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Abstract

Platinum electrocatalysts coated with an ultrathin film of niobium oxide, which were
prepared with a fine-tuned surface coverage, were evaluated for their influence on the oxygen
reduction reaction. A series of ultrathin (<10-nm thick), patterned coatings of niobium oxide was
prepared on planar platinum substrates using a combination of atomic layer deposition,
photolithography, and wet-chemical etching techniques. Atomic layer deposition enabled a high
degree of control over the thickness of the niobium oxide coating. Niobium oxide is a corrosion-
resistant material that can improve the stability of electrocatalysts. A balance is sought, though,
between the stabilizing benefits of applying a metal oxide coating to electrocatalysts and the
possible blockage of catalytically active sites. The study presented herein pursues a method to
precisely tune the surface coverage of niobium oxide coatings using techniques to pattern these
coatings on a platinum electrocatalyst. The prepared catalysts were evaluated using a range of
electrochemical and microscopy techniques. It was found that catalysts with higher coverages of
niobium oxide had a higher initial resistance towards the oxygen reduction reaction but

significantly outperformed the long-term performance of the uncoated, pristine platinum catalyst.

Keywords: Patterned coatings, oxygen reduction reaction, electrocatalysis, partial overlayer,
ultrathin films, metal oxides, fuel cells
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Introduction

Many industries are interested in developing electrocatalysts capable of long-term use,
particularly for catalysts composed of precious materials such as platinum. Platinum nanoparticles
on carbon supports are leading in their performance as cathode catalysts in hydrogen-based
polymer electrolyte membrane fuel cells (PEMFCs), but still suffer from some key degradation
mechanisms that can wreak havoc on device performance in the long term.! Specifically, Pt
cathode catalysts are prone to dissolution in strongly acidic fuel cell conditions when successively
oxidized and reduced.>* Corrosion of the carbon support is also a known source of performance
loss over time in fuel cells.>® There have been attempts to minimize these mechanisms to increase
catalyst stability using metal oxide supports or coatings.””'> Reducible metal oxides, including
Ti0,, Si0,, and Nb,Os, are more resistant to corrosion in acidic conditions and have been shown
to improve the stability of fuel cell catalysts when incorporated as supporting materials.!3-!7 These

metal oxides improve nanoparticle catalyst stability by forming a thin (angstrom- to nano-scale)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

layer that can fully or partially cover the catalyst surfaces and utilize strong metal support

interactions.'®!? The low electrical conductivity of metal oxides compared to carbon particles is,
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however, one of the barriers towards commercializing these strategies to improve the stabilization
of Pt electrocatalysts.

The benefits of metal oxide supports can be extended to nanocatalysts supported on carbon
substrates or nanostructured Pt thin films (e.g., nanostructured catalysts developed by 3M and
others)?%-2! through the creation of thin metal oxide coatings. These catalyst designs would bypass
the conductivity shortfalls of the metal oxides, allowing electron conduction to occur through the
C and/or Pt. Coatings come with their own benefits and challenges. A coating prepared from metal

oxides would create a protective barrier to Pt dissolution.?>* For example, it can enable the
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transport of oxygen and protons associated with the electrocatalytic reaction but can hinder the
transport of solvated metal ions. Heterogeneous catalysts contain active sites across their surfaces,
and covering these surfaces can decrease their activity if the coating lacks sufficient porosity or is
too thick to allow transport or an adequate rate of transport of reactants to access the surfaces of
the catalyst. Some prior art has investigated the effects of altering the porosity and thickness of an
encapsulating layer on the activity of the underlying catalyst, primarily using silica-based
coatings.”!1-12:25-28 These studies demonstrated that sufficiently porous, thin coatings can produce
catalyst designs that are more durable and can also match the activity of pristine, uncoated
catalysts.

The activity of a coated catalyst can also be maintained by modifying the surface coverage
of the overlayer to achieve a balance between increasing the catalyst durability, a quality imparted
by the coating, and catalyst accessibility by designing pathways to the catalyst surfaces.?
Fabrication of well-defined and patterned coatings is commonly achieved using atomic layer
deposition (ALD) due to this technique’s high control over film thickness. Ultrathin metal oxide
coatings applied via ALD have been shown to improve the activity,3033 stability,*3? and
selectivity®* of electrocatalysts. Strides are being made as well to improve the viability of atomic
layer deposition at the commercial scale.?® Partial overlayers composed of metal oxides, including
AlL,O3, Si0,, ZrO,, and Ti0,, can improve the stability of supported nanoparticle catalysts in harsh
reaction environments, increase yields for targeted chemical products, and protect catalyst surfaces
from contaminants such as sulfur and carbon.?¢3° The coatings can realize these results by
improving adherence of the catalyst to the support, minimizing catalyst movement and dissolution,
blocking particular facets of the catalysts to alter reaction specificity, and moderating accessibility

of reagents or contaminants (e.g., determined by the size of pores in the coating). Partial coatings
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can also modify the catalyst’s surface properties, such as its wettability, depending on the coverage
of the overlayer.* In the prior work, nanoscale thin films of Nb,Os were shown to modestly
improve the durability of planar Pt catalysts.” It is of interest to better understand the role of the
niobium oxide coating and the influence of changes in its relative surface coverage on the activity
and durability of the Pt catalyst. This work builds upon the prior art by exploring the effects of a
well-defined decrease in the surface coverage of ultrathin Nb,Os on a Pt catalyst. Methods were
utilized to create niobium oxide coatings with well-defined patterned features. A set of catalysts
coated with ultrathin films of Nb,Os was prepared such that the overlayer achieved a fine-tuned
surface coverage ranging from 0 % (pristine Pt) to ~65 % (partially covered Pt). The partial
coverage of the niobium oxide coating was achieved using a combination of ALD and microscale
patterning techniques. The creation of microscale features in the niobium oxide coating enabled a
relatively simple means of tracking the durability of this coating and assessing the influence of

well-defined amounts of Pt exposed to the electrolyte. Transformations to the patterned Nb,Os

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

layer and the Pt electrocatalysts were evaluated as a function of a series of electrochemical tests.

