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Abstract

Ultra-low pure Pt-based electrodes (0.04–0.12 mgPt/cm2) were prepared by dual ion-beam assisted deposition (dual IBAD) method on the surface
of a non-catalyzed gas diffusion layer (GDL) substrate. Film thicknesses ranged between 250 and 750 Å, these are compared with a control, a
conventional Pt/C (1.0 mgPt(MEA)/cm2, E-TEK). The IBAD electrode constituted a significantly different morphology, where low density Pt deposits
(largely amorphous) were formed with varying depths of penetration into the gas diffusion layer, exhibiting a gradual change towards increasing
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rystalline character (from 250 to 750 Å). Mass specific power density of 0.297 gPt/kW is reported with 250 Å IBAD deposit (0.04 mgPt/cm2 for a
otal MEA loading of 0.08 mgPt/cm2) at 0.65 V. This is contrasted with the commercial MEA with a loading of 1 mgPt(MEA)/cm2 where mass specific
ower density obtained was 1.18 gPt/kW (at 0.65 V), a value typical of current state of the art commercial electrodes containing Pt/C. The principal
hortcoming in this effort is the area specific power density which was in the range of 0.27–0.43 W/cm2 (for 250–750 Å IBAD) at 0.65 V, hence
uch below the automotive target value of 0.8–0.9 W/cm2 (at 0.65 V). An attempt to mitigate these losses is reported with the use of patterning. In

his context a series of patterns ranging from 45 to 80% Pt coverage were used in conjunction with a hexagonal hole geometry. Up to 30% lowering
f mass transport losses were realized.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The proton exchange membrane fuel cells (PEMFCs) are
highly attractive power source for vehicular and stationary

pplications due to its many advantages compared with other
uel cell systems [1–3]. As one might realize, the use of Pt-
ased catalyst represents one of the main limitations of the
echnology in terms of its commercial viability. In the last
ecade, much of the developmental work has been focused
n ways to improve the performance of polymer electrolytes,
lectrocatalyst, and electrode materials [4,5] while decreasing
he amount of precious metal present in the system. Cost sav-
ng can be gained through several approaches such as reduc-
ng electrocatalyst loading and by achieving a more effective
hree-phase electrolyte–catalyst–gas phase boundary, thus lead-
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ing to better catalyst utilization. The introduction of supported
platinum on carbon blacks has already helped lower the plat-
inum loadings of PEMFC’s from several mgPt/cm2 to about
0.4–0.5 mgPt/cm2 [6,7]. Researchers at Los Alamos National
Laboratories [6,7] were able to bring the cathode platinum load-
ing down to 0.12 mgPt/cm2 with no detrimental effect on fuel
cell performance. In parallel to this, efforts at Texas A&M Uni-
versity also exhibited great strides towards lowering Pt loadings
as low as 0.05 mgPt/cm2 with comparable performance to those
previously reported with 5 mgPt/cm2 [8,9]. In a recent report
on activity benchmarks and future requirements for electrocat-
alysts in the context of PEM fuel cells, Gasteiger et al. [10]
have pointed out that for automotive application the current
state of the art (with H2/air at 80 ◦C), which is at approximately
0.7 W/cm2 at 0.68 V (for 58% energy conversion) correspond-
ing to 0.85–1.1 gPt/kW requires to transition to 0.2 gPt/kW at
≥ 0.65 V. This can be envisaged as a duel effort wherein (a) MEA
power density is improved to 0.8–0.9 W/cm2

MEA at ≥ 0.65V by
increasing Pt utilization and lowering mass transport and ohmic
contributions and (b) increasing the inherent activities of the

013-4686/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
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reaction zone by changing the nature of the conventional sup-
ported Pt electrocatalysts (Pt nanoparticles) via means such as
alloying and modification of surface morphology. In this con-
text it is important to note that the noble metal loading at the
anode can be reduced from the current loadings of 0.2–0.4 to
0.05 mgPt(MEA)/cm2 without concomitant losses at the anode
[11]. Hence the principal effort in this context involves the cath-
ode electrode.

At the current state of the technology, prior efforts together
with current approaches have to be tempered with ability to
translate developments in this regard to mass manufacturabil-
ity keeping reproducibility (batch versus continuous) and cost
in perspective. Depending on the deposition methods used, the
approach towards lowering noble metal loading can be clas-
sified into four broad categories: (i) thin film formation with
carbon supported electrocatalysts, (ii) pulse electrodeposition
of noble metals (Pt and Pt alloys), (iii) sputter deposition (iv)
pulse laser deposition and (v) ion-beam deposition. While the
principal aim in all these efforts is to improve the charge trans-
fer efficiency at the interface, it is important to note that while
some of these approaches provide for a better interfacial con-
tact allowing for efficient movement of ions, electrons and
dissolved reactants in the reaction zone, others additionally
effect modification of the electrocatalyst surface (such as those
rendered via sputtering, electrodeposition or other deposition
methods).
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An alternative method for enabling higher electrocatalyst uti-
lization has been attempted with pulse electrodeposition. Taylor
et al. [24], one of the first to report this approach used pulse
electrodeposition with Pt salt solutions which relied on their dif-
fusion through thin Nafion® films on carbon support enabling
electrodeposition in regions of ionic and electronic contact on
the electrode surface. See a recent review on this method by
Taylor et al., describing various approaches to pulse electrode-
position of catalytic metals [25]. In principal this methodol-
ogy is similar to the ‘thin film’ approach described above,
albeit with a more efficient electrocatalyst utilization, since
the deposition of electrocatalysts theoretically happens at the
most efficient contact zones for ionic and electronic pathways.
Improvements to this approach have been reported such as by
Antoine and Durand [26] and by Popov [27]. Developments
in the pulse algorithms and cell design have enabled narrow
particle size range (2–4 nm) with high efficiency factors and
mass activities for oxygen reduction. Though attractive, there
are concerns on the scalability of this method for mass scale
manufacturing.

