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Abstract Sputter glancing angle deposition (GLAD)
technique was used to fabricate 50 and 200 nm long tilted
Pt nanorods on glassy carbon electrodes with weight
loadings of 0.042 and 0.117 mg cm 2, respectively.
GLAD-tilted Pt nanorod electrodes were investigated as
potential electrocatalysts for proton exchange membrane
fuel cells utilizing cyclic voltammetry (CV) and rotating-
disk electrode (RDE) techniques in aqueous perchloric acid
(HCl104) to determine their oxygen reduction reaction
(ORR) activities and stabilities. The CV results demon-
strate that the tilted Pt nanorods electrocatalyst exhibits
more positive oxide reduction peak potential compared to
conventional carbon supported Pt particles (Pt/C), indi-
cating that tilted GLAD Pt nanorods are less oxophilic than
Pt/C. In addition, the multiple CV cycles in acidic elec-
trolyte showed that tilted Pt nanorods are significantly
more stable than Pt/C. Furthermore, specific ORR activities
of tilted Pt nanorods determined by RDE technique were
analyzed and compared to literature values of Pt/C and
vertically aligned Pt nanorod electrodes. The room tem-
perature RDE results revealed that tilted Pt nanorods
demonstrate higher area-specific activity than that of Pt/C
catalyst. The enhanced ORR activity of tilted Pt nanorods
is due to their large crystallite size and possible dominance
of the preferred crystal orientations for ORR. However, the
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tilted Pt nanorods showed lower mass-specific activity than
Pt/C electrocatalyst caused by the large diameters of the
tilted Pt nanorods. Overall ORR activity and stability of
tilted Pt nanorods were found to be comparable to those of
vertical ones.

Keywords Glancing angle deposition (GLAD) - Tilted Pt
nanorods - Nanostructured electrocatalysts - Proton
exchange membrane fuel cell (PEMFC) - Oxygen reduction
reaction (ORR)

1 Introduction

Oxygen reduction reaction (ORR) limits the efficiency of
the electrochemical energy conversion devices, ranging
from fuel cells to metal-air batteries, due to the slow
kinetics and thus it is of great interest to discover low cost,
high activity, and durable electrocatalysts [1]. Proton
exchange membrane fuel cells (PEMFCs) are attractive
power sources for electric vehicle application because of
their high-energy conversion efficiency, low operating
temperature, and low emissions [2]. While the overpoten-
tial for the anodic oxidation of pure hydrogen is negligible
even at high current densities due to facile H, oxidation
kinetics on platinum (Pt), the strong inhibition of the
cathodic ORR results in high overpotentials, thus requiring
high Pt catalyst loadings, which increase costs [1-3].
Typical anode and cathode electrocatalyst are composed of
Pt nanoparticles (3—5 nm in diameter) supported on high-
surface-area carbon black (Pt/C) [2]. Besides the issues
associated with Pt, there are additional performance issues
related to carbon support, including oxidation of the carbon
resulting in loss of Pt nanoparticles [4], formation of per-
oxide species leading to degradation of the polymeric
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membrane, and separation from the ionomer leading to loss
of catalyst electrochemically active surface area (ECA) [5].
Due to these limitations, extensive efforts are focused on
the development of high-performance, low-Pt-content,
durable, and carbon-free catalysts with stable support
materials [6-13].

The 3 M Company has demonstrated greatly enhanced
activity and durability of nanostructured thin film Pt (3 M
NSTF Pt) electrocatalysts composed of large-grained
polycrystalline Pt or Pt alloy thin films deposited on
encapsulating oriented crystalline whiskers of an organic
pigment [2, 7, 13-15]. The low volume of the organic
pigment catalyst support, relative to Pt/C, results in elec-
trodes that are over an order of magnitude thinner than
traditional Pt/C-based electrodes with equivalent Pt load-
ing, which is both a benefit and challenge of this design.
The challenge arises in the high volumetric rate of water
production, which can lead to issues with water accumu-
lation and freezing during transients and low-temperature
start-up, respectively [16]. Another issue inherent in the
NSTF electrocatalysts is the likely decomposition of the
organic whisker support, which limits the thermal pro-
cessing of these materials at higher temperatures [2, 7, 15].
Thermal annealing has been demonstrated to induce sub-
surface Pt to segregate to the surface, forming a core—shell
in Pt-base metal alloy catalysts leading to enhancement of
catalytic activity [17-20].