In contrast, nanoscale features would be more challenging to fabricate, and, alternatively, creating
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a mesoporous ultrathin niobium oxide film would present challenges in tracking transformations
to the niobium oxide relative to the Pt electrocatalyst as a function of the electrochemical tests.
These studies demonstrated, for example, that the durability of the Pt catalysts improved with an
increase in the coverage of the ultrathin coating of Nb,Os. The results presented herein highlight
the importance of continuing to develop custom-designed coatings on electrocatalysts as a strategy

to enhance their durability.
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Results and Discussion
Characterization of Electrocatalysts Coated with Ultrathin Films of Patterned Nb,Os

Planar platinum electrocatalysts coated with patterned, ultrathin films of Nb,Os were
evaluated herein relative to the activity and durability of pristine Pt electrodes. This study assessed
the influences of niobium oxide layers with either of two specific patterns, each with a well-defined
surface coverage of Nb,Os, on the electrocatalytic performance of the Pt. The custom-prepared
niobium oxide coatings contained distinct patterns that enabled the fine-tuning of the surface area
of the Pt in direct contact with the electrolyte. Photolithography and wet-chemical etching
techniques were used for their ability to create reproducible, well-ordered structures. These
techniques can also be scaled up to produce these structures over larger areas and to prepare many
samples reproducibly.*! Combining these photolithography techniques with ALD of niobium
oxide, Pt catalysts were prepared with clearly defined patterned coatings of Nb,Os (Figure S1). X-
ray photoelectron spectroscopy measurements of the coated Pt sample confirmed the presence of
Nb,0Os based on the binding energies of Nb 3d (Figure S2, Table S1). Two types of distinct patterns
were pursued herein, as depicted in Figure 1. The scanning electron microscopy (SEM) images in
Figure 1 depict the patterned niobium oxide on the Pt electrodes due to the contrast resulting from
differences in secondary electrons (as well as the backscattered electrons) produced from regions
of exposed Pt catalyst and regions of Nb,Os-coated Pt. In these SEM images obtained by
measuring the secondary electrons, the areas of the Pt substrate coated with an ultrathin layer of
Nb,0Os have a darker appearance compared to areas of bare, exposed Pt. The Nb,Os film patterned
with a hexagonal array of circular holes exposed the underlying Pt through these circular openings,
each with a diameter of ~4 um (Figure 1a,c). The complementary pattern consisted of a hexagonal

array of circular islands of Nb,Os, each with a diameter of ~5 um, covering the Pt electrode (Figure
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1b,d). These patterns remained visible and largely intact even after extensive electrochemical
cycling [i.e., 5,000 cycles of the applied potential from 0 to 1.3 V (vs. RHE) while immersing the
electrodes in a sulfuric acid electrolyte], with no substantive morphological differences observed
in the appearance of the circular Nb,Os islands or holes. The diameter of the arrays of circular
holes did not change following this durability test, exhibiting a consistent diameter of 3.8 + 0.1
um before and after the durability test (Figure S3). The circular islands did show a slight decrease
in the nominal diameter of these features following the extensive electrochemical cycling (e.g.,
shifting from 5.5 = 0.2 um to 5.3 = 0.2 um as shown in Figure S3, with the sample variance
reported to one standard deviation from the mean value). Although these values are not statistically
significant, it is possible that a slight change in diameter could result from a loss of material from
the outermost portions of these circular islands. The edges of these features may not have been as
firmly adhered to the Pt substrate following the ALD and lift-off process, which utilized the

lithographically defined features. During the prolonged electrochemical treatment, any poorly

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

adhered features could be removed from the Pt substrate. Another explanation, although less likely
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due to the uniform appearance of the features in SEM, is that some photoresist residue may have
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been retained at the edges of the features that subsequently dissolved or delaminated over the
course of the durability testing. Interestingly, the majority of the patterned Nb,Os features remain
intact after extensive electrochemical cycling, suggesting an otherwise firmly adhered coating.
The patterned features in the niobium oxide coated Pt samples were further analyzed using
atomic force microscopy (AFM) and Kelvin probe force microscopy (KPFM). The results of these
analyses demonstrated an agreement with the dimensions of the patterned features as measured
from the SEM images (Figure 2). The AFM images were, however, insufficient to distinguish the

patterned features from the topography of these polycrystalline Pt electrodes when observed by
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cross-sectional analyses. The grain sizes of the Pt are such that the roughness of these films (~20
nm) is greater than the thickness of the ultrathin niobium oxide coating (~5 nm). A subtle
difference in the height of the patterned islands of Nb,Os relative to the planar Pt electrocatalyst
can be seen in the compiled AFM image (Figure 2c). In contrast, the KPFM imaging readily
distinguishes the coated and pristine regions in these electrodes with its ability to differentiate the
work function between the two types of surfaces (i.e., Pt and Nb,0Os), generating a high-contrast
image. These analyses confirm that the patterned Nb,Os layers are sufficiently thick and conformal
to alter the electrical conductivity of the substrate. Exposed regions of Pt exhibited a KPFM signal
that was ~15 to 30 mV higher than that obtained for the areas coated by an ultrathin layer of Nb,Os.
This difference in KPFM signal was attributed to the higher work function of polycrystalline Pt

