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Abstract

A photographic Pt printing process has been used to prepare catalysts for fuel cell applications. Ferric oxalate was used as a UV sensitizer,
absorbing UV energy and converting Fe** to Fe?*, which then reduces metal catalyst ions, such as Pt or Pd ions to metals in the presence of a
developer, such as ammonium citrate. Transmission electron microscope (TEM) and scanning electron microscope (SEM) studies revealed that Pt
particles smaller than 5 nm were formed, however, the particles tended to aggregate and form clusters up to 300 nm. A deposition efficiency of 16%
was obtained when Pt was printed on Nafion membranes. The catalytic performance of the photo-printed Pt was evaluated using a single H, fuel
cell. The mass-specific electrochemical area of the catalyst, H, crossover rate through the Pt-printed membrane and the membrane resistance were
measured. At 60 °C, a peak power density of 75 mW cm~2 was obtained with a MEA consisting of photo-printed Pt (0.12 mg cm~2) on a Nafion
membrane as the catalyst. Cyclic voltammetry measurements in solutions containing methanol or formic acid showed that a mass-specific methanol
oxidation current of 197 mA mg~' Pt could be achieved and that the co-deposition of Pd with Pt lowered the formic acid oxidation potential in
addition to reducing the formation of the “poisonous” intermediate CO,q;.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Most current technologies for the fabrication of low temper-
ature fuel cells, such as H, proton exchange membrane fuel
cells (PEMFCs) and direct methanol fuel cells (DMFCs), rely
on the incorporation of layers of ink-based noble metal cata-
lysts near the polymer electrolyte membrane [1]. In order to
meet the efficiency, durability and cost requirements for fuel
cells, research and development have been focused on identify-
ing less expensive new catalyst materials, minimizing precious
metal loading, improving component durability and develop-
ing novel, low cost and high volume fabrication methods for the
membrane electrode assembly (MEA). The demand for portable
power is rising due to the increasing number of wireless elec-
tronic devices in our life. Miniaturized fuel cells have significant
advantages over conventional batteries because of a longer life
time, a higher power density and instantaneous recharging. In
order for miniaturized fuel cells to be easily integrated into
many portable electronic devices and to minimize the produc-
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tion costs, the future miniaturized fuel cell design needs to be
compatible with the current Si-based integrated circuit process-
ing technology [2]. Therefore, a catalyst production method that
is compatible with the advanced silicon processing, such as pho-
tolithography, will be advantageous.

Pt printing is one of the oldest photographic processes, which
was developed by William Willis in 1873 [3,4]. Today Pt printing
is an option for printers and photographers when image quality
and archival permanence are paramount considerations.

In a typical Pt printing process, the Pt salt is not light
sensitive. Instead, a sensitizer, e.g. ferric oxalate Fe>(C204)3, is
the light sensitive component and contains iron in the ferric state
(Fe*) that easily accepts an electron to change to the ferrous
state (Fe2*) under UV radiation (Eq. (1)) via a radical-anion
mechanism [6]. The reduced Fe>* serves as the reducing agent
in the development step, reaction (Eq. (2)), which is also called
the Berkeley reaction [4]. The Pt ions in the precursor salt are
reduced by the redox reaction (Eq. (2)) and nano-scaled Pt
metal particles are deposited onto photographic paper to form
black and white images. Developers, such as potassium oxalate,
ammonium citrate or sodium citrate, increase the solubility of
Fe(C,04) by complexation and permit the Pt producing redox
reaction (Eq. (2)) to take place [5]. The development process
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in Pt printing includes particle nucleation and growth, which is
exactly the same as producing metal particles by other chemical
reduction methods. Not only Pt, but other noble metals, such
as Pd, Rh, Ir and Au, can be deposited based on the same
principle.

The reactions taking place in the process are shown below,

UV ligh
Fex(C204); —35 2Fe(C204) + 2CO, (1)
6Fe(C,04) + 3K, PtCly
devel
) Fes(C204)3 + 2FeCls + 6KCI + 3Pt 2)

Potassium tetrachloroplatinate(Il) was chosen as the Pt pre-
cursor salt instead of hydrogen hexachloroplatinate(IV) due to
the relative faster kinetics of the Pt producing reaction, shown
in Eq. (2) [5]. The residue Fe** and excess Fe?* ions are washed
from the paper with ethylenediaminetetraacetate (EDTA) and
water.

