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Fundamental Electrochemical Insights of Vertically Aligned
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Three-dimensionally (3D) architectured carbon supports have received great attention for fuel cell catalysts. However, the
complicated structure makes the assessment of catalytic properties difficult using the conventional rotating disk electrode (RDE)
method. This paper reports a systematic study on oxygen reduction reaction (ORR) with ion-beam sputtered Pt catalyst (at Pt
loadings of 6.5-43 pg cm ™) on a vertically aligned carbon nanofiber (VACNF) array, consisting of conically stacked graphitic
microstructures. The RDE studies reveal that thick 3D architecture of VACNFs exhibits enhanced limiting current density that
deviates from the Levich equation for conventional thin-film catalysts. Nevertheless, useful information can be derived from RDE
experiments with such systems. Molecular models representing VACNFs have been constructed to explore their capacity as
catalyst supports for ORR. Platinum atoms form strong bonds at the open graphitic edges in VACNF, corroborating the role of
VACNEF in stabilizing Pt. Density Functional Theory (DFT) calculations further elucidate the two-electron and four-electron ORR
pathways on the bare VACNF and Pt/VACNF catalysts, respectively. Furthermore, the Pt/VACNF catalysts show enhanced
tolerance to methanol oxidation and a higher ability to recover from carbon monoxide poisoning in comparison to the benchmark
Pt/C catalysts. These results provide critical insights for developing future high-performance electrocatalyst supports.
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Low-temperature fuel cells (LTFCs) are attractive environmen-
tally friendly alternatives to fossil fuel powered devices.'™ It
directly converts oxygen and fuels into HO at moderate tempera-
tures to release electrical energy. Even though the overall reaction is
thermodynamically favored, the sluggish kinetics leads to the high
electrochemical overpotential and low power density.> To enable
broader impacts, the power density and durability of LTFCs need to
be significantly improved and the cost needs to be reduced. Highly
efficient electrocatalysts are key to achieving these goals.
Particularly, the electrocatalytic oxygen reduction reaction (ORR)
is one of the important reactions occurring in LTFCs.>* ORR
proceeds by a direct four-electron (4-e~) reduction pathway to form
H,O (in acidic media) or OH™ (in alkaline media), or by a less
efficient two-step two-electron (2-e¢~) reduction pathway involving
the formation of corrosive intermediate species H>O, (in acidic
media) or HO, ™ (in alkaline media).>~> Platinum (Pt) nanoparticles
(NPs) supported on Vulcan carbon, denoted as Pt/C, is the most
effective ORR catalyst.>*° However, the high cost and limited
supply of Pt poses severe challenges for broader applications. In
addition, the current Pt/C catalyst suffers from poor durability, CO
poisoning, and methanol crossover reactions (in direct methanol fuel
cells (DMFC)—a type of LTFC).” As a result, there is a strong
demand to improve these properties.>>%!! This study focuses on
exploring vertically aligned carbon nanofiber (VACNF) arrays as
unique carbon-based catalyst support for Pt catalyst, with an
emphasis on understanding its fundamental electrochemical proper-
ties in ORR using a rotating disk electrode (RDE) and its capability
in improving Pt catalyst’s tolerance to methanol crossover.

Vulcan carbon support in commercial Pt/C catalysts is so far
quite successful. However, in the presence of oxygen at high
electrode potentials, carbon corrosion occurs, leading to the detach-
ment of Pt NPs from the carbon support and decline in fuel cell
performance.'?"'* One of the approaches in solving these issues is to
develop highly gra}ghitic carbon materials as novel catalyst supports,
such as graphene,'”™'7 carbon nanotubes (CNTs),'®!'? carbon nano-
fibers (CNFs)?°? and carbon NPs.? These carbon materials exhibit
higher chemical stability, high specific surface area, large structural
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variety, tailorable surface chemistry, wide potential window, and
high electrical conductivity,'®** which can reduce carbon corrosion
and improve the durability of Pt NPs. Some studies indicated that Pt
deposited on CNT or CNF supports also show higher CO
tolerance.>*® In most studies, these CNT or CNF supports are in
the form of randomly stacked networks. A few studies explored
vertically aligned organic whiskers as catalysts support in so-called
nanostructured thin-film (NSTF) catalysts.”’2° Such vertically
aligned structures allow the deposition of a low Pt mass (at
~0.1-0.22 mg cm~2) via simple ion sputtering,”’° which has
been found to present higher activity than the commercial Pt/C
catalysts. Tian et al.>® further explored vertically aligned CNTs
sputtered with ~35 pgcm ™2 Pt in membrane electrode assemblies
(MEAs) and the hydrogen fuel cell made of such MEAs matched the
performance of the Pt/C catalyst with 10 times of Pt loading. In
another direction, Gong et al.” reported that vertically aligned
nitrogen-doped CNT arrays can serve as a metal-free catalyst with
superior catalytic activities.

While the above results are encouraging, it still lacks a good
understanding of the fundamental electrochemical properties of such
3D electrodes in ORR. This is challenging because the large
thickness and the porous 3D structure are substantially different
from the conventional thin-film RDE electrodes (<200 nm) in ORR
studies. It is noteworthy that voltammetry measurements with RDE
are an essential technique for evaluating ORR electrocatalysts due to
the low O, solubility in electrolytes (~1.2mM) and sluggish
kinetics. The well-defined hydrodynamic conditions based on the
Levich equation enable deconvolution of mass transport and kinetic
effects and thus allow determination of the electrochemical kinetics
and ORR mechanisms.”' These cannot be achieved with other
electrochemical techniques such as cyclic voltammetry (CV) or
full cell studies. Herein, we present a systematic study using a well-
defined model system, i.e. vertically aligned carbon nanofiber
(VACNF) arrays, an interesting vertical 3D architecture with
conically stacked graphitic microstructures. Density functional
theory (DFT) calculations further support the electrocatalytic proper-
ties of Pt/VACNF derived from RDE measurements. We believe that
this fundamental understanding would provide important insights to
guide the design and characterization of future 3D architectured
catalyst supports.
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In this study, we prepared VACNF arrays using a DC-biased
plasma-enhanced chemical vapor deposition (PECVD) system’*>?
and used it as a 3D architectured support for ion-beam sputtered Pt
catalysts. The overall ORR catalytic activity, tolerance to methanol
crossover, and recovery from CO poisoning were evaluated. It is
noteworthy that many studies in literature reported similar materials
such as vertically aligned CNTs’ or MWCNTs,”?? referred as
“VACNTSs.” Here we use the terminology “VACNFs” following
the relevant previous studies®>™* to stress two important differences
from those VACNT materials. First, in a typical VACNEF array, each
nanofiber freely stands on the conductive substrate with an areal
density of 1 x 10° CNFs cm™ 2 (corresponding to an average inter-
fiber distance of ~340 nm). Such an open structure allows Pt to be
sputter-deposited from above and spread along the full length of
individual nanofibers, hence enabling effective utilization of the Pt
catalyst. In contrast, the VACNTSs have about 4 to 10 times higher
areal density, smaller diameter (20-30 nm) and larger length (30 to
1000 pm). Thus, VACNTSs are wavy and heavily entangled, giving
much smaller open space that can be accessed directly from above.
Second, VACNFs consist of graphitic cones stacked on top of each
other along the fiber axis and present a high density of graphitic edge
sites at the sidewall.>*32° This is critically different from the
graphite basal plane-like sidewall in CNTs or amorphous structure in
common pyrolytic carbon nanofibers. These exposed graphitic edges
act as the active sites and are expected to improve the durabilitzf of Pt
catalysts as demonstrated with materials of similar structures.?*3¢-7
DFT calculations based on the atomic model of conically stacked
VACNF structure successfully validates the stronger binding be-
tween Pt and graphitic edges and illustrates the molecular ORR
pathways. Furthermore, the 3D architectured Pt/VACNF catalyst
presents interesting new phenomena in RDE studies and displays a
notable resistance to methanol oxidation reaction and a higher
capability to recover from CO poisoning.