(5.64 eV) relative to that of bulk Nb,Os (5.2 €V).4>43
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Figure 1. Scanning electron microscopy (SEM) images of platinum (Pt) capped with patterned
niobium oxide (Nb,Os) films containing either (a,c) hexagonal arrays of circular holes in the Nb,Os
or (b,d) hexagonal arrays of circular islands of Nb,Os. The SEM images were obtained (a,b) before
and (c,d) after performing a durability test [i.e., 5,000 cycles of the applied potential from 0 to 1.3

V (vs. RHE) while immersing the electrodes in a sulfuric acid electrolyte].
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Figure 2. (a,c) Atomic force microscopy (AFM) images of the topography and (b,d) Kelvin probe
force microscopy (KPFM) maps of patterned, ultrathin Nb,Os coatings on polycrystalline, planar
Pt as observed after a series of electrochemical tests. These samples contained (a,b) arrays of

circular holes in the Nb,Os coating or (c,d) arrays of circular Nb,Os islands on the Pt. Height and
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Although the thickness of the Nb,Os layers could not be accurately determined by AFM
techniques, due to the ultrathin nature of these films and the roughness of the Pt electrodes,
additional techniques were utilized to confirm the composition and structure of these patterned
ultrathin coatings. A more accurate determination of the thickness of the niobium oxide coatings
was sought by preparing cross-sections of the Pt electrodes coated with an ultrathin, patterned
layer of Nb,Os. Sections from the sample were lifted out and thinned using focused ion beam (FIB)
assisted processes for analysis by transmission electron microscopy (TEM). Specifically, cross-
sections isolated from the samples were analyzed using scanning transmission electron microscopy
(STEM) and energy dispersive X-ray spectroscopy (EDS) techniques (Figure 3). An EDS map
displaying the overlapping elemental compositions (Figure 3d) further supports the formation of
an ultrathin coating of Nb,Os (in cyan) on the Pt electrode (in red). The Ir layer (blue) was used to

protect the sample’s surfaces during the FIB-assisted preparation of the thin cross-sections. The

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Nb,Os film deposited by ALD appears not to have an atomically precise thickness on the
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polycrystalline Pt electrodes. These electrodes were relatively rough as they were prepared by
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physical vapour deposition (PVD) techniques. This non-uniformity in the thickness of the niobium
oxide coating may result from the roughness of the Pt substrate and any trapped water present on
these surfaces during the ALD processes used to create the ultrathin coatings (Figure S4a). Another
study also observed non-uniformities in ultrathin (<5-nm thick) metal oxide films deposited by
ALD on metal substrates prepared by PVD. In this case, it was posited that the non-uniformity was
due to preferential deposition in valleys between the grains of the metal substrate.?> In contrast,
coatings created by ALD on atomically smooth surfaces, such as on faceted or finely polished

single-crystalline materials, can exhibit highly uniform and conformal coatings.** The highly

11
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textured surfaces of polycrystalline materials create features that could trap water or other species,
even under high vacuum processes.*> Ultrahigh vacuum and elevated temperatures are often
required to remove such surface residue.**4” Trapped water or residue on the surfaces could create
preferential sites for initiating niobium oxide formation. The observed non-uniformities in the
thickness of the coatings may also be influenced by the conditions required to create sufficiently
thin cross-sections for the STEM analyses (e.g., FIB milling procedures). These are relatively
minor features in the overall sample, though, as the fabrication and thin film deposition processes
used herein were sufficient to obtain highly regular arrays of patterned features and sufficiently
conformal coatings for both masking the electronic properties of the underlying Pt substrate
(Figures 2b,2d) and for the patterned coatings to adhere to the Pt throughout their subsequent
electrochemical treatment (Figures 1c,1d). The thickness of the Nb,Os layer, as estimated from the
EDS analyses, was 5 to 9 nm, thicker than the targeted thickness of ~3 nm. The actual thickness
of the ALD-prepared film is likely influenced by moisture or residue trapped at the surfaces and
the variable topography of the Pt substrate. There could also be overlapping signals from the Nb
and Pt due to the thickness of the cross-sections being proportional to the size of some Pt grains
(e.g., conformal niobium oxide coatings covering the surfaces of a Pt grain could lead to
overlapping signals during EDS analysis). In summary, this estimation of the film thickness is
likely to be overestimated. However, it confirms the presence of an ultrathin niobium oxide coating

on the polycrystalline Pt substrates and the conformal nature of these ultrathin films.
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Figure 3. (a-c) Individual and (d) overlapping elemental maps for the (a) Nb Ka, (b) Pt Lo, and
(c) Ir signals as obtained by energy dispersive X-ray spectroscopy (EDS) measurements of a cross-
section obtained from a Nb,Os coated polycrystalline Pt substrate. (e) A representative spectrum

obtained using EDS techniques with labelled transitions.
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Performance and Stability of Pt Electrodes Coated with Patterned Nb,Os Features

