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Pore Formation by In Situ Etching of Nanorod PEM Fuel Cell
Electrodes
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Layers of 150 nm wide and 0.5–1.5 �m long carbon nanorods were grown by glancing angle deposition on Si substrates,
sputter-coated with 0.10 mg/cm2 Pt, and transferred to polymer electrolyte membranes for testing as cathode electrodes in fuel
cells. The rods were etched within fully assembled cells by applying a potential above the reversible H2/O2 voltage, which leads
to polarization curves that show a 4–7 times higher current at 0.40 V. The current increase is attributed to the opening of pores
within the electrode, which facilitates easy oxygen transport and leads to a reduction in mass transport resistance by a factor of
360, as determined by electrochemical impedance spectroscopy. Etching sequences with increasing voltage VE indicate that VE
� 1.6 V yields water electrolysis and Pt oxidation that facilitates Pt agglomeration and migration of Pt ions into the electrolyte,
while VE = 1.7 V results in removal of C and the formation of pores within rods that facilitate oxygen transport to reaction sites,
yielding a 400–700% increase in fuel cell output current at low potential. These results suggest that the controlled etching of
temporary scaffolds to create pores in an operating fuel cell may be an effective approach to reduce mass transport limitations.
© 2009 The Electrochemical Society. �DOI: 10.1149/1.3244589� All rights reserved.
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Proton exchange membrane fuel cells show great promise for
future power generation applications due to their high efficiency and
low emissions, but cost remains one of the chief obstacles to wide-
spread commercialization.1 The Pt catalyst, particularly at the cath-
ode, constitutes a significant fraction of the overall cost of the fuel
cell system, and much effort has therefore been directed toward
increasing the Pt-specific power density, that is, the power output
per gram of Pt.2 This goal can be accomplished either by replacing
the precious metal with a lower cost catalyst3-5 or by optimizing the
structure to utilize the Pt more effectively.6-8 Sputter deposition is a
promising method for manufacturing catalyst layers with ultralow Pt
loadings9 because the Pt loading, morphology, and thickness can be
precisely controlled, resulting in a uniform layer in a simple and
scalable process.10 We have recently demonstrated that the porosity
of the sputtered Pt catalyst can be controlled by the deposition angle
and have shown a fourfold improvement in mass transport perfor-
mance for cathodes for which Pt was deposited from highly oblique
angles instead of from normal incidence.11 This technique is known
as glancing angle deposition �GLAD�,12 in which atomic shadowing
during line-of-sight physical vapor deposition from highly oblique
angles results in an underdense structure of vertically aligned
nanocolumns13-16 with potential applications such as sensors17 and
catalyst supports.18

To completely control the assembly of the three-phase boundary,
where oxygen, electrons, and ions meet to react at a catalyst site, Pt
sputtering needs to be combined with processing steps that control
the overall electrode structure and, in particular, the electrode poros-
ity. Modern integrated circuit manufacturing processes including
photolithography and etching provide methods to controllably fab-
ricate nanostructures and have been successfully used to fabricate
fuel cells with high Pt utilization.19-22 These approaches are prom-
ising but also show challenges associated with the complexity of the
involved processing steps and particularly with the bonding of frag-
ile nanostructured electrodes to the membrane. For example, Hayase
et al. reported excellent results for a porous Si catalyst support
formed by photolithographic patterning and subsequent wet etching,
but the porous Si is brittle and therefore limits the clamping pressure
that can be applied to the cell.21 It is envisioned that some of these
challenges can be overcome by designing three-dimensional �3D�
electrode structures that contain sacrificial scaffold materials that
provide mechanical support to the catalyst during bonding with the
membrane and the gas diffusion layer �GDL� but are removed by
electrochemical methods after integration into the fuel cell. This has
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the advantage that the high porosity, which is important to provide
efficient mass transport in the electrode but often causes structural
degradation, is only formed after exposure to the mechanical
stresses associated with fuel cell assembly.

