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without the need for carbon. Instead, we focused on a conductive, two-dimensional material of a TiSi, nanonet, which is also of high surface area. As a

recognized to be a potential source of concern. To meet this

challenge, here we present the development of a catalyst system

proof-of-concept, we grew Pt nanoparticles onto TiSi, by atomic layer deposition. Surprisingly, the growth exhibited a unique selectivity, with Pt deposited
only on the top/bottom surfaces of the nanonets at the nanoscale without mask or patterning. Pt {111} surfaces are preferably exposed as a result of a
multiple-twinning effect. The materials showed great promise in catalyzing oxygen reduction reactions, which is one of the key challenges in both fuel cells

and metal air batteries.
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he discovery of materials with new
Tcompositions or novel morphologies

or both has played an important role
in advancing modern technologies such
as those for electrical energy storage appli-
cations.'~® Conversely, the key challenges
encountered in the development of these
technologies are often connected to the
material design, particularly that at the
nanoscale. To illustrate this point, let us
consider issues related to electrode design
for proton exchange membrane fuel cells
as an example.*~® To afford high current
density, conductive frameworks with high
surface area are desired for the electrode's
construction. Porous carbon, especially those
with nanoscale pores, is popularly used as a
scaffold, onto which catalysts for ORR (oxygen
reduction reaction) and/or HOR (hydrogen
oxidation reaction) are dispersed. It has been
realized that the choice of porous carbon
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presents issues that may limit the perfor-
mance of fuel cells, including poor stability
and reduced catalytic activities.” Indeed,
poorer activities of ORR catalysts have been
observed on a carbon support than on metal
or metal alloy electrodes,'® '? although in
these examples carbon additives were still
used to provide electrical transport pathways.
To enable significant advances in the field of
electrical energy storage, it is important to
develop a conductive, porous material that is
carbon free. On a fundamental level, this
material may enable mechanistic studies to
help understand what role a carbon support
plays in degrading the performance of fuel
cell electrodes. On a practical level, the new
material may serve as a replacement for
carbon in future devices. To date, exam-
ples of low-cost, non-carbon-based porous
conductive frameworks remain rare other
than those involving precious metals.'*'*
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Here we examine whether TiSi, nanonets, which are
inexpensive in nature and easy to prepare,’>”"” are
suitable for this purpose. Intriguingly, when used to
grow Pt, a highly unusual selective deposition was
obtained, resulting in 5-fold twinned Pt nanoparticles
whose {111} planes are preferably exposed. The Pt/TiSi,
combination exhibits ORR activities in aqueous solu-
tions comparable to that of an optimized commercial
Pt/C catalyst, establishing that the nanonet is in fact
a promising candidate for air electrode design and
construction.

For this proof-of-concept work, we chose to inter-
face Pt with TiSi, because it is a well-known ORR
catalyst in aqueous systems.'®'® The wealth of prior
knowledge about Pt catalytic behavior makes it easy
to compare the performance of the Pt/TiSi, nano-
net combination with that based on Pt/C. To obtain
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Figure 1. Schematics of Pt nanoparticle deposition on
different TiSi, nanostructures. (Left) Selective deposition is
achieved on the layered C49 TiSi,, whose b planes consist of
alternate layers of a Ti—Si mixture and Si-only atoms.
Because the unit cell of C49 TiSi, is highly anisotropic
(with a b lattice nearly four times that of a and ¢), its bulk
form was known as metastable, and the only stable C49 TiSi,
was found in nanonet morphology.'>'® Pt nanoparticles
grow on the top and bottom surfaces, which are the b
planes terminated by Si. For clarity, only one beam is shown
here. (Right) Pt nanoparticles grow nonselectively on all
surfaces on C54 TiSi, nanowires that are identical in com-
position and similar in size to the nanonets. The main
difference of C54 TiSi, from the C49 one is the lack of
Si-only layers on its surface and, hence, the lack of layered,
anisotropic structures.