Sputter deposition of metals on carbon gas diffusion media is
another alternative approach. Here however interfacial reaction
zone is more in the front surface of the electrode at the interface
with the membrane. The original approach in this case was to
put a layer of sputter deposit on top of a regular Pt/C contain-
ing conventional gas diffusion electrode. Such an approach [28]
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In the first of the four broad categories using the ‘thin
lm’ approach in conjunction with conventional carbon sup-
orted electrocatalysts, several variations have been reported,
hese include (a) the so called ‘decal’ approach where the elec-
rocatalyst layer is cast on a PTFE blank and then decaled
n to the membrane [12,13]. Alternatively an ‘ink’ compris-
ng of Nafion® solution, water, glycerol and electrocatalyst
s coated directly on to the membrane (in the Na+ form)
14]. These catalyst coated membranes are subsequently dried
under vacuum, 160 ◦C) and ion exchanged to the H+ form
14]. Modifications to this approach have been reported with
ariations to choice of solvents and heat treatment [15,16] as
ell as choice of carbon supports with different microstruc-

ure [17]. Other variations to the ‘thin film’ approach have
lso been reported such as those using variations in ionomer
lends [18], ink formulations [19], spraying techniques [20,21],
ore forming agents [22], and various ion exchange processes
23]. At its core this approach relies on extending the reaction
one further into the electrode structure away from the mem-
rane, thereby providing for a more three dimensional zone for
harge transfer. Most of the variations reported above thereby
nable improved transport of ions, electrons and dissolved reac-
ant and products in this ‘reaction layer’ motivated by need
o improve electrocatalyst utilization. These attempts in con-
unction with use of Pt alloy electrocatalysts have formed the
ulk of the current state of the art in the PEM fuel cell tech-
ology. Among the limitations of this approach are problems
ith controlling the Pt particle size (with loading on carbon in

xcess of 40%), uniformity of deposition in large scale produc-
ion and cost (due to several complex processes and/or steps
nvolved).
xhibited a boost in performance by moving part of the interfa-
ial reaction zone in the immediate vicinity of the membrane.
ecently, Hirano et al. [29] reported promising results with thin

ayer of sputter deposited Pt on wet proofed non-catalyzed gas
iffusion electrode (equivalent to 0.01 mgPt/cm2) with similar
esults as compared to a conventional Pt/C (0.4 mgPt/cm2) elec-
rode obtained commercially. Later Cha and Lee [30], have
sed an approach with multiple sputtered layers (5 nm lay-
rs) of Pt interspersed with Nafion®-carbon-isopropanol ink
total loading equivalent of 0.043 mgPt/cm2) exhibiting equiv-
lent performance to conventional commercial electrodes with
.4 mgPt/cm2. Huag [31] studied the effect of substrate on the
puttered electrodes. Further, O’Hare et al., on a study of the
putter layer thickness has reported best results with a 10 nm
hick layer. Further, significant advancements have been made
ith sputter deposition as applied to direct methanol fuel cells

DMFC) by Witham et al. [32,33], wherein several fold enhance-
ents in DMFC performance was reported compared to elec-

rodes containing unsupported PtRu catalyst. Catalyst utilization
f 2300 mW/mg at a current density of 260–380 mA/cm2 was
eported [32,33]. While the sputtering technique provides for a
heap direct deposition method, the principal drawback is the
urability. In most cases the deposition has relatively poor adher-
nce to the substrate and under variable conditions of load and
emperature, there is a greater probability of dissolution and sin-
ering of the deposits.

An alternative method dealing direct deposition was recently
eported using pulsed laser deposition [34]. Excellent per-
ormance was reported with loading of 0.017 mgPt/cm2 in a
EMFC, however this was only with the anode electrodes, no
athode application has been reported to date.
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However, in all these new direct deposition methodologies,
mass manufacturability with adequate control on reproducibility
remains questionable at best. In this regard the methodolo-
gies developed by 3M company is noteworthy, where mass
manufacture of electrodes with low noble metal loading is
reported [35,36]. Here a series of vacuum deposition steps are
involved with adequate selection of solvents and carbon blacks
resulting in nanostructured noble metal containing carbon fib-
rils which are embedded into the ionomer–membrane interface
[37,38].

An alternative is the use of ion-beam techniques, where the
benefits of low energy ion bombardment concurrent to thin
film vacuum deposition (electron beam) process is exploited
for achieving dense, adhering and robust depositions [39]. This
method has been recently reviewed [39] in terms of both mecha-
nisms of ion/solid interactions during thin film growth as well as
development of various protocols for specific application areas,
including tribology, anti corrosion coatings, superconducting
buffer layers and coatings on temperature sensitive substrates
such as polymers. Modifications of this approach to prepare
3D structures including overhang and hollow structures have
also been recently reported [40]. Use of dual anode ion source
for high current ion-beam applications has also been reported
recently [41], where benefits for mass production environment
is discussed.

It is the objective of this work to present an improved depo-
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2. Experimental

2.1. Electrode preparation by dual ion-beam assisted
deposition technique

Dual IBAD is a vacuum-deposition process that combines
physical vapor deposition (PVD) with ion-beam bombardment.
Vapor of coating atoms are generated with an electron-beam
evaporator and deposited on a substrate. Ions are simultane-
ously extracted from the plasma and accelerated into the growing
PVD film at energies of several hundred to several thousand
electronvolts (500–2000 eV). Ion bombardment is the key factor
controlling film properties in the IBAD process; thus imparting
substantial energy to the coating and coating/substrate interface.
This achieves the benefits of substrate heating (which gener-
ally provides a denser, more uniform film) without degrading its
bulk properties. The major parameters of the process are coating
material, evaporation-rate, ion species, ion energy and ion-beam
current density described in details elsewhere [43–45]. In this
work, dual IBAD was used to directly deposit onto a commer-
cially available non-catalyzed GDL (LT1400, E-TEK) a layer
of pure Pt with pre-chosen deposition thicknesses of 250, 550
and 750 Å. The total metal deposited on the GDL had a loading
in the range between 0.04 and 0.12 mgPt/cm2; thus forming a
very thin layer of catalyst with a low precious metal loading,
hereafter referred to as gas diffusion electrode (GDE). In the
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ition methodology based on ion deposition technique which
vercomes many of the limitations previously presented and
ble to produce a Pt electrode having (i) better utilization of
he precious metal present on the electrode in PEMFCs and
ii) very low precious metal (Pt) loading. Moreover, the depo-
ition methodology used has the advantage of being a low
emperature process and very easy to scale up. This tech-
ique allows producing a catalyst entirely composed of metal
anoparticles/nanocrystalline thin film with control in size and
istribution, while eliminating the need for dispersing and sup-
orting medium. In another area, IBAD gas diffusion elec-
rodes (GDE’s) have the potentiality to create highly customized
roducts therefore also revolutionizing the micro fuel cells
arket.
The gas diffusion electrode is prepared by direct met-