In this paper, we demonstrate the controllable formation of pores
within an electrode after assembly into an operational polymer elec-
trolyte membrane �PEM� fuel cell. As the cathode electrode, we use
a model materials system consisting of Pt-coated C-nanorods that
are deposited by GLAD and conventional sputtering. After assembly
into a fuel cell, the C-rods are etched away by raising the cell po-
tential above the reversible voltage E0 �1.23 V at standard condi-
tions� so that the current reverses direction and the cell electrolyzes
water with side oxidation reactions of Pt and C. The C oxidation is
well known for PEM fuel cells as a degradation problem for C
supports. Here, however, the same C oxidation is exploited to con-
vert the temporary C-scaffold, which supports Pt during assembly,
into gas-phase products CO and CO2 that exit the cell. The resulting
pores facilitate efficient mass transport and yield a fourfold increase
in fuel cell output current at low potentials. The controlled removal
of structural scaffolds after PEM fuel cell assembly represents a
promising approach to fabricate porous 3D electrodes.

Experimental

C-nanorod layers were grown at room temperature onto
3.5 cm � 3.5 cm Si wafers in a load-locked evaporation system
with a base pressure of �5 � 10−8 Torr using a 4.3 keV and 0.45 A
electron beam �E-beam� impinging on a 0.64 cm diameter rod-fed
carbon source that was positioned 15 cm from the substrate. The
deposition angle, measured between the substrate surface normal
and the source center, was set to � = 85°, which is a typical value
for GLAD.23 The substrates were continuously rotated at 40 rpm
�0.67 Hz� to facilitate growth perpendicular to the substrate surface.
The deposition rate was measured with a water-cooled crystal sensor
flux monitor �Inficon� and was maintained between 0.03 and
0.17 �g cm−2 s−1, corresponding to C-nanorod growth rates of
0.3–1.5 nm/s, assuming a density of 2.25 g/cm3 and a porosity of
50%. The nanorods were coated with Pt in the same deposition
system using magnetron sputtering at room temperature in a 3.0
mTorr 99.999% pure Ar discharge. A dc power of 50 W was applied
to a 5.1 cm diameter 99.99% Pt target at 11 cm from the substrate
with � = 0°, yielding a growth rate of 0.25 nm/s and corresponding
to a Pt loading rate dw/dt of 0.55 �g cm−2 s−1, as determined by
differential weighing of samples up to 4 mg in an electronic semi-
microbalance �Sartorius 2024 MP6, standard deviation �0.02 mg�.
The Pt loading for all cells was w = 0.1 mg/cm2. Scanning electron
microscopy �SEM� was performed on a Carl Zeiss Supra 55 in sec-
ondary electron mode at 5 kV accelerating voltage.
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The Pt-coated C electrodes were integrated as cathodes into fuel
cells with 10 cm2 active area using DuPont Nafion NRE-212 �Ion
Power� membranes and anode electrodes with w = 0.25 mg/cm2

�E-TEK LT120EWALTSI�. The membranes were activated by boil-
ing in 0.5 M H2SO4, followed by three separate 30 min boiling steps
in deionized water, and were stored in deionized water until simul-
taneous bonding to both electrodes at 126°C and 350 psi �2.4 MPa�
for 5 min. After bonding, the Si substrate was easily peeled away
and discarded, leaving the Pt-coated C-nanorods embedded in the
membrane. The cathode GDL �Sigracet 35BC, SGL Technologies
GmbH� was placed on top of the electrode, and the package subse-
quently assembled into fuel cell hardware. Fuel cells were operated
at 70°C with atmospheric pressure reactants humidified to a dew
point of 70°C, that is, 100% relative humidity. Pure hydrogen and
oxygen were fed to the anode and cathode with a stoichiometric
ratio of � = 1.2 for 2.0 A/cm2 �167 and 84 sccm, respectively�.
Before testing, the cells were “incubated” at 0.4 V for at least 24 h
or until the output current stabilized. Polarization curves, electro-
chemical impedance spectroscopy �EIS�, and etching cycles were
performed with a potentiostat �Parstat 2273, Princeton Applied Re-
search�. Polarization curves were obtained using a scan rate of 1
mV/s in the downward �decreasing voltage� direction. EIS was per-
formed under steady-state conditions using a sinusoidal voltage per-
turbation from 0.1 Hz to 10 kHz with a root-mean-square amplitude
of 10 mV. Each EIS spectrum was analyzed by modulus-weighted
least-squares fitting using the commercial software package ZView
�Scribner Associates� and fitted to an equivalent circuit model com-
prising a series of two parallel resistance–capacitance elements cor-
responding to activation and mass transport processes and a series
membrane resistance.24