The performance and stability of the patterned coatings on the Pt electrocatalysts were
evaluated using a series of electrochemical techniques. The patterned niobium oxide coatings
increased the electrocatalysts’ hydrophobicity, as measured by their advancing and receding water
contact angles, relative to the pristine Pt electrocatalyst (Table S2). However, the Nb,Os modified
samples remained sufficiently hydrophilic to be efficiently wet by the electrolyte throughout these
electrochemical tests. The results of the electrochemical tests for the custom electrocatalysts coated
with patterned arrays of niobium oxide were compared to the performance of pristine, uncoated Pt
electrocatalysts. Before and after these electrochemical tests, each sample was characterized using
cyclic voltammetry (CV) to assess the electrochemically active surface area (Ac.s.). The surfaces
of the coated and uncoated samples were also probed with potassium ferricyanide to further
evaluate the accessibility of the Pt electrode. In addition, linear sweep voltammetry (LSV)
measurements were performed under oxygen-saturated conditions to study the electrodes’ activity
towards the oxygen reduction reaction (ORR). Analyses were conducted using electrochemical
impedance spectroscopy (EIS) to assess the charge transfer resistances and capacitances of each
sample. The series of electrochemical tests for each sample included subjecting these custom-
prepared electrodes to 5,000 cycles of an accelerated stress test to rigorously evaluate their
durability. These studies aimed to collectively understand the impact of applying patterned arrays
of ultrathin microscale features on the electrochemical performance of the Pt electrocatalyst, and
to specifically investigate variations in these effects on their ORR activity and Pt durability.

Results of the cyclic voltammetry analyses (Figure 4a) exhibit features associated with
hydrogen underpotential deposition (Hypp) on Pt (~0.05 to 0.4 Vryg) and Pt oxide reduction (~0.6

to 1.0 Vgyg) for each of the niobium oxide coated and the pristine, uncoated Pt electrocatalysts.
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As expected, the magnitude of the response decreases for the electrocatalysts with patterned
niobium oxide coatings compared to the same electrochemical features observed for the pristine,
uncoated Pt electrocatalyst. However, these differences in the CV plots for this series of
electrocatalysts became negligible after electrochemical cycling (Figure S5). The A, calculated
by integrating the hydrogen adsorption region, was initially smaller for the patterned electrodes,
decreasing with an increase in the surface coverage of the ultrathin coating of Nb,Os on the Pt
surface (Table 1). These results suggest that the Nb,Os layer had a measurable impact on the
accessibility of the electrolyte to the Pt catalyst. However, reagents are being transported through
the Nb,Os film to the catalyst surface, which is consistent with the observations made in prior
art.>!12 The observed decrease in A, due to applying the patterned coating was not equivalent to
the loss predicted solely based on the geometric surface coverage of these niobium oxide films.
For instance, relative to the pristine Pt, samples containing arrays of circular Nb,Os islands and

arrays of circular holes in a Nb,Os film contained ~65 % and ~30 %, respectively, of the Pt

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

electrocatalyst in direct contact with the electrolyte. In contrast, these samples retained ~84 % and

~77 %, respectively, of the A, relative to the pristine, uncoated Pt (each normalized by its
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respective geometric surface area). The trend in the A.., is mirrored in a plot comparing the
capacitance of each sample at the beginning of the electrochemical tests or beginning of test (BOT)
(Figure 4d). These results further support the decrease in A.., associated with a decrease in
exposed regions of Pt as determined by the lithographically defined templates used to pattern the
niobium oxide layers. The activity of the catalysts towards the ORR was evaluated from LSV plots
and EIS measurements. The results for the BOT in the LSV measurements exhibited similar
overpotentials across all types of electrodes, differing by less than 20 mV at -0.03 mA/cm?y,

(Figure 4b). The overpotentials were compared in the mixed diffusion and kinetic controlled region
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of the LSV (-0.03 mA/cm?,), the region of interest for ORR catalysts.*® These results may
indicate that the ultrathin films of niobium oxide are participating in the ORR as well, given that
niobium oxide and niobium oxide doped with Pt have exhibited some ORR activity.*’ On the other
hand, the Nyquist plots reveal striking differences between the three electrode morphologies
(Figure 4c). The coverage of Nb,Os has a substantial impact on the charge transfer resistance
towards the ORR. This impact can be easily visualized in the changes to the diameter of the semi-
circle of the Nyquist plots, which grows larger with increased coverage of Nb,Os.