Experimental

Materials.—Graphite papers (0.2 mm thick) were purchased
from Toyo Tanso USA, Inc. (Troutdale, OR). The commercial Pt/
C catalyst (20 wt% Pt on Vulcan XC-72) was purchased from Alfa
Aesar (Tewksbury, MA). The 5 wt% Nafion” solution and methanol
were purchased from Sigma-Aldrich (St. Louis, MO). Potassium
hydroxide (KOH) of ACS grade was purchased from Fisher
Scientific (Hampton, NH). All aqueous solutions were prepared
using ultrapure water (18.2 MQ.cm at 25 °C) from a Millipore water
system (EASYPURE II, Thermo Scientific, Waltham, MA).

Preparation of Pt/VACNFs.—A graphite paper (GP) of 1 x 1
inch® was coated with a nominal thickness (equivalent to the film
thickness on a flat surface) of 22 nm nickel film as the catalyst for
VACNF growth using a high-resolution ion beam coater (Model
681, Gatan Inc., Pleasanton, CA). VACNFs were grown on the
graphite paper using a PECVD system (Black Magic, AIXTRON,
Santa Clara, CA) following the previously reported procedure.**3338
Initially, the pretreatment process was performed by heating the Ni-
coated graphite substrate to 500 °C in 250 sccm NHj at a pressure of
3.9 Torr for 150 s followed by a 40 W DC plasma treatment for 60 s.
The combined effects of thermal dewetting and NH; plasma etching
broke the Ni film into randomly distributed Ni NPs that catalyzed the
growth of uniform VACNFs in a tip growth mode.**** These Ni
NPs play a major role in determining the diameter and areal density
of the VACNFs. After the pretreatment, a mixture of NHjz (250
sccm) and acetylene (63 sccm) was introduced as the precursors at
750 °C at a pressure of 4.6 Torr. The plasma power was kept at 45 W
for 30, 60, and 90 min to obtain VACNFs with an average length of
5, 8, and 11 pm, respectively. Pt of 99.99% purity was deposited on
the as-grown VACNFs using the high-resolution ion beam coater
under a pressure of 2 x 10~ Torr. The sample stage was inclined at
an angle of 5° and rotated at a constant speed of 15 rotations per min
(rpm) to ensure uniform deposition. The deposited rate was

controlled at 0.5 A s~!. The deposition was precisely controlled to
the nominal thickness of 3, 5, 10, and 20 nm, respectively, using an
in-situ quartz crystal microbalance (QCM) and was further validated
with scanning electron microscopy (SEM). The error of the nominal
thickness is generally lower than 5%.

Characterization.—The surface morphology of the as-grown
VACNF arrays was characterized by a Field-emission SEM
(FESEM) (Versa 3D Dual Beam, FEI, Hillsboro, OR) at a 15-kV
accelerating voltage. The microstructure of the PU/VACNF was
analyzed using field-emission scanning/transmission electron micro-
scopy (S/TEM, FEI Tecnai F20 XT, Hillsboro, OR) at a 200-kV
accelerating voltage. Elemental analysis and mapping were done
using energy-dispersive X-ray spectroscopy (EDS) in the S/TEM.
Raman spectra were obtained using a DXR Raman microscope
(Thermo Scientific, Waltham, MA) at an excitation laser wavelength
of 532 nm.

Electrode preparation—A RDE with a glassy carbon disk of
3.15 mm diameter (0.078 cm? area) in a 12 mm diameter polyether
ether ketone (PEEK) shroud was used for characterizing the
catalysts. The Pt/VACNF on graphite paper was punched into
6.0 mm diameter discs and attached on the RDE using a conductive
silver paste followed by drying at 70 °C before use. The Pt/VACNF
electrode with 3, 5, 10, and 20 nm nominal Pt thicknesses have a Pt
mass loading of 6.5, 10.8, 21.5, and 43 pg cm™ 2, respectively. For
comparison, the commercial Pt/C catalyst was deposited onto the
RDE as a conventional thin-film electrode from a catalyst ink. The
standard ink solution consisted of 5.0 mg of the commercial Pt/C
catalyst dispersed in 2.5 ml water, isopropanol and Nafion (at
200:49:1 volume ratio) mixture and was sonicated for 1h before
use. About 5.0 pl of this ink solution was dropcast on the RDE
electrode to give a Pt loading of 25.6 g cm™ 2. After drying at the
room temperature, it forms a uniform thin catalyst film. For other Pt
loadings, the concentration of the Pt/C ink was adjusted proportion-
ally.

Electrochemical measurements.—The electrochemical proper-
ties and the catalytic activity of the Pt/VACNFs were studied using a
CHI 760D electrochemical workstation (CH Instruments, Austin,
TX) and a rotating ring disk electrode controller (RRDE-3A, ALS
Co., Ltd., Japan). For comparison, the commercial Pt/C catalyst was
also examined under the same conditions. The electrochemical tests
were done in a three-electrode configuration consisting of the
catalyst-coated RDE as the working electrode, a coiled Pt wire as
the counter electrode, and a mercury-mercuric oxide (Hg/HgO)
electrode with 1.0M NaOH filling solution as the reference
electrode. The electrolyte for most studies was 0.10M KOH
solution. For direct comparison with literature, the measured
electrode potential (vs Hg/HgO) in this electrolyte at 25 °C is
converted to the value vs the reversible hydrogen electrode (RHE),
by adding 0.907 V. Cyclic voltammetry (CV) was conducted
between 0.3V and —0.9V (vs Hg/HgO) at a scan rate of 50 mV
s~ !. Linear sweep voltammetry (LSV) from 0.2 V to —0.5 V (vs Hg/
HgO) at a scan rate of 10 mV s~ ' was carried out with the RDE at
the rotation speed from 500 to 3,000 rpm. The details in converting
potentials vs different reference electrodes, derivation of the limiting
current density J;,,, the half-wave potential £, and electrochemical
surface area (ECSA) are described in sections 1 to 3 and Figs. S1 and
S2 in the Supporting Information (available online at stacks.iop.org/
JES/167/066523/mmedia). The accelerated stress test (AST) was
carried out by performing continuous potential cycling between
0.293 V and -0.307 V (vs Hg/HgO), i.e., between 1.2 V and 0.6 V vs
RHE as used in the literature,‘9 at a scan rate of 100 mV s~ for
5,000 cycles. Ar or O, was purged into the solution depending upon
the type of measurements. CV curves and ORR polarization curves
were collected at various cycle intervals during the AST to record
the degradation of the electrocatalysts.
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Computational methods.—Spin-polarized density functional
theory (DFT) calculations were performed using the Vienna Ab
initio Simulation Package (VASP).40 The Generalized Gradient
Approximation (GGA) Perdew—Burke—Ernzerhof (PBE) functional
was used to account for the Kohn-Sham electron exchange-correla-
tion interactions.*' The prOJector augmented wave (PAW) method
was used to represent the ionic cores.*> A cut-off for the plane wave
basis set expansion up to 400 eV was used for all calculations. The
break condition for the self-consistent iteration was set to be 1 x
107% eV. Tonic relaxation was stopped when the forces on all atoms
are smaller than 0.05 eV/A. Monkhorst-Pack-based k-point meshes™*
were employed. The relaxed lattice constants for bulk graphite
obtained from this setting are a = b = 2.47 A and ¢ = 6.80 A, and in
very good agreement with reported literature values of 2.46 A, and
6.78 A, respectively.** Moreover, Grimme’s DFT-D3 method was
used to account for the dispersion interactions.*