llization (via IBAD) of non-catalyzed gas diffusion layer
GDL). In our recent previous communication in this regard
42], we have reported PEM fuel cell performance with dual
on-beam electrodes having very low precious metal loading
0.04–0.12 mgPt/cm2, corresponding to a deposition of 250 and
50 Å Pt deposits) exhibiting relatively high fuel cell PEMFC
erformance. The fuel cell performance of electrode assem-
lies (with Nafion® 112 used as proton conducting mem-
rane) with a total membrane electrode assembly (MEA) Pt
oading of 0.24 mgPt/cm2 compared to 1 mgPt/cm2 exhibited

three-fold mass activity enhancement for a comparison at
50 mV for a PEMFC operating with 50/60 psig anode and
athode back pressure, respectively, in H2/O2 at 80 ◦C. Here
e report details of the electrode morphology and correlate

t to PEMFC performance in the context of its commercial
pplication.
ttempt to further improve the catalyst utilization and gas/liquid
iffusivity of the IBAD prepared electrodes, a set of patterned
epositions were also used. The patterns were based on a sim-
le honeycomb design which had been chemically etched into
rigid frame. The frame was secured on top of the GDL and

he deposition was carried on as usual. The patterns had dif-
erent transparencies (fraction of void space) in the range of
ero to 55%. The GDL consisted of a three dimensional woven
eb structure comprised of a carbon cloth support, as a sub-

trate with a coating of Teflonized-carbon (Vulcan-XC 72, Cabot
orp., USA) providing for a matrix with a gas diffusion layer

LT1400). Such a GDL also improved tensile properties and
urface roughness which is perfectly suited for superficial metal
eposition obtained through IBAD. Comparison was made with
espect to a conventional electrodes containing supported Pt/C
anode and cathode side), 0.5 mgPt/cm2 (each electrode, total

EA loading of 1 mgPt/cm2 precious metal) with conventional
0% Pt/C electrocatalysts (commercial electrodes from E-TEK,
division of De Nora North America, Somerset, NJ). The choice
f the current GDL (LT1400, E-TEK) was based on the fact that
his serves as the substrate for the current state of the art reaction
ayer containing the Pt/C commercial electrocatalysts (E-TEK,
0% Pt on C) which was used as the control, therefore eliminat-
ng effects of the substrate layers in the comparison. The current
DL (LT1400) therefore is by no means optimized for the IBAD
eposition; this is an ongoing effort in our current endeavors.

.2. Preparation of the membrane and electrode assembly

The membrane electrode assembly (MEA) was prepared
sing a Nafion® 112 membrane (DuPont). Prior to MEA fab-
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rication, the membrane was cleaned by immersing in boiling
3% H2O2 for 1 h followed by boiling 1 M H2SO4 for the same
duration with subsequent rinsing in boiling deionized water
(1 h). This procedure was repeated at least twice to ensure
complete removal of H2SO4. The MEA was fabricated in-
house via hot pressing (100 ◦C < T < 130 ◦C, 5 min < t < 10 min
and 125 psig < P < 250 psig). Contrary to the conventional MEA
assemblies, no extra liquid ionomer was used in the MEA fab-
rication involving the IBAD electrodes.

2.3. Assembly of the single cell and its installation in the
test station

All MEAs were tested in a 5 cm2 single cell fuel cell (Fuel
Cell Technologies, Albuquerque, NM) using a standard fuel cell
test station (built in-house) designed to carry out steady-state
polarization measurements. This cell allowed for simultaneous
measurements of both single and half cell data with the aid of
reference electrodes in the anode chamber (hydrogen reference).
The fuel cell test station also allows independent control of
humidification, cell temperature and gas flow rate. All MEAs
were conditioned prior to testing using a series of steps; the ini-
tial step involved a so-called “break-in” process in which the
cell temperature is slowly raised (approximately 20 ◦C/h) from
ambient temperature to the operational point under N2. After
keeping the cell under these conditions for approximately 5 h
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points along the electrode, top surface and lateral cross-section.
For the lateral cross-section a microtome (Reidhert ultra-cut
model # E with a diamond knife) with 0.5 �m section size was
used.

3. Results and discussion

To avoid confusion between the various terminologies used
in the text, the gas diffusion layer (GDL) refers to the non-
catalyzed diffuser (LT1400-W, E-TEK) as described in the pre-
vious section. The terminology gas diffusion electrode (GDE)
will refer to the IBAD prepared electrodes (IBAD GDE); when-
ever needed the various thickness of the IBAD GDE’s will
be clearly pointed out, e.g. IBAD250 corresponds to the elec-
trode having a 250 Å thick Pt layer deposited directly onto the
non-catalyzed diffuser, the same is valid for the remaining two
electrodes; IBAD550 equal to 550 Å layer and IBAD750 equal
to 750 Å layer. The loadings corresponding to each of the three
different thickness electrodes prepared via IBAD are the fol-
lowing 0.04 mgPt/cm2 (IBAD250), 0.08 mgPt/cm2 (IBAD550)
and finally 0.12 mgPt/cm2 (IBAD750). Thus when preparing an
MEA, the total precious metal loading will be the one obtained
by adding the cathodic and anodic sides of the cell (e.g. the MEA
comprised of the IBAD250 will have a total precious metal load-
ing of about 0.08 mgPt/cm2). In the case of the patterned IBAD
electrodes, the best fuel cell performance was obtained with the
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n order to allow proper conditioning of the MEA assembly,
he pressure was slowly increased to 50/60 psig (anode/cathode,
espectively). The gases were then switched to saturated H2 and
ir/O2 and the cell was allowed to equilibrate for a couple of
ours. Steady state polarization was measured using a three-
lectrode mode potentiostatically with the aid of an electronic
oad (Agilent® model 6050A) and in-house Labview® (National
nstruments) software program. The program enabled measure-
ent of current after reaching a steady state within a window of
uctuations. Adjustment of conditions was made such that the
orward and reverse polarizations exhibited negligible hystere-
is, an essential condition for proper steady state measurements.
his was further confirmed by separately polarizing the elec-

rode at set potentials and following the current variations for
eriods up to 1200 min.