The surfaces of the samples were probed with potassium ferricyanide via cyclic
voltammetry at different scan rates (Figure S6). The peak current of the pristine Pt catalyst
increased linearly with the square root of the scan rate, while the peak currents of the patterned
catalysts only linearly increased at scan rates up to 200 mV/s (Figure S7). At lower scan rates, the
CV plots are similar in shape and peak separation, regardless of whether a patterned coating is
present. Davies et al. observed similar results when studying electrodes that were patterned with
inactive regions.>® When the inactive zones are small and closely spaced relative to the radial
diffusion of the active species, as is the case for the Nb,Os patterned Pt electrodes, then the
patterned electrode behaves like a pristine electrode. Although it has been shown that ultrathin
niobium oxide layers are permeable to protons and oxygen in previous work,’ this could explain
the similarity in the CVs even if the ferricyanide ion is less able to penetrate the niobium oxide
layer. The CVs of the Pt sample patterned with an array of holes in the Nb,Os layer (i.e., a higher
surface coverage of Nb,Os) have smaller currents than the corresponding CVs of the other two
samples. This is likely a result of the much higher coverage of the Nb,Os in this sample [~70 %
coverage compared to ~35 % and 0 % coverage of the samples in (b) and (a), respectively]. The

ferricyanide probe is a larger molecule than the protons used to measure the 4., and so the lower
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current may be due to a lower permeability of the ferricyanide through the niobium oxide layer
than protons. Furthermore, as the scan rate increases, CV peaks of the patterned electrodes
broaden, and the peak current no longer increases linearly with the square root of the scan rate
(Figure S7). At higher scan rates, species have less time to diffuse radially to uncoated sections of
the electrode. If the niobium oxide did not pose a barrier to the ferricyanide probe, no decrease in
peak current would be observed at high scan rates since the electrode would remain accessible
regardless of the coating. However, the non-linearity in the peak currents observed in Figure S7 at
the highest scan rate for the coated samples suggests some blocking behaviour.’! The broadening
of the peak is evidence of a combination of the response of the electrochemical reaction occurring

at the surface of the bare Pt regions and at the regions of the Pt coated by niobium oxide.>°
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Figure 4. (a) A series of cyclic voltammetry plots corresponding to Pt catalysts (pristine or with
patterned Nb,Os coatings) before a durability test (BOT). (b) Linear sweep voltammetry plots
obtained with an O, (g) saturated electrolyte before (BOT, solid line) and after (EOT, dashed line)
this durability test. (c) Nyquist plots recorded at 0.9 Vyyg in O, saturated electrolyte at BOT (solid
symbols) and EOT (hollow symbols) with fits (solid lines) corresponding to the inset circuit. (d)
Capacitance plots derived from electrochemical impedance spectroscopy at 0.4 Vgyg in N, (g)
saturated electrolyte at BOT (solid symbols) and EOT (hollow symbols). Colours correspond to

bare Pt (black), and arrays of circular islands (red) or circular holes (blue) in a Nb,Os film on Pt.
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The impact of the patterned niobium oxide coatings on the catalyst stability was evaluated
by subjecting each of the electrodes to a 5,000-cycle stress test, as was also pursued in a previous
study of Nb,Os coated Pt catalysts.” After completing the conditioning and other aspects of the
BOT, the electrocatalysts were cycled from 0 to 1.3 V (vs RHE) at 200 mV/s while immersed in a
sulfuric acid electrolyte. The catalysts were subsequently characterized by additional
electrochemical measurements, and the results were compared with the properties of the catalysts
before this stress test. Overall, an increased coverage of Nb,Os improved the retention of the A,
in the electrocatalysts (Table 1). Rapid and repeated oxidation and reduction of Pt are known to
result in the formation of Pt oxides and Pt dissolution, which can lead to Pt re-structuring when
dissolved Pt ions re-deposit on the electrode surface.’>>3 This is the likely mechanism behind the
measured change in the 4., of the pristine Pt electrocatalyst. These results suggest that the Nb,Os
layer effectively stabilizes the Pt surfaces, potentially by preserving the size of the Pt grains and,

consequently, their 4..,. Potential changes to the grain size of the exposed polycrystalline Pt

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

relative to the Pt underneath the niobium oxide coating are not distinguishable by the microscopy
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methods used herein (Figure S4b—e). This trend could also result from losing the Nb,Os coating

(cc)

throughout the testing. Analysis of the coated samples pre- and post-AST by XPS did not suggest
a loss of the Nb,Os coating, as indicated by the intensity of the Nb 3d signal. Furthermore, SEM
imaging showed that the dimensions of the patterned features in the Nb,Os coatings closely match
those in the as-prepared samples (Figure 1). The substantial decrease observed in the charge
transfer resistance of the samples containing arrays of patterned holes in the Nb,Os films after the
prolonged electrochemical cycling was not the result of a loss of the Nb,Os coating (Table 1). The
decrease in the charge transfer resistance may also be attributed to Pt doping of the niobium oxide

coating, although evidence of this doping was not observed by XPS (Figure S8, Table S1). This
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doping could occur as Pt atoms were removed from the catalyst’s surfaces during the aggressive
oxidizing and reducing conditions of the stress test, subsequently migrating into or out of the
niobium oxide layer and re-depositing on the metal oxide surface. Migration of dissolved Pt ions
and subsequent re-deposition is a well-established degradation mechanism in hydrogen fuel cells.>*
The presence of Pt throughout the niobium oxide coating would explain the decrease in the charge
transfer resistance of the coated sample. Future analyses of cycled Pt catalysts with niobium oxide
coatings using Auger electron spectroscopy, a technique with a higher surface sensitivity than
XPS, may help detect changes in the composition and oxidation state of surface species. Since
some studies have shown little electronic interaction between Nb,Os and platinum,>>-*¢ this would
explain a lack of changes in the Nb 3d XPS spectrum and any changes in the Pt 4f spectrum may
have been overshadowed by the bulk Pt. Additional computational studies, coupled with further
experiments on Pt electrodes with niobium oxide thin film coatings, could help to elucidate the
mechanism behind these results.