DFT models.—The semi-periodic fishbone models (periodic
along the carbon edge) were built by cleaving the graphite layers
to represent the VACNF architecture. Given the large diameter of
the VACNF (~50 to 250 nm), the small curvature of the VACNF
was neglected in this model.*® The dangling bonds at the broken
graphitic edges at the VACNF sidewall were passivated by OH
groups, which are energetically favorable in alkaline conditions. The
deposited Pt NPs were located at the graphitic edge sites. The Pt
atoms interacted with the open-edge C atoms directly. Furthermore,
Pt structures with different numbers of atoms, from Pt to Pt,,, were
constructed. It was shown that the formation energies (per Pt atom)
converged (within 0.06 eV) at Pt;,, which was thus selected for the
modeling of ORR pathways.

Results and Discussion

Catalyst/support design.—Scheme 1 shows the design of the
ORR catalyst, where the hierarchical architecture of VACNFs is
used as the catalyst support. This open vertically aligned 3D
structure is significantly different from the commercial Pt/C catalysts
in which the catalyst nanoparticles and carbon supports are tightly
packed in a random fashion and bound through Nafion ionomer.
Moreover, the microstructure of the VACNFs consists of a stack of
conical graphitic cups on top of each other, providing abundant

+OH"

broken graphitic edges at the sidewall. The vertical array feature and
the internal graphitic stacking of the VACNFs are illustrated by
FESEM and TEM images in Fig. 1. The red lines in Fig. lc are the
visual guide of the stack of a few representative graphitic sheets. The
broken graphitic ed§es at the sidewalls are known to be the active
ORR catalytic sites,”* which helps to anchor the Pt NPs (Figs. 1d and
1f). Panels (c) and (d) of Scheme 1 illustrate the atomic cross-
sections of the proposed conically stacked VACNF architectures that
are generated by cutting graphite crystal along the (I 1 10) facet.

After sputtering Pt atoms onto the VACNF arrays, it formed Pt
NPs firmly attached to the exposed edge sites (as pointed by the red
arrows in Fig. le). The large spacing (~300 nm) between the
neighboring VACNFs allows the Pt NPs to spread along the fibers
and reach till the bottom. The catalytic activities of the bare
VACNFs and Pt/VACNFs have been studied systematically to
reveal the contributions of each component. It is noteworthy that
this vertically aligned architecture is free of Nafion binder, which
facilitates faster mass transport of O, via diffusion into the open
structure during RDE measurements as shown in Scheme 1. In
contrast, in conventional ORR catalysts, O, molecules have to
diffuse through the Nafion binder to reach Pt/C catalyst inside the
film, thus requiring very thin films (<200 nm). These differences
make it necessary to modify the algorithm to extract useful
information from RDE experiments with the thick 3D catalyst
architectures comparing to conventional thin-film catalysts. To
make it clear, the methods to derive critical ORR catalytic
parameters such as the limiting current density (Jy;,), half-wave
potential (Ej,), and electrochemical surface area (ECSA) are
defined in sections 1-3 and Figs. S1 and S2 of the Supporting
Information.

Structural characterization of the Pt/VACNF catalysts.—The
FESEM images of the as-grown VACNFs presented in Figs. 1a and
1b show that the VACNFs are firmly attached to the surface of the
graphite paper (GP) in a uniform vertical alignment and are fully
separated from each other. The VACNFs are randomly distributed
with the average inter-fiber spacing of ~340 nm (corresponding to
an areal density of ~1 x 10° CNFs cm ?). The diameter of
VACNFs spreads from 50 nm to 250 nm with the average value
of ~150 nm and the length ranges from 5 ym to 11 pm depending

Pt/VACNF

After Pt

Sputtering
—

Scheme 1. Schematic illustration of the catalyst structure: (a) bare VACNFs, (b) PUVACNFs, (c) the atomic cross-sections of the conically stacked VACNF
architectures that are generated by cutting graphite crystal along the (1 1 10) facet, and (d) Pt nanoparticles bound to the graphitic edges of the VACNFs.
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Figure 1. FESEM images of VACNEF at (a) low magnification and (b) high magnification; (c) a low-magnification TEM image of a bare VACNF; TEM images
of P/VACNF (10.8 uig cm?) at (d) low magnification, () higher magnification, and (f) highest magnification showing the lattice fringe of the graphitic layers.
The red boxes in panels (d) and (e) indicate the selected area for the next enlarged TEM images.

on the growth time as shown by the cross-sectional FESEM images
in Fig. S3. This unique brush-like structure is different from the
dense and entangled vertically aligned CNTs in other studies.”%*®
In VACNF arrays, each CNF consists of a stack of conical graphitic
cups under the Ni catalyst NPs as shown in Fig. 1c. The basal planes
of the graphitic layers are stacked and buried inside the VACNFs
leaving mainly the edge sites exposed at the sidewall. The Ni
catalyst presents in the form of an “inverse teardrop” at the tip of
each VACNEF and acts as a cap to the bamboo-like hollow core. The
Ni NPs were found to have no effects on the ORR catalysis in
control experiments after removing them by soaking in 0.10 M
HNOj;. The TEM image in Fig. 1d shows the tiny Pt NPs deposits on
the sidewall of the VACNF array by ion-beam sputtering at a
nominal thickness of 5 nm (corresponding to 10.8 g cm ™2 Pt
loading relative to the geometric surface area). The enlargement of
the indicated region (in red rectangle) is given in Fig. le, which
together with the histogram in Fig. S4a indicate that the Pt NPs have
an average diameter of ~1.1 nm. The high magnification TEM
image shown in Fig. 1f displays the lattice fringes with d = 0.34 nm,
which confirms the graphitic nature of the VACNFs.

Since the individual fibers are well separated, the sputtered Pt can
reach deep into the 3D structure. Tilting the substrate surface normal
at an angle of 5° off from the incoming Pt flux was found to give the
most effective Pt deposition onto the VACNF array. Increasing the
nominal thickness of the Pt deposition was found to increase the Pt
nanoparticle size on the VACNEF sidewall, as confirmed by the TEM
images in Fig. S4. The average diameter of the Pt NPs is 1.14 + 0.25,
1.69 = 0.50, and 3.10 = 0.43 nm for the 5, 10, and 20 nm nominal
thickness (corresponding to the Pt loading of 10.8, 21.5, and
43 pg cm™2), respectively. These sizes are in the right range for
highly active Pt catalysts.*” Above 20 nm nominal Pt thickness, the
deposited Pt NPs start to extend into secondary nanowhiskers
anchored on the VACNFs. The high-angle annular dark-field
scanning transmission electron microscope (HAADF-STEM) and
the EDS elemental mapping in the selected region of a sample
deposited with 5 nm nominal thickness of Pt (Fig. S5) further reveal
the uniform distribution of Pt NPs on the VACNEF surface. The wt%

of Pt on the Pt/VACNEF can be calculated by estimating the mass of
carbon present in the VACNFs and the amount of Pt deposited on
the VACNFs. The mass of carbon in the VACNFs can be calculated
from the average structure observed by FESEM (Figs. 1a, 1b and
S3b), giving ~177 ug cm™ 2 for a VACNF array with 5 pm average
length and 150 nm average fiber diameter. As the Pt loading
increases, the wt% of Pt on VACNEF increases. The wt% of Pt on
VACNFs are estimated to be ~3.5, 5.8, 10.8, and 19.8 wt% for the
Pt loading of 6.5, 10.8, 21.5, and 43 g cm ™2, respectively.