Etching cycles were performed by maintaining the humidified
reactant flow and increasing the cell voltage to a constant value in
the range of 1.2 V � VE � 1.7 V or by applying a constant etch-
ing current iE = 3 mA/cm2. The total charge Q applied to the cell
was the sum over the charges QC for each etch cycle, which were
obtained by integrating over the current during each cycle QC
= �0

tC iEdt, where tC was the length of the cycle and iE was the
etching current at time t. The measured iE was composed of a mix-
ture of water electrolysis, Pt oxidation, and carbon etching.25 It was
typically highest at the beginning of a cycle and decreased mono-
tonically during each cycle because the current due to water elec-
trolysis dropped as water within the electrode was consumed. A
similar current decrease was also reported previously and was attrib-
uted to the buildup of corrosion-inhibiting surface oxide films.25-27

Our experiments do not allow a quantitative distinction between the
different contributions to the current, and in the following we simply
refer to Q as the etching charge and iC = QC/tC as the average cur-
rent for a cycle, even though only a fraction of the current was
actually used for C-etching. Future investigations may include the
measurement of CO and CO2 product gas, which would provide a
direct measure of the etched C. A series of tC = 30–120 s long
etching cycles with a typical QC � 0.1 C/cm2 per cycle was per-
formed in an automated sequence, and a fuel cell polarization curve
was collected in between each cycle. All electrodes were considered
fully etched at a total Q = 11 C/cm2, as the longest 1.5 �m carbon
nanorods would be fully etched, assuming a faradaic current effi-
ciency of 50% with a porosity of 50% and a density of 2.25 g/cm3.

Results and Discussion

Figure 1 is a cross-sectional SEM micrograph from a typical
as-deposited Pt/C-nanorod electrode before transfer to the mem-
brane. The micrograph shows the Si substrate at the bottom and the
Pt-coated C-rod tips at the top. During the subsequent fuel cell as-
sembly, the top is bonded to the membrane while the Si is removed
and replaced by the cathode GDL, so that oxygen will flow between
the rods in the upward direction toward the reaction sites at the top.
The C-rods in this micrograph have a measured length of 1.51 �m,
close to the nominal value l = 1.5 �m. Their surfaces are rough and
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show protrusions, a morphology which is characteristic of a hit-and-
stick growth mode,12-15 and indicate a tendency for branching, as
reported for GLAD at temperatures that are low with respect to the
melting point.28,29 The nanorod width increases with height h from
50–80 nm at h = 250 to 125–200 nm near the rod tops. Such broad-
ening is typical for GLAD on flat substrates30,31 and is attributed to
the strong atomic shadowing conditions, leading to a competitive
growth mode32,33 that causes some rods to overgrow others that
terminate their growth prematurely.34,35 This is clearly observable in
Fig. 1, showing a high number density of narrow rods near the
substrate but fewer rods with increasing height, as many do not
reach the full length of 1.5 �m. At the top, the nanorods appear
bright due to the high secondary electron yield of the high Z Pt
coating on the C-rods. The Pt covers primarily the rod tips but is
also observable at the sides of the rods and on the tips of some
shorter rods because Pt penetrates through the 50–150 nm wide
spaces between the rods during Pt sputter deposition, which is done
perpendicular to the substrate �parallel to the rod direction�. For this
sample, the Pt penetrated as far as 0.7 �m down the length of the
rods, such that �50% of the rod lengths were Pt-covered. A
decrease in l leads to a shorter length �albeit a greater proportion� of
nanorods being covered with Pt: 0.50 and 0.45 �m for 1.0 and
0.5 �m long rods, respectively �not shown�. The pores between the
rods at the bottom of the nanorod layer are relatively small
��10 nm�. In addition, we expect that the carbon forms a thin
��5 nm�, nearly continuous layer at the interface with the substrate
during the initial stages of growth because atomic shadowing effects
are negligible before 3D nucleation on the otherwise flat substrate
surface. This dense C-layer represents a mass transport barrier for
fuel cell operation but, as demonstrated below, the more important
contribution to mass transport losses is associated with O2 diffusion
to Pt sites that are buried in the membrane. The latter can be facili-
tated by C-etching that creates pores in the rods that open up O2
diffusion paths.

