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ABSTRACT: Here we report the preparation and electro-
chemical characterization of single Pt nanowire electrodes with
radii ranging from 25 to 130 nm for their electrocatalytic
activity toward the oxygen reduction reaction (ORR).
Ultralong Pt nanowires were prepared by a laser pulling
process. Single Pt nanowire electrodes were fabricated by
metal deposition and lithography patterning to expose just a
small portion (10−20 μm in length) of the nanowire for
electrocatalytic studies. These wires were characterized
thoroughly using cyclic voltammetry, under potential deposition of copper, and scanning electron microscopy. We have
shown that their electrocatalytic activity toward ORR slightly decreases as the nanowire radius is reduced as measured by the
onset potential. Additionally, the current density for the ORR decreases and the mass activity increases as the wire becomes
smaller. The faradaic current was modeled on single nanowire electrodes, and the current was found to match the experimental
value with outer-sphere redox species. However, significant variance was shown between the modeled ORR current and the
measured value. The deviation of the ORR current on the wires is likely due to the presence of F− ions on Pt and the increased
adsorption energy of oxygenated species, thus leading to a hindering of the reaction kinetics of the catalytic process. This is
confirmed by Tafel plots where the slope is seen to change at a lower potential as compared to bulk polycrystalline Pt.

■ INTRODUCTION

Platinum nanomaterials are widely used electrocatalysts in
polymer electrolyte membrane (PEM) fuel cells for the anodic
oxidation of a fuel source, such as molecular hydrogen, and are
also the catalyst of choice for the cathodic oxygen reduction
reaction (ORR).1 It is well-known that in an acidic electrolyte
oxygen can be reduced directly to H2O through a one-step 4-e−

process or, alternatively, by a two-step 2-e− process, with H2O2
as an intermediate product.2−4 By reducing the critical
dimensions of the electrocatalyst from bulk to nanoscale, the
available electrocatalytic surface area per unit mass is greatly
increased, allowing more of the reactant to be catalyzed and
decreasing the amount of catalytic material.5

The majority of previous investigations have utilized large
amounts of nanomaterials immobilized on a macroscopic
electrode or built into a working fuel cell. As a result, the
evaluated performance of such nanomaterial electrocatalysts
represents an average of the ensemble.6 However, the ensemble
properties can depend on the spatial organization and particle
density of the nanomaterials to one another, affecting the mass
transport of reactant and skewing the recorded activities of the
nanomaterial.7 Previous reports speculate the decreasing
specific activity (SA) of Pt nanomaterials results from either
competition of neighboring catalyst particles for reactant7 or an
increase in adsorption energy for oxygenated chemical species,8

which slows the ORR kinetics.
To obtain a more complete picture of how the activity and

kinetics change with the materials size or composition, studies
on single nanowires and nanoparticles become increasingly
important. Recently, major advancement has been made using

surface plasmon resonance (SPR) to indirectly monitor the
reactivity of single Pt nanoparticles.9 However, minimal
investigation has been done in the single nanoparticle or
nanowire area where a direct electrical contact is made to the
specific nanostructure in question. Recent studies have
examined single gold nanoparticles attached to nanoelectrodes6

or a carbon film10 and single nanoparticles electrochemically
grown on a nanoelectrode.4,11,12 In addition, nanoelectrodes
have been made using single carbon nanotubes,13,14 and
lithographically patterned, electrochemically grown gold nano-
wires have been used to study electrooxidation at the single
nanowire level.15

Here we report the fabrication and electrocatalytic study of
single Pt nanowire electrodes with radii from 25 to 130 nm
toward the ORR. To the best of our knowledge, this is the first
reported system where single Pt nanowire electrodes of
systematically varying radii have been used to examine an
electrocatalytic reaction, such as the ORR. The Pt nanowires
were fabricated by mechanically pulling a 25 μm Pt microwire
with a laser puller, reducing it to nanoscale and patterning
individual nanowires using both photolithography and non-
lithographic techniques resulting in a small section (10−20 μm
in length) of the wire exposed for testing. These nanowire
electrodes were characterized using cyclic voltammetry (CV),
copper under potential deposition (UPD), and scanning
electron microscopy (SEM). The UPD process was used to
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determine the roughness factor for the Pt wires, which can be
relevant to the SA for the ORR on the wires. We found that as
the wire radius decreases the onset potential shifts negatively
and the mass activity (MA) increases while the current density
decreases. In addition, we conclude that as the radius of the
wire decreases the surface adsorption energy of oxygenated
species increases, leading to a decrease in the ORR kinetics at
the single Pt nanowires.