uniform coverage of Pt nanoparticles on the surface of
TiSi, nanonets, which is important for electrochemical
ORR reactions, atomic layer deposition (ALD) was
used as the preparation method.?® To our surprise
and delight, a highly selective deposition was ob-
tained, with Pt nanoparticles growing only on the
(020) planes of TiSi, nanonets (see schematic illustra-
tion in Figure 1). Transmission electron micrographs
(TEM) of top and side views (Figure 2a and b, respec-
tively) confirmed that the deposition was indeed only
on the top and bottom, but not on the side surfaces of
TiSi, nanonets. For a total of more than 200 samples
out of 30 batches of growth studied, all of them exhib-
ited the same selectivity, thereby ruling out that the
observation was a phenomenological effect. Although
selective growth of nanoparticles such as Ag and Pt
on the tips of ZnO?' and CdS nanorods,?*?* respectively,
has been reported, similar selectivity of gas-phase-
deposited nanoparticles on a nanostructured substrate
has not been observed previously, to the best of our
knowledge. We are therefore intrigued to study the
possible causes for this unusual phenomenon.

RESULTS AND DISCUSSION

Different from its bulk and nanowire counterparts,
the nanonet form of TiSi, is of a layered structure
known as C49. Our previous research revealed that
the top and bottom surfaces of TiSi, nanonets are the b
planes, which are made of only Si atoms."® We hy-
pothesize that the unique crystal structure is the key
reason for the selective deposition as described above.
To prove the growth is indeed specific to TiSi, nano-
nets, the following control experiments were carried
out. First, Pt deposition on TiSi, nanowires was studied.
As shown in Figure 1b schematically, and in Figure 3a
and b, Pt nanoparticles of sizes comparable to those
grown on TiSi, nanonets were obtained, but without
obvious selectivity in their deposition sites, meaning
that Pt nanoparticles were evenly distributed on all sur-
faces of the TiSi, nanowires. Given that TiSi, nanowires
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Figure 2. Microstructures of Pt/TiSi, heteronanostructures by a typical 50-cycle ALD growth. (a) When viewed from the top, a
uniform distribution of Pt nanoparticles is observed. (b) When viewed from the side, Pt nanoparticles are seen only on the top
and bottom surfaces of TiSi,. The relationship is schematically illustrated in the insets. (c) The size distribution of Pt
nanopatrticles.
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Figure 3. Transmission electron micrographs of Pt nanoparticles on various substrates by the ALD method. (a, b) C54 TiSi,
nanowires; (¢, d) TiO,-coated C49 TiSi, nanonets; (e, f) Si nanowires.

are of similar sizes and identical chemical compositions
to TiSi, nanonets, it is understood that the small sizes
(ca. ~20 nm in diameters) and chemical compositions
(TiSi,) are not the causes for the selective deposition.
Second, to understand whether the nanonet morphol-
ogy played a role in the selective deposition, we first
grew a thin layer (10 ALD cycles) of TiO, by ALD on TiSi,
nanonets, converting the surfaces (top, bottom, and
sides) to a nondistinguishable TiO, coverage.>* Subse-
quent ALD growth resulted in a uniform deposition
of Pt nanoparticles (in Figure 3c and d). This result
suggests the morphology alone is not the reason for
the selective growth. Taken as a whole, we concluded
that the selective deposition of Pt nanoparticles was
specific to TiSi, nanonets, and the surfaces are the
key reason for the selectivity. For the completeness of
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discussions about the uniqueness of TiSi, nanonets
and important to electrocatalytic applications, it is
worth noting that TiSi, nanonets exhibit a resistivity
of ca. ~10 uQ cm, which is approximately 10 times
better than bulk C49 TiSi, and comparable to the more
conductive C54. Our earlier work suggests that the
improved conductivity is due to the lack of stacking
faults along the b direction in the nanonets."”
Previous research suggests that ALD growth of Pt
with trimethyl(methylcyclopentadienyl) platinum(lV)
(MeCpPtMe3s) as a precursor starts with chemisorption
of MeCpPtMe,, followed by oxidation of the remaining
ligands to yield elemental Pt?° When the interface
energy between Pt and the supporting substrate is
relatively high, the deposition proceeds via a Volmer—
Weber island mechanism, where nanoparticles instead
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Figure 4. (a) Dependence of Pt nanoparticle sizes and mass loading (relative to the total mass of Pt and TiSi, nanonet support)
on ALD cycle numbers. (b, ¢, d) Histograms of Pt nanoparticle diameters for 30, 70, and 100 ALD cycles of Pt deposition on TiSi,

nanonets, respectively.