Porous nanostructured thin films with a well-controlled
surface morphology can be grown using a simple physical
self-assembly technique known as glancing angle deposi-
tion (GLAD) in which a vaporized particle flux arrives at
the substrate from an oblique angle of incidence. During
GLAD, there is a preferential growth on the islands of
higher height due to a “shadowing effect” of the obliquely
incident flux of atoms, which leads to the formation of
isolated nanostructured geometries [21]. Bonakdarpour
et al. fabricated titanium (Ti) nanocolumns on glassy car-
bon (GC) disks using GLAD [7]. The Ti nanocolumns were
used as supports for Pt thin films deposited at a normal
incidence angle (8 = 0°). While the reported ORR-specific
activity (500 pA cm ™2 at 0.9 V) of these catalysts is lower
than that was reported for the 3 M electrocatalyst (3 M
NSTF Pt), this activity is higher than that of the conven-
tional Pt/C electrocatalyst. On the other hand, Gasda et al.
deposited platinum catalyst layers onto gas diffusion layer
(GDL) substrates by GLAD and tested them as cathodes in
PEFCs [8]. Their results suggest that the GLAD technique
combines the advantages of thin film electrodes and the
ability to fabricate porous electrodes allowing the efficient
reactant flow especially for high current density operations.
Gasda et al. have extended this approach to normal-inci-
dence-angle-deposited Pt on chromium nitride (CrN)
nanoparticles [9], patterned carbon nanorods [10], and
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electrochemically etched carbon nanorod array supports
[11]. Compared to the 3 M NSTF Pt, one of the potential
drawbacks of the above approaches [7-11] is that Pt tends
to accumulate mainly on the tips of relatively dense
nanoparticle/nanorod/nanocolumn supports, which results
in lower catalyst utilization and dissolution of base metal,
which in some cases can lead to complicated redox pro-
cesses and deactivation of the electrode for ORR.

The design and fabrication of multicomponent nanos-
tructures with different morphologies by GLAD have been
reviewed by He and Zhao [21]. Recently, we have used
the GLAD technique to grow vertically aligned Pt
nanorods [13] and Pt thin films coated on Cr nanorods [2].
These nanorod structures were supported on glassy carbon
for evaluation of ORR activity using the rotating-disk
electrode (RDE) technique in aqueous acidic electrolyte.
Our studies showed enhanced ORR activity and stability
of GLAD Pt nanorods compared to conventional Pt/C
catalysts. The enhanced activity was attributed to large
crystallite size, single-crystal property, and the dominance
of Pt(110) crystal planes on the nanorod sidewalls
reported to be the most active face for ORR in perchloric
acid electrolyte [12, 13, 17, 23]. More recently, we have
also utilized GLAD technique to fabricate platinum—
nickel (Pt-Ni) alloy nanorod arrays on glassy carbon
electrodes [15]. The ORR mass-specific activity of the Pt—
Ni alloy nanorods was found to be a factor of 2.3-3.5
higher than that of pure Pt nanorods of the same dimen-
sions and increase with increasing Ni content, whereas
ORR area-specific activity enhancement was only
observed for the nanorods with the highest Pt content. In
addition, the Pt-Ni alloy nanorods were found to have
higher stability against loss of ECA during potential
cycling than Pt nanorods and conventional high-surface-
area-carbon-supported Pt nanoparticles.