Matsumoto [7] proposed that this Pt printing process could be
an alternative way to prepare catalysts, such as Pt, on different
substrates for applications such as oil refining, automotive cat-
alytic converters and fuel cells. Even though he demonstrated
the capability of deposition of 100nm Pt on substrates, such
as PEEK or Nafion, by simply repeating this well-known Pt
photographic procedure, the catalytic activity of the Pt deposits
was never studied. In this paper, we have investigated the cat-
alytic activity of the photographically deposited Pt for H, and
methanol oxidation reactions using a PEM fuel cell and an ordi-
nary three-electorde electrochemical cell. The catalytic behavior
of photographically deposited Pd/Pt alloys for the formic acid
oxidation reaction was also studied. The advantages and disad-
vantages of this novel catalyst preparation method are discussed.

2. Materials and methods
2.1. Photographic deposition process

Unless otherwise specified, all of the chemicals were pur-
chased from Bostick & Sullivan, Santa Fe, NM, USA. For Pt
printing, a 0.48 M aqueous solution of potassium tetrachloro-
platinate (K> PtCly) was used as the Pt precursor salt solution. For
Pd printing, a solution consisting of 0.56 M PdCl, and 1.54 M
NaCl (Fisher Scientific, Pittsburg, PA, USA) was the Pd precur-
sor salt solution. The UV sensitizer was 0.73 M ferric oxalate
(Fez(C204)3). To make the photographic emulsion, equal vol-
umes of the above metal precursor solution (K, PtCly solution or
NayPdCly solution) and the sensitizer Fep(C,04)3 were mixed
together. Depending on the catalyst surface loading desired, a
measured amount of emulsion was applied to the substrate to
be printed, spread by a glass rod and air-dried. The coated sub-
strate was then exposed to a mercury lamp UV light source
with an exposure intensity of 2mW cm~2 and the primary expo-
sure wavelength of 350-500 nm for 5 min. After exposure, the
substrate was developed in 0.5L of 1.1 M ammonium citrate
(NH4),HCgHs0O7 for 10 min. Finally, the Pt-coated substrate

was washed with 500 mL of a 9 wt% EDTA aqueous solution
for half an hour, slightly agitated, and followed by three cycles
of wash with 500 mL Millipore water (Millipore, Bedford, MA,
USA) for 30 min each time. The prepared samples were stored
in Millipore water until use.

The substrates used for printing included Toray carbon paper
(TGPH-060, thickness=0.17 mm, E-TEK Inc., Somerset, NJ,
USA) and Nafion 117 membrane (Nuvant System Inc., Chicago,
IL, USA). Before use, the Nafion membrane was cleaned in turn
in 90°C 3% H>03, 90 °C 1 M H,SO4 and 90 °C Millipore water
for 1 heach. This cleaning cycle was repeated at least three times
and the cleaned Nafion membrane was stored in Millipore water.

The mass of Pt or Pd was analyzed by inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES) (Optima
3300XL, Perkin-Elmer, Wilton, CT, USA) after dissolving the
Pt or Pd from the substrates in aqua regia.

2.2. SEM and TEM analyses

Scanning electron microscope (SEM) images were taken with
a Hitachi S4500 field emission SEM (Hitachi, Tokyo, Japan).
Transmission electron microscope (TEM) images were taken by
using a JEOL 2100 TEM (JEOL USA Inc., Peabody, MA, USA)
and the cross-section sample was microtomed by a RMC MT-
X Ultramicrotome (Boeckeler Instruments Inc., Tucson, AZ,
USA).