of uniform films are produced. With this background
information in mind, we see that the deposition of Pt
should favor surfaces with low energies. For C49 TiSi,,
theoretical studies show that b planes are more stable
than a and c planes by up to 20% in surface energies;
the difference between various planes of C54 TiSi, is
much less pronounced.?® The surface energy differ-
ence may be an important factor that governs the
selective growth. It is noted that although Si-termination
on the top and bottom (020) surfaces of TiSi, nanonets
has been unambiguously confirmed, further research
is needed to understand why no Pt particles grow on
the side surfaces at all. We nonetheless emphasize that
the selective deposition is highly reproducible. More-
over, it is important to note that the selectivity appears
specific to Pt deposition only. For instance, ALD growth
of Ti05,** WO05,%® and Fe,05% on TiSi, nanonets all
resulted in uniform coating with no measurable de-
pendences on the crystal planes of C49 TiSi,. Lastly, we
note that Pt deposition on Si nanowires was also
uniform but nonselective (Figure 3e and f), ruling out
the possibility that Si-termination on the TiSi, nanonet
is the sole reason for the observed selectivity.

The size of Pt nanoparticles and their mass loading
density were found to depend on the ALD cycles fol-
lowing a pseudolinear relation (Figures 4 and 2c). There
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was an induction time (ca. 10 cycles) for Pt deposition
with an island nucleation on the TiSi, nanonet sub-
strate. The sizes and mass loading of Pt increased with
increasing ALD Pt cycle numbers. For 30, 50, 70, and
100 cycles of ALD Pt deposition, the mean particle sizes
were 2,6 +0.6,3.6 = 1.0,6.4 £ 0.9,and 11.2 £ 1.1 nm,
respectively, and their mass loadings as determined by
energy dispersive spectroscopy (EDS) were 8.2 4 2.3%,
29.2 + 1.3%, 59.2 + 3.2%, and 75.8 + 3.9%, respec-
tively. The quantification of Pt loading was confirmed
by ICP-OES (Perkin-Elmer Optima 3000 xI ICP-OES
spectrometer) measurements, too.

The resulting Pt nanoparticles are crystalline in
nature, as shown in Figure 5. Significantly, high-
resolution TEM (HRTEM) studies revealed that more than
90% of the Pt nanoparticles grown on TiSi, nanonets ex-
hibited a multitwinned structure. A representative
example with zone axis (110) is shown in Figure 5a.
The angles between the twin planes range from 70° to
74°, in close resemblance to other 5-fold-twinned
metal nanoparticles such as Ag?® and Au.>® Because
such twinning effect exposes Pt {111} surfaces, which
are believed to be catalytically more active, research
efforts have been attracted to emulate the effect by, for
example, growing a Pt epitaxial overlayer®® on multi-
ple-twinned nanoparticle cores or alloying with Pd.3'
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Figure 5. Representative high-magnification TEM images of multiple-twinned Pt nanoparticles deposited on TiSi, by ALD.
(a) An unusual 5-fold twinning effect is observed in the high-resolution TEM image with zone axis (110). (b—d) High yield of

multiple-twinned Pt nanoparticles.

High yields of pure Pt nanoparticles that are 5-fold
twinned have not been reported previously, to the
best of our knowledge. The nanonet substrate was of
critical importance to the high yield of the twinned Pt
nanoparticles. When the nanonet was replaced by TiSi,
nanowires or TiO,-coated nanonets, the yield of
twinned Pt nanoparticles dropped dramatically to
<5%, although the total number of particles deposited
remained comparable. We suggest that the interaction
between Pt and the TiSi,; nanonet b planes may be the
key to the formation of twinned Pt nanoparticles.
Lastly, it is noted that, probably due to their small sizes,
no twinned particles were observed for Pt nanoparti-
cles smaller than 2 nm.

In an effort to benchmark the performance of the
unique TiSi, nanonet—Pt nanoparticle combination,
we next studied its catalytic activity for ORR in aqueous
solution, in Figure 6. For comparison, electrodes of
both Pt/TiSi, heteronanostructures and commercially
obtained Pt/C (46 wt % supported by Vulcan carbon,
Tanaka Kikinzoku) are shown in Figure 6a and b,
respectively. Since the average diameter of Pt nanopar-
ticles in the Pt/C catalyst was ~3.5 nm measured from
TEM images (3—4 nm provided by vendor), we chose to
test Pt nanoparticles of similar sizes, which were pro-
duced by a 50-cycle ALD growth. When TiSi, on Ti foil
was used as a substrate (see Experimental Section for
more details), an areal density of 50 ugp; CMgisk 2 Was
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obtained. Note that this loading density is modest and
can be readily improved if needed for future work. For
example, we see much room for improvement in terms
of TiSi, density and the ALD growth of Pt. Nevertheless,
as a proof-of-concept and to provide a direct compar-
ison with the Pt/TiSi, sample, the Pt/C electrode was
prepared such that a comparable areal density of
Pt (50 ugpe CMyig 2) Was achieved.