Cyclic voltammetry was conducted at room temperature
sing an Autolab potentiostat/galvanostat (Model, PGSTAT-30,
cochemie, Brinkman Instruments). The electrodes, in a com-
letely flooded configuration were cycled both in the presence
nd absence of CO in 1 M HClO4. For CO stripping voltamme-
ry, pure CO was purged closed to the working electrode for at
east 1 h with the electrode polarized at 0.05 V versus RHE in a
ume hood. The electrode was then purged with pure N2 for 1 h
nder potential control followed by voltammetric stripping. All
yclic voltammetric experiments were recorded between 0.05
nd 1.2 V with a scan rate of 20 mV/s.

The morphological characterization of the electrodes was
onducted using SEM/EDAX technique (Hitachi Field Emission
EM/EDAX, model number 5800 with Genesis model 136-10
DAX containing Z-max window for lighter elements). The
canning electron microscope image was observed at different
0% transparency (or 70% Pt coverage) having a precious metal
oading of 0.084 mgPt/cm2 (IBAD750P).

.1. Morphologies of IBAD GDE

Fig. 1 shows the SEM micrographs taken for non-catalyzed
DL (Fig. 1a) and after metallization, the IBAD750 GDE

Fig. 1b) with a magnification of 50,000 times. The top sur-
ace of the gas diffusion layer is covered by the Pt deposited
ayer. From the micrographs it emerges that no change in the
urface morphology of carbon support is observed i.e., intrinsic
orous structure of the gas diffusion layer remains practically
nchanged after metallization. This is evident from a compari-
on of Fig. 1a and b. This is very important from the perspective
f mass transport of dissolved reactants to the IBAD deposits
reaction centers) and the removal of water at the cathode elec-
rode. Further Fig. 1c shows the nature of these IBAD deposits
rom the perspective of the electrode cross-section as represented
y 250, 550 and 750 Å deposits. From these cross-sections, it is
een that the depositions are primarily limited to the top surface
f the GDL with an evident increase in thickness of the deposits
etween 250 and 750 Å. It is important to note however that there
s a difference between these cross-sections and the designated
eposition thickness (250–750 Å). The cross-sections indicate
he depth of the deposit into the non-catalyzed porous electrode
tructure (GDL), whereas the designated deposition thickness
uch as 250 Å is the thickness of the deposit on top of the car-
on surface. This depth of deposit into the electrode structure
s further confirmed using EDAX spectrum of the IBAD GDE
Fig. 1d) which reveals an increase of the deposition thickness,
his includes both an increase of the depth of penetration into
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Fig. 1. (a) SEM micrograph of the non-catalyzed GDL (LT1400) compared to (b) corresponding micrograph of the IBAD250 having an electrode loading of
0.04 mgPt/cm2. (c) Cross-section SEM images of the IBAD GDE’s (750, 550 and 250 Å deposits). Note that the Pt deposits are represented by the lighter contrast in
the SEM pictures. (d) EDAX profile of the IBAD GDEs along the line in (c) showing the depth of deposit on the GDL electrode.

the GDL structure and an increase of the density of Pt at the top
surface. From the weight of Pt deposited and its depth, it is easy
to calculate the density of Pt. Based on the EDAX spectrum, the
density of Pt located at the top surface of the GDL exhibits an
increase from 0.10 to 1.72 g/cm3 going from 250 to 750 Å. It
is important to note that the bulk density of Pt is 21.45 g/cm3.
Hence these constitute a largely amorphous nano-phasic deposit.

The X-ray diffraction patterns for the IBAD GDE’s and a
standard E-TEK GDE are shown in Fig. 2. Judging from the
features represented by (1 1 1) diffraction peak (2Θ = 39.764◦)
and using the peak width at half intensity (Scherrer treatment),
the crystallite size is estimated at 9–10 nm for IBAD GDE which
is larger than typically encountered in supported Pt/C where the
range of particle sizes are 2.5–4 nm. The X-ray patterns shown
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Fig. 2. XRD patterns of the non-catalyzed GDL (LT1400) compared to the IBAD
electrodes (IBAD250, IBAD550 and IBAD750 having precious metal loadings
of 0.04, 0.08 and 0.12 mgPt/cm2, respectively). Note the gradual emergence
of principal diffraction peaks for Pt represented by (1 1 1), (2 0 0), (2 2 0) and
(2 2 2). A representative XRD profile of a Pt/C commercial electrocatalyst (30%
on carbon) is included for reference.

in Fig. 2 clearly indicate that increased loading results in grad-
ual increase in crystallinity which is evident from the gradual
emergence of extra diffraction lines such as those in (2 2 0) and
(2 2 2). This increased crystalline character with higher deposi-
tion is also manifest in the increased Pt density described earlier
based on EDAX results.