2.3. Electrochemical studies of photographically deposited
metals for methanol oxidation reaction and formic acid
oxidation reactions

A three-electrode electrochemical cell (Voltalab® C145/170,
Hach Company, Loveland, CO, USA) was used with a SCE ref-
erence electrode and a Pt disk counter electrode. For methanol
oxidation measurements, cyclic voltammetry (CV) scans (from
—0.25 to 1.25V versus SCE, with a 20mVs~! scan rate at
ambient temperature) in a solution of 0.5 M H,SO4/1 M CH30H
were preformed on each sample. For formic acid oxidation mea-
surements, the solution was changed to 0.1 M HCOOH/0.5 M
H>SO4. The working electrode held a disk sample with a sil-
icone rubber washer to define the actual exposed area. When
the Pt-coated carbon paper was tested, a graphite disk was put
at the back of the carbon paper to prevent the solution from
permeating through the carbon paper and reaching the stainless
steel current collector on the backside. For a Pt-printed Nafion
membrane, a circular disk (0.5 in. diameter) was punched and
hot-pressed with a piece of carbon black ink (1 mgcem™? car-
bon loading) coated carbon paper at 120 °C, with a pressure of
16001bin~2 for 3 min, with the catalysts facing the carbon ink
side. The carbon paper served as both the current collector and
a porous diffuser medium through which the electrolyte could
penetrate. The working electrode assembly is shown in Fig. 1.

2.4. Hy PEMFC performance test for Pt-printed Nafion
membrane

The performance of the Pt-coated Nafion membrane was eval-
uated with a Scribner 890C load system controlled by FuelCell
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solution

Fig. 1. Schematic view of the working electrode assembly for the three-electrode
electrochemical cell. (1) Silicone rubber washer with a center circular opening
of 6.35 mm diameter; (2) porous carbon paper (15 mm diameter) with carbon ink
painted on the side facing the Nafion membrane; (3) Pt (or Pd) catalyst deposited
photographically; (4) Nafion membrane (12.7 mm diameter); (5) graphite disk;
(6) stainless steel current collector; (7) Teflon holder.

for Windows™ software (Scribner Associates Inc., Southern
Pines, NC, USA). A single cell (Electrochem Inc., Wobum, MA,
USA) with 5 cm? active area was used.

The gas diffusion layer (GDL) was carbon black ink
painted Toray carbon paper (TGPH-060) with a carbon black
(stock #39723, Alfa Aesar, Ward Hill, MA, USA) loading of
1.0 mg cm™2. The carbon black ink was prepared by suspending
400 mg carbon black powder in 0.8 mL 5 wt% Nafion ionomer
solution (Aldrich, Milwaukee, WI, USA) and 15 mL methanol.
The gas diffusion electrode (GDE) was made by air-spraying
Johnson—Matthey (JM) Pt catalyst (HiSPEC 1000, Alfa Aesar,
Ward Hill, MA, USA) onto a GDL. The Pt ink was prepared
by adding 300 mg Pt black, 1.21 mL Nafion ionomer solution
into 7 mL methanol and 7 mL isopropanol. The actual loading
of sprayed Pt on the GDE was 0.83 mgcm~2 (ICP-OES con-
firmed). The MEAs were hot-pressed at 120 °C under 1600 1b
force for 3 min. Prior to the polarization tests, all MEAs were
pre-humidified overnight in a 100% relative humidity (RH) H»
purge on both anode and cathode sides. All cells were operated
with pure H, and pure O, at flow rates of 0.2 and 0.4 Lmin—!,
respectively. The gases were fully humidified to 100% RH prior
to entering the cell. Both anode and cathode were at ambient
pressures.

The tested membrane electrode assemblies are shown in
Fig. 2, including: (I) a non-Pt-printed Nafion 117 membrane
hot-pressed between two GDEs; (II) a one-side Pt-printed
Nafion 117 membrane with Pt as the anode side catalyst
hot-pressed between a GDL (anode side) and a GDE (cathode

side); (III) a double-side Pt-printed Nafion 117 membrane
hot-pressed between two GDEs. They are denoted as type I,
type II and type IIl MEAs in the later discussion.