Figure 2 shows polarization curves for Pt-coated C-nanorod cath-
odes with 0.1 mg/cm2 Pt and C-rod lengths of l = 0.5, 1, and
1.5 �m. The dashed lines are obtained from as-assembled cells, that
is, before in situ etching of the C-rods. The solid lines represent the
current–voltage characteristics from the same cells after 60–180 etch
cycles, corresponding to a total charge applied to the cathode of
each cell of Q = 11 C/cm2. The polarization curves for all three
as-assembled cells exhibit a steep decrease in E with increasing i,
dropping to a potential at i � 150 mA/cm2 of 200, 300, and 400
mV for l = 0.5, 1, and 1.5 �m, respectively. At higher current, the
curves show a more moderate slope before they reach their maxi-
mum transport-limited current of 1.3–1.7 A/cm2. The initial steep
decrease is associated with activation polarization, while we at-
tribute the moderate slope from 150 to 1000 mA/cm2 to an in-
creased proton conduction due to electrode wetting by product

Figure 1. Cross-sectional secondary electron micrograph from a layer of
1.5 �m long carbon nanorods grown by GLAD on a Si wafer and coated
with 0.1 mg/cm2 Pt.
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water.36-38 The fuel cell current increases with increasing C-nanorod
length, although the Pt loading remains constant. For example, i
= 72, 114, and 195 mA/cm2 at E = 0.40 V and i = 5.9, 9.1, and
8.4 mA/cm2 at E = 0.85 V for l = 0.5, 1, and 1.5 �m, respec-
tively. We attribute this increase in efficiency, which is particularly
strong at low potential, to �i� the larger rods having wider spaces,
which increase from 25–65 nm for l = 0.5 �m to 50–150 nm for
l = 1.5, facilitating O2 transport within the electrode, and �ii� to Pt
being spread over a larger rod surface area for the longer nanorods,
covering a depth of 450 nm for l = 0.5 �m but 750 nm for l
= 1.5 �m �as discussed above�, thus increasing the total surface
area of the catalyst.

The solid lines in Fig. 2 are the polarization curves from the cells
after nanorod etching. At high potential E = 0.85 V, the current is
30–70% lower than for the as-assembled cells, which we attribute to
lost Pt surface area, as discussed below. In contrast, the output cur-
rent after etching is considerably higher for all E � 0.7 V and all
three cells. For example, at 0.40 V, i increases due to the etching
process by factors of 6.7, 6.3, and 4.0 to reach 481, 714, and
779 mA/cm2 for l = 0.5, 1, and 1.5 �m, respectively. We attribute
this substantial increase in current to enhanced oxygen transport
within the electrode. Carbon removal during etching results in the
formation of pores within the rods near the Pt catalyst, improving
the oxygen transport to sites that are buried in the electrolyte. The
performance difference between short and long rods is less pro-
nounced after the etching process. For example, i at E = 0.4 V in-
creases by 58 and 71% as l increases from 0.5 to 1.0 �m and from
1.0 to 1.5 �m, while the corresponding increases after C-etching
are only 48 and 9%. This reduced sensitivity in l after etching is
attributed to the removal of the mass transport limitation that causes
strong differences for the as-assembled case. After etching, a lower
mass transport overpotential yields a more similar performance for
the three cells.

Figure 3 is a typical complex-plane impedance plot before and
after etching from a cell with l = 1.0 �m nanorods at E = 0.5 V.
The data points show the impedance for the total measured fre-
quency range of 0.1 Hz–10 kHz, while the solid lines are obtained
by fitting the data with an equivalent circuit model according to Ref.
39-41. The impedance curve from this model exhibits two arcs in
principle: a high frequency arc on the left due to the charge-transfer
resistance RCT and the double-layer capacitance CDL and a lower
frequency arc on the right associated with the mass transport resis-
tance RMT and capacitance CMT. The values for these four param-
eters, RCT, CDL, RMT, and CMT, were obtained from data fitting,
which also provided values for the parasitic inductance L and the