3.2. COads stripping voltammetry

Stripping voltammetry of adsorbed CO (COads) can yield
useful in situ electrochemical information about Pt-based cata-
lyst surfaces in the electrochemical environment [46,47]. This
method involves the adsorption of CO on the catalyst surface
at negative potentials and the oxidation of the COads to CO2
in a subsequent positive potential scan. Fig. 3a shows adsorbed
COads stripping scans for the IBAD GDE’s in the flooded elec-
trode (1 M HClO4) mode. CO was purged while holding the
potential at 0.05 V versus RHE for 1 h at 25 ◦C. The roughness
factor (rf) and the real Pt surface (APt, m2/gPt) from COads strip-
ping were measured using the following equations [47]:

rf (cm2/cm2) = QCOads

420 �C cm−2 (1)

Fig. 3. Cyclic voltammograms of IBAD GDEs (a) in the presence and (b)
absence of CO in 1 M HClO4 at room temperature. Potential scan rate: 20 mV/s.
The CO was absorbed at 0.05 V for 1 h, subsequently, the solution CO was
removed by N2 bubbling for 1 h while maintaining the potential at 0.05 V vs.
RHE.

APt (m2/gPt) = rf

Pt loading
(2)

The electrochemically active surface area of the IBAD GDE’s
was also estimated from the integrated charge in the hydrogen
adsorption and desorption region of the CVs. The calculated val-
ues of roughness factors (cm2/cm2) as well as roughness factors
normalized on the basis of Pt loading (cathode electrode) are
listed in Table 1. In this case 220 �C/cm2 were used for the oxi-
dation of atomic hydrogen, a typical value based on smooth Pt

Table 1
P s of IBAD electrodes ranging in Pt deposition thickness between 750 and 250 Å
c

E cm2) I900 mV (mA/mgPt) SEL
a (cm2/cm2) AEL

b (m2/gPt)

I 894.7 15.9 (14.5) 39.7 (36.3)
I 747.8 20.3 (18.1) 25.4 (22.6)
I 701.9 26.7 (21.6) 22.3 (18.0)
S 270.4 158.1 (145.2) 31.6 (29.1)

V J) electrode (0.5 mgPt/cm2) is shown. These values correspond to a cell operating
c pressure, H2/O2. Also shown are the corresponding roughness factors obtained using
C rams. The corresponding mass specific surface areas are also shown (m2/gPt).

tained from the average of hydrogen adsorption/desorption peaks.
alues in brackets are those obtained using hydrogen adsorption/desorption region.
EMFC Tafel kinetic parameters for oxygen reduction obtained from a serie
orresponding to Pt loading variation in the range of 0.12–0.04 mgPt/cm2

lectrode E0 (mV) b (mV/decade) I900 mV (mA/

BAD250 1006 71.1 35.8
BAD550 1010 68.5 59.8
BAD750 1027 65.7 84.2
td. E-TEKc 1021 56.8 135.2

alues from a representative standard Pt/C commercial (E-TEK, De Nora, N
ondition of 80 ◦C, Nafion® 112 membrane, 50/60 psig anode and cathode back
Oads stripping voltammetry and from the Hads/Hdes regions of the voltammog
a SEL: real surface area obtained electrochemically, the values in bracket is ob
b AEL: real surface area obtained electrochemically per gram of catalyst, the v
c 0.5 mg/cm2 Nafion® loading on electrode.
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surface. Comparison of roughness factors (cm2/cm2) and mass
specific surface areas (m2/g) obtained from COads and Hupd indi-
cate remarkable agreement. In the literature there is a very wide
variation of mass specific surface areas for conventional Pt/C
electrocatalysts which according to recent review [10] ranges
from 20 to 120 m2/g. Our data of 31.6 m2/g is in the lower end
of the spectrum. In the case of IBAD, the roughness factors
are significantly lower as compared to conventional Pt/C elec-
trocatalysts (approximately 85%), a difference attributed to the
IBAD surface morphology. The roughness factor also changes
linearly with the IBAD deposition thickness, with a smooth vari-
ation between 750 and 250 Å, with a corresponding lowering of
roughness factor to the extent of ∼30–35%. However the mass
specific surface areas (m2/g, Table 1), are close to the conven-
tional Pt/C electrocatalysts, in fact the IBAD250 has a higher
value, close to 40 m2/g. The comparison of the COads stripping
peaks (Fig. 3a) shows distinct differences between IBAD750 to
the other IBAD electrodes (250 and 550 Å), in fact a shift in onset
of COads stripping to the extent of 45 mV is observed. However
a lower dense and more amorphous deposit in the 550 and 250 Å
could be attributed to this shift, this is also indicative of changes
in the surface properties for the deposits below 750 Å. A care-
ful comparison of the oxide formation and reduction peaks in

Fig. 3b indicates a similar shift between 750 Å and those corre-
sponding to 250 and 550 Å. Hence the shift in the onset of CO
desorption appears to be a result of a concomitant shift towards
more positive potentials in the oxide formation for the more
amorphous (and less dense) 250 and 550 Å deposits. However
a comparison of the Hads/Hdes peaks shows lesser distinctions
(Fig. 3b).

3.3. Single-cell performance

Fig. 4a and b shows the single cell performance of H2/O2
and H2/air showing the effect of Nafion® loading on the elec-
trode surface. Polarization characteristics were compared at
80 ◦C with 50/60 psig backpressure for the anode and cathode
electrodes, respectively (100% humidification condition). The
MEAs were made with IBAD250, anode and cathode GDE’s.
The overall fuel cell performance of the MEA loaded with
0.5 mg/cm2 Nafion® solution is clearly lower relative to the per-
formance of the same MEA without Nafion®. At a fixed potential
of 0.7 V, the cell performance of Nafion® coated IBAD250 MEA
was 180 mA/cm2 while the corresponding performance with-
out Nafion® was 430 mA/cm2; thus showing a drop in current
density of about 250 mA/cm2 for the former case. In order to
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ig. 4. Single cell performance with MEA’s containing IBAD250 (0.08 mgPt(MEA)/cm2

ith (- - -) and without out (—) 0.5 mg/cm2 Nafion® loading on the electrode. Membra
nd cathode back pressure, 80 ◦C (cell temperature) and the stoichiometric ratios (at
osses due to activation, ohmic and mass transport is shown. Comparison of (c) ohmic
f current density are shown.
) as anode and cathode electrodes showing (a) H2/O2 and (b) H2/air performance
ne used was Nafion® 112, other operating parameters include, 50/60 psig anode
1 A/cm2) were 4.5 H2 and 3.5 air. Relative contribution from the polarization
polarization losses, �Eohmic and (d) mass-transport losses, �ηtx as a function
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understand the true significance of the effect of Nafion® loading
on the electrode performance it is important to examine its effect
in all the polarization regions corresponding to the activation,
ohmic and mass transport. The following equation will be used
to analyze the fuel cell performance data [10,48]:

