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ABSTRACT: We report a study of the formation and quick growth of
thick films of platinum oxide on platinum nanoelectrodes at low anodic
potentials. Here, structurally well-defined platinum nanoelectrodes are
used as a model platform for nanoscale platinum electrocatalysts.
Platinum films are formed on the surface of the nanoelectrode upon
application of a constant anodic potential in an acidic environment for an
extended time period. A current spike is initially observed, which is
attributed to capacitance charging, the oxidation of water, and the initial
oxidation of the platinum surface. A finite residual current follows the
initial current spike, which is composed of both water oxidation and the
oxidation of platinum metal concealed beneath the growing oxide layer.
These films are observed to be structurally irreversible, grow to be
relatively thick, and protrude out of the glass insulating material encasing the nanoelectrode due to the added volume of the
oxygen incorporated into the growing platinum oxide film. Once reduced, the platinum metal remains protruding out of the glass,
and its presence is confirmed by both SEM imaging and cyclic voltammetry. Steady-state voltammetric data shows a finite
increase in the diffusion-limited faradaic current of the nanoelectrode, relative to the initial steady-state current, after the
oxidation/reduction of the platinum which is due to an increased area of the protruding platinum metal. A minimum apparent
rate of ∼1.2 nm/min can be calculated for the growth of the platinum oxide film. The use of platinum nanoelectrodes has shown
several distinct advantages in this study, including better control of the size and morphology of the individual electrocatalysts, the
ability to image using electron microscopy, and the ability to use voltammetry to evaluate the geometry of the electrode quickly.

■ INTRODUCTION

Platinum is one of the most active electrocatalytic materials for
numerous key reactions in energy conversion and storage.1−5

Some reactions, including the oxygen evolution reaction
(OER),6,7 take place at high applied anodic potentials while
others, such as the oxidation of methanol,8 hydrazine,9,10 and
borohydride,11,12 take place under more mild conditions and
are all relevant to fuel cell operation. The kinetics of these
oxidation reactions can be strongly affected by the presence of
surface metal oxides.6,10 Understanding the oxidation behavior
of such catalysts at oxidizing potentials is important for fully
understanding the kinetics of the catalytic reactions.1,6,13

The oxidation of bulk platinum metal has been extensively
studied and has resulted in many great contributions although
the process is still not fully understood.1,14 It has been
demonstrated that thick platinum oxide can form under
conditions of high galvanostatic current densities15 or high
potentiostatic anodization.16 Other studies have also shown
that the oxide layer thickness can be increasingly grown with a
fast potential cycling17,18 or under very harsh conditions.15,19

Conway and coworkers have shown that the formation of
different oxides can be independent of one another where the
typically formed thin oxide (also known as α-oxide) could be
selectively reduced and reformed without reducing the thick
oxide layer (also known as β-oxide), implying that the thin

oxide formed on the metal surface beneath the thick oxide
layer.20,21 Biegler and Woods22 reached the conclusion that
even at high anodic potentials (2.98 V vs NHE) a limit of 2.66
oxygen atoms/platinum atom is achieved with only monolayer
coverage and was later supported using ellipsometry by Parsons
and Visscher.23 Later Conway and coworkers demonstrated
that a thick platinum oxide layer can be grown without limits to
the thickness of the film when the applied potential exceeds 1.9
V (vs NHE) for extended periods of time (>12 h) and that
oxide growth follows a direct logarithmic growth law with time
at a constant potential.1,24,25 Recently it has been determined
that the growth of oxide on platinum is limited to a few
monolayers at anodic potentials of up to 1.50 V.26

Typically these studies do not observe or discuss the growth
of thick platinum oxide layers by holding the electrode potential
at relatively low anodic potentials. However, many materials
exhibit different properties when scaled down to nanometer
dimensions.27 One excellent example is the recent study
reported by Mirkin and coworkers on the dissolution of
platinum on nanoscale platinum electrodes at moderately
negative cathodic potentials during the oxygen reduction
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reaction (ORR).28 The growth of platinum oxides resulting in
the loss of the electrochemically active surface area can impact
fuel cell operation utilizing platinum nanoparticles by inhibiting
the catalytic reaction on the oxide surface.28−30