It needs to emphasize that the internal microstructure of VACNFs
are critically different from multi-walled carbon nanotubes
(MWCNTs) in literature,”® which is reflected by the drastically
different Raman spectra in Fig. S6. The VACNEF array shows a much
stronger D-band peak at 1341 cm ™!, whose intensity is close to that
of the G-band peak at 1580 cm™'. The 2D band shifts up to ~2850
cm™" and becomes much broader. These evidences indicate that
more sp> carbon present in the VACNFs, most likely at the broken
graphitic edges on the sidewall of VACNFs, which is consistent with
the conical stacked graphitic structure revealed by the TEM images
in Figs. lc—1f. The uniform vertical alignment, much lower areal
density and free of entanglement between the neighbors make it
possible to deposit Pt more uniformly along the VACNFs instead of
accumulating near the tips.*

Assessment of the fundamental electrocatalytic properties of Pt/
VACNF in ORR.—The electrocatalytic activity of the 3D architec-
tured catalysts was first evaluated with CV in Ar-saturated and
O;,-saturated 0.10 M KOH solution. Figs. 2a and 2b are representa-
tive CVs of the commercial Pt/C catalyst with a Pt loading of
25.6 ugem 2 (denoted as 25.6 Pt/C) and in-house prepared Pt/
VACNF catalyst with a Pt loading of 21.5 ug cm ™2 (denoted as 21.5
Pt/VACNEF), respectively. The current density is relative to the
geometric area of the working electrode. In Fig. 2a, the reduction
peak at —0.2 V (vs Hg/HgO) in Ar corresponds to reducing Pt oxide
to Pt whereas the reduction peaks between —0.45 V and —0.75 V
correspond to the hydrogen underpotential deposition (UPD) on the
Pt surface. The increased reduction current observed at potentials
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Figure 2. Cyclic Voltammetry of (a) Pt/C (25.6 ug cm™2) and (b) PUVACNF (21.5 ne cm™2) recorded in Ar-saturated (black line) and O,-saturated (blue line)
0.10 M KOH solution at a scan rate of 50 mV s~ '; LSV curves recorded at a scan rate of 10 mV s~ and a rotation speed of 1,600 rpm in O,-saturated 0.10 M
KOH solution for (c) various VACNF catalysts (with a Pt loading of 0, 6.5, 10.8, 21.5 and 43 pig cm~2) and (d) bare graphite paper, bare VACNF, Pt on graphite
paper (43 pg cm ™), PYVACNF (43 ne cm™2) and PY/C (51.2 ne cm ). The purple dashed lines mark the zero current density.

below 0.0 V (vs Hg/HgO) in O,—saturated solution is attributed to
ORR. The 21.5 Pt/VACNF catalyst in Fig. 2b shows similar ORR
and hydrogen adsorption features, but they are superimposed on a
higher baseline current due to the larger capacitive current. The CVs
for Pt/VACNEF at other Pt loadings in Fig. S7 shows similar features.
As the Pt loading increases, the oxygen reduction and hydrogen
UPD current density increases.

The CV curves indicate that the Pt/VACNF has about 50% higher
capacitance contribution compared to the Pt/C catalyst. The high
capacitive contribution of Pt/VACNF catalysts arises mainly from
the graphite paper that is used as the substrate to grow VACNFs.
Fig. S8a presents the CV curves in Ar-saturated 0.1 M KOH for bare
GP alone and those of VACNFs grown on GP with PECVD growth
time of 30, 60 and 90 min. The capacitance relative to the geometric
surface area of these electrodes is summarized in Figs. S8b and S8c.
The bare 200 pm thick graphite paper has a very high capacitance of
10080 + 105 pF cm 2 which is about 50% higher than the
capacitive background of Pt/C catalyst. After the VACNFs are
grown on the substrate, the capacitance is slightly higher, and it
increases with the VACNF length. With 11 pm long VACNFs
(90 min growth time), the capacitance increases by ~11% compared
to the bare graphite paper. Table SI summarizes the length and
capacitance for just VACNFs after correcting the contribution from
bare graphite paper. The baseline of the CV in Pt/VACNF shows a
slope about two times of that of the Pt/C catalyst (see Figs. 2a and
2b), indicating a smaller ohmic resistance of the Pt/VACNF
electrode due to the larger surface area and absence of Nafion
coating. It is noted that the graphite paper substrate obscures some
details of CVs and it gets difficult to extract the ECSA for low Pt

loadings. But for 20 nm nominal thickness of Pt (43 pg cm™2) on the
VACNTFs, the ECSA was estimated to be 23.5 m? gf1 as shown in
Fig. S2. This is lower than the 28.6 m”> g~' obtained with
commercial Pt/C, which is mainly due to the larger Pt NPs on the
VACNEF tip surface which approximately accounts for about ~20%
of the deposited Pt in proportion to its geometric surface area. More
uniform Pt distribution and higher ECSA can be achieved in the
future using other deposition techniques like atomic layer deposition
(ALD).

The linear sweep voltammetry (LSV) curves of the bare VACNF
and Pt/VACNF catalysts (at 6.5, 10.8, 21.5, and 43 pg cm 2 Pt
loading) recorded with the RDE from +0.20 V to —0.50 V (vs Hg/
HgO) at a rotating speed of 1,600 rpm in O,-saturated 0.10 M KOH
is shown in Fig. 2c. All LSVs in the O,-saturated solution present
the characteristic sigmoidal curves indicating the formation of the
steady-state. However, compared to the commercial Pt/C catalyst,
the baseline in the diffusion-controlled region is slanted downward
to the negative potential. Nevertheless, the limiting current density
Jiim and the half-wave potential E;,, can be derived from each LSV
curve by extrapolating the linear segments as described in Fig. S1 of
the Supplementary Information. Table I summarizes the J;,, (back-
ground-corrected) and E,, (vs both Hg/HgO and RHE) for different
catalysts. Quantitatively, the capacitive current arising from the
VACNF structure and the GP in Pt/VACNF is similar in both CV
and LSV measurements and can be calculated from the total
capacitance derived from Fig. S8a. It was found to be only about
—0.1mA cm 2 in the LSV curve in Fig. 2c, which is negligible
compared to the measured ORR limiting current density (~6 mA
cm™ °). The LSV of 43 Pt/VACNEF recorded in the absence of O, (in
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Table I. Summary of the limiting current density J;,, (background-corrected) and half-wave potential E,, for different catalysts. The LSVs in Ar-
saturated electrolyte is subtracted from the ORR LSVs measured in O,-saturated electrolyte before quantitative analyses.