Ecell = Erev(PH2 ,PO2 ,T ) − �Eohmic − ηORR − ηtx (3)

The first term on the right-hand side of Eq. (3) is the reversible
H2/O2 cell voltage, which depends on the partial pressures of the
reactants and the cell temperature, the corresponding value based
on the experimental conditions is 1.169 V. �Eohmic is the ohmic
voltage loss which can be measured directly via either current-
interrupt or high-frequency resistance measurements. ηORR is
the so-called cathode overpotential losses and ηtx is the mass-
transport overpotential losses. The parameter ηtx was evaluated
by a non-linear least-square fit of Eq. (3) to the experimental
data for the both H2/O2 and H2/air. The relative ohmic overpo-
tential losses for both Nafion® loaded and non-Nafion® IBAD
electrodes were found to be identical while the contribution
from mass-transport overpotential losses for the Nafion® loading
IBAD electrode was very significant, as shown in Fig. 4d. The
fact that a non-Nafion® loaded GDE performed better is signif-

icant as it reduces a significant step in the MEA manufacturing
step. Further it also indicates that the different morphology of the
electrocatalyst at the electrode-membrane interface requires a
more careful analysis of transport in the substrate GDL (LT1400
non-catalyzed layer, E-TEK).

The electrocatalytic layer of the standard E-TEK GDE
(0.5 mgPt/cm2) was loaded with a Nafion® solution of
0.5 mg/cm2, this is a typical Nafion® loading used in our MEA’s
when conventional carbon supported electrocatalysts are used.
The polarization of this commercial Pt/C containing MEA was
compared to MEA containing IBAD750 electrodes, measured
in the same test fixture as the IBAD GDE cells and subject to
same test conditions and protocols and the performances of the
two MEAs are compared in Fig. 5. As shown in the compari-
son with H2/O2, IBAD and Pt/C electrodes show relatively small
difference in the low current density activation controlled region
(Fig. 5a). An iR-corrected Tafel plot of the performance in H2/O2
shows the expected variation based on the difference of Pt load-
ing (0.24 mgPt/cm2 in IBAD 750 mgPt/cm2 versus 1 mgPt/cm2

for Pt/C electrode). Assuming no increase in the mass-transport
losses as the Pt loading is reduced, the change in cell voltage as a
function of cathode Pt loading can be described mathematically
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ig. 5. Comparison of cell performance with MEA’s made comprising of IBAD750 GD
EK GDE (LT140E-W; 1.0 mgPt(MEA)/cm2) (—) for (a) H2/O2 at 80 ◦C Nafion® 112

atios (at 1 A/cm2) were 4.5 H2 and 3.5 air. The corresponding iR-corrected Tafe
orresponding H2/air operation showing the relative contributions of all three polariz
ηtx is shown as a function of current density for better comparison.
E (0.24 mgPt(MEA)/cm2) (- - -) as anode and cathode electrodes and standard E-
membrane, 50/60 psig anode and cathode back pressure and the stoichiometric
l plot is shown in (b) comparing activation polarization characteristics. (c)
ations losses (activation, ohmic and mass transport). (d) Mass-transport losses,
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on the basis of the known O2 reduction kinetics [48]:

δE

δ log[Lca]

∣
∣
∣
∣
PO2 ,PH2 ,T,i

= −b (4)

where Lca denotes the cathode Pt loading. Eq. (4) states that
the change in cell voltage with the logarithm of the cathode Pt
loading (assuming the same catalyst is used) is proportional to
the Tafel-slope. For a Tafel-slope of 70 mV/decade at 80 ◦C, a
loading reduction by a factor of 2 or 4 is thus predicted leading
to voltage loss across the entire current density range of ≈20 or
≈40 mV, respectively. In our comparison, this assumption can
be expected to hold till the end of the ohmic controlled region.
At 200 mA/cm2, the iR-corrected potential difference between
the two is approximately 20 mV, this is on the lower side based
on the above equation. However as assumed in Eq. (4), this
difference relies on comparison of similar electrocatalysts with
different loading, whereas, in our case a comparison is between
a nanoparticle and a thin layer (largely amorphous) coating with
significantly different surface morphology.

Comparison at higher current density, especially in H2/air
(Fig. 5c) shows that the MEA made with E-TEK electrodes
exhibit higher performance as compared to the IBAD750 MEA.
The main contributing factor responsible for the lower perfor-
mance of the IBAD MEA is O deprivation due to flooding
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Fig. 6. Performance comparison for IBAD prepared GDE’s as a function of Pt
loading for (a) H2/O2 along with the anode half cell polarizations and (b) H2/air
operation at 80 ◦C, Nafion® 112 membrane, 50/60 psig anode and cathode back
pressure and the stoichiometric ratios (at 1 A/cm2) were 4.5 H2 and 3.5 air. MEA
Pt loading varied from 0.24 to 0.08 mgPt(MEA)/cm2 for both anode and cathode
electrodes. (c) Mass-transport losses, �ηtx as a function of current density. The
standard E-TEK electrode MEA (1.0 mgPt(MEA)/cm2) is used for comparison
with a standard Nafion® loading of 0.5 mg/cm2.