Here, we report on the growth of thick platinum oxide films
under relatively low anodic polarization potentials on platinum
electrodes of nanoscale dimensions. This platform can be
thought of as a model for platinum nanocatalysts with
implications for fuel cell operation where even at lower
operating potentials there may be an unwanted formation of
oxidized films on the platinum nanocatalyst, reducing its
efficiency. The growth of these films on platinum nano-
electrodes appears to be much faster than previously reported
and in fact can be observed directly through electron
microscopy (EM). The use of EM and electrochemistry has
enabled us to obtain an apparent growth rate of the platinum
oxide, which exceeds any growth rate documented to date that
we are aware of. In addition, the oxide film exhibits signs that it
may be soft/malleable with a high degree of structural
irreversibility.

■ EXPERIMENTAL SECTION
Chemicals and Materials. All aqueous solutions were prepared

using deionized water (>18 MΩ cm) produced in a Barnstead
Nanopure water purification system. Ferrocene methanol (FcMeOH,
Aldrich, 97%), anhydrous sodium sulfate (Na2SO4, J. T. Baker),
sulfuric acid (H2SO4, Fisher), argon (Ar, Praxair, >99%), and a Pt
microwire (25 μm diameter, Alfa Aesar, 99.99%) were all used as
received from the manufacturers.
Electrochemical Measurements. Electrochemical data was

recorded using a computer-controlled Dagan Chem-Clamp voltam-
meter/amperometer, and data was 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 Hg/Hg2SO4 reference electrode (CH
Instruments, Inc.) was used for all CVs, and experimental CV data
was manually baseline corrected. The Hg/Hg2SO4 reference electrode
was used to prevent chloride contamination, which is known to block
platinum oxidation at lower potentials.31 All potentials presented are
referenced to a Ag/AgCl reference electrode unless otherwise noted.
Sulfuric acid solutions were bubbled with argon for >30 min prior to
use to ensure that the solution was free of dissolved oxygen before
anodic polarization. All experiments were done at room temperature.
Scanning Electron Microscopy (SEM) and Energy-Dispersive

X-ray Spectroscopy (EDS). SEM images were obtained using a field-
emission microscope (FEI Sirion) equipped with a through-the-lens
secondary electron detector with a resolution of 1 to 3 nm at the
Nanotech User Facility located at the University of Washington. All
samples were sputter coated with a 2 to 3 nm conducting layer of
gold/palladium or carbon prior to SEM imaging. EDS data was
obtained using an Oxford X-max 80 mm2 silicon drift detector.

■ RESULTS AND DISCUSSION

Fabrication and Characterization of Platinum Nano-
electrodes. The procedure for preparing the platinum disk
nanoelectrodes is described in detail elsewhere.32−34 However,
to briefly summarize, a 25-μm-diameter platinum wire was
placed in a fused silica capillary tube (o.d. 1 mm, i.d. 0.3 mm,
Sutter Instrument Co.), and one end was sealed using an
oxygen/hydrogen flame. The fused silica capillary was then
placed in a P-2000 laser pipet puller (Sutter Instrument Co.),
and vacuum was applied to the unsealed end of the capillary.
The laser was used to heat and seal the fused silica around the
platinum without pulling the capillary. Then the platinum/
fused silica assembly was pulled (pull parameters: heat = 750,

filament = 2, velocity = 60, delay = 140, pull = 250), resulting in
two ultrasharp tips with the platinum nanowires sealed inside.
The tips were then electrically contacted using tungsten wires
and conductive silver paste (DuPont). To expose the
electrodes, a high-speed beveling process was employed by
utilizing a diamond lapping film (3M, 0.5 μm diamonds, Ted
Pella Inc.) attached to a rapidly rotating wheel (7500 rpm). The
electrode was polished by slowly approaching the wheel while
visually monitoring using an inverted optical microscope.
The platinum nanoelectrodes were characterized by SEM

and steady-state cyclic voltammetry. The polished platinum
nanoelectrodes are flush with the glass insulating layer, as
shown in Figure 1. The platinum nanoelectrode shown in