Catalyst Jiim (mA/cmz) E,; (V vs Hg/HgO) E;» (V vs RHE)
Bare GP 1.2 —0.291 0.616
Bare VACNF 35 —0.247 0.660
6.5 Pt/VACNF 6.3 —0.118 0.789
10.8 Pt/VACNF 6.5 —0.102 0.805
21.5 P/VACNF 6.6 —0.091 0.816
43 Pt/VACNF 6.7 —0.086 0.821
43 Pt/GP 5.8 —0.131 0.776
51.2 Pt/C 5.7 —0.045 0.862

Ar-saturated solution) shows only a small maximum current density
of —0.2 mA cm ™2 at —0.50 V (vs Hg/HgO) (indicated by the orange
solid line), which accounts for the total contribution from surface
redox reactions, ohmic current, and capacitive current. This is
subtracted from the ORR LSVs in data analyses. It is clear that
the LSV curves of P/VACNF samples slightly vary with the Pt
loadings at low values but almost superimpose on each other when
the Pt loading is above 21.5 ugcm 2. Interestingly, the bare
VACNF/graphite paper alone also shows a sigmoidal curve, but
the much lower J;;,,, and > 120 mV negative shift of £}/, than the Pt/
VACNEF catalysts indicates that the bare VACNF arrays act as an
inefficient ORR catalyst, possibly through the 2-e~ reduction
pathway.

It is noteworthy that the J;,, values (6.3-6.7 mA cmfz) of all the
Pt/VACNF catalysts are higher than the value of ~5.7 mA cm >
determined by the Levich equation at 1,600 rpm for the benchmark
system, i.e. the conventional ultrathin Pt/C catalyst films. To reveal
the reasons, systematic LSV experiments were performed with the
bare graphite paper (GP), bare VACNFs grown on GP, and VACNFs
on GP sputter-coated with 43 pg cm 2 Pt. The LSV data in RDE
experiments are systematically compared with the commercial Pt/C
thin film catalyst at 51.2 ug cm~> Pt loading. As shown in Fig. 2d,
the 51.2 g cm™2 PY/C catalyst shows an ORR J;;,, = 5.7 mA cm™>
which matches the theoretical value and exhibits an expected E/,, =
—0.045 V vs Hg/HgO (i.e. 0.862 V vs reversible hydrogen electrode
(RHE)). These benchmark characteristics validate that the experi-
mental conditions are appropriate.

Interestingly, even the bare GP shows a low ORR activity (Jy;,, =
1.2 mA cm™ ©) at lower potentials with E;, = —0.291 V vs Hg/HgO
(0.616 V vs RHE). After the growth of VACNF arrays on the GP,
the ORR current substantially increases to Jy;,, = 3.5 mA cm 2 and
the LSV curve positively shifts to £, = —0.247 V vs Hg/HgO
(0.660 V vs RHE). After sputtering 43 1g cm ™2 Pt onto the VACNF
array, the ORR J;;,, value jumps up to ~6.7 mA cm™ 2, exceeding the
theoretical value for thin-film Pt/C catalysts by ~18%. In the
meantime, the LSV curve significantly shifts to higher potentials
with E1/2 =-0.086 V vs Hg/H O (0821 V vs RHE) The E1/2 value
of Pt/VACNF with 43 pug cm™~ Pt loading is only 41 mV lower than
the commercial Pt/C catalyst with 51.2 ugcm 2 Pt loading. For
comgarison, the bare GP (without VACNFs) sputtered with 43 ug
cm™ “ Pt gives much more negative E,, = —0.131 V vs Hg/HgO
(0.776 V vs RHE). It is noteworthy that the current density at E <
—0.2 V is much higher than the theoretical limiting current density
(~5.7 mA cm 2 at 1,600 rpm) by the Levich equation and is slanted.
Using the linear extrapolating method in Fig. S1, the Jj;,, value is
determined to be 5.8 mA cm 2 matching well with the theoretical
value. The more positive E;,, value of Pt/VACNF in comparison
with Pt/GP confirms that the VACNFs are able to support the
majority of the Pt NPs, leading to the ORR activity comparable to
the well-dispersed commercial Pt/C system. However, it is sur-
prising that both Pt/GP and Pt/VACNF (grown on GP) give high J;,,
values exceeding the diffusion limited theoretical value obtained for
Pt/C thin films. Understanding the fundamental principles behind
this phenomenon is critical for design and electrochemical studies of

future 3D catalyst supports. So far, little efforts have been made to
reveal the unique RDE features of the 3D catalyst films.

ORR catalysts are normally studied by drop-casting a uniform
thin film (<200 nm) of the catalyst material onto the inlaid RDE.
The vertically aligned 3D catalyst support is much thicker (5-11
pm) and poses a highly porous open structure. Thus, it is
substantially different from the conventional Pt/C system. Also, as
shown in Fig. S9a, it is necessary to mount the VACNF arrays along
with the GP substrate onto the RDE to retain the intact vertically
aligned structure. Similar methods have been reported in other
studies using polymer transferring films,”** but the processes
were not easy to control and it was hard to quantify the RDE
voltammetry data. Alternatively, some studies use recessed RDEs
for the non-conventional porous materials.’'”' However, this
approach also has its limitations such as larger ohmic resistance
and altered hydrodynamics due to the large recessing depth
(typically > 500 pm). Hence it is necessary to explore RDE studies
using the raised VACNEF array electrodes as illustrated in Fig. S9a.

Here we systematically link the observed RDE voltammetry
results with all the possible structural factors illustrated in Fig. S9a.
First, the silver paste used for mounting the VACNF/GP disk onto
RDE was found to have a negligible contribution towards the ORR.
There is no measurable difference in LSV curves between the bare
glassy carbon RDE and that applied with the Ag paste. Second, the
bare GP substrate did increase the baseline current. A peak current of
~1.2mA cm™? is observed with the bare GP disk in Fig. 2d, which
increases with the rotation rate. This low ORR is at rather negative
potentials. Third, after growing VACNFs on the GP disks, LSV
shows a tilt sigmoidal curve with substantially higher ORR current at
slightly higher potentials than the bare GP disk. Fourth, Pt/VACNF
samples show LSVs approaching that of the commercial Pt/C
catalyst but with a higher J;,, than the theoretical value by Levich
equation. The control experiment using 43 pg cm > Pt directly
deposited on a GP also shows higher J;;, than the theoretical value
but with a negative shift in E;,, than Pt/VACNF (Fig. S9b).

As shown in Fig. S9a, when the GP disks are mounted on the
RDE, the electrode surface is raised above the surrounding PEEK
insulator by about 200 pm due to the GP thickness. This is
considerably larger than the thickness of the catalyst film (~0.2
pm)>* in traditional thin-film RDE experiments. Therefore, the
resulted hydrodynamic conditions need to be re-examined. The
raised GP edge is expected to give a Reynolds number larger than
the critical Reynolds number™ and thus will induce turbulent flow at
the GP disk edge. Accordingly, the mass transfer of O, is larger than
the ideal linear diffusion described by the Levich equation. This
effect becomes more evident at higher rotation rates, as revealed by
the larger tilt of the LSV curves in Fig. S9b.