The electrodes containing an array of Nb,Os islands on the Pt electrode also exhibited an
improved 4., retention relative to the pristine, uncoated Pt catalyst. Crucially, the samples with
niobium oxide islands exhibited no change in their charge transfer resistance throughout the
electrochemical tests. In contrast, the pristine Pt electrocatalyst showed a substantive increase in
charge transfer resistance. This increase reflects changes in the surface composition of the sample.
The increased charge transfer resistance is partially explained by normalization of the data to the
geometric surface area. The A, of the pristine Pt sample decreased by ~24 % after the durability
testing, and normalizing the EIS data to the 4., accounts for this change (Figure S9). Normalizing
the data to the A..s, does not result in any changes to the trend in the samples overall, though the

increase in the charge transfer resistance of the pristine Pt sample is less exaggerated. The cause
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of the remaining increase was studied via XPS analysis. The XPS spectrum of the pristine Pt post-
AST did not show clear evidence of the formation of resistive platinum oxides (Figures S10 and
S11, Table S1). However, sulfur was detected in the survey scan. Sulfur species are known to
negatively impact the ORR activity of Pt catalysts, and their presence would lead to an increased
charge transfer resistance. The presence of the sulfur was unexpected, as the conditioning cycles
conducted after the AST should have been sufficient to remove any contaminants from the catalyst
surface.’” This provides a further example of the benefit of the niobium oxide coating as an anti-
fouling coating since the sulfur was not detected in the coated sample post-ADT (Figure S11).

Table 1. Electrochemically active surface area (4..,) and charge transfer resistance (Rct) before
(BOT: beginning of test) and after (EOT: end of test) 5,000 sequential cyclic voltammetry scans
of a bare, uncoated Pt electrode (Pt), and samples coated with a patterned layer containing either

circular islands of Nb,Os or circular holes in a Nb,Os coating exposing the underlying Pt substrate.
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bare Pt BOT EOT change in BOT EOT
sample surface A (cM?  Aeesa (cM? Aeesa With Rer (Q  Rer (Q
area (%)  omZ,,)  omZg,)  cycling (%) CM7Pho)  CM7eo)
1.46 1.1

bare, planar Pt 100 4005 101 24+£5 106 £2 247+6

B . 123 0.988
Nb,Os islands on Pt ~65 L 0.02 4 0.007 -195+0.5 147+3 152+3

) 1.12 1.16
holes in Nb,O5 on Pt ~30 +3.72+0.06 2665 85+2

+0.01 +0.01
* Abbreviations: BOT = beginning of test (after conditioning and initial electrochemical cycling);
EOT = end of test (after extensive electrochemical cycling); A.., = electrochemically active
surface area; Rcr = charge transfer resistance.
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Conclusions

This paper successfully demonstrated the preparation and electrochemical performance of
Pt electrocatalysts containing ultrathin coatings of Nb,Os with distinct arrays of patterned features.
These ultrathin coatings of niobium oxide were prepared by atomic layer deposition, and the
patterns were prepared from these coatings using a combination of photolithography and wet-
chemical etching techniques. The resulting hexagonal arrays of features in the niobium oxide
coating enabled both a discernment of the influence of defects in this coating on the
electrochemical activity and durability of the Pt electrocatalysts, as well as tracking the regions
coated with niobium oxide to monitor changes in their properties as a function of electrochemical
cycling. The presence and thickness of these Nb,Os coatings were investigated using FIB lift-out
assisted methods and STEM and EDS analyses. The patterned features within the ultrathin coating
of niobium oxide were confirmed using KPFM and SEM techniques. The electrochemical activity
and durability of pristine, polycrystalline platinum electrocatalysts towards the ORR were
compared to two types of samples with patterned coatings of niobium oxide (i.e., one containing
a hexagonal array of circular holes and the other containing a hexagonal array of circular niobium
oxide islands). The features in these patterned niobium oxide coatings were found to be robust and
remained essentially unchanged after extensive electrochemical cycling. As expected, an increase
in the relative coverage of the Nb,Os layer led to a decrease in the initial 4.5, and an increase in
the charge transfer resistance. In contrast, the key finding for durability was that higher coverages
of the Nb,Os film substantively improved the retention of A, in the samples following the
stability test. These results point to the ability of these ultrathin metal oxide films to improve the

Pt electrocatalyst's stability.
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Experimental Methods
Fabrication of Platinum Substrate by Physical Vapour Deposition (PVD)

Polished silicon (Si) wafers were used as a substrate to support the Pt electrocatalysts
prepared by physical vapour deposition (PVD), as previously described.” Briefly, four-inch
diameter, p-type, test-grade, single-side-polished (100) Si wafers with a resistivity between 1 and
10 Q-cm were purchased from 4D LABS at Simon Fraser University (SFU). The Si wafers were
cleaned in a Class 100 clean room with a sequence of acetone, isopropyl alcohol, and oxygen
plasma (Technics, PEII-A) at 280 mTorr and 300 W of plasma to remove organic residue from the
surface for improved adhesion of the deposited films. Metal deposition was performed using a
PVD system (Kurt J. Lesker PVD75) with the chamber pressure <2.00 10 Torr. A ~5-nm thick
Cr layer was deposited using thermal evaporation to ensure sufficient adhesion between the Si
wafer and the Pt layer. Without breaking vacuum, the Pt layer was deposited using an electron

beam-assisted evaporation technique with a target thickness of ~200 nm. The thickness of thin