Figure 1A located at roughly the center of the glass tip is not
perfectly round but more oval-shaped. Figure 1B shows a more
uniformly shaped platinum electrode with a diameter of less
than 500 nm.
Figure 2A shows the voltammetric response of two platinum

nanoelectrodes in 2 mM ferrocene methanol (FcMeOH), one
having a radius of 219 nm and the other 122 nm (calculated
from eq 1). Both electrodes show a sigmoidally shaped CV
response typical of a conventional UME of this size.35 The
diffusion-limited steady-state currents of the electrodes were
then used to calculate the radii of the electrodes using the
steady-state current equation for a planar disk UME
electrode33−35

=i nFDCr4ss (1)

where n is the number of electrons transferred per redox
molecule, F is the Faraday constant, D is the diffusion
coefficient of the redox molecule (for FcMeOH, D = 6.7 ×
10−6 cm2/s),36 C is the bulk concentration of the redox
molecule, and r is the radius of the electrode. The steady-state

Figure 1. (A, B) SEM images of freshly polished Pt nanoelectrodes
showing the electrode surfaces flush with the glass insulator.
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CVs were not only used to determine the sizes of the electrodes
but are also used to determine any general changes to the area
of the electrodes because an increase in the diffusion-limited
current indicates an increase in the radius and geometric area of
the electrode.
Sulfuric acid scans of the platinum electrode were used to

determine the regions of platinum oxidation/reduction as well
as the relative cleanliness of the platinum surface after exposure.
A representative scan from a 124-nm-radius nanoelectrode is
shown in Figure 2B and a 25-μm-diameter Pt UME in Figure
2C. The hydrogen adsorption/desorption peaks are observed at
potentials below 100 mV (vs Ag/AgCl) on the forward and
backward scans, respectively.35,37 These peaks are from the
adsorption/desorption of hydrogen ions in solution on the
platinum surface and closely match the representative sulfuric
acid scan of the 25 μm Pt UME. Also seen in the sulfuric acid
scan for the nanoelectrode is an increase in current during the
anodic sweep starting at approximately 500 mV and continuing
to increase until the sweep reverses. This is slightly different
from the 25 μm Pt UME electrode where two distinct current

increases are observed, one starting at ∼570 mV which
increases and plateaus to a steady current and another current
increase located at approximately 940 mV. These current
increases are due to the oxidation of the platinum surface
forming platinum oxides initially in the form of an adsorbed
layer of oxygen followed by the formation of the submonolayer
coverage of PtO.14 In the case of the 25 μm Pt UME, the
second increase, starting at 940 mV, may possibly be attributed
to the onset of an interfacial place exchange whereby the
oxygen ions in the PtO, initially formed at lower potentials,
exchange positions with platinum atoms in the metal surface
forming a bilayer PtO structure.14 During the cathodic sweep, a
single large peak is observed (in addition to the hydrogen peaks
at lower potentials) centered at ∼500 mV which is due to the
reduction of the compact α-oxide layer, formed during the
anodic sweep.1,21 Interestingly, the reduction peak for the
nanoelectrode in Figure 2B is centered at ∼450 mV, indicating
that the oxide film formed on the nanoelectrode is more
electrochemically irreversible and requires a lower potential for
reduction during the cathodic sweep. Additionally, the
nanoelectrode surface may also undergo oxidation with an
increased rate of initial oxide formation and place exchange at a
given potential, and the different oxidation mechanisms may
proceed at lowered potentials compared to that of bulk
platinum. This can be seen in sulfuric acid scans where the
initial oxidation current for the nanoelectrode begins at a lower
potential than the 25 μm Pt UME and also does not level off
but continues to increase with increasing potential. The ∼47
mV lower potential needed to reduce the oxide and the
increasing oxidation with the anodic potential sweep on the
nanoelectrode may be due to the increased adsorption energy
of oxygen to the platinum surface of the nanoelectrode as
compared to a bulk platinum surface and has been previously
observed with other platinum nanostructures.27,38−40 The
magnitude of the potential shift for the oxide reduction peak
for a nanoelectrode of that diameter was unexpected but
smaller than some reported shifts for small-diameter Pt
nanoparticles.27,38 This effect might be enhanced by the
specific crystal faces present at the electrode surface where
for a given specific crystal orientation the oxide reduction peak
will shift to more negative potentials but will also shift the onset
of oxide formation in the positive direction.41