The fundamental hydrodynamics of a thin-film RDE can be
further illustrated with two parameters, namely the hydrodynamic
boundary layer thickness y, and the steady-state diffusion layer
thickness d,, which are given as following5 3
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¥, = 3.6(/w)'/? (1]

by = 161D} 3w 1/2~1/0 2]

where w is the angular frequency in s~ ' and D, is the diffusion
coefficient in cm*/s. The values of these two parameters are plotted
vs the rotation rate in Fig. S9c. The hydrodynamic boundary layer
thickness yy, indicates the thickness of the solution rotating with the
RDE. In 0.10 M KOH (v = 0.01 cm’ sfl) at w = 1600 rpm or
167.5s"', yy, is roughly 278 pm using Eq. 1. In this study, the 200
pm thick GP substrate is close to y,. Therefore, the deviation from
the Levich equation is expected. This explains the slanted LSVs in
the diffusion-controlled regime, which can be partially corrected by
the linear extrapolating method illustrated in Fig. S1.

The second parameter 6, describes the steady-state diffusion
layer thickness of a thin-film RDE in the diffusion-controlled regime
in RDE LSVs. Based on Eq. 2, d, is 1.55 pm at 1600 rpm, which is
considerably larger than the conventional 200 nm catalyst film
thickness. In contrast, the average thickness of the VACNF arrays at
different growth times in this study is 5, 8 and 11 pm, respectively,
much larger than 6,. Hence the open 3D structure of VACNF poses a
secondary effect causing the LSVs in RDE experiments to deviate
from the Levich model. Fig. S9b indeed shows that Pt/VACNFs on
GP exhibit slightly higher Jj;, than the Pt/GP catalyst and the
difference increases with the rotation rate. Interestingly, the LSVs of
the bare VACNF/GP samples (Fig. S9d) only show slight changes vs
the VACNEF length, clearly not in a proportional relationship. It is
likely that the diffusion layer is mainly disturbed by the roughness at
the outer surface (~0.5-1.0 pm) rather than the full 3D brush-like
VACNEF structures.

Overall, the obtained high limiting current density and the tilt
LSV curves of the Pt/VACNEF catalysts can be rationalized with the
deviation from the Levich equation by the turbulent flow at the
raised GP substrate edge and the disturbance to the stagnant
diffusion layer by the surface roughness of the VACNF arrays.
The linear extrapolating method (see Fig. S1) can partially correct
the tilt of LSVs. Thus, the general principles of RDE measurements
are still applicable to such complicated 3D systems. We just need to
be cautious in quantitative interpretation of the enhanced limiting
current density comparing to the thin-film Pt/C catalysts. In the Pt/
VACNF system, even though the ORR catalytic activity is primarily
attributed to Pt NPs, the VACNF array not only provides the 3D
open architecture to support Pt catalyst but also presents the
synergistic ORR catalytic activity at more negative potentials.

Analyses of the rotating disk electrode measurements.—The
RDE polarization curves (after background correction) at a series of
rotation speed from 500 to 3,000 rpm for the commercial Pt/C
catalyst at 25.6 ug cm 2 Pt loading and the P/VACNF catalyst at
21.5 ug cm ™ Pt loading are displayed in Figs. 3a and 3b, respec-
tively. The J;,, for ORR increases with the rotation speed while the
steady-state diffusion layer thickness ¢, is reduced. The RDE
polarization curves (after background correction) for the Pt/C and
Pt/VACNEF catalysts (with Pt loadings of 6.5, 10.8 and 43 ug cm™2)
are displayed in Fig. S10. Clearly, all P/VACNF catalysts show
consistent higher J;,, values than the benchmark Pt/C catalyst, but
the tilt of the curve in the diffusion-controlled region becomes
smaller as the Pt loading increases.

The Koutecky-Levich (KL) equation has been commonly used to
evaluate the kinetic parameters of the ORR reaction with conven-
tional catalysts and is adopted for the Pt/VACNF system here. Fig.
S11 shows the KL plots (i.e. 1/j vs 1/w'"?) for various catalysts
derived at different potentials based on Eq. 3:

Ly L 3]

where J is the measured current density (mA/cm?), J; is the kinetic
limited current density (mA/cm?) and w is the electrode rotation
speed (rpm). The KL plots within the potential range from —0.2 V to
—0.5 V (vs Hg/HgO) presented in Fig. S11 exhibits linear lines
nearly parallel to each other for each catalyst, confirming the
reaction is diffusion-controlled. From the slope (1/B) of the KL
plots, the overall electron transfer number (n) can be calculated
using the Levich equation:

B =020 nF[0,1D3*v~"/6 [4]

where n is the electron transfer number in ORR, F is the Faraday
constant (96,485 C mol™), [0,] = 1.2 x 10 mol cm 2 is the
dissolved O, concentration in 0.10 M KOH, Dy, = 1.90 x 107 cm?
s~ 1 is the diffusion coefficient of 0, in 0.10 M KOH and v = 0.01
cm? s~ ! is the kinematic viscosity of 0.10 M KOH solution. Fig. 3¢
shows the KL plot derived using the J;;,, at —0.4 V (vs Hg/HgO) for
25.6 Pt/C and Jj;,,, derived from the linear extrapolation method (see
Fig. S1) for bare VACNF, 21.5 Pt/GP and 21.5 Pt/VACNF. The
derived n values are 2.9, 3.9, 4.7 and 5.1, respectively. The
25.6 g cm ™2 PYC catalyst gives n = 3.9, close to the benchmark
value of 4.0 for the direct reduction of O, through the 4-e~ pathway.
This validates the experimental conditions and the algorithm of the
KL analyses. However, the as-derived value n = 2.9 for the bare
VACNEF array is greater than n = 2 for the 2-e~ ORR pathway while
n = 4.7 for 21.5 Pt/GP and n = 5.1 for Pt/VACNF are greater than n
=4 for the 4-e™ pathway. As discussed above, this is associated with
the enhanced J;;,,, by the thick GP substrate, which causes the LSV to
deviate from the Levich equation. Modification to the Levich
equation is needed to apply the KL analyses on 3D catalyst
structures. The contribution of the 3D morphology® and their
effects on KL analyses of carbon-based electrocatalysts®™ have
indeed received attention recently. While more accurate algorithms
need to be developed in the future, here we hypothesize that the Pt
catalysts on the 3D VACNF support follow the direct 4-e~ transfer
ORR pathway similar to traditional Pt/C catalysts.

DFT simulation of the ORR mechanism of the VACNF catalyst
support.—The dissociative and associative 4-e~ ORR mechanisms
on Pt (111) in alkaline solutions are adopted in this study.’*™>? As
shown by Eqgs. 5-8, the dissociative ORR pathway follows a direct
0-0 bond cleavage of O5. For each dissociated O*, one H is
abstracted from liquid H>O(l), coupled with the charge transfer of
one electron to form OH™ ion and OH* (Eq. 8). The combination of
OH* coupled with a second charge forms a second OH™ ion.

05(g) + *—05 [5]

Of + *—=20* [6]

O* + H,O(l) + ¢~ — OH* + OH (aq) [7]
OH* + ¢~ — * + OH (aq) [8]

In the associative mechanism shown in Egs. 9-10), O,* first
abstracts one H atom from H,O (1) producing OOH* and an OH™
ion (first charge transfer), followed by the O-O bond cleavage to
produce OH* and O*. Both O* and OH* proceed to form OH™ by
following steps as in Eqs. 7-8.