■ EXPERIMENTAL METHODS

Chemicals and Materials. All aqueous solutions were
prepared using deionized water (>18 MΩ cm) prepared on a
Barnstead Nanopure water purification system. Ferrocene−
methanol (FcMeOH, Aldrich, 97%), sodium sulfate anhydrous
(Na2SO4, J. T. Baker), potassium chloride (KCl, Mallinckrodt
Baker), potassium ferricyanide (K3Fe(CN)6, Sigma-Aldrich
99%), potassium ferrocyanide (K4Fe(CN)6·3H2O, Fluka,
99.5%), sulfuric acid (H2SO4, Fisher), photoresist AZ1512
with AZ351 developer (AZ Corporation, developer diluted 1:5
developer:DI H2O), hydrofluoric acid (HF, 48 wt % conc,
Sigma-Aldrich), sodium fluoride (NaF, J. T. Baker), nitrogen
(N2, >99%, Praxair), oxygen (O2, >99%, Praxair), and Pt
microwire (99.95%, Alfa Aesar, 25 μm diameter) were all used
as received from the manufacturers.
Physical Vapor Deposition (PVD). Au pellets (99.999%

high purity, Kurt J. Lesker) were placed in tungsten metal
evaporation boats and used in the metal evaporator along with
chromium-coated tungsten rods (99.999% high purity, Kurt J.
Lesker) for deposition of Au/Cr electrodes using an in-house
two source PVD system.
Cyclic Voltammetry. Steady-state voltammograms were

recorded using a computer-controlled Dagan Chem-Clamp
voltammeter/amperometer, and data were recorded using an
in-house virtual instrumentation program written in LabView
(National instruments) on a desktop PC equipped with a PCI-
6251 (National Instruments) data acquisition card. A
commercially available Ag/AgCl reference electrode (Bioana-

lytical Sciences, Inc.) or a Hg/Hg2SO4 reference electrode (CH
Instruments, Inc.) was used as reference electrode for all CV’s,
and data were manually baseline corrected and slope corrected.
Redox CV’s that used KCl salt as the supporting electrolyte
were recorded after the ORR experiments in order to prevent
contamination from the chloride ion on the Pt surface as it is
known to hinder the ORR.16 The Hg/Hg2SO4 reference
electrode was used for all ORR studies to prevent chloride
contamination to the solution, and all potentials presented are
referenced to a Hg/Hg2SO4 reference electrode unless
otherwise noted. Solutions used for ORR were bubbled with
oxygen or nitrogen for >20 min prior to use to ensure the
solution was saturated with the desired gas.

Scanning Electron Microscopy. Scanning electron micro-
scope (SEM) images obtained using a field-emission micro-
scope (FEI Sirion) equipped with a through lens secondary
electron detector with a resolution of 1−3 nm at the Nanotech
User Facility located at the University of Washington. All
samples were sputter coated with a 2−3 nm thin conducting
layer of Au/Pd prior to SEM imaging.

■ RESULTS AND DISCUSSION

Fabrication of Single Pt Nanowire Electrodes. The Pt
microwires were first mechanically pulled using a CO2 laser
puller according to a method described in detail elsewhere.17−19

Briefly, a 25 μm diameter Pt microwire was placed in a quartz
capillary tube (o.d. 1 mm, i.d. 0.4 mm; Sutter Instrument Co.)
and one end sealed closed in a hydrogen/oxygen flame. The
quartz capillary was then placed in a P-2000 laser puller (Pull
parameters: Heat = 750, Fil = 2, Vel = 60, Del = 140, Pul = 250;
Sutter Instrument Co.) and vacuum applied to the unsealed
end of the capillary. The laser was first used to heat the quartz
around the Pt without pulling the capillary to obtain a tight seal
between the quartz and the Pt wire. Once the Pt wire was
sealed in the quartz, it was pulled, resulting in two ultrasharp
quartz tips with the Pt nanowires sealed inside. This laser