Figure 2. �Color online� Polarization curves from fuel cells with Pt-on-C-
nanorod cathodes before and after in situ etching for rod lengths l = 1.5
�triangles�, 1.0 �circles�, and 0.5 �m �squares�.
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series resistance RM. The curve for the as-assembled cell in Fig. 3
exhibits one dominant arc that is associated with the mass transport
resistance RMT = 11.5 � cm2. This value is just slightly below the
low frequency intercept at 11.7 � cm2, indicating that RMT com-
prises the vast majority of the total overall cell impedance. In con-
trast, the fuel cell after the etching procedure exhibits an impedance
curve with two well-distinguishable arcs, as also plotted in a higher
magnification in the inset in Fig. 3. The mass transport resistance
RMT = 0.033 � cm2 is 360 times lower than that for the as-
deposited cell, and the associated capacitance is 2 orders of magni-
tude larger, with CMT = 2.6 and 260 mC/cm2 for the as-assembled
and etched cells, respectively. This change in mass transport resis-
tance and capacitance fully accounts for the dramatic increase in
current associated with C-etching, from i = 85 to 430 mA/cm2, as
observed in Fig. 2. In addition, the EIS analysis shows that the series
resistance decreases slightly during etching, from RM = 0.16 to
0.14 � cm2, which we attribute to the preferential removal of the
least stable, most resistive carbon clusters. The etching also causes
the charge-transfer resistance to increase and the double-layer ca-
pacitance to decrease, both by an order of magnitude, from RCT
= 0.1 to 1.3 � cm2 and from CDL = 6.7 to 0.65 mC/cm2, respec-
tively, which is likely due to the secondary effect of Pt surface area
loss due to Pt particle growth and ion migration into the electrolyte
during the etching process, as further explained below. This loss in
active Pt surface area is more than offset by the formation of pores
in the carbon nanorods during the etching process, yielding en-
hanced mass transport and access to Pt buried in the membrane
electrolyte.

Figure 4 is a plot of the cycle-average etch current iC vs total
etch time t for a cell with l = 1.5 �m. For this experiment, the etch
voltage VE is initially set to 1.2 V and is increased stepwise by 0.1 V
increments with 20–50 cycles for each constant VE value, as indi-
cated in Fig. 4. The measured iC increases from 0.1 to 0.3 to 0.8 to
1.8 mA/cm2 for VE = 1.2, 1.3, 1.4, and 1.5 V, respectively, with iC
remaining approximately constant at each fixed VE � 1.5 V. In
contrast, raising VE to 1.6 V leads to a relatively large iC
= 3.9 mA/cm2, which, however, decreases monotonically with t to
reach 1.3 mA/cm2 after 20 cycles at VE = 1.6 V. Similarly, the
subsequent increase to V = 1.7 V leads to another considerable

Figure 3. �Color online� Complex plane impedance plots at E = 0.50 V
from a carbon nanorod cathode fuel cell before and after Q = 11 C/cm2

etching. The solid lines are obtained by fitting the experimental data with an
equivalent circuit model.
E
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rise in iC, which also continuously decreases from 4.4 to
3.0 mA/cm2. The observed increase in etch current with increasing
VE can be attributed to any combination of the three reactions, water
electrolysis, Pt oxidation, and C oxidation, because the rate for each
of them is expected to increase with VE. The observation in Fig. 4
that the slope diC/dt is small or negligible for VE � 1.5 V indicates
that there is no change in the cell reactions with repeated etch cycles
with the same VE, suggesting that the measured current represents a
steady-state reaction rate for VE � 1.5 V. Considering the three
contributing reactions, we expect a steady-state contribution from �i�
the water electrolysis because water fuel is continually replenished
by the humidified reactant streams and periodic excursion into fuel
cell mode between etching cycles and from �ii� Pt oxidation because
Pt is reduced between etch cycles when the cell is operated in fuel
cell mode with E � 1.0 V �with the exception of Pt particle growth
and ions migrating into the electrolyte, as further described below�,
but we expect a continuously changing contribution from �iii� C
oxidation because COx leaves the electrode, resulting in an irrevers-
ible change to the morphology of the nanorods. Therefore, it is
concluded that the dominant contributions to iC occurring at VE
� 1.5 V are the recoverable water electrolysis and Pt oxidation
currents, while the decrease in iC with etch time for VE = 1.6 and 1.7
V is due to changes in the C-rod morphology associated with C
oxidation. In particular, we attribute the steep decrease in iC for
VE = 1.6 V to the removal of small particles of amorphous carbon
near the Pt interface, which are more easily oxidized than graphitic
C,27 while VE = 1.7 is high enough to cause sustained etching of the
bulk C-nanorods. Also, iC decreases initially at VE = 1.2 V from
0.38 to 0.044 mA/cm2, which we attribute to a combination of two
irreversible Pt oxidation processes: �i� Pt particle growth via Ost-
wald ripening to form larger, more stable particles and �ii� migration
of Pt ions into the electrolyte.42 This loss in active Pt area results in
a decrease in output current, particularly at high potential where
mass transport effects are small, as noted above when discussing the
polarization curves and as evidenced from the results below.