0f + H,0(l) + e~ — OOH*+0H (aq) [9]



Journal of The Electrochemical Society, 2020 167 066523

E (V vs RHE)

E (V vs RHE)

500 | = PUC256 n=29?
4 Bare VACNF
& 21.5PYVACNF

400} | ® 215PUGP

300}
200_n=4.7? n=51? 1
100} 3000 rpm , ‘ 100" . ‘
04 02 0.0 02 -0.4 0.0 02 0.02 1/20'03 " 0.04
E (V vs Hg/HgO) E (V vs Hg/HgO) o " (rpm™%)

Figure 3. Rotating disk electrode voltammogram with background-corrected for (a) Pt/C (25.6 ug cm~2) and (b) PYVACNF (21.5 ng cm™2) recorded in 0.10 M
KOH solution with a scan rate of 10 mV s~ at a series of rotation speed from 500 to 3,000 rpm. The purple dashed line marks the zero current density; (c) KL
plot derived using background-corrected J;;,, at —0.4 V (vs Hg/HgO) for Pt/C (25.6 pg cm~?) and Jj;,, calculated as described in supplementary information for

Bare VACNF, PY/GP (21.5 pug cm ) and PVACNF (21.5 pig cm ™).

OOH* + *—OH* + O* [10]

Over the Pt-free VACNEF, both 2-¢™ and 4-e~ pathways were also
considered. According to Choi ef al.,*® it has been shown that O,
adsorption is not crucial because the charge transfer initiating ORR
may occur in the outer Helmholtz plane. Thus, the process involving
OOH* formation can be summarized by Eq. 11. In the 2-e™
pathway, OOH* will desorb upon receiving the second electron, as
in Eq. 12. In the 4-e~ pathway, OOH™ further undergoes the O-O
bond cleavage to form OH* and O*. At the OH-passivated VACNF
edge, the formation of O* is likely to result in H,O formation from
the passivating OH groups, as described by Eqs. 13-14), where
OH,4q, and O,4e, denote the passivating OH and O species at the
graphitic edge.

05(g) + *+H0() + e — OOH* + OH~ (1]
OOH* + ¢~ — *+OOH (aq) [12]
OOH* + 30H,49e — 30,g44c + 2H, 0 (aq) [13]
Ougee + H,O() + e — *+OH (aq) [14]

Analogous to the Computational Hydrogen Electrode (CHE)
model under acidic condition,”’ the elementary charge transfer step
in an alkaline environment is represented by Eq. 15. In the same
way, the step involving OOH ™ (aq) is represented by Eq. 16.

OH (ag) + %Hz(g) — HO00) + e [15]

1 1
OOH " (aq) + EHZ(g) — H,00) + EOz(g) + e [16]

Both zero-point energy (ZPE) corrections and entropic contribu-
tions were estimated based on the simple harmonic approximation.®'
For liquid phase water, HO(l), the solvation energies (the free
energy difference between their gas-phase and aqueous-phase states)
were taken from the handbook by Dean.®

As shown in Fig. S12, the dangling bonds at the graphitic edges
are passivated with OH groups. Free energy diagrams corresponding
to the 2-e~ and 4-e~ ORR pathways over bare VACNFs, along with
the configurations of reaction intermediates, are presented in Fig. 4.
As indicated in Fig. 4, the formation of OOH* from O, (g) via the
first charge transfer in Eq. 9, is an exothermic process. For the 4-e™
process (blue line in Fig. 4), O* destabilizes the passivating OH and

converts it into oxygen atoms according to Eq. 13. This step is
highly exothermic (—5.19 eV corresponding to the formations of 3
edge sites without the passivating H, as indicated by the inset figure
in Fig. 4). However, the regeneration of passivating OH groups in
Eq. 14 will be a highly endothermic step (1.16 eV). Thus, the 2-e~
process, simply involving the desorption of OOH* (as OOH™
indicated by red lines in Fig. 4) is more competitive and is consistent
with the experimental results in this work.

DEFT calculations based on the Pt/VACNF model confirmed that
Pt atoms preferentially bind at the edge. The sputtered Pt atoms form
strong Pt—C bonds with the C atoms at the graphitic edge, which
stabilizes the ORR active sites. As shown in Fig. S13, the strong
Pt—C interaction enables Pt to easily replace the original O species
passivating the graphitic edge. Other evidence from modeling has
been reported by Cheng and coworkers.*>** More detailed structures
of Pt catalysts supported on VACNF models are shown in Figs.
S12-S14. Upon optimization, the Pt structure becomes somewhat
corrugated and also compressed due to the mismatch between Pt and
graphene lattices, i.e. 2.51 A in graphene vs 2.81 A nearest neighbor
Pt-Pt distance in Pt (111) surface.

Here, these Pt atoms are also considered to be the primary site for
ORR. The molecular configurations of the most stable intermediates
associated with the proposed mechanism for Pt/VACNF are shown
in Fig. 5a. All ORR intermediates prefer to bind at the Pt site. The
free energy diagram (Fig. 5b) shows that O, adsorption over Pt/
VACNF becomes much stronger (—1.45 eV) than on Pt (111)
(—0.60 eV). Thus, the overall ORR free energy profile for the Pt/
VACNF system shifts notably downward. The O-O bond cleavage
is also an exothermic step (—1.19 eV). Subsequent formation of
OH* (a one-electron transfer step, Eq. 7) and its desorption to form
OH ™ (aq) (Eq. 8) are both exothermic at —1.12 eV and —0.05 eV,
respectively. In comparison, over Pt/VACNF, the associative me-
chanism proceeds through the formation of OOH* in Eq. 9, with a
free energy change of —0.01 eV. As shown in Fig. 5, the formation
of atomic O species via the dissociative mechanism would be much
more thermodynamically favorable. Interestingly, by applying a
potential bias of 1.23 V, the free energy diagram (Fig. S15) suggests
that the OH desorption step becomes strongly endothermic (1.18 eV)
and likely the rate-limiting step. Furthermore, the limiting potential
calculated on Pt/VACNF is 0.05 V, which is lower than 0.45 V on Pt
(111), due to the strong OH binding at the low coordinated Pt sites in
our Pt/VACNF model (see Fig. 5). The DFT calculations are
consistent with the —41 mV shift in £, with Pt/VACNF comparing
to the Pt/C (see Fig. 2d).

Evaluation of the durability of Pt/VACNF electrocatalysts.—
After rationalizing the RDE LSVs, we can now adapt RDE for
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Figure 4. Free energy diagram comparing the 2-e~ associative pathway (red) with 4-e~ pathway (blue) on as-grown VACNFs. Color code: white—H, red—O,
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Figure 5. (a) Molecular structures of ORR reaction intermediates and (b) free

energy profiles of the 4-e~ pathway for ORR on Pt/VACNF (red) comparing with

Pt (111) (blue) by both dissociative (dashed lines) and associative mechanisms (solid lines). Color code: white—H, red—O, gray—C, blue—Pt.

further studies. One of the objectives is to understand whether Pt/
VACNEF catalysts show better durability due to the strong binding of
Pt NPs on the graphic edge sites as revealed by the DFT calculations.
To evaluate the durability of the synthesized Pt/VACNF catalysts in
comparison with the commercial Pt/C catalysts, low Pt loading
(10-13 g cm™?) has been studied with the accelerated stress test
(AST) in O,-saturated 0.10 M KOH between 0.293 V and —0.307 V
vs Hg/HgO (i.e. 1.2 V and 0.6 V vs RHE) at a scan rate of 100 mV/s.
After every 1,000 cycles of AST, LSV (at 1,600 rpm) is recorded
with RDE (Figs. S16a and S16b). Two parameters, the shift of the
potential (AE) to maintain the original half-wave current and the %
loss in the limiting current density Jj;,, are derived and shown in
Figs. S16c and S16d. As presented in Figs. S16a and S16b, the Pt/
VACNF catalyst with 10.8 ug cm ™2 Pt loading shows much more
stable LSV curves than the commercial Pt/C catalyst with a slightly
higher Pt loading of 12.8 ugcm™2. The potential shift AE after