Scheme 1. Fabrication Steps Used To Contact and Expose the Sides of Single Pt Nanowires for the Study of the ORR
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method can produce single Pt nanowires with radii as small as 1
nm.
The Pt/quartz tips were broken off and placed on a small

square of Kapton (polyimide) film as shown in Scheme 1 and
then chemically etched using concentrated HF resulting in a
single long (typically >5 mm) tapered nanowire sitting on the
Kapton sheet. Gold contact pads (100 nm thick gold film) were
thermally evaporated onto the large back end of the nanowire
using a simple shadow mask to ensure the gold coated only the
desired area. Photoresist (AZ1512) was spin-coated onto the
wires and patterned using a chromium-on-glass UV mask to
open a small rectangular window (10 × 100 μm) where only
the side of the wire would be exposed. This resulted in a
hemicylindrical section of the side of the nanowire being
exposed from the photoresist, discussed further in the
Supporting Information. Resulting lengths of the exposed
wires were dependent on whether or not the wire crossed the
open window in a straight line perpendicular to the 100 μm
edge, and deviation from this ideal configuration resulted in a
longer section of exposed wire. Attempts were made to keep
the wire lengths equal, but some variability occurred.
SEM and Electrochemical Characterization. The Pt

nanowire electrodes were characterized using basic electro-
chemical methods including cyclic voltammetry with various
redox molecules, copper UPD, and SEM. An SEM image of a
typical nanowire electrode is shown in Figure 1. The wire is on

the Kapton surface and spans the width of the trench. It is
important to note that the exposed short nanowire segment in
the trench can essentially be viewed as a cylindrical nanowire
electrode. Using the SEM images, accurate measurements of
the wire dimensions could be made. The radius of a given wire
was taken as the average of multiple measurements along the
exposed segment of the wire within the trench.
The Pt nanowire electrodes were characterized in various

redox solutions including FcMeOH, K3Fe(CN)6, and K4Fe-
(CN)6. Figure 2 shows some characteristic CVs for two
nanowire electrodes. Figures 2A and 2B show the CVs for the
oxidation of 2 mM FcMeOH on a 19.84 μm long, 40.5 nm
radius nanowire and a 20.35 μm long, 116 nm radius nanowire,
respectively. The steady-state diffusion-limited current, from
these graphs, for the 40.5 nm radius electrode is 1.22 nA and
1.45 nA for the 116 nm radius electrode, both current values
taken at 450 mV in the anodic scan direction. More CV’s from

the same 116 nm radius electrode are shown in Figure 2C for
the reduction of 5 mM K3Fe(CN)6 and in Figure 2D for the
oxidation of 5 mM K4Fe(CN)6. The currents obtained from
these CV graphs are 4.43 nA (at −100 mV in the cathodic scan
direction) for K3Fe(CN)6 and 3.41 nA (at 600 mV in the
anodic scan direction) for K4Fe(CN)6.
The steady-state limiting current for a single nanowire can be

approximated using the quasi-steady-state equation for a
cylindrical shape ultramicroelectrode:20,21

τ
=i

nFADC
r

2
ln( )qss

(1)

Using 1/2 of the area of the cylinder, approximating the wire as
a pseudo-hemicylinder further discussed in the Supporting
Information, where A = 2πrh with r as the radius and h as the
length of the cylinder, the iqss effectively becomes equivalent to
eq 2, which is that of a hemicylinder21−23

π
τ

=i
nFhDC2
ln( )qss

(2)

where n is the number of transferred electrons per redox
molecule, F is Faraday’s constant, and D and C are the diffusion
coefficient of the redox molecule and its bulk concentration,
respectively. A good approximation can be made for τ, being τ
= (4Dt/r2),22,24 and the time component, t, can be
approximated as t = (RT/Fν),25 where ν is the potential scan
rate. The approximation shown above gives current predictions
that are close to the observed experimental values on the
nanowire electrodes.
Using the diffusion coefficient of FcMeOH (6.7 × 10−6 cm2/

s)26 at 0.050 V/s scan rate with the length and radius for the
wire shown in Figure 2A (19.84 μm length and 40.5 nm
radius), the limiting current calculated, based on eq 2, is 1.18
nA. This matches very well with the measured limiting current
of 1.23 nA. For the wire dimensions used to obtain the CVs in
Figure 2B (20.35 μm length with 116 nm radius) the estimated
limiting current is 1.44 nA in FcMeOH at 0.050 V/s, which is
in excellent agreement with the experimental value of 1.45 nA.
To further validate this approximation, the limiting currents
were calculated for the electrode in Figure 2B using 5 mM
K3Fe(CN)6 (D = 7.6 × 10−6 cm2/s)27 and 5 mM K4Fe(CN)6
(D = 6.3 × 10−6 cm2/s),27 which gave currents of 4.02 and 3.39
nA, respectively. These values again are in close agreement with
the measured values of 4.43 and 3.41 nA. These results show
that the approximations used to calculate the quasi-steady-state
limiting currents can be used to understand the electrochemical
response of these nanowire electrodes.
To further characterize these Pt nanowire electrodes, the