By utilizing GLAD, it is furthermore possible to grow
non-supported nanostructures of Pt and Pt alloys of dif-
ferent shapes, controllable sizes, compositions, and mor-
phologies. This could also address some of the issues
inherent in supported thin film structures (e.g., 3 M’s
NSTF catalysts) and also impart catalytic enhancement
based on the ability to control the surface termination to the
most active crystal planes for ORR. In this paper, we have
used the GLAD technique to grow tilted Pt nanorod array
electrocatalysts on glassy carbon substrates for the evalu-
ation of the electrocatalytic ORR activity. Scanning elec-
tron microscopy (SEM), 6-26 scan, and pole-figure X-ray
diffraction (XRD) have been utilized to study the mor-
phology and crystallographic structure of the tilted Pt
nanorods. Cyclic voltammetry (CV) and RDE experiments
were performed at room temperature in acidic medium to
characterize the ORR activity and electrochemical stability
of the tilted Pt nanorods.
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2 Experimental work

The tilted Pt nanorods were deposited on glassy carbon
(GC) inserts (5 mm OD x 4 mm thick, Pine instrument,
NC) and silicon (Si) wafer pieces by DC magnetron sputter
GLAD technique (Excel Instruments, India). The sche-
matic of the GLAD experimental setup is shown in Fig. 1.
The tilted Pt nanorod arrays-coated Si substrates were
utilized for SEM and XRD analyses. The base pressure is
2.5 x 107° Torr that was achieved using a turbo-molecular
pump backed by a mechanical pump. The Si and GC
substrates were mounted, at the same time, on a sample
holder located approximately 12 cm away from Pt target
(disk-shaped source) of diameter 2.54 cm. During Pt
deposition, the sputter power was 150 W with an ultrapure
Argon (99.99 % purity) working gas pressure of 3.0 motor.
Thickness and deposition rate of the deposited film were
measured utilizing a quartz-crystal microbalance attach-
ment (QCM, Inficon-Q-pod QCM monitor, crystal: 6 MHz
gold coated standard quartz). The Pt deposition rate was
further confirmed using SEM analysis to measure the
length of the nanorods after various deposition times. A
growth time of 6 and 24 min resulted in 50 nm and 200 nm
long nanorods arrays, respectively. Pt nanorods were
deposited at an oblique angle deposition of 6 = 85° (with
respect to substrate normal) on the substrates. For Pt
loading measurements, the tilted Pt nanorods were depos-
ited, in a separate run, directly on QCM substrate and
loading values were determined by comparing the oscilla-
tion frequencies of the blank and the coated crystal.

The surface morphology of the tilted Pt nanorods was
investigated using SEM analysis (FESEM-6330F, JEOL
Ltd, Tokyo, Japan). Crystallographic structure of the
nanorods was determined using 0—260 X-ray diffraction
(XRD, Bruker D8 discover) and pole-figure XRD. The
0—20 XRD scan method is a versatile technique for the

Sputter Target

Substrate tilt
control

Quartz Crystal
Microbalance

QCMm) ) l
Substrate
holder

Fig. 1 A schematic of the glancing angle deposition (GLAD)
technique used for the fabrication of titled Pt nanorod arrays is shown

study of crystal orientations perpendicular to the substrate
plane (i.e., orientation of crystal planes parallel to the
substrate surface or, in other words, “texture”) of thin films
and nanostructured coatings. On the other hand, XRD pole-
figure analysis provides information on the angular
dependence of a specific crystal orientation over angles
ranging from 0° (perpendicular to the substrate plane) to
about 90° (parallel to the substrate plane) [13, 24, 25]. In
our study, XRD pole-figures of Pt(100), Pt(110), and
Pt(111) were performed using a step size of the azimuth
aglen A¢ = 3° (¢ = 0-360°) and 1° for the range of y
values of 0°-50° and 60°-90°, respectively, with a step size
of 10°.

The electrochemical measurements (CV and RDE) were
performed in deaerated and oxygen-saturated 0.1 M
HCIO, (GFS Chemical, Inc., VERITAS double-distilled
in >18 MQ-cm ™" Millipore water) at room temperature for
characterizing the catalyst ORR activity of the tilted Pt
nanorod array electrocatalysts using a three-electrode cell
and a potentiostat (Pine Instrument, bipotentiostat
(AFCBP1), Raleigh, North Carolina). The electrochemical
cell was composed of a working electrode of a glassy
carbon disk on which tilted nanorods were deposited, a
platinum wire counter electrode mounted in a separate
fritted compartment, and Ag/AgCl used as reference
electrode. The measured potential of this reference elec-
trode was converted against reversible hydrogen electrode
(RHE) and all potential reported in this experiment with
respect to RHE. Both the nitrogen (N,) and oxygen (O,)
gasses used were ultrahigh purity (99.99 %). An inter-
changeable, removable glassy carbon disk (5 mm
OD x 4 mm thick) of an electrode (RDE, 6.5 mm ID,
7.5 mm OD, Pine Instruments, NC) was used as a substrate
for preparing Pt nanorods electrodes. The geometric area
of the glassy carbon disk-working electrode was approxi-
mately 0.196 cm?.