Cyclic voltammetry (CV) of both TiSi,/Pt and Pt/C
was first obtained in 0.1 M KOH at 25 °C, and the
purpose was to measure their electrochemically active
surface area (ESA). We note that this group of data was
collected in alkaline solutions because our later char-
acterizations were performed in solutions of the same
conditions. As shown in Figure 6c, Pt/TiSi, hetero-
nanostructures showed CV features characteristic of
Pt (111) surfaces (more detailed analysis and discussion
are available in the Supporting Information), which is in
excellent agreement with our HRTEM characteriza-
tions. By comparison, the CV features of Pt/C were con-
sistent with those of Pt (110) and (100) surfaces. From
this group of data, a Pt ESA of 27.9 m? g~ was obtained
on Pt/C, while Pt/TiSi, exhibited a slightly higher value
of35.1 m? g~ '. Note that the areal densities in terms
of Pt mass loading for both were comparable (ca.
50 ugpy CMaisk ). As such, the ESA difference is sig-
nificant. One cause contributing to this difference may
come from the multiple-twinned nature of Pt in Pt/TiSiy,
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Figure 6. ORR catalytic activities of Pt/TiSi, and Pt/Cin 0.1 M KOH electrolyte. (a) Polarization curves of Pt/TiSi, at a scan rate of
10 mV s~ at varying rotation rates. (b) Polarization curves of Pt/C at a scan rate of 10 mV s~ at various rotation rates. (c) The
resulting Pt/TiSi, heteronanostructures exhibit different cyclic voltammetry characteristics (red trace) from that of a
commercial Pt/C catalyst (black trace) when measured in O,-free environments. (d) Tafel plots of the specific ORR activity

of Pt/TiSi, and Pt/C based on 1/i = 1/iy + 1/ip at a rotation rate of 1600 rpm and a scan rate of 10 mV s

which exposes more (111) surface atoms.*® Another
reason may be found in the relatively simple interface
between Pt/TiSi,, which ensures more Pt exposure; by
comparison, in the Pt/C mixture, carbon may wrap
around Pt to reduce the effective surface areas.

To study the ORR catalytic activity, we carried out the
measurements in O,-saturated alkaline solution (0.1 M
KOH, 25 °C) by the rotating disk electrode technique.
ORR polarization curves of both Pt/TiSi, and Pt/C at all
rotating rates showed a diffusion- or mass-transfer-
controlled region at voltages below 0.6—0.7 V vs RHE
(reversible hydrogen electrode) and diffusion—kinetic
combined region above 0.7—0.8 V vs RHE. The limiting
currents at the diffusion-controlled region are well
defined as the current densities increase with w'’2 As
we clearly observe from Figure 6a and b, the polariza-
tion curves of Pt/TiSi, showed slight anodic shifts and
more steep slopes than those of Pt/C, which indicated a
better catalytic activity. The true kinetic current den-
sities shown in Figure 6d were calculated according
to the Koutecky—Levich equation (see Supporting
Information). A nonoptimized Pt/TiSi, combination
already exhibited superior performance when com-
pared with the optimized commercial Pt/C. At 0.9 V vs
RHE, the corrected kinetic current density of the Pt/
TiSi, heteronanostructure was 160 A cm?p,, Which is
considerably higher than 90 A cm?p, of Pt/C, indicat-
ing much higher ORR activity for the selectively
grown Pt on TiSi, nanonets (see Supporting Informa-
tion for discussions about how these values compare
with literature reports). We suggest that the 5-fold
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-1

twinned nature of the Pt nanoparticles is an impor-
tant reason for the performance difference. We also
noticed that Pt/TiSi, and Pt/C samples had slightly
different slopes of 80.2 and 110.9 mV/decade, respec-
tively, which is again in good agreement with litera-
ture reports of pure Pt (111) and Pt (100) surfaces in
0.1 M KOH.*?