surface roughness was determined using copper UPD.28 Surface
roughness is related to the geometric surface area, Ag, by a ratio
termed the roughness factor, ρ, where ρ = Am/Ag and Am is the
microscopic or actual surface area. The actual surface area is
always larger than the geometric surface area due to crystal
grain step edges and microscopic surface texture. To determine
the roughness factor, the wires were held for various times at a
potential that is more positive than the reversible Nernstian
potential for bulk copper deposition so that a monolayer of
copper adatoms would be adsorbed onto the Pt surface.29,30

Once a full monolayer of copper adatoms has formed, no more
atoms will deposit onto the surface; the charge obtained from
stripping them off is used to calculate the surface area.31

Figure 1. SEM image of a Pt nanowire electrode showing the
photoresist trench and a 13.32 μm length of a 92.5 nm radius wire.
Inset shows a magnified image of the same nanowire segment.
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Figure 3A shows the linear sweep voltammograms from a
wire with a length of 21.94 μm and a radius of 49 nm for each

different holding time. The potential was held at 0.0 V (vs Ag/
AgCl) in a solution containing 10 mM CuSO4 and 0.5 M
H2SO4 and then scanned up to 600 mV to strip off the
adsorbed copper and the area under the peak integrated to
yield the charge. Figure 3B shows the charge graphed as a
function of the holding time and shows the amount of charge
begins to quickly plateau. By 120 s of holding time the charge
changes little with increased holding times. Using the charge of
stripping a monolayer of copper off of polycrystalline Pt (410
μC/cm2)32 with an average value of 55.9 pC for the copper

stripping charge, a surface roughness of 4.03 was obtained
(using the area for the half cylinder). This value is greater than
the usual roughness factors reported in the literature, which is
likely due to partial exposure of the bottom half Pt surfaces.

Oxygen Reduction Reaction. The main goal of this work
was to study electrocatalytic ORR on single Pt nanowires of
varying radii. Figure 4A shows a typical CV from a single 116

nm radius Pt nanowire in N2-saturated and O2-saturated 0.5 M
H2SO4. Figure 4A displays a clear difference in the current
responses confirming that the reduction wave in the oxygenated
solution is due to reduction of oxygen. Interestingly, the O2-
saturated CV on the nanowire electrode shows a clear
hysteresis in the return scan which is significantly greater
than that of the Pt disk microelectrode, shown in Figure 4B.
This large hysteresis may be an indication that adsorbed
fluoride ions on these nanowires interacts somewhat differently

Figure 2. CV’s in 2 mM FcMeOH in 100 mM KCl from (A) of a 40.5 nm radius 19.84 μm long Pt nanowire and (B) of a 116 nm radius 20.35 μm
long Pt nanowire. (C) and (D) show the CV’s from the same wire segment in (B), using (C) 5 mM K3Fe(CN)6 with 1.5 M KCl and (D) 5 mM
K4Fe(CN)6 with 1.5 M KCl. All scan rates were 50 mV/s.

Figure 3. (A) Linear sweep voltammetric responses of a 49 nm radius
21.94 μm long Pt nanowire after copper UPD for different amount of
time. The wire was held at 0 V (vs Ag/AgCl) for the amount of time
indicated above each trace before initiating the linear sweep; scan rate
was 100 mV/s, scale bar is 50 pA. (B) Total charge obtained by
integrating the area under the copper stripping peaks shown in (A).

