst Preparation. Prior to Pt deposition onto the i this study were prepared in a conventional manner by airbrush
MWNTSs, the MWNTS were surface oxidized by refluxing ina SPraying a sonicated catalyst ink mixture of 20 wt % Pt/XC-72
1.0 M H,SQy/2.0 M HNO; mixture for 6 h. The PUMWNTSs (E-TEK, HP C1-20), 5 wt % Nafion solution (lon Power, Inc.),
were prepared by depositing platinum in an ethylene glycol Water, and isopropyl alcohol onto the GDL 25CC. The resulting
solvent. The MWNTSs were suspended into ethylene glycol by loadings on the GDL 25CC are 0.2 mg Pt/cand 35 wt %
ultrasonication for 13 h. The pH was adjusted to 10 as measuredNafion loading with respect to total dry weight of the ink.
by litmus paper by additionf@ 1 M NaOH mixture in ethylene Thin films were prepared before the final hot pressing of the
glycol. A mixture of dihydrogen hexachloroplatinic acid£H MEA. The thin films were prepared by sonicating a dilute
PtCk-6H,0) and ethylene glycol were slowly added dropwise suspension of 26.8 wt % Pt/MWNTS in ethanol. The suspension
with stirring. This mixture of MWNTSs, hexachloroplatinic acid, was then filtered through a 90 mm Q#n pore size polycar-
NaOH, and ethylene glycol was heated at 2@0or 3 h under bonate filtration membrane (Millipore, HTTP) using a standard
refluxing conditions while stirring to facilitate Pt reduction. glass microfiltration apparatus. The resulting thin film was cut
Upon cooling to room temperature, the pH of the mixture was into 5 cn? squares along with the underlying filtration membrane
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Figure 1. Schematic of the fuel cell architecture used in the ultralow Pt loading thin film Pt/MWNT hydrogen PEMFC. E-TEK 20 wt % Pt/XC-72

is used in the catalyst layer of the conventional anode with a 0.2 mg Ptading along with a 35 wt % Nafion loading dispersed throughout the

anode catalyst layer. The cathode contains the novel thin film PYMWNT in the catalyst layea @ibr 12ug Pt/cnt. Sandwiched between the

anode and the cathode is the Nafion NRE-212 proton exchange membrane (PEM). The assembly of the carbon backing layer and microporous layer
on both anode and cathode are identical as purchased from SGL Carbon Group (GDL 25CC).
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Figure 2. X-ray diffraction pattern of the 26.8 wt % Pt/MWNT
catalyst. Mean Pt particle size was estimated to be 2.1 nm from the
Pt(220) peak.

(@)

Figure 3. Typical TEMs of the PYMWNT catalyst showing well
dispersed 2 to 3 nm diameter Pt nanoparticles along the MWNT at a
lower magnification (a) and higher magnification (b), and the cross-
sectional view of a 6ug Pt/cn? loading PYMWNT thin film after
transfer to the PEM. The GDL 25CC carbon backing layer and
microporous layer have been removed.

using a razor blade. A Nafion NRE-212 membrane (lon Power,

Inc.) was used as the proton exchange membrane (PEM). The

MEA components are assembled in the following order before
hot pressing: 5 cAanode electrode with 0.2 mg Pt/érand

35 wt % Nafion on GDL 25CC, Nafion NRE-212 PEM, and
Pt/MWNT thin film on top of filtration membrane (see
Figure 1). The Pt/MWNT on the cathode and Pt/XC-72 on the
anode are in contact with the PEM during hot pressing. Hot
pressing occurs at a pressure of 140 atm at °X2%or 3 min.
After cooling, the filtration membrane is peeled off of the thin
film of Pt/MWNTs and a GDL 25CC is placed on top of the
thin film of PYMWNTSs with the MPL in contact with the Pt/
MWNTs. The resulting MEA is 5 cfhand is placed inside a
fuel cell assembly designed for 5 émvIEAs with serpentine
flow channels machined into graphite bipolar plates (Electro-
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Figure 4. (a) Current density based fuel cell performance curves. Pt/
MWNT: 12 ug Pt/cn?, cell voltage W), 12 ug Pt/cn?, power density
(O). 6 ug Pt/icn?, cell voltage (greem), 6 ug Pt/cn?, power density
(green ). (b) Cathode specific mass activity curves. Pt/MWNT:
12 ug Pt/cn?, mass activity M), 6 ug Pt/cn?, mass activity (greea),
3M Corporation PtYNSTF 2ag Pt/cn? mass activity (purpl®),* Los
Alamos National Lab Pt/C 12@g Pt/cnt mass activity (purplex).*