The plots in Fig. 5 show the current in fuel cell mode vs the total
etch charge Q from the same etching experiment as used for the
plots in Fig. 4. The currents at �a� 0.40 and �b� 0.85 V are extracted
from polarization curves that are obtained after each etch cycle. As
mentioned above, the etch voltage VE is stepwise increased, such
that VE � 1.5 V for Q � 1.9 C/cm2, VE = 1.6 V for 1.9 � Q
� 3.4 C/cm2, and VE = 1.7 V for Q 	 3.4 C/cm2, as indicated at
the bottom of Fig. 5b. The output current i at E = 0.40 V, as

Figure 4. �Color online� Average etch cycle current iC vs total etch time t for
a cell with 1.5 �m long nanorods. Each data point represents the average
etch current during 1 cycle at a constant potential VE = 1.2, 1.3, 1.4, 1.5, 1.6,
or 1.7 V, as indicated.
0.40 V
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shown in Fig. 5a, decreases initially from 294 to 145 mA/cm2 while
exhibiting relatively high cycle-to-cycle variations, which are attrib-
uted to fluctuating mass transport conditions due to Pt agglomera-
tion. The current is more stable for VE 
 1.6 V and begins to rise at
Q = 2.9 C/cm2. For VE = 1.7 V, the current increases monotoni-
cally for Q � 8.5 C/cm2 and then remains approximately constant
at i0.40 V = 780 mA/cm2, which is more than 5 times larger than the
minimum value. The increase in i0.40 V is the result of carbon etch-
ing that opens up pores within the rods to reaction sites that were
previously only accessible to oxygen via migration through the elec-
trolyte. The constant i0.40 V value for Q 	 8.5 C/cm2 suggests that
the rods are completely oxidized, such that further etching leaves the
pore structure near the Pt unchanged. Figure 5b shows the current at
E = 0.85 V, which exhibits a maximum i0.85 V = 9.4 mA/cm2 at
Q = 0.071 C/cm2 and decreases to reach an approximately constant
minimum value between 3.1 and 4.1 mA/cm2 for Q 	 1.2 C/cm2.
The initial maximum and subsequent decay is the result of Pt par-
ticle growth and Pt2+ ions migrating into the electrolyte,42 as men-
tioned above. These two processes cause a loss in active Pt surface
area and an associated decrease in the high potential fuel cell per-
formance, where mass transport effects are negligible. This decrease
is consistent with the increase in charge-transfer resistance and the
decrease in double-layer capacitance observed in the EIS spectra
after etching �Fig. 3�. The corresponding low potential decrease in
Fig. 5a is relatively moderate because i0.40 V is more sensitive to
mass transport than to active catalyst area. The decrease is more
than compensated by the development of pores for VE 
 1.6 V,
which facilitate O2 transport to catalyst sites.

Conclusion

We have built PEM fuel cell cathodes by growing carbon nano-
rods by GLAD onto silicon wafer substrates, coating the nanorods
with Pt by magnetron sputtering, and transferring them from the Si
wafer to PEMs. The as-assembled fuel cell performance depends on
the nanorod length l, which affects both the total Pt surface area and
the electrode porosity. In situ carbon etching using a total charge
Q = 11 C/cm2 increases the output current at 0.40 V by a factor of
4–7. This increase in current at 0.40 V is associated with pore for-
mation during the etching process, which enhances O2 transport to
catalyst sites. This is confirmed by EIS, which shows that the mass
transport impedance at 0.50 V dominates the as-assembled cell spec-
trum but is reduced by a factor of 360 during etching. Etching cycles
at a low potential 1.2 V � VE � 1.5 V have a negligible effect on
C-etching but cause Pt agglomeration and migration into the elec-
trolyte, which reduces the high potential output current i0.85 V by a
factor of �2. Etching at V 1.6–1.7 V results in irreversible mor-

Figure 5. �Color online� Fuel cell output current at �a� 0.40 and �b� 0.85 V
vs cumulative etch charge Q obtained from polarization curves between in-
dividual etch cycles.
E
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phological changes in the C-support rods, which is evidenced by a
dramatic increase in i0.40 V by over a factor of 5. These results
suggest that in situ oxidation of carbon support structures is a prom-
ising approach to form pores within high surface area 3D nanostruc-
tured PEM fuel cell cathodes, providing a scalable process to en-
hance mass transport.
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