For CV measurements, the working electrodes were
scanned between 0.05 V and 14 V at a scan rate of
100 mV s™' in nitrogen (99.99 % purity, Air Gas)-satu-
rated 0.1 M HCIO, to electrochemically clean (activate)
the electrode surface. The activation was completed when
the CV profile reached a steady state, typically after fifty
cycles. The working electrodes were then scanned within
the above potential range at 50 mV s~' for two to three
cycles to obtain CVs to be used for background subtraction
and ECA determination. The working electrodes were also
cycled numerous times (~2000 cycles) in the 0.6-1.4 V
range at 50 mV s~ to test the stability of the electrodes in
the acidic environment. This test was followed by two
cycles in the low potential range (0.6 to 0.05 V) to obtain
the hydrogen adsorption (Hypq) charge used for estimating
the ECA. The ECA losses were calculated by comparing
the ECA values before and after the potential cycling. For
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the evaluation of ORR kinetics, CVs were recorded
between 0.05 and 1.4 V at a scan rate of 20 mV s~ ' in
oxygen (99.99 %, Air Gas)-saturated 0.1 M HClO, at
room temperature and an electrode rotation speed of
1600 rpm. To eliminate the effect of pseudo-capacitive
currents on the calculated ORR activities, the background
currents obtained using nitrogen-saturated 0.1 M HClO,
were subtracted from the currents obtained in oxygen-sat-
urated electrolyte. The reported ORR activities were
obtained from the positive-going potential sweep of the
CVs.

3 Result and discussion

Figure 2 shows top and cross-sectional SEM images of the
tilted Pt nanorod arrays of (a) 50 and (b) 200 nm in lengths.
As illustrated in Fig. 2, Pt nanorod arrays deposited by
GLAD technique have an isolated, tilted aligned mor-
phology. In the initial stages of GLAD growth, the number
density of the rods is large and the rods have diameters
ranging from 5 to 15 nm. However, as the rods get longer,
they also grow in the lateral direction to diameters up to
30 nm. During this stage, the average gap between the rods
also changes with increasing length from an initial gap of
5-10 to 20-30 nm.

The structure of the 50 nm long tilted Pt nanorods seems
less isolated compared to 200 nm nanorods. Figure 2a
reveals that the 50 nm nanorods hardly show tilt direc-
tionality in both top and cross-sectional view SEM images.
Contrary to their vertically aligned Pt nanorod counterparts
[13], as they get longer, their diameters seem to stay almost
constant. This means a larger surface to volume ratio can
be obtained compared to vertical Pt nanorods, which can
greatly enhance-mass-specific electrochemical activity. On
the other hand, the gaps perpendicular to the growth
direction are much smaller than the gaps in the flux
direction, which reaches 100 nm lengths, as seen in
Fig. 1c. This isolated nature of the rods in lateral directions
leads to a channeled porosity aligned in the tilted direction
to the substrate surface. This geometry can greatly help the

effective transport of oxygen molecules to the catalyst
sites.

A conventional QCM setup was used to measure the Pt
loading of the tilted Pt nanorod samples. Using the
Sauerbrey’s equation:

2 2
A\/Pgly

where Af is the frequency change (Hz), f, is the resonant
frequency (Hz), Am is the mass change (g), A is the
piezoelectrically active crystal area (0.3 cm?), pq is the
density of quartz (pq = 2.643 g cm ), and Uq is the shear
modulus of quartz for AT-cut crystal (uq = 2.947 x 10"
g cm~ ' s7%). The weight loadings of 50 and 200 nm tilted
Pt nanorods were measured to be about 0.042 and
0.117 mg cm ™2, respectively. The mass loading is an
important parameter for calculating the electrochemical
active surface area (ECSA) as well as the porosity of the
electrodes. The porosity of Pt nanorods was calculated to
be 61 and 58 % for 50 and 200 nm nanorods, respectively.