Oxidation of the platinum by anodic polarization was
accomplished by first holding the electrode at 0 mV vs Ag/
AgCl in argon-bubbled 0.5 M H2SO4 and then quickly stepping
it up to a 1200 mV potential where the electrode was held for
the duration of the oxidation experiment. If the electrode was
reduced after the oxidation, then the potential was stepped back
to 0 mV. The most prominent feature from the potential step
current−time trace is the large current spike, called the peak
current, and can be seen in Figure 3A. This current−time trace
is obtained from a 100-nm-radius electrode stepped to 1200
mV and shows a peak current spike of ∼2.8 nA that quickly
decays to a steady residual current of ∼38 pA larger than the
original baseline current. The residual current from the
current−time trace is taken as the average current 5 min after
the potential step and has contributions from both the OER as
well as the oxidation of platinum. The residual current
measurement was taken after 5 min in order to give a fairly
accurate result of the differences between the potential steps
while not allowing sufficient time to change the electrode
surface drastically. Figure 3B shows how the peak current
changes with potential when the nanoelectrode is stepped from

Figure 2. (A) CVs of two platinum nanoelectrodes with different radii
in 2 mM FcMeOH with 100 mM Na2SO4 at a 50 mV/s scan rate and
(B) a 124-nm-radius Pt nanoelectrode in 0.5 M H2SO4 at a 100 mV/s
scan rate and (C) a 25-μm-diameter Pt electrode in 0.5 M H2SO4 at a
100 mV/s scan rate.
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0 mV to a given positive potential. It is expected that the peak
current increases as the potential steps are increased due to the
double-layer capacitance charging at the surface of the
electrode.35

There is a small increase in the peak current as the stepping
potential is increased to ∼500−600 mV, but essentially there is
very little change until the stepping potential reaches 1100 mV,
where a larger increase is observed. The small increase observed
at 500−600 mV may be due to the onset of platinum oxidation
which is assumed to be limited to sub- or monolayer
thicknesses but has a slow growth rate at low potentials.1,25

This is also observed with the residual currents, shown in
Figure 3C, where again the current essentially does not increase
until the stepping potential is 1100 mV or above. At that
potential, it is apparent that there is an increase in the rate of
the platinum oxidation reaction or possibly a new reaction has
started. At 1200 mV, there is again a large increase in residual
current compared to the previous step, but as the potential is

stepped higher, the currents increase less dramatically. The
OER is expected to contribute to the current at these increased
potentials, but its rate is dependent on the pH of the solution.42

In a sufficiently acidic solution, the OER would not proceed at
a significant rate until a high potential was reached.43

Nonetheless, it would still be present when platinum oxidation
is occurring, making it difficult to determine the specific current
that can be attributed to the platinum oxidation. The residual
current increase observed at 1100 mV may be due to the onset
of multilayer platinum oxidation at a potential much lower than
previously described.1

Figure 4A,B shows the results of the oxidation of a platinum
nanoelectrode held at 1200 mV for 90 min and removed from
0.5 M H2SO4 while still under anodic polarization in order to
prevent the reduction of oxidized platinum. The SEM images
clearly show the growth of the electrode and the protrusion out
of the surrounding glass insulation. Energy dispersive X-ray
spectroscopy (EDS) measurements of this electrode are shown

Figure 3. (A) Potential step chronoamperometric trace at 1200 mV
from a 100-nm-radius Pt nanoelectrode in 0.5 M H2SO4 where the
initial peak current (red dot in (B)) is observed to decay to a nonzero
residual current (red dot in (C)). (B) Peak current observed at each
potential step and (C) residual current observed for each potential
step measured as the average current 5 min after the potential step. All
potential steps were recorded using the same electrode.