Figure 4. (A) CVs of a 116 nm radius 20.35 μm long Pt nanowire
electrode in O2 bubbled or N2 bubbled 0.5 M H2SO4 and (B) a 12.5
μm radius Pt disk microelectrode in 0.5 M H2SO4 bubbled with O2
showing the effects of a 20 min soak in 200 mM NaF solution on the
ORR. All scan rates were 100 mV/s.
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(more strongly) with hydrogen, making it more inhibiting for
the ORR. The peak current obtained from this wire segment
for ORR is 3.31 nA with an onset potential of 101 ± 51 mV. All
the onset potentials were taken as 5% of the maximum current
observed from the ORR CVs and are the average of the ORR
CVs from a single nanowire with the error representing one
standard deviation of the average. Conversely, Figure 4B
displays the ORR response of a glass-sealed 12.5 μm radius Pt
disk electrode in oxygenated 0.5 M H2SO4 solution before and
after treating in a NaF solution. Here, the NaF treating was
used to approximate the nanowires exposure to HF during
fabrication. The Pt disk electrode reveals a nice sigmoidal shape
voltammetric response, characteristic of enhanced radial-type
mass transport at micro- and nanostructures. The reduction of
oxygen on the Pt disk happens at an onset potential of 140 ± 8
mV vs Hg/Hg2SO4, indicating higher electrocatalytic activity
than that demonstrated by the nanowires. The decrease of the
reduction current at approximately −0.6 V is likely due to
hydrogen adsorption on Pt, which decreases the electrocatalytic
activity of the electrode, followed by a sharp increase in current
due to proton reduction.
Compared to the inlaid disk, the Pt nanowire electrode

shows lower electrocatalytic activity with a negative shift in the
onset potential of nearly 39 ± 52 mV for the nanowire with the
largest radius. Additionally, starting at around −0.4 V and
proceeding until the H+ reduction potential,20 the hydrogen
adsorption region begins to interfere with the ORR due to
adsorbed H+ ions competing with O2 for surface sites, leading
to a decrease in the reduction current. The decrease in the
electrocatalytic activity and the increased competition from the
hydrogen region contribute to a somewhat peak-shaped
reduction wave as seen in the Figure 4A. These two effects
are believed to be due to the contamination of F− on the Pt
surface and are also seen when the potential is started below
−0.6 V and scanned positively, as seen in the Supporting
Information. The increased competition from adsorbed hydro-
gen seen on the fluoride contaminated electrode might be due
to a large number of platinum surface sites being already
blocked by the F− ions leading to a decrease in available sites
for hydrogen adsorption. As a consequence, the overall current
is seen to start decreasing at a more positive potential, ∼200
mV, relative to the uncontaminated electrode. The adsorption
of F− is an unexpected consequence of the fabrication process
used to etch and release the nanowires from quartz using HF
acid. It is well-known that halides such as chloride16 and
bromide33 are inhibitors of the ORR on Pt by strong surface
adsorption and blocking the active catalytic sites and recently
fluoride has also been implicated in the poisoning of ORR
catalytic sites.34 However, the Pt disk microelectrode was
freshly polished and washed prior to ORR testing to ensure a
clean contaminant-free Pt surface.
In order to confirm the inhibiting effect of the F−, the disk

microelectrode was immersed in a 200 mM NaF solution for 20
min and then washed with DI water before ORR testing. A
drastic change in the voltammetric behavior of the disk
microelectrode before and after NaF soaking is clearly seen in
Figure 4B. The CV response of NaF-soaked Pt now becomes
more peak shaped much like it is with the nanowire ORR CVs.
Additionally, the onset potential is shifted negatively and, in
fact, is in the range of measured onset potential for the
nanowires. On average, the onset potential for the ORR on the
NaF-soaked Pt disk is 73 ± 28 mV as compared to 140 ± 8 mV
for the cleanly polished Pt disk electrode. The adsorbed

fluoride ion clearly depresses the ORR on the Pt disk and
results in an average loss of peak current of ∼8 nA and a
negative shift for the onset potential of 67 ± 29 mV.
Electrochemical cycling in sulfuric acid (−0.63 to +0.9 V vs
Hg/HgSO4) was used to attempt to clean the Pt nanowire
electrodes, as it was found to be able to eventually clean and
restore the behavior of the Pt disk microelectrode. We believe
the sulfuric acid cycling started to cause dissolution of the
nanowires and evidence can be seen in SEM images included in
the Supporting Information. Despite this, the nanowires were
cycled for a limited time to clean them, but cycling was kept to
a minimum so as not to significantly etch the nanowire.
The results of all the ORR testing on nanowires with various

radii are presented in Figure 5, which shows the onset potential

as a function of the wire radius. As seen from this graph, as the
radius of the wire decreases, the onset potential shifts slightly to
more negative potentials, indicating relatively lower catalytic
activity. The onset potential for the nanowires is lower than
that of the Pt microelectrode, being at ∼140 mV; however, it
does come close for the largest nanowire with an onset
potential of 101 mV as discussed previously. The slight negative
shift of the onset potential with decreasing nanowire size shows
a weak dependence in the activation energy barrier for the ORR
on the nanowires radius. It is likely that the more negative onset
potentials on single nanowires compared to the large Pt disk is
mainly due to F− adsorption. This may also partially account
for the loss in electrocatalytic activity of conventional fuel cell
electrode catalysts. During regular operation in a fuel cell,
especially at higher temperatures and/or for periods of
extended operation, the catalyst layer may be exposed to
fluoride ions due to partial decomposition of fluorinated proton
exchange membranes (such as Nafion),5 in the presence of
unreacted hydrogen peroxide35 or at elevated operating
temperatures.36