During the electrochemical area (ECA) and Hj crossover
measurements, a Gamry PCI4/750 potentiostat (Gamry Instru-
ments, Warminster, PA, USA) was used and the working elec-
trode side was purged with N», and the counter electrode side
was purged with Hy. The potential of the cathode was swept by
means of a linear potential scan at a rate of 2mV s~! from 0.05 to
0.6V for H, crossover measurements. CV measurements from
0to0 0.8V at 40mV s~! were conducted to obtain the ECAs.

3. Results and discussion

3.1. SEM and TEM analyses of photographically printed Pt
on different substrates

Fig. 3 shows the SEM images of Pt deposited on carbon
paper and Nafion membrane. The Pt theoretical loading, real
loading and deposition efficiency for these samples are listed in
Table 1. A lower surface loading of Pt was observed when Pt was
deposited on carbon paper, even though the theoretical loadings
of both samples were about the same (Table 1). ICP-OES results
confirmed that the deposition efficiency (real loading divided
by the theoretical loading) on carbon paper was only 2% com-
pared to 16% when deposited on Nafion membranes. Kim et
al. [8] recently prepared palladinized Nafion membranes by a
so called “ion exchange and chemical reduction” method. They
stated that the Nafion membrane can be impregnated with metal
nano-particles by ion exchanges of metal precursor ions with
counter ions of the SO3~ group, e.g. H*. Therefore, the improved
retention of Pt on Nafion membranes could be explained by
this mechanism. It was also found that the Pt deposits on the
Nafion membrane were of more uniform size than on carbon
paper. According to the SEM images, the average size of the Pt
deposits on the Nafion was 286 £ 51 nm, while on carbon paper
the size deviation was larger, 245 £ 197 nm. TEM images of the
cross-section of a Pt-printed Nafion membrane (Fig. 4) revealed
that the Pt deposits in the membrane were actually clusters of Pt
particles of less than 5 nm. Also, Pt has been deposited not only
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Fig. 2. MEA configurations for Hy PEM fuel cells.
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Pt on Nafion

Fig. 3. SEM images of Pt photographically printed on: (A) carbon paper (1 kx) and (B) Nafion membrane (4 kx).

Table 1

Pt surface loadings and mass-specific current density of photo-printed Pt and JM Pt

Sample Pt theoretical loading Pt real loading measured Deposition Peak methanol oxidation Mass-specific current
(mg cm™2) by ICP (mg cm™2) efficiency (%) current density (mA cm™2) density (mA mg~ 1y

Pt-Nafion 1.25 0.2 11 55

Pt-carbon paper 1.5 0.03 59 197

JM Pt black 0.98 0.69 31.6 45.8

on the surface but inside the membrane as well. The deposition
of metal catalysts inside the membrane has been seen by other
researchers when they deposited metals by impregnation and
chemical reduction methods [8—10]. However, in this process
metal particles were formed at more than 100 pwm into the mem-
brane within half an hour coating using microliters of metal ion
precursor emulsion as opposed to the 12 h soaking in the metal
precursor used by Fujiwara et al. [9].

3.2. Cyclic voltammetry study of catalytic activity for
methanol oxidation reaction

CV curves of typical Pt catalysts photo-printed on a Nafion
membrane and carbon paper (CP) in 1 M methanol/0.5 M H,SO4
are shown in Fig. 5. The Pt theoretical loading, the ICP-OES
measured Pt real loading, the methanol oxidation peak current
densities and the mass-specific current densities of these two
samples are listed in Table 1. The mass-specific current density is
calculated by dividing the current density by the ICP Pt loading.

When Nafion was used as a substrate, a higher methanol oxida-
tion current density was obtained compared to the sample with
carbon paper as the substrate due to the higher real loading of Pt.
Owing to the exceptionally low loading of photo-printed Pt on
carbon paper, a mass-specific current density of 197 mA mg~!
Pt was obtained as compared to 55 mA mg~! Pt on the Nafion
membrane and 45.8 mA mg~! Pt of the ]M commercial Pt cata-
lyst (Table 1). The strong adhesion of Pt particles to the Nafion
membrane resulted in a stable methanol oxidation current even
after the sample was stored in Millipore water for 4 weeks
(Fig. 5).