To optimize the properties of Pt/TiSi, for further
improvement of the catalytic activities as shown in
Figure 6, we envision that the charge transfer kinetics
may be increased by further optimizing the ALD
process. In addition, we also predict that if the gas
diffusion is improved, the saturation current should
increase, as well. To reduce the limitation of mass
transfer, we next show a set of experiments we carried
out on porous supporting charge collectors of Ti mesh.
Since TiSi, nanonets can be synthesized on a variety of
different substrates,'” this idea was readily tested. As a
proof-of-concept, we chose to grow TiSi, nanonets on
Ti mesh (wire diameter 250 um; pore size 200 um;
Cleveland Wire Cloth), followed by ALD deposition of
Pt nanoparticles. Structural studies by scanning elec-
tron microscopy (SEM) revealed that TiSi, nanonets
grew uniformly on Ti mesh (Figure 7a), including the
junction areas of the interwoven wires (Figure 7b). A
higher magnification scanning electron micrograph as
shown in Figure 7c confirmed that TiSi, nanonets were
of high density and purity. A significant advantage of
the TiSi, nanonet synthesis is that the growth does not
require growth catalysts, which greatly simplifies the
electrode fabrication process and avoids producing

\
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Figure 7. Structures of Pt/TiSi; heteronanostructures prepared on Ti mesh and their catalytic activities. (a—c) Low-, medium-, and
high-magnification SEM images of Pt/TiSi, grown on Ti mesh. Inset in (c): a 50 000 x magnified view to reveal the two-dimensional

nature of the nanonet morphology. (d) Polarization curve for ORR of Pt/TiSi, on mesh in 0.1 M KOH at a scan rate of 20 mV s
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at 25 °C. As a comparison, the performances of Pt on Ti mesh in the absence of TiSi, nanonets (blue trace) and Pt/TiSi, on Ti foil
(black trace) are shown. The Pt loading on TiSi, coated Ti foil and Ti mesh sample are 50 and 99 ugp; cmgeofz, respectively.

unnecessary impurities to undermine the catalytic
activities.

Importantly, a saturation current density of 19.3
mA cmgec,_2 was measured (Figure 7d), which repre-
sents an almost 3-fold increase as compared with
TiSi, on planar Ti foil. Note that the Pt loading
per unit geometric area increased only from 50 to
99 ugp: cmgeo_z, corresponding to an increase of only
1-fold. We therefore understand the greater current
density of Ti mesh samples as a result of better O,
diffusion but not a simple increase of Pt loading. In
general, the saturation current density in an ORR
reaction is limited by three factors: the resistance in
charge transfer, the resistance in charge transport, and
the limitation of mass transport. Because the nature of
Pt nanoparticles grown on TiSi,/Ti mesh is identical to
that of Pt nanoparticles prepared on TiSi,/Ti foil, the
differences in charge transfer and transport are ex-
pected to be negligible. As such, the change in mass
transfer is the most plausible reason to explain the
observed enhancement of saturation current densities.
Similar results have been observed on traditional

EXPERIMENTAL SECTION

TiSi, Nanonet Synthesis. TiSi, nanonets were synthesized by a
chemical vapor deposition method. A Ti foil (Sigma-Aldrich,
0.127 mm thick, purity 99.7%) was placed in a home-built
reaction chamber and heated to 675 °C. Then, SiH,; (10% in
He, Voltaix; at 50 standard cubic centimeters per minute, or
sccm), TiCl, (98%, Sigma-Aldrich; 2 sccm), and H, (industrial
grade, Airgas; 60 sccm) were introduced to the chamber, and
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carbon paper when acting as a gas diffusion layer to
enhance the mass transfer of 0,3 In addition, metal
foams and meshes have been applied as Pt supports as
well, especially in the case of direct methanol fuel cells 34>

CONCLUSIONS

In conclusion, we have demonstrated a highly se-
lective Pt growth on the b planes of TiSi, nanonets by
atomic layer deposition. As-grown Pt nanoparticles
exhibited an unusual 5-fold twinned structure that
preferably exposes {111} surfaces of Pt. Because the
resulting material showed high activity toward ORR
reactions, it has great potential as a promising air
cathode for applications such as proton exchange
membrane fuel cells. The availability of non-carbon
electrode construction, such as the Pt/TiSi, combina-
tion reported here, adds value in that it permits
fundamental studies to discern what role carbon sup-
port plays in existing devices. In addition, these open
structures may prove effective in enabling high current
densities, which is a highly coveted feature for applica-
tions such as electric transportation.

the pressure was maintained constant at 5 Torr. The growth
duration was typically 10—120 min for varying sizes and
densities of nanonets.