As the electrodes decrease in dimension, the current density
is expected to increase due to increased mass transport rates.4,37

When comparing the Pt nanowires to the Pt disk micro-
electrode, the current density is larger for FcMeOH on all of
the wires. An increase in current density for FcMeOH was
observed as the wire radius decreased and exhibited a maximum
current density on the 26 nm radius wire as shown in Figure
6A. This wire had a limiting current of 0.524 nA, yielding a
current density of 60.2 mA/cm2. The limiting current for
FcMeOH predicted using eq 2 is 0.596 nA, giving a calculated
current density of 68.4 mA/cm2, which is in fair agreement to
the experimental values. Interestingly, the current density for
ORR decreased as the radius decreased also shown in Figure

Figure 5. Relationship between the onset potential and the wire radius
for the ORR for each nanowire, taken as 5% of the maximum current
observed for each CV. Error bars indicate one standard deviation from
the mean onset potential for each individual nanowire.
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6A. The current density for the Pt disk was found to be 4.55
mA/cm2 for the ORR corresponding to the dashed line in
Figure 6A and 1.41 mA/cm2 for FcMeOH (not shown). All of
the nanowires had a higher ORR current density than the Pt
disk electrode, despite decreasing as the radius decreased.
Figure 6B shows the mass activity for the nanowires increases
as the nanowire radius decreases contrary to the current density
trend and can be attributed to the increased surface/volume
ratio. A similar effect of a decreasing current density and
increasing mass activity has been observed before for decreasing
Pt particle size.8,38 This observation was thought to be a result
of competition effects for reactant through overlapping
spherical diffusion layers between closely spaced nanoparticles.7

The fact that these are single nanowires further validates
reports8,38 that the decrease in current density is not due to
competition between nanoparticle ensembles, although very
high nanoparticle loadings can certainly lead to competition.
To further investigate the decreasing current density with

wire radius, the predicted currents for the single nanowires,
using eq 2, were calculated with the assumption that the
number of electrons involved is n = 4 for a complete reduction
of oxygen using the O2 diffusion coefficient, D = 1.4 × 10−5

cm2/s, and concentration, C = 1.10 × 10−6 mol/cm3, of oxygen
saturated in 0.5 M H2SO4 at 25 °C.39 When the current is
calculated for the 12.5 μm radius Pt disk using the equation for
a disk microelectrode,20 a calculated current of 40.2 nA is
obtained in excellent agreement to its measured value of 40.9
nA, validating our assumptions for calculating the ORR
currents for the single nanowires. Figure 7 shows the percent
difference between the experimentally obtained current and the
predicted current, for both FcMeOH and ORR. Some
difference between currents were expected because FcMeOH
is a simple outer-sphere 1-e− redox species, and its CV is
essentially diffusion limited while the oxygen is an inner-sphere
species and its reduction involves diffusion, adsorption, catalytic
reduction, and desorption of the products. The percent
difference for FcMeOH is, at most, ∼12% different from
experimental results, and for the majority of the wires tested it
is below 5% difference. However, for the ORR the percent

difference is dramatically intensified to upward of 91.7% for the
smallest radius wire, yet just 49.5% for the largest, where the
experimental currents obtained were all below the predicted
ORR current. This result indicates that the reaction of oxygen
on Pt nanowires is far from diffusion limitation.
Chen and Kucernik4 found that on single electrodeposited Pt

nanoparticles, as the size decreases, the effective electron
number used in the ORR also decreases, meaning more
hydrogen peroxide is formed that would otherwise have been
reduced to water. Additionally, on nanoparticles smaller than
50 nm, about 75% of the oxygen is reduced to water and 25% is
reduced to hydrogen peroxide.4 Another factor in the
discrepancy between the predicted and experimental ORR
currents can be partially explained by the contamination of the
fluoride ion. When comparing the calculated 40.2 nA current to
the experimental 32.7 nA for the NaF exposed Pt disk
electrode, there is a 18.7% difference. The fluoride contami-
nation could be contributing to the decrease in observed
current by shifting the reaction mechanism from the 4-e−