The XRD patterns of the tilted Pt nanorods deposited on
Si substrates are shown in Fig. 3. It was observed that the
crystal orientations of Pt nanorod arrays are quite different
from that of a polycrystalline continuous film, which was
deposited at normal incidence by otherwise using similar
deposition conditions as the tilted Pt nanorods. The XRD
results reveal that the tilted Pt nanorods have almost an
even distribution of peaks along in the (111), (200), (220),
and (311) directions, whereas thin film has a dominant
(111) orientation. The Pt(111) is the energetically favorable
growth plane of Pt films. The orientations in tilted Pt
nanorods also differ from their vertical nanorod counter-
parts where the vertical nanorods have a tendency to grow
in [200] as the nanorod length increases. The formation of
energetically unfavorable texture during GLAD is believed
to be due to lower adatom mobility and faster vertical
growth rate of some crystal orientations. The islands of
these directions can grow longer, shadowing others, and
giving way to the novel texture of the Pt nanorods. Some
crystal orientations have enhanced electrochemical activi-
ties compared to others, and therefore controlling of texture

Af =— Am (1)

Fig. 2 Top view and cross-section SEM views of tilted Pt nanorod arrays grown at lengths of a 50 and b 200 nm
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Fig. 3 X-ray diffraction (XRD) profiles of conventional Pt film,
50 nm tilted Pt nanorods, and 200 nm tilted Pt nanorods. Data is
offset for clarity

may positively affect the performance of fuel cell
electrodes.

In our previous study [26], we showed that GLAD Pt
nanorods are highly hydrophilic enabling penetration of
aqueous electrolyte and/or ionomer into the nanorod arrays,
and interaction of the electrolyte with not only the tips, but
also with the high-surface-area nanorod sidewalls as well.
Therefore, we have measured the crystal orientations of the
tilted Pt nanorods’ tips and sidewalls utilizing XRD pole-
figure analysis. Figure 4 shows the XRD pole-figure mea-
surements of tilted Pt nanorods for Pt(111), Pt(100), and
Pt(110) planes. From SEM images, the tilt angle of the
nanorods was measured to be about 45°-55° from surface
normal of the substrate. Because the Pt sputter flux is
coming from right hand side in Fig. 4 (columns are tilted to
the right), it was observed that there is a strong peak, which
corresponds to the crystal plane Pt(111), located at ~40°
(Fig. 4a). Since Al and Pt have both fcc structure, similar
trend was concluded by Deniz et al. [27], who observed
that the (111) peak of aluminum nitride thin films was tiled
toward the incoming flux.

Based on the fact that the nanorod sidewalls take the most
portion of nanorod surface area and therefore are expected to
react more with the electrochemical solution compared to
other portions of the nanorod, it is important to determine the
crystal orientations on the nanorod sidewalls. These side-
walls face up at an angle of about ~45° to the left from the
center of the poles (i.e., to the left along the horizontal x-axis
in Fig. 4). Figures 4a and c show that there is a (110) peak
close to 55° on the left and there are two (111) peaks at
about ~ 35°also close to the left axis. The Pt(100) plane also
has peaks at about 40° on the left half of the poles as shown in
Fig. 4b, but they are farther away from the left horizontal
axis. These (100) peaks are closer to the upper and

Nanorod tilt direction —>

Pt (111) »

3 L 1)
n
1
L)
56
48
40
L F)
24

16

0

(b)