Ti0,-Coated TiSi, Nanonets. TiO, was deposited in a Cambridge
Nanotech (Savannah 100) ALD system following procedures we
previously reported.?* In brief, the reaction took place at 275 °C
with a constant flow of N, at 20 sccm. Titanium(IV) isopropoxide
(Ti(fPrO)4, heated to 75 °C) and deionized H,O (room temperature)
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were used as reaction precursors. The pulse and purge times for
Ti('PrO)4and H,O were 50 msand 10s, 15 msand 10 s, respectively.
A 10-cycle growth of TiO, (estimated thickness 0.5 nm) was
applied to the TiSi, nanonets to modify the surface.

Si Nanowires. The preparation of Si NWs was reported
previously.36 Briefly, the Si (100) substrate (Wafernet) was
cleaned with acetone, methanol, and 2-propanol sequentially.
The substrate was then oxidized in H,0,/H,SO, (1:3 vol/vol)
solution at 90 °C for 10 min to remove heavy metals and organic
residue and then rinsed by deionized water. Finally, the cleaned
substrate was immersed into an HF/AgNOs solution (4 M HF and
0.02 M AgNO:s) for 30 min at 50 °C to produce Si NWs.

Atomic Layer Deposition of Pt. Pt nanoparticles were deposited
in an Arradiance (Gemstar) atomic layer deposition system. The
growth temperature was 250 °C, with trimethyl-methylcyclo-
pentadienyl platinum(lV) (MeCpPtMes, heated to 75 °C) and
compressed air (room temperature) as reaction precursors. Each
cycle consisted of four repeated pulse/purges of MeCpPtMe; for
sufficient surface adsorption and one pulse/purge of O, to
decompose MeCpPtMes. The purge gas was N, and its flow
rate was 90 sccm.

Material Characterizations. As-grown samples were imaged
using a transmission electron microscope (JEOL 2010F) and a
scanning electron microscope (JEOL 6340F). The TEM was
operated at an acceleration voltage of 200 kV, and the SEM
was at 10 kV. Elemental analysis was conducted using an EDS
attachment to the TEM.

Electrochemical Characterizations. Pt/TiSi, on flat Ti foil was
attached onto the rotating disk electrode (glassy carbon elec-
trode, 5 mm in diameter, Pine Instrument Co.) for electro-
chemical measurements. The Pt/C electrode in the control
experiment was prepared by first ultrasonicating the Pt/C nano-
particles (46 wt % supported by Vulcan carbon, Tanaka Kikinzoku,
average diameter of Pt nanoparticles is 3.5 nm) in deionized
water (Millipore, 18.2 MQ) for 1 h to make the ink and then drop-
casting the catalyst ink onto the same type of rotating disk
electrode. The loading of nanoparticles was 50 gpy/cm>gici.

Measurement of Effective Surface Area. Cyclic voltammo-
grams were collected in 0.1 M KOH solutions at a temperature
maintained at 25 °C. A Pt wire sealed in glass tubing and an
Ag/AgCl electrode (4 M KCl, Pine Instrument Co.) were used as
counter and reference electrode, respectively. The electrolyte
was purged with N, (ultrahigh purity, Airgas) for 30 min before
measurements. CVs were recorded at a scan rate of 50 mV s~
between 0.05 and 1.10 V vs RHE until they were stabilized. CVs
were then recorded and presented at a scan rate of 10mVs™ " in
the same voltage range for ESA measurements.

Characterization of Oxygen Reduction Activities. After ESA
measurements, electrolyte was purged with O, (ultrahigh
purity, Airgas) for 30 min before evaluating ORR activities of
Pt/TiSi, and Pt/C samples. Polarization curves were recorded at
various rotating rates (2500, 1600, 900, 400, 100 rpm) at a scan
rate of 10mV's~' between 0.05 and 1.10 V vs RHE. To correct for
capacitance contribution, oxygen reduction currents were ob-
tained by subtracting the polarization curve in N, from the
corresponding curve in O,.
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