reduction more to the 2-e− reduction, which could be
analogous to how adsorbed copper atoms block catalytic sites
forcing the oxygen to adsorb in an end-on configuration.32 The
percent difference of the ORR using the assumption n = 2 for
the H2O2 pathway can be seen in Figure 7B. Even with this
extreme assumption, upward of 83% of the predicted ORR
current is still not observed for the smallest wire. This indicates
the observed experimental current on the nanowires is limited
by the kinetics of the ORR and not the diffusion of the
molecules to the surface and that more importantly the kinetics
slow down as the wire radius decreases. The decrease in current
density has been seen in Pt nanoparticle ensembles that vary in
diameter and is proposed to be a result of the increasing
adsorption energy of oxygenated species.8,40

Tafel plots from the ORR for a 26 nm radius wire and the Pt
disk microelectrode are shown in Figure 8 and display the
characteristic change in Tafel slopes, indicating a change in
adsorption from Tempkin isotherm to Langmuir isotherm.38,41

The high overpotential (low current density) region has a Tafel
slope of around 60 mV/decade corresponding to an oxide-

Figure 6. (A) Current density vs wire radius for the 2 mM FcMeOH
with the theoretical current density of 2 mM FcMeOH calculated from
eq 2 and the current density for the ORR using the geometric surface
area; dashed line at ∼4 mA/cm−2 represents the Pt disk ORR current
density. (B) Mass activity for the wires as a function of the wire radii.

Figure 7. (A) Percent difference between experimental and calculated
peak currents for FcMeOH and ORR assuming n = 4 e− and (B) ORR
percent difference assuming n = 2 e−. iexp is the experimentally
obtained current, and ipred is the calculated current from eq 2 using 1/2
the area of the cylinder for each wire segment.
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covered Pt surface. The low overpotential (high current
density) region has a slope of ∼120 mV/decade corresponding
to an oxide-free Pt surface.41,42 Additionally, the change in the
slope on the 26 nm wire occurs at around 0.8 V (vs RHE),
whereas the change occurs at 0.9 V (vs RHE) on the
polycrystalline Pt disk. The lower potential necessary for the
slope change on the nanowire indicates higher adsorption
energy for oxygenated species.8,38,40 Oxygenated species, such
as OH− or HO2

−, are more strongly adsorbed to the Pt surface
hindering the ORR kinetics leading to a decrease in the
catalytic activity of the Pt wires for the ORR.40

■ CONCLUSIONS
In conclusion, electrodes were made from single Pt nanowires
that were mechanically prepared with a laser pulling method in
order to study the catalytic ORR on single Pt nanowires of
decreasing radii. The electrocatalytic activity has been found to
be dependent on the nanowire size revealed from a change of
the onset potential. A clear increase in the mass activity is
observed as the wire radius is decreased. It was found that the
nanowires were contaminated with fluoride ions that inhibit the
ORR, possibly resulting in a decreasing density of catalytic sites
as the wire narrows, which may help account for the notable
decrease in ORR current density of the nanowires. The Tafel
plots indicate increased adsorption energy of oxygenated
species to the Pt nanowire surface due to the switching of
the Tafel slopes at a lower potential for the wires than for the
polycrystalline Pt. This increase in the adsorption strength
slows the ORR kinetics and lowers the observed current
density. The decreases in the ORR experimental current, with
respect to the calculated current, is seen to be a combination of
both fluoride anion adsorption to catalytic sites blocking the
ORR and a decrease in the ORR kinetics from the higher
adsorption energy of oxygenated species.
Future nanowires used for catalytic reaction studies will be

etched out of the quartz coating using hydroxide which will
eliminate the contamination from the fluoride ions and allow a
more detailed understanding of these Pt nanowires. Addition-
ally, catalytic studies using single nanowires in organic, alkaline,
and acidic solutions are possible using a photodefinable

polyimide that once patterned and cross-linked will be able
to withstand harsh chemical environments. Despite the hurdles,
these wires hold a unique opportunity to study a range of
phenomena where single nanowires offer a versatile platform to
more fully understand the changing properties of bulk materials
at nanoscale dimensions.
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