Figure 4. (A) SEM image of an electrode after anodic oxidation at
1200 mV for 90 min. (B) Side view of the same electrode as in (A)
showing the protruding nature of the Pt oxide growth. (C) Schematic
showing the hypothesized growth of the Pt oxide where the
surrounding glass insulation forces the increasing volume of Pt oxide
to grow out of the glass pore in a radial direction.
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in Supporting Information Figure S3 and verify that the
protrusion is indeed the platinum nanoelectrode. A representa-
tion of what we believe is physically occurring as the platinum
oxide is growing and expanding can be seen in the schematic in
Figure 4C. The schematic illustrates that the platinum electrode
is encased in a rigid insulator and that the increasing volume
resulting from the platinum oxide formation causes the soft film
to protrude out of the insulator, forming a rounded
hemispherical structure. Previous studies have found that
there is a possibility of surface reactions occurring on the
sidewall of a glass-sealed Pt nanowire.44,45 Platinum oxidation
and film growth would certainly occur at the Pt/glass interface
but would expand and constrict the opening, limiting the
growth rate. If there was a substantial contribution from PtOx
growth on the sides of the nanowire where the Pt/glass
interface is located, then we would expect to see a more ringlike
structure protruding from the glass instead of the rounded,
centrally located structure observed in the SEM images.
However, the schematic illustrates the additional effect of
oxide growth into the nanowire from the sides or an increased
growth rate from the edges of the electrode causing the oxide to
grow radially into the Pt nanowire, but the fact remains that we
do not know exactly what is occurring within the nanowire. The
bulk growth and resulting protrusion of the oxidized platinum
are due to the increasing volume of the platinum oxide as
oxygen atoms are incorporated into the crystal lattice of
platinum through the previously discussed interfacial place-
exchange mechanism.14 Additionally as the oxide layer thickens
and the oxygen is incorporated into the lattice structure, there
may be a formation of voids from the buckling of the platinum
atoms, further expanding the oxide layer and possibly causing
some instability of the oxide film.46

If this platinum oxide film is reduced after it has grown out of
the glass insulation, then the surface area is found to increase
due to the highly irreversible processes that take place as the
oxide film is growing. Figure 5A,B shows SEM images of a Pt
nanoelectrode that had been oxidized for 60 min at 1200 mV
and then reduced by switching the potential back to 0 mV. The
images show that the electrode is protruding out of the glass
insulating layer, and its surface appears rougher, or faceted,
compared to the electrode shown in Figure 4. The increase in
geometric surface area exposed to the redox solution would
increase the resulting steady-state current after the oxidation
and reduction of the platinum surface. This can be seen in
Figure 5C. The limiting current for the electrode before the
oxidation/reduction step is ∼125 pA, yielding a calculated
radius of 241.8 nm when eq 1 is used, closely matching the
SEM measured radius of ∼227 nm. After the oxidation/
reduction step, the current increases to ∼187 pA and the CV
exhibits sudden current fluctuations (increasing and decreasing)
that may be due to a somewhat porous and unstable nature of
the reduced platinum, where perhaps small particles become
dislodged and/or new areas become available for the redox
reaction. This can be seen in the SEM images, where small
particulates are littering the area around the protruding
nanoelectrode. The incorporation of oxygen into the growing
oxide film and possible void formation, discussed earlier, results
in highly structurally irreversible oxide growth. Upon reduction,
platinum is unable to reform a compact and uniform crystal
structure, resulting in the rough and unstable surface observed
in the SEM image.
The method of steady-state cyclic voltammetry also allows

for the determination of an approximate growth rate for the

platinum oxide film. By using a platinum electrode where the
disk surface is initially recessed into the quartz insulator and
measuring the increase in the diffusion-limited steady-state
current, a change in the recessed depth can be calculated using
eq 247−49

π
π

=
+

i
nFDCr
L r

4
4ss

2

(2)

where the constants are the same as previously defined for eq 1
and L represents the depth of the electrode recess. Figure 6A
again shows an SEM image of a 142-nm-radius platinum
nanoelectrode that has been oxidized at 1200 mV for 90 min
and then reduced at 0 mV. Figure 6B shows the same electrode
but is tilted to show the recessed depth of the electrode that is
clearly recessed into the quartz. The radius of the electrode was
measured from the SEM images and used with the steady-state
current of ∼18.8 pA in the 2 mM FcMeOH solution to