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

films during the deposition was monitored using a quartz microbalance (Sigma SQM-242)
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installed within the PVD system.
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Fabrication of Ultrathin Nb,Os Films by Atomic Layer Deposition (ALD)

Ultrathin films of Nb,Os were prepared via a thermally assisted ALD process using a
Cambridge NanoTech Fiji F200 in 4D LABS at SFU as previously described.” Briefly, the reaction
chamber was placed under vacuum and purged with high purity Ar gas (99.999%, Praxair). The
Pt-coated Si substrates (each measuring ~2 cm x 2 cm) were loaded into the ALD chamber for a
sequential reaction with tert(butylimino)tris(diethylamido)niobium (TBTDEN) and H,O as
precursors. The chamber and precursor temperatures were set to 250 °C and 65 °C, respectively,

and the pressure was held at 0.0156 Torr in the main chamber. The Ar carrier gas and Ar plasma
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flow rates were set to 60 sccm and 200 sccm, respectively. The TBTDEN was introduced into the
chamber for 1 s, followed by introducing argon gas for 0.5 s. After three of these cycles, the H,O
was introduced to the chamber for 0.06 s followed by a 0.5 s Ar gas purge. This process was
repeated a total of 270 times to achieve the desired target thickness. The growth rate for the Nb,Os
film was determined vide infra to be 0.1 A/cycle under these reaction conditions. The Nb,Os film
thickness was targeted to be 3 nm using 270 cycles.
Fabrication of Patterned Nb,Os Films via Lithography and Buffered Oxide Etching

The ALD thin films of Nb,Os covered Pt were further processed by photolithographic
techniques to create arrays of circular features (e.g., holes or islands) in the thin Nb,Os layer to
selectively expose portions of the underlying Pt surface. To create these periodic structures, a
photomask with the desired patterns was used to project the pattern onto the photoresist (PR) layer
upon the Nb,Os-coated Pt substrate. After developing the patterns in the PR coated substrates,
these samples were subjected to a wet chemical etch using a buffered hydrofluoric acid to
selectively remove the un-masked Nb,Os thin film to create the desired patterns. A schematic of
this process is displayed in Figure S1. The preparation of the Nb,Os patterns consisted of the
following steps: (1) wash the Nb,Os-coated Pt substrate thoroughly with isopropanol and
subsequently wash with deionized water; (2) bake the substrate on a hotplate at 110 °C for 1 min
to dehydrate the surface; (3) spin cast AZ® MiR™ 703 (Microchemicals, Germany) over the
substrate at 4500 rpm to create ~ 1-um thick film of PR; (4) bake the PR coated substrate at 90 °C
for 1 min to remove excess solvent from the film of PR; (5) expose the PR coated substrate using
a UV-mask aligner (OAI MB800) through a chrome/borate glass photomask (fabricated by 4D
LABS at SFU, Burnaby, BC, Canada) for a duration of 1.3 s; (6) bake the exposed PR at 110 °C

for an additional 1 min; (7) fully immerse the exposed PR into ~100 mL of AZ® 300 MIF developer
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(Microchemicals, Germany) for ~1 min; (8) rinse the substrate thoroughly with deionized water
and dry under a flow of filtered N, gas; (9) immerse the dried substrate into a solution of 10:1
Buffered Oxide Etchant (hydrofluoric acid based BOE, J.T. Baker, NJ, USA) for 30 s. Caution:
hydrofluoric acid is highly corrosive. The necessary safety protocols must be followed when
working with this acid; (10) rinse the etched substrate thoroughly with deionized water; (11) rinse
the substrate with 10 mL of isopropanol for ~10 s to remove the PR mask; and (12) rinse the
substrate thoroughly with deionized water and dry under a flow of filtered nitrogen gas.

Focused Ion Beam (FIB) Milling and Scanning Electron Microscopy (SEM)

The thickness of the Nb,Os films prepared by ALD was evaluated using a FIB lift-out
procedure with an FEI Helios Dual-Beam SEM located in 4D LABS at Simon Fraser University.
The method outlined in Eastcott et al. was followed herein.” Briefly, prior to milling and to protect
the surface with a material that would not interfere with the analysis of the sample (e.g., Pt), an

~16-nm thick layer of C and an ~20-nm thick layer of Ir were coated onto the sample with a Leica

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

EM ACE600 high-vacuum sputter coater. Finally, the gas injection system within the Dual-Beam
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SEM was used to deposit an additional protective layer composed of Pt through assistance with
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the FIB. A Ga ion beam was used to initially mill an ~10 pm x ~2 pm x ~3 um cross-section that
was further thinned to ~30 nm while attached to an Omniprobe copper lift-out grid.
Kelvin Probe Force Microscopy (KPFM) and Atomic Force Microscopy (AFM) Analyses

To examine surface topography and changes in work function for the ultrathin films
scanning probe microscopy techniques, including Kelvin Probe Force Microscopy (KPFM), were
performed using an MFP-3D-SA Atomic Force Microscope (Asylum Research) operating in an
AC mode using silicon cantilevers from Asylum Research (Electrilever Model no. AC240TM, f,

of 70 kHz, k of 2 N/m) with a Cr and Pt coating with thicknesses of 5 nm and 20 nm, respectively,
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and a tip radius of 28 nm. Images were acquired from scan areas of 40 um by 40 um with a scan
speed of 0.33 Hz and a resolution of 256 by 256. The images were analyzed using Igor Pro 6.22.
Water Contact Angle Measurements

The advancing and receding water contact angles were measured for each type of sample.