300

at 70°C. Anode and cathode are operated at identical conditions
of 35 psig, humidifier temperatures are set at°8) and b

and Q flow rates are at 0.2 standard L/min. MEAs were
activated over a period of about® 8 h bycycling the voltage
between open circuit voltage and 0.2 V.

Results and Discussion

XRD patterns for the Pt/MWNT catalyst are shown in
Figure 2. The mean patrticle size of the Pt nanoparticles was
estimated from the isolated Pt(220) peak with the Scherrer
equationt® The mean particle size is approximately 2.1 nm
which is consistent with typical TEM images of the PYMWNT
samples (see Figure 3). Typical TEM images show uniform and
small diameter Pt nanoparticles from 2 to 3 nm well dispersed
on the surface of the MWNT at a loading of 26.8 wt % Pt.

It was important to sonicate the dispersion of PtMWNTSs in
ethanol at a concentration that would result in a dilute dispersion
with minimum aggregation of the PYMWNTSs to effect a uniform
thin film on the polycarbonate filtration membrane. Concentra-
tions used were 1.0 and 2.0 mg of PYMWNTSs in 200 mL of
pure ethanol or 5 and @g/mL. The PYMWNTSs disperse with
greater ease when mechanical agitation is combined with
sonication. The dispersion looks satisfactory after less than an
hour of sonication, but the total sonication time is maintained
at abou 3 h toensure a good dispersion. The filtration is very
quick and is finished within seconds. The resulting film diameter
is effectively the diameter of the glass frit vacuum microfiltration
apparatus which is smaller than the 9.0 cm diameter of the actual
polycarbonate filtration membrane resulting in a diameter of

chem, Inc.). The MEA was tested using a Scribner Associates 7.5 cm. Drying the thin film while under applied vacuum takes

fuel cell test station (Model 890B) providing the simulated load.
Humidifiers are custom built. Cell temperature is maintained

approximately 10 min. After drying, several 5 gésguares can
be easily cut with a razor blade resulting in 5%sguares of
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thin films of Pt/MWNTs supported on the polycarbonate hydrogen oxidation reaction. Therefore, modifications were only
filtration membrane. After hot pressing this thin film of made to the cathode in this study to observe the effects on
Pt/MWNTSs supported on the polycarbonate filtration membrane performance of using this novel Pt/MWNT thin film catalyst
onto the PEM, the polycarbonate filtration membrane is easily layer architecture. It is expected that significant reduction of Pt
peeled off with what visually appears to be nearly 100% transfer. use in the anode side and thus the reduction in the total amount
The differential mass of the polycarbonate membrane with Pt/ of Pt use in a fuel cell are possible while maintaining the same
MWNTSs before and after peeling is about 0.1 mg in the case level of performance while using the low Pt loading PYMWNT
of 6 ug Pt/cn?, which approaches the detection limit of the mass thin film catalyst layef*15

balance itself. Therefore, the differential mass before and after

peeling was not used in estimating the Pt loading as is typically Conclusions

done for making conventional fuel cell electrodes with typical
Pt loadings of 0.2 mg Pt/cmAssuming uniform distribution

of the PtMWNTSs over the 7.5 cm diameter of deposition onto
the polycarbonate membrane, the Pt loading is estimated

knr?winlg _}_T]e amﬁugt (I)Df Tt/'\QWNT originally (ggtr;e:ged (ijnto the cost issue of fuel cells, which is one of the most significant
ethanol. The cat ode t loadings used wegegePticnt an obstacles in the quest for commercializing hydrogen fuel cells
12 ug Pt/cn? assuming 100% transfer of the Pt/MWNT to the for automotive transportation

PEM. The filtration method of PYMWNT transfer onto the PEM '
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A promising design has been demonstrated for a membrane
electrode assembly that is simple and can dramatically reduce
the amount of Pt needed while maintaining a high level of
performance. This work has significant implications for solving