Pt (110) 95
87

7
71
63
56
4B
40
2
24
16

Fig. 4 XRD pole-figure results for a Pt(111), b Pt(100), and
¢ Pt(110) planes for 200 nm long tilted Pt nanorods
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lower portions of y-axis, which correspond to the sidewalls
of the nanorods perpendicular to the incident flux direction.
However, along that direction nanorods are more closely
spaced (Fig. 2), which might block the easy passage of
electrochemical solution. Therefore, it is believed that the
crystal plane (110) and (111) are expected to dominate the
electrochemical activity while (100) would be the least;
(110) > (111) > (100). It was reported that the ORR elec-
trocatalytic activity in perchloric acid electrolyte for differ-
ent crystal planes of Pt follows the following trend
Pt(110) > Pt(111) > Pt(100), with relative ORR activities
of approximately 1.5, 1.2, and 0.6 as compared to poly-
crystalline Pt [13, 15], which align well with the order of
existing crystal orientations in our tilted nanorods.

The CV and RDE measurements were performed on 50
and 200 nm long tilted Pt nanorods, which have Pt loading
of 0.042 and 0.117 mg cm™2, respectively. During CV
measurement, the GLAD tilted Pt nanorod array electrodes
were scanned between 0.05 to 1.4 V in oxygen-free 0.1 M
HCIO, at a scan rate of 50 mV s~' at room temperature.
The CV profile of the titled Pt nanorods shows hydrogen
adsorption/desorption peaks between 0.05 and 0.4 V, the
double layer capacitive current plateau (0.4-0.6 V), and the
Pt hydroxide/oxide peaks (0.7-1.0 V).

These tilted nanorods exhibited adsorption and desorption
of hydrogen on glassy carbon electrodes representing the
presence of pure Pt surface responsible for electrocatalytic
reactions. Generally, the peaks at approximately 0.11 V can
be assigned to (110) and at 0.2-0.4 V to (100) surfaces, while
the (111) terraces give a constant Hy,q current over this
region. As shown in the CV for the titled Pt nanorods in O,-
free electrolyte, the tilted Pt nanorods have an oxide-reduc-
tion peak potential of 0.82 V. This potential is 40 mV more
positive than the oxide reduction peak observed for Pt/C
[13], indicating that the tilted Pt nanorods are less oxophilic
than Pt/C. On the other hand, it is nearly identical to the peak
potential for oxide reduction of vertically aligned GLAD Pt
nanorods as well as polycrystalline Pt [13].

The ECA of the tilted Pt nanorods was determined by
integrating the charge in the hydrogen adsorption region
derived from CV profiles between the double layer region
and the onset of hydrogen evolution, after subtracting the
double layer charging current, and using the following
equation to convert this charge to ECAs [1]:

QH—Adsorption (C) 105
2 =) 2
210uCemp;” Lp (mgpem=2) Ay (cm?)

(2)

where Qy (210 pC cm ™) is the charge of full coverage for
clean polycrystalline Pt, Lp ¢, is the working electrode Pt
loading (mgp, cm™~?), and A, is the geometric surface of the
GC electrode (0.196 cm?). The results show that the ECAs

ECAPt,cat (ngl;tl ) -
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of 50 and 200 nm long tilted Pt nanorods with Pt loadings
of 0.042 and 0.117 mg cm™ > are 14.6 and 14.9 m* g~ ' Pt,
respectively (Table 1). In contrast to our observations on
vertically aligned Pt nanorods [13], which showed a
decrease in ECA with increasing nanorod length, the rel-
atively close values of ECA of the 50 and 200 nm tilted Pt
nanorods indicate their enhanced wetting property com-
pared to vertical nanorods (Fig. 5).

The 50 and 200 nm long tilted Pt nanorod electrodes
were scanned multiple times O,-free 0.1 M HCIO, in the
potential range of 0.6-1.4 V at a scan rate of 50 mV s~ to
evaluate the potential durability of the tilted Pt nanorod
electrodes during PEMFC load cycling. Figure 6 reveals
that the 50 and 200 nm long Pt nanorods retained 76 and
80 % of their initial ECAs, respectively. These results
indicate that the tilted Pt nanorods are more stable than Pt/
C electrode during potential region and acidic environment
relevant to the PEMFC cathode. The electrochemical sta-
bility of the tilted Pt nanorods is almost similar to their
vertical nanorod counterparts [13].