Figure 5. (A, B) SEM images of an electrode oxidized for 60 min at
1200 mV and then reduced at 0 mV showing the more crystalline
(faceted) nature of the Pt surface. (C) CVs in 2 mM FcMeOH before
and after the oxidation/reduction step showing an increase in the
limiting current (100 mM Na2SO4 supporting electrolyte, 50 mV/s
scan rate).
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calculate an initial depth of ∼324 nm before the oxidation
procedure.
After the oxidation and reduction, an increased steady-state

current of ∼25.0 pA was used to obtain a final recessed depth of
∼217 nm. The calculated depth closely matches the SEM-
measured value of ∼204 nm, which was measured at an angled
view. This means that the electrode increased in volume to fill
in 107 nm (∼33% of the recessed depth) and gives a lower
limit of the oxide film growth to be ∼1.2 nm/min for this
particular electrode. We call this a lower limit because we
assume that some volume may have been lost due to the
reduction step whereby some oxygen would be driven out of
the crystal lattice, thus decreasing the total volume. This
electrochemically calculated value is comparable to an average
growth rate of 1.58 ± 0.99 nm/min which was obtained from
visually measuring the PtOx protruding from the glass
insulators. The electrochemically calculated rate is lower than

the visually measured rate possibly because of the recessed
nature of the nanoelectrode which can hinder the mass
transport. The increased mass-transfer resistance means that
the acidic protons generated from the OER would have more
difficulty diffusing away from the electrode and could lower the
local pH, making the Pt oxidation less favorable at the electrode
surface, slowing the oxide growth. Interestingly, after the
reduction of this oxide, the steady-state redox CV did not
exhibit much variation in current, which may be due to oxide
layer growth confined by the quartz insulator limiting its
growth to just one direction. When reduced, the oxide layer was
able to form a more compact structure as compared to that in
Figure 5, where the protrusion allowed it to grow radially
outward, thus increasing the disorder and making it more
difficult to realign its crystal structure upon reduction.
It is apparent that the platinum oxidation on nanoscale

electrodes is not limited to a few monolayers, and questions
remain regarding why the oxide growth differs from that of bulk
platinum. We will continue to investigate this interesting result.
The growth of thick oxide films on platinum nanoelectrodes at
relatively low anodic potentials may be indicative of intrinsic
stress in the platinum crystal structure where the growth of the
oxide layer is facilitated by the higher strain energy. The growth
rate of the thick platinum oxide may also be largely dependent
on the crystal face present on the surface of the electrode, and a
few studies have stated that crystal faces will influence the oxide
growth rate.24 We feel it important to note that the growth of
thick oxide films is not always observed and that surface
contaminants, likely from the polishing step, may hinder the
growth process.

■ CONCLUSIONS
We have investigated the growth of thick platinum oxide films
on platinum nanoelectrodes at low anodic holding potentials.
The potential step experiments reveal a critical potential where
the residual current at the nanoelectrode increases due to both
the onset of platinum oxidation and the OER. The growth of
the oxide causes the growing film to protrude out of the glass
insulator, indicating the soft nature of the film. The diffusion-
limited steady-state current measurements of a simple redox
molecule were used to evaluate the minimal growth rate of the
oxide film in a recessed platinum nanoelectrode. It appears that
the growth rate can be as high as 1.2 nm/min at a 1200 mV (vs
Ag/AgCl) hold potential. This may be a consequence of the
nanoscale dimensions of these platinum electrodes where the
oxygen adsorption energy is increased compared to that of bulk
platinum and may explain why the oxidation behavior and the
subsequent growth of the oxide film are different from those of
bulk platinum electrodes. Further investigation is needed to
evaluate the growth rate more accurately and also to determine
the nature of the oxide film that is grown by this method.

■ ASSOCIATED CONTENT
*S Supporting Information
SEM images of the electrode used in the potential step
experiment with the before and after redox diffusion-limited
CVs. SEM images of electrodes held at lower potentials
showing little to no growth. EDS color plots of the oxidized
electrode bulging out of the glass insulator seen in Figure 4.
Measured SEM image of the electrode shown in Figure 6.
Additional SEM images showing the reproducibility of oxide
growth. This material is available free of charge via the Internet
at http://pubs.acs.org.

Figure 6. (A, B) SEM images of a recessed platinum nanoelectrode
that was oxidized for 90 min at 1200 mV and then reduced at 0 mV.
The SEM image in (B) is at a tilted angle to show the electrode surface
and the sidewall of the recess. (C) CVs from the electrode shown in
(A) and (B) showing the steady-state currents before oxidation and
after oxidation where the increased current indicates a less-recessed
electrode surface.
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