Fig. 6 shows the comparison of single cell performance
of H2/O2 (Fig. 6a), H2/air (Fig. 6b) for the MEAs made
with IBAD250, IBAD550 and IBAD750 anode and cathode,
50/60 psig backpressure for the anode and cathode electrodes,
respectively (100% humidification condition) and with a cell
temperature of 80 ◦C. It is quite significant that a low Pt loading
of 0.04 mgPt/cm2 (IBAD250 cathode) is effective in generating a
current density of 1.08 A/cm2 at a cell voltage of 0.7 V in H2/O2
at 80 ◦C, further in H2/air such a low loading cathode is effective
in reaching a cell voltage of 0.83 and 0.66 V at 0.1 and 0.4 A/cm2,
respectively. This is with the caveat that anode polarization
losses are not affected as a function of loading, a fact discernable
by comparison of anode polarization curves of IBAD electrodes
with 250, 550 and 750 Å corresponding to a loading variation
of 0.04–0.12 mgPt/cm2, signifying therefore that the difference
in polarization is predominantly due to cathode electrode.
2
s evidenced from significantly higher mass-transport losses in
he case of IBAD750 electrode compared to the E-TEK GDE
Fig. 5d). A similar analysis comparing ohmic overpotentials
howed negligible differences (not shown).

As mentioned in the introduction section, recent review by
asteiger et al. [10] has pointed out that one of the yardsticks

or PEM fuel cell performance in terms of targets for auto-
otive use is the need to transition from the current state of

he art of approximately 0.7 W/cm2 (at 0.65 V, for a conver-
ion efficiency of 55%) corresponding to a Pt-specific power
ensity of 0.85–1.1 gPt/kW. This is the performance we obtain
ith H2/air at 80 ◦C (full humidification) using Pt/C commercial

lectrodes from E-TEK (Table 2). This value is clearly far above
he target value (for automotive application) of <0.2 gPt/kW at
0.65 V (for 55% energy conversion), translating to a target of

rea specific power density in the range of 0.8–0.9 W/cm2
MEA at

0.65 V. While a considerable amount of this improvement can
e realized by improving the electrocatalyst utilization, signifi-
ant breakthroughs are necessary in the activation overpotential.

Under condition of H2/air feed at 80 ◦C, the MEA made with
BAD750 GDE (0.24 mgPt(MEA)/cm2) resulted in power density
f 0.327 W/cm2 at 0.65 V, translating into a Pt-specific power
ensity of 0.734 gPt/kW (Table 2 and Fig. 5c). Hence while the
rea specific power density is lower the gravimetric power den-
ity is improved. The lower area specific power density for IBAD

EA as compared to E-TEK GDE is due to the higher mass-
ransport induced voltage losses for the former case (Fig. 5d). As
hown in Fig. 5d, the difference between the two is to the extent
f ∼50% at 0.65 V. It is therefore clear that further improve-
ent of the GDL substrate is required in the case of the IBAD

lectrodes.
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Table 2
MEA power densities, PMEA (W/cm2), Pt-specific power densities, PPt (gPt/kW) and gravimetric power density (W/mgPt) are shown for a series of IBAD electrodes
ranging in Pt deposition thickness between 750 and 250 Å corresponding to Pt loading variation in the range of 0.12–0.04 mgPt/cm2

Electrode MEAPt (mgPt/cm2) PMEA at 0.65 V (W/cm2) PPt at 0.65 V (gPt/kW) PPt at 0.6 V (W/mgPt)

IBAD250 0.08 0.269 0.297 3.862
IBAD550 0.16 0.316 0.506 2.029
IBAD750 0.24 0.327 0.734 1.460
IBAD750P 0.17 0.435 0.386 2.711
Std. E-TEK 1.00 0.845 1.183 0.889

Values from a representative standard Pt/C commercial (E-TEK, De Nora, NJ) electrode (0.5 mgPt/cm2) is shown. These values correspond to a cell operating
condition of 80 ◦C, Nafion® 112 membrane, 50/60 psig anode and cathode back pressure, H2/air and the stoichiometric ratios (at 1 A/cm2) were 4.5 H2 and 3.5 air.

The invariance of anode polarization effect is however not
dependent on IBAD morphology and has been reported earlier
for conventional Pt/C electrocatalyst electrodes where loading
as low as 0.05 mgPt/cm2 has been reported to be sufficient [48].

Comparison of polarization curves in H2/air at 80 ◦C fully
humidified conditions, all other parameters being the same as
those described earlier (Fig. 6b), shows a variation of power
density as a function of IBAD loading. A comparison with Pt/C
is also shown. The power density (in W/cm2) is progressively
lower for a concomitant lowering of loading in the IBAD mor-
phology. This corresponds to a decrease of 17% (Table 2) for a
three-fold lowering of loading. However, the gravimetric power
density (W/mgPt) exhibits an increase of four-fold when com-
paring Pt/C conventional electrode versus IBAD 250 at 0.6 V
(Fig. 6b and Table 2). This significance can be better illustrated
by comparing Pt-specific power density for the IBAD MEA,
which is reduced to 0.297 gPt/kW at 0.65 V using IBAD250
electrode (0.08 mgPt(MEA)/cm2), a value very close to the auto-
motive target value of <0.2 gPt/kW. However, the drawback of
the IBAD MEA is a simultaneous reduction of MEA area spe-
cific power density due to significantly higher mass transport
polarization losses. This is illustrated in Table 2, however it is
interesting to note that the mass transport contribution variation
among the IBAD electrodes does not change significantly as
shown in Fig. 6c, hence variations in Pt loading is the prin-
cipal contributor to the variation in the mass specific power
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deposition process, a simple mask served as a convenient method
to enable patterning. Several patterns were attempted, and Fig. 8
shows the representative behavior for an electrode with 30% void
spaces (or 70% Pt deposit). Therefore an IBAD750P denotes an
electrode with 750 Å thick deposits on 70% of the GDL substrate
(LT1400, E-TEK), resulting in an electrode with 0.084 mgPt/cm2