3.3. Cyclic voltammetry study of catalytic activity of Pt/Pd
mixtures for formic acid oxidation reaction

It has been reported that Pt-Pd alloy catalysts can enhance the
rate of formic acid electrooxidation via a direct reaction mech-
anism and inhibit the formation of CO,gs [11,12]. Compared
to DMFC, a direct formic acid—oxygen fuel cell has a higher

Fig. 4. TEM images of Pt aggregates inside the Nafion membrane at low (A) and high (B) magnifications.
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Fig. 5. CV curves (the 20th cycle) of Pt-printed carbon paper (M) and Pt-printed
Nafion membranes: as produced (A) and after storing in Millipore water for 4
weeks (0O). The testing solution was 0.5M H;SO4/1 M CH30H and the scan
rate was 20mV s~

theoretical open circuit potential (1.45V versus 1.23 V at room
temperature), reduced fuel crossover and faster room temper-
ature kinetics [12,13]. In this study, Pd was deposited with Pt
on Nafion membranes by photographic printing from a mixed
Pd-Pt emulsion. The deposition efficiency was analyzed by ICP
and the results are listed in Table 2. A higher surface retention
was obtained for Pd than for Pt when they were co-deposited.
Fig. 6 shows that the formic acid oxidation peak (the forward
peak) for pure Pt occurred at a higher potential than those of
the samples with Pd, which indicates that the addition of Pd
facilitates the reaction and lowers the activation energy of the
reaction. Also the CO oxidation stripping peaks (the reverse
peak) of samples with Pd are much smaller than that of pure
Pt, indicating the inhibition of the formation of the “poisonous”
CO,gs on the catalyst because of the presence of Pd. The formic
acid oxidation current was also increased by the addition of Pd.

3.4. Performance evaluation using a single H> fuel cell

3.4.1. H> crossover

To experimentally determine the H; crossover, linear sweep
voltammetry (LSV) was performed while the cathode side of
the fuel cell was purged with N; and the anode side was purged
with Hy. The output limiting current was used to derive the
Hj crossover flux from Faraday’s law. Typical results of such

Table 2
ICP analyses of the actual loadings of photo-printed Pt and Pt/Pd mixtures
Sample ID  Theoretical loading Real loading Deposition
(mg cm™2) (mg cm™2) efficiency (%)
1 Pt: 1 Pt: 0.17 17
2 Pt: 0.9 Pt: 0.213 Pt: 24
Pd: 0.1 Pd: 0.043 Pd: 43
3 Pt: 0.8 Pt: 0.145 Pt: 18
Pd: 0.2 Pd: 0.049 Pd: 25

Pt 170 ug cm™

Current density (mA cm'z)
1

—O— Pt 145 ug cm” Pd 49 ug cm”

—A— Pt213 ug cm” Pd 43 ug cm”

02 00 02 04 06 08 10
Voltage (V vs. SCE)

Fig. 6. CV curves (the 20th cycles) of Pt (W) and Pt/Pd mixtures (O, A) printed
on Nafion membranes in a test solution of 0.1 M HCOOH/0.5M H;SO, at a
scan rate of 20mV s~!. The legend lists the real loadings of Pt and Pd for each
sample.

experiments are shown in Fig. 7. Two type II MEAs are com-
pared with one type I MEA, which was used as a control in the
studies. Based on the calculations, the rate of H, crossover for
the type I MEA through a non-Pt-printed Nafion 117 membrane
was 2.3 x 1072 mol s~! cm~2. While the H; crossover rates for
type I MEAs were 1.63 x 107 and 1.32 x 10~ mol s~ cm ™2
when the printed Pt loadings were 0.08 and 0.16 mgcm™2,
respectively. After Pt was printed on the Nafion membrane, the
H, crossover was slightly decreased. In a real fuel cell oper-
ation conditions, Watanabe et al. have already found [14-16]
that by incorporating nano-sized, dispersed Pt particles inside
the Nafion membrane, Hy crossover was reduced due to the
catalytic oxidation of crossover hydrogen with oxygen on Pt
particles within the membrane. In the meantime, Watanabe et
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Fig. 7. Linear sweep voltammograms for the type I MEA containing non-Pt-
printed Nafion 117 membrane ((J) and two type II MEAs containing Pt-printed
Nafion 117 membrane with 0.08 mgcm~2 Pt () and Pt-printed Nafion 117
membrane with 0.16 mgcm™2 Pt (A), respectively. The temperatures of the
anode humidifier/cell/cathode humidifier were 40/40/40 °C, respectively. The
flow rates of Ho/N, were 0.2/0.2 L min~!.
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al. [14-16] also pointed out that the reaction-generated water
self-humidified the membrane and allowed the fuel cell to work
without any humidification. Our photographic printing process
also deposited some Pt particles inside the membrane as shown
previously in the TEM images. Even though this portion of the Pt
particles may not be able to serve as the catalysts for the electrode
reactions, they could still perform as proposed by Watanabe by
suppressing Hy crossover and thereby humidifying the mem-
brane.