The ORR activity of the tilted Pt nanorod electrodes
was determined using the RDE technique and CVs taken
at 20 mV s~' in O,-saturated 0.1 M HCIO, electrolyte.
The anodic-going traces of these CVs are shown in Fig. 7.
The onset of the ORR occurred at 1.06 V and the CVs
exhibit the typical mixed kinetic-diffusion controlled
region from 0.8 to 1.0 V and diffusion-limited current
region from 0.2 to 0.8 V. The diffusion-limited current
densities for 50 and 200 nm tilted Pt nanorod electrodes,
normalized to geometric surface area of the RDE tip, are
within 10 % of the theoretical diffusion limiting current
(5.7 mA cm™?) expected for a rotation rate of 1600 rpm,
O,-saturated room temperature electrolyte, and a four-
electron reduction [15]. This agreement indicates uniform
and complete coverage of the GC disks with catalyst and
minimal effects of inhibition of oxygen diffusion through
the thickness of the nanorod layer [1, 3, 28]. It should be
noted that the relatively lower diffusion limiting current
for 50 nm long tilted Pt nanorods may be attributed to the
much lower Pt loading (0.042 vs 0.117 mgp, cm™?)
leading to reduced coverage of the glassy carbon disk
with nanorods.

The ORR electrocatalytic activities of the tilted Pt
nanorod electrodes are reported as area-specific (SA) and
mass-specific (MA) activities extracted from the back-
ground-corrected RDE profiles using the well-known mass-
transport correction for RDE measurements [3, 28, 29]:

ix = (ijim ¥ 0) (3)

(itim — ©),
where i is the measured current at a specified potential, ij;,
is the measured limiting current, and i; is the kinetic
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Table 1 Summary of the evaluated electrocatalytic activity (area-specific and mass-specific activities at 0.90 V) of tilted Pt nanorods catalyst
with different lengths in 0.1 M HCIO, and comparison to the literature values for various Pt-based catalysts

Method  Sample Pt loading ECA T (°C) Scan rate (mV s™') SA MA Ref.
(mgem™)  (m? g™ (pA em™) (A mg™h
090V 0.90 V
RDE 50 nm long tilted Pt nanorods 0.042 14.6 25 20 810 0.120 This work
RDE 200 nm long tilted Pt nanorods 0.117 14.9 25 20 715 0.106 This work
RDE 50 nm long vertical Pt nanorods 0.040 13.0 20 10 632 0.080 [13]
RDE 200 nm long vertical Pt nanorods 0.160 12.0 20 10 1080 0.130 [13]
TF-RDE 20 % Pt/C 0.020 60.0 20 20 288 0.180 [13]
157 50 nm Tilted 06 (a) 50 nm Tilted Pt Nanorods
~ ; 1_0_. Pt Nanorods ) g 0.4_.
o [=2}
.5 1 0.2 4
g 0.5 1 g ]
T o0- < 00
2 .05 E. 021
2 ® 041
£ § o]
g -15 ‘ £ sl — Initial; 1.21 cm’
5 1 200 nm Tilted g 7o — — After 2000 cycles; 0.92 cm’
O -2.0 A Pt Nanorods 3 104
] o 107
2.5 re— T T T T T -1.2 T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 00 02 04 06 08 1.0 1.2 1.4 1.6
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Fig. 5 Room temperature CVs in O,-free 0.1 M HCIO, at a scan rate 15 -
50 mV s™' of 50 and 200 nm long tilted Pt nanorods, which ~ (b) 200 nm Tilted Pt Nanorods
correspond to Pt loading of 0.042 and 0.117 mg cm™2, respectively ‘s 10 ]
S 0.5
S ]
. . < 00
current. The assumptions for extracting i; from the RDE £ 1
data using Eq. (3) are valid over the current range of 0.1 = -0'5__
him < i < 0.8 i;m [3]. Specific activities can be determined 2’ -1.0 1
by calculation of iy using Eq. (3) and normalization to 3 15
measured Pt ECA and Pt loading. The area- and mass- e 90
specific activities for 50 and 200 nm long tilted Pt nanor- g T Initial: 3.4 cm?
ods at 0.9 V are reported in Table 1. It was found that the o '2-5'_ — — After 2000 cycles; 2.72 cm’
50 nm tilted Pt nanorod electrode exhibits higher SA and 3.0 ——— —

MA than those of 200 nm long tilted Pt nanorod electrode.
The lower SA and MA activities of 200 nm tilted Pt
nanorods are caused by the larger diameters and incom-
plete wetting compared to shorter nanorods. This obser-
vation is also supported by the ECA calculation shown
above. The other reason may be attributed to the fact that
the enhancement of ORR activity is a function of the rel-
ative abundance of active surface Pt planes as discussed
above in analyzing XRD pole-figure.