instead of 0.12 mgPt/cm2. The geometry used in the pattern in
the present case was hexagons, however a multitude of different
geometric shapes can be considered. Comparison of polariza-
tion curves in H2/O2, H2/air are shown in Fig. 8a and b. As
evident from the polarization curves in Fig. 8a, with H2/O2,
very little variation is observed for all the three polarization
losses (activation, ohmic and mass transport). This is expected
as the only difference in the two MEA’s is the existence of 30%
void for the patterned sample. However in the more demand-
ing H2/air case the beneficial effect of patterning (Fig. 8b) is
observed. The relative contribution of the corresponding mass
transport polarization losses is shown in Fig. 8c. Here at a current
density of 600 mA/cm2 (approximately at 0.6 V for IBAD750),
there is a decrease in mass transport contributions by 30%
(Fig. 8c). Alternatively, at a cell voltage of 0.6 V current den-
sity of 0.575 and 0.775 A/cm2 were obtained for IBAD750 and
IBAD750P, respectively. Operating conditions for the cell was
the same, i.e., cell temperature of 80 ◦C, H2/air. The corre-
sponding power densities were 1.460 W/mgPt (IBAD750) and
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ensity.
The iR-corrected Tafel plots are presented in Fig. 7, this shows

hat a lowering of Pt loading from 0.12 to 0.04 mgPt/cm2 results
n a change of iR-corrected potential of ≈20 mV, which is in
greement with the expectation based on Eq. (4). This expected
utcome is based on a comparison of Pt surfaces with similar
orphology unlike the previous comparison (Fig. 5) where a
t/C was compared with IBAD750. This expected change in the
ctivation overpotential indicates that the electrocatalyst utiliza-
ion is similar in all the IBAD electrodes, as this outcome is
entral to this underlying factor.

Since the mass transport overpotential losses are the most cru-
ial aspect of IBAD electrode performance, an attempt was made
sing a patterned geometry for mitigating this. The beneficial
ffect of a simply devised pattern design is clearly seen in Fig. 8
here a direct comparison of the fuel cell performance is made
etween the MEA prepared with IBAD750 (0.12 mgPt/cm2) and
ne prepared with the patterned IBAD750 (IBAD750P) having
t loading of 0.084 mgPt/cm2. Since this technique is based on a
ig. 7. iR-corrected Tafel plots for oxygen reduction on IBAD GDEs in proton
xchange membrane fuel cells, 80 ◦C, 50/60 psig anode and cathode back pres-
ure. MEA Pt loading varied from 0.24 to 0.08 mgPt(MEA)/cm2 for both anode
nd cathode electrodes.
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Fig. 8. Comparison of cell performance between the MEA’s made using (- - -) IBAD750 and (—) IBAD750P GDE (70% Pt deposit coverage) as anode and cathode
electrodes for (a) H2/O2 and (b) H2/air operation at 80 ◦C, Nafion® 112 membrane, 50/60 psig anode and cathode back pressure and the stoichiometric ratios (at
1 A/cm2) were 4.5 H2 and 3.5 air. (c) Comparison of mass-transport losses, �ηtx and (d) mass specific power density (W/mgPt(MEA)) as a function of current density.
Note that the standard MEA loading for 750 Å deposit is 0.24 mgPt(MEA)/cm2, a 70% coverage electrode constitutes a further approximate lowering in Pt loading to
0.168 mgPt(MEA)/cm2.

2.711 W/mgPt (IBAD750P) at 0.6 V (Table 2). This is also illus-
trated in Fig. 8d, where better mass transport characteristics for
the IBAD750P electrode is evident beyond a current density of
0.4 A/cm2. This particular effect might be pointing to a better
gas/liquid diffusivity of the patterned IBAD GDE.

Fig. 9. Variation of current density at different cell voltages as a function of
percentage Pt coverage. Cell operating conditions were H2/air, 80 ◦C, 50/60 psig
anode and cathode back pressure, Nafion® 112 membrane and the stoichiometric
ratios (at 1 A/cm2) were 4.5 H2 and 3.5 air.

Summary of results on a wide range of patterned samples are
shown in Fig. 9. Here performance is compared for MEA’s with
Pt coverage variations in the range of 45–100%. Current densi-
ties at various operating potentials are compared for single cells
at 80 ◦C in H2/air (standard operating condition). As evident
from Fig. 9, the deviations in the current density are observed at
potentials below 0.7 V. Further there were spikes towards higher
current densities which were observed for 60 and 70% coverage
samples. The 70% covered sample constituted the best pattern
in the present geometry used (hexagons).

4. Conclusions

Dual IBAD was successfully used to prepare ultra-low Pt
loaded gas diffusion electrodes for PEMFC’s with the principal
advantages of higher mass specific power density (mgPt/kW)
combined with the mass manufacturability. Taking the current
state of the art Pt/C electrode (E-TEK, De Nora, NJ) with
0.5 mgPt/cm2 as the control electrode, it was found that mass
specific power density of 0.297 gPt/kW was possible with an
ultra-low loading IBAD electrode containing 250 Å deposit
(0.04 mgPt/cm2 for a total MEA loading of 0.08 mgPt/cm2).
Among the three different IBAD electrodes reported in this
investigation (ranging from 750 to 250 Å deposit corresponding
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to 0.04–0.12 mgPt/cm2), the mass specific power density
variations were 0.29–0.55 gPt/kW. All these power density
comparisons are predicated on a fixed potential of 0.65 V. This
is contrasted with the commercial MEA with a loading of
1 mgPt(MEA)/cm2 where mass specific power density obtained
was 1.18 gPt/kW, a value typical of current state of the art
commercial electrodes containing Pt/C. Considering the need
to transition from the current state of the art towards a target of
0.2 gPt/kW, this is a good step forward. However, the principal
shortcoming of this effort is the area specific power density
which is in the range of 0.27–0.43 W/cm2 at 0.65 V, hence
much below the target value of 0.8–0.9 W/cm2 (at 0.65 V). The
principal cause of this lower area specific power density is the
higher mass transport losses. An attempt to mitigate these losses
is reported with the use of patterning. In this context a series
of patterns ranging from 45 to 80% Pt coverage were used in
conjunction with a hexagonal hole geometry. Up to 30% low-
ering of mass transport losses were realized. Best results were
obtained with 70% Pt coverage and were effective below a cell
operating potential of 0.7 V. The dual IBAD approach as shown
in this investigation is one in which two ion beams were used,
one to roughen the substrate and the other to embed the target
atoms (Pt in this case). The morphologies obtained are very
different from the conventional Pt/C electrocatalyst. Depending
on the thickness of the deposit, various levels of crystallinity are
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