3.4.2. Electrochemical area

The ECA of the Pt catalyst can be calculated from the charge
for proton reduction based on the well-established quantity for
the charge needed to reduce a monolayer of protons on Pt
(210 nCem—2 Pt) [17]. If the Pt loading of the electrode is
known, the mass-specific electrochemical area can be obtained
from cyclic voltammetry data. During measurements, the work-
ing electrode side was purged with humidified N and the other
side was purged with humidified H,. Integration of the pro-
ton reduction peak as shown in Fig. 8A, yielded the reduction
charge of 86.27 and 0.27 mC for the loading of 0.83 mgcm ™2
Johnson-Matthey Pt black and 0.16 mg cm ™2 photographically
printed Pt, respectively. Therefore, the ECA for the above cata-
lysts are 10.3 and 0.16 m? g~ ! Pt. The lower ECA of the printed
Pt is probably due to the deposition of Pt inside the membrane
and the aggregation of Pt particles as shown in the TEM images.

3.4.3. Ionic resistance

The ionic resistance of the membrane was measured by a cur-
rent interrupt method provided by the Scribner load system and
FuelCell™ software. The calculation was based on the assump-
tion that the electronic ohmic resistances associated with the
cell electrodes, gas diffusion layers, current collectors, leads
as well as contact resistances between these components, are
much smaller than the ohmic resistance due to the ion trans-
port through the polymer membrane electrolyte. Fig. 9 shows
the temperature dependence of membrane conductivities for a
type I MEA and a type III MEA at 100% RH. The type I MEA
had a non-Pt-printed Nafion 117 membrane hot-pressed with
two GDEs; while the type IIl MEA had a double-side Pt-printed
Nafion membrane hot-pressed to two identical GDEs as in type
I MEA. The total ICP loading of photographically printed Pt
in the type III MEA was 0.24 mgcm™2. It is clearly shown
that the proton conductivity of the Pt-printed membrane is actu-
ally slightly higher than that of the non-Pt-printed membrane.
Therefore, the deposition of Pt onto the Nafion membrane did
not impact the proton conductivity, even though some of the Pt
was deposited inside of the membrane. Similar results were also
observed by Watanabe et al. [14,16]. The reason that causes this
is still not clear. However, it could be due to the higher water
uptake observed for the Pt-impregnated Nafion membrane over
the normal Nafion membrane at the same humidification condi-
tion [16]. The “self-humidified” effect during the operation of
the fuel cell as reported in Watanabe et al.’s work [14], has not
been tested yet in this work. For both MEAs, the proton con-
ductivities increase with temperature because high temperature
enhances the ion transport in the membrane. Activation energies
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ranging from 1 to 20kJmol~! have been reported for Nafion
117 membranes in our working temperature range [18]. Using
the Arrhenius equation, the activation energies for type I and
type IIl MEAs have been calculated to be 3.8 and 4.9 kJ mol ',
respectively.