Ultrapure water (18.2 MQ-cm) was used for these measurements, applying 1 pL aliquots to the

same position on a sample to measure a series of advancing angles. The receding contact angle
measurements were obtained after removing 1 pL aliquots from this same position on the sample.
The reported contact angles were obtained by calculating the average and standard deviation from
approximately five advancing and four receding contact angle measurements, while including the
values measured on both sides of each droplet. In addition, each set of measurements was averaged
over two or three regions of the sample that had been in contact with the electrolyte solution during
the electrochemical measurements. These measurements were performed after electrochemical
cycling to investigate the differences in contact angles after any electrochemical activation of the
surfaces of each electrocatalyst.
X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy (XPS) based spectra were collected using a Kratos
Axis Ultra system equipped with a monochromatic Al Ka source and a delay line detector (DLD).
Measurement under high vacuum required the samples to be secured to a copper sample bar. The
survey scans were acquired over binding energies (BE) from 1200 eV to 0 eV and a flood gun was
used as a charge neutralizer. During data analysis, the binding energies of the high-resolution
spectra were calibrated to the adventitious C 1s peak at 284.8 eV and a Shirley fit background
subtraction was applied using CasaXPS software (version 2.3.16).

Half-Cell Electrochemical Analysis
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Electrochemical measurements were performed at 25 °C with a Metrohm Potentiostat
(Model PGSTAT 302N) using a three-electrode system in 0.09 M H,SO, (Reagent Grade, Caledon
Laboratory Chemicals) as the electrolyte. The three electrodes included a graphite counter
electrode, a reversible hydrogen electrode (RHE) as a reference electrode, and each Si wafer
supported catalysts as a working electrode. A flat Cu clip soldered to a Cu wire was used to attach
the working electrode to the electrical circuit. A region of ~1 cm x ~2 cm for each substrate was
submerged in the electrolyte. The geometric area of each electrode was held constant using an
epoxy coating (Devcon® 5 minute® Epoxy) on the remaining sections of the substrate. A pristine,
uncoated Pt electrocatalyst, prepared by the same PVD methods, was created to compare the
electrochemical activity and durability towards the ORR to the samples coated with a patterned,
ultrathin film of Nb,Os.

Nitrogen gas (Praxair, 99.998%) was introduced to the cell before electrochemical analysis.

To sufficiently evaluate the ability of Nb,Os to protect the Pt surface from degradation, an

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

accelerated stress test (AST) protocol was used to encompass a range of potential degradation

mechanisms. All voltages reported are versus the reversible hydrogen reference electrode. The
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sample was initially subjected to cyclic voltammetry (CV) with lower and upper vertices of 0.0
Vrue and 1.25 Vgyg, respectively, at a scan rate of 100 mV/s for 100 cycles to condition the
surface. The electrode was subsequently treated with 10 cycles over the same potential range at a
scan rate of 50 mV/s to determine the A, at the beginning of test (BOT) (i.e., after
electrochemical conditioning). The 4., for each substrate was calculated from an average of the
areas associated with hydrogen underpotential deposition or Hypp [obtaining an average from the
adsorption region (~0.4 Vgryg to 0.05 Vrye)] recorded in the final three consecutive CV scans at a

rate of 50 mV/s. In the calculation of the 4., the current arising from the double-layer capacitance
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was subtracted, and a conversion factor of 210 pC cm for Pt was employed to convert the charge
calculated from the region of Hypp into the A.., values for the Pt catalyst.’®>° Linear sweep
voltammetry (LSV) was performed at 5 mV/s from 1.1 Viyg to 0.2 Vgyyg under O, saturated
conditions before and after the 5,000 AST cycles. Electrochemical impedance spectroscopy (EIS)
measurements were collected at a DC bias potential of 0.4 Vryg across a frequency range of 100
kHz to 0.1 Hz under N, (g) saturated conditions and at 0.9 Vryg under O, (g) saturated conditions.
The finite transmission-line model developed by the Pickup group was used to analyze EIS data.®®
The AST consisted of cycling the sample from 0.0 Vgyg to 1.3 Vgyg at a scan rate of 200 mV/s for
a total of 5,000 cycles. Post-AST, all samples were characterized in fresh electrolyte and, after 100
scans, performed at a scan rate of 100 mV/s (0.0 Vguge to 1.25 Vgug). Electrochemical
characterization after the AST included slower CV scans, LSV, and EIS using the same parameters
as before the AST.

The pristine Pt and Pt coated with patterned Nb,Os layers were probed using potassium
ferricyanide. Cyclic voltammetry plots were recorded in 0.1 M KCI (Certified ACS, Fisher
Chemical) and 0.01 M K3Fe(CN)s (Kodak) from —0.2 Vag/agct t0 0.8 Vog/aec at scan rates of 500,

200, 100, 50, and 10 mV/s.
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