The reported values of SA and MA activities at 0.9 V
taken from literature [13] for vertically aligned Pt nanorods
and Pt/C electrodes are also reported in Table I for

— 1 T T T T T T T
00 02 04 06 038 1.0 1.2 14 1.6
Potential / V vs. RHE

Fig. 6 Room temperature CVs of a 50 and b 200 nm long tilted Pt
nanorods over first cycle and 2000 cycles at scan rate of 50 mV s—h
Data were recorded in O,-free 0.1 M HClOy4

comparison. The higher SA activity of tilted Pt nanorods
compared to Pt/C electrode has been attributed to the large
Pt crystallite size resulting in average coordination num-
bers of surface Pt and corresponding surface electronic
properties approaching those of polycrystalline [3].
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Fig. 7 Room temperature RDE profiles of 50 nm and 200 nm tilted
Pt nanorods in oxygen-saturated 0.1 M HCIO4 at a scan rate of
20 mV s~ and rotation speed of 1600 rpm

However, the large crystallite size of the tilted Pt nanorods
catalysts results in a lower ratio of surface to bulk Pt atoms
and a concomitantly lower MA activity than Pt/C catalyst
as shown in Table 1 (It should be noted that the average
nanorod diameter, which was estimated from SEM analy-
sis, is referring to an approximate crystallite size). In our
previous work [13], we concluded that both a catalyst
loading that is too high (400 nm long vertically aligned Pt
nanorods) as well as too low (50 nm long vertically aligned
nanorods) must be avoided; the 200 nm long Pt nanorods
showed better ORR electrocatalytic activity. While, the
50 nm long tilted Pt nanorods showed higher SA and MA
activities compared to 200 nm tilted Pt nanorods as well as
their 50 nm long vertically aligned Pt nanorod counter-
parts. It is also comparable to the activity of 200 nm long
vertically aligned Pt nanorods with relatively lower SA.
The ORR activity enhancement of 50 nm tilted Pt nanorods
may be attributed to the enhanced roughness of the single
nanorod and possibly a preferential exposure of certain
crystal facets. On the other hand, the incomplete wetting of
the nanorods due to the poorer porosity as shown in the
SEM images (Fig. 2) compared to 50 nm tilted Pt nanorods
as well as 200 nm vertical Pt nanorods possibly causes the
poorer electrocatalytic activity of 200 nm tilted Pt
nanorods.

4 Conclusion

Tilted Pt nanorod arrays were grown on glassy carbon
electrodes using a magnetron sputtering GLAD technique.
The electrocatalytic activities for the ORR in PEMFC s on
tilted Pt nanorods were investigated using CV and RDE
techniques in aqueous perchloric acid electrolyte. The

@ Springer

tilted Pt nanorods were found to have higher stability
against loss of ECA during potential cycling than con-
ventional high-surface-area-carbon-supported Pt nanopar-
ticles (Pt/C); however, it is comparable with the stability of
the vertically aligned Pt nanorod counterparts. The area-
specific activities of tilted Pt nanorods were found to be
higher than that of Pt/C due to their larger crystallite size
and possible existence of the preferred Pt crystal planes
such as Pt(110). However, the tilted Pt nanorods exhibit
lower mass-specific activity than that of Pt/C catalyst,
mainly due to the large diameter of nanorods. This work
shows that the unsupported nanostructures produced by
GLAD technique have the potential to further enhance the
mass-specific activity toward ORR in fuel cells by con-
trolling the area density, spacing, nanorod diameter, and
crystallographic orientation.
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