3.4.4. H) fuel cell performance based on the Pt-printed
Nafion membrane

The performance data of a typical type II MEA containing
photographically deposited Pt of 0.12 mg cm ™2 as the anode side
catalyst is shown in Fig. 10. The data were collected at 60 °C,
100% relative humidity and using pure Hz and O;. A maximum
power density of 75 mW cm™2 was achieved with this type of
MEA. When compared to the control MEA with commercial M
Pt anode catalyst, the mass-specific peak power density (nor-
malized by the anode Pt loading) was almost doubled (Fig. 11).
However, for type II MEA with photo-printed Pt catalyst, the
polarization curve in Fig. 10 shows a clear mass transport limited
region with a mass transport limiting current of 163 mA cm™2.
The reason for this mass limiting region at higher currents, is
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Fig. 11. The dependence of mass-specific peak power density on cell tempera-
ture for type I MEA with JM Pt as the anode catalyst (l) and type Il MEA with
photo-printed Pt as the anode catalyst (A). The flow rates of humidified H, and
0, were 0.2 and 0.4 L min~!, respectively. No backpressure was applied.

considered to be the limited catalyst ECA resulting from the
aggregation of the Pt particles and partial deposition of the cata-
lyst inside of the membrane. Therefore, the accessible catalytic
surface area for the fuel is low. This inefficient catalyst utiliza-
tion has also been reported for production of Pt onto Nafion
membranes by the “impregnation—chemical reduction” method
due to Pt being deposited in the membrane, which results in
insufficient accessibility of the reactants and electronic contact
[9,10].

3.5. Patterning of Pt catalyst layer by photographic
printing

To demonstrate the potential application of this catalyst depo-
sition method in micro-fuel cells, some micron size patterns have
been generated using this process. Fig. 12 displays two platinized
flow fields and one pair of platinized interdigitated electrodes
photographically deposited on a Nafion membrane. The flow
fields have dimensions of 1 cm x 1 cm, and the overall size of
the pair of interdigitated electrodes is 0.68 cm x 0.63 cm. The

Fig. 12. Optical pictures of two triple-serpentine flow fields and a pair of interdigitated electrodes prepared by photographic printing of Pt onto the Nafion 117

membrane.
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smallest feature size is 100 wm. Due to the shrinkage of the mem-
brane after drying, the measured dry feature sizes are all smaller
than the designed feature sizes. This volume change of Nafion
due to the change in hydration level is one of the major prob-
lems in micro-fuel cell development. To overcome this problem,
much effort has been expended to develop solid-state protonic
conductors, such as acid loaded porous silicon [19]. Since this
photo-printing method is not substrate selective, it is possible
that it can be easily applied to the new generation of protonic
conducting membranes, including polymers, inorganic—organic
hybrid materials and ceramics.

4. Conclusions

A photographic printing process has been used as a catalyst
preparation method for fuel cell applications, and the catalytic
activities for methanol oxidation, formic acid oxidation and Hp
oxidation reactions have been evaluated by the electrochemical
cyclic voltammetry method and a single Hy fuel cell testing
system.

With the current preparation conditions, Pt particles of less
than 5 nm can be formed. However, they tend to form clusters up
to 300 nm in size. A mass-specific methanol oxidation current
density of up to 197 mA mg~! Pt was achieved with the photo-
graphic deposited Pt onto carbon paper. A much higher deposi-
tion efficiency was found when Pt was deposited directly onto
Nafion membranes. The catalyst deposits on Nafion membranes
exhibited excellent adhesion and the mass-specific methanol
oxidation current was comparable to the commercial JM Pt. A
PEMEC test of the MEA containing 0.12 mg cm ™2 photograph-
ically deposited Pt on the Nafion membrane provided a peak
power density of 75 mW cm™2. This photographic method can
also be used to prepare other noble metal catalysts such as Pd and
its alloys. Experimental results showed that the co-deposition of
Pd with Pt resulted in a lower formic acid oxidation potential
and a reduced formation of CO,qs.

The photographic printing method was shown to be compat-
ible with photolithographic processes used in integrated circuit
fabrication and thus could be a promising candidate process
for catalyst formation in the manufacturing of miniaturized fuel
cells. In addition, the process itself does not have any substrate
type limitation.

Currently the major problems with this method are its low
deposition efficiency and particle aggregation. These issues will
be addressed through adjustments of emulsion chemistry and
process conditions.
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