5,000 AST cycles is about —140.0 mV with the Pt/ VACNF whereas
it is —250 mV for the commercial Pt/C catalyst. The percentage loss
of Jy, in the PYVACNF catalyst is only ~18% after 5,000 AST
cycles in contrast to 50% in Pt/C catalysts. The average sizes of the
Pt nanoparticles in Pt/VACNF catalyst and Pt/C catalyst are about
1.1 nm and 3.5 nm, respectively. Even the smaller Pt NPs on the
VACNF exhibit better durability than the Pt/C catalyst. This could
be likely attributed to the strong interactions between Pt NPs and the
graphitic edges. The durability can be further improved by
increasing the Pt loading as shown in Fig. S17, and it is clear that
43 pg cm™> Pt/VACNE is still better than 51.2 ug cm ™2 Pt/C. The
TEM images before and after 5,000 AST cycles in Fig. S18 further
shows the severe dissolution and agglomeration of Pt in Pt/C
whereas much smaller changes were observed in Pt/VACNFs.
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Tolerance to methanol crossover reaction.—For DMFCs, the
ideal ORR catalyst should exhibit higher tolerance to methanol
crossover from the anode. These have been investigated by a side-
by-side comparison of the Pt/VACNF catalyst (at 10.8 and
21.5 ug cm > Pt loadings) with the commercial Pt/C catalyst (at
12.8 and 25.6 g cm ™2 Pt loadings). The methanol tolerance was
evaluated by performing amperometric measurements and record j-t
curves while adding 3.0 M methanol into 0.10 M KOH in 20 steps at
0.2 ml/step followed by 8 steps at 2.0 ml/step. The final methanol
concentration was 0.75 M in the electrolyte solution. Two fixed
potentials, —0.30 V and —0.10 V (vs Hg/HgO) were chosen for the
amperometric measurements, corresponding to the diffusion-con-
trolled and mixed kinetic-diffusion controlled ORR regions of the
LSV curves in Fig. 2c. As shown in Fig. 6a, at —0.30 V, the
commercial Pt/C is very sensitive to methanol, with the current
density dropping from about —5.0 mA cm ™2 to —2.0 mA cm ™ after
adding methanol. In contrast, the current density of Pt/VACNF only
drops from —6.5 mA cm 2 to —4.4 mA cm 2, retaining 67% of the
original ORR current. At —0.1 V (Fig. 6b), where there is stronger
methanol oxidation, the difference between the commercial Pt/C and
the Pt/VACNF is even more evident. For the commercial Pt/C, the
current density changes from —4.4 mA cm 2 (dominated by ORR)
to +3.6 mA cm 2 (dominated by methanol oxidation). In contrast,
with the Pt/VACNEF, the current density is dominated by ORR even
after reaching the final methanol concentration of 0.75 M though the

magnitude is reduced by ~50%, from —3.4 mA cm 2 to —1.7 mA
cm ™2 This demonstrates that the VACNF support can significantly
improve the tolerance to methanol crossover.

Fig. 6¢ presents the LSV curves at 1600 rpm for the two types of
catalysts in the presence and absence of 0.75 M methanol. For the Pt/
C catalyst with 25.6 ;g cm ™2 Pt loading, the LSV curve in presence
of methanol is dominated by methanol oxidation at the potential
above —0.23 V (vs Hg/HgO). In contrast, the Pt/VACNF catalyst
with 21.5 g cm ™2 Pt loading exhibits a reduction current in the full
ORR potential range (up to 0.0 V vs Hg/HgO) and the methanol
oxidation is significantly suppressed even up to 0.0 V (vs Hg/HgO),
which explains why a large ORR current density can be observed at
—0.1 V even after reaching 0.75 M methanol concentration (as
shown in Fig. 6b). Figs. S19 and S20 show similar results for Pt/
VACNF catalysts with 10.8 and 43 pg cm™> Pt loading, respec-
tively. The methanol oxidation is suppressed in both amperometric j-
t and LSV curves compared to the Pt/C catalysts at similar Pt
loadings. Not surprisingly, as the Pt loading increases, the methanol
crossover reactions become more dominant in the Pt/C catalyst. The
observed high tolerance to methanol oxidation could be related to the
stronger O, binding on Pt/VACNF than on Pt (111) as revealed by
the DFT calculations in Fig. 5. The presence of O species on the
VACNF-supported Pt NPs hinders the methanol chemisorption in
the mixed environment of O, and methanol. Overall, the adsorption
of methanol on active Pt sites in PUVACNEF is weaker than that of
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Figure 6. Amperometric j-f curves of Pt/C (25.6 yg cm™2) and PUVACNF (21.5 g cm™2) recorded at 1,600 rpm in O,-saturated 0.10 M KOH solution with
successive addition of 3.0 M methanol to give the final concentration of 0.75 M at the potential of (a) —0.3 V (vs Hg/HgO) and (b) —0.1 V (vs Hg/HgO); (c) LSV
curves recorded at a scan rate of 10mV s~ and 1,600 rpm in 0.10 M KOH with and without the presence of 0.75 M MeOH for Pt/C (25.6 g cm™2) and Pt/
VACNE (21.5 g cm ™ 2). The purple dash lines mark the zero current density and black dot lines mark the potential at which the amperometric j-¢ curve was

recorded.
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Pt/C. Thus, the PU/VACNF catalysts show higher selectivity for
ORR.

Resistance to CO poisoning.—An ideal catalyst should be
completely immune to CO poisoning or able to rapidly recover the
activity after desorbing CO. This has been evaluated for the Pt/
VACNEF catalyst (at 10.8 and 21.5 g cm ™2 Pt loadings) in compar-
ison with the commercial Pt/C catalyst (at 12.8 and 25.6 g cm™> Pt
loadings) by recording LSVs at 1600 rpm in 0.10 M KOH solution at
three different conditions: (1) the initial system purged with pure O,
for standard ORR; (2) the system purged with 10% CO mixed in
90% O, for poisoning effects; and (3) the system re-purged with
pure O, for the recovering capability. Steps (2) and (3) are
alternately repeated 5 times. As shown in Figs. 7a and 7b, it is
clear that the ORR limiting current density drops when the system is
first exposed to CO and it completely recovers to the initial
performance after re-purging with pure O, for both the
25.6 pg cm 2 PY/C catalyst and the 21.5 ug cm™ > P/VACNF cata-
lyst. But after the 5th purge with 10% CO, the limiting current
density of the Pt/C catalyst drops much more and is not completely
recovered after re-purge with O,. In contrast, the limiting current of
the Pt/VACNF catalyst in 5th CO purge drops by about the same
amount as in the first CO purge and is nearly fully recovered when
re-purged with O,. Fig. 7c presents the change in half-wave potential

between the initial LSV curve and LSV curves recorded at different
purging conditions. After the fifth trial of CO poisoning, the E;/, has
only a small shift of —4 mV in the Pt/VACNF catalyst whereas it is
—40 mV in the Pt/C catalyst. Fig. S21 shows a similar behavior
observed at lower Pt loading with 12.8 ugecm 2 PYC and
10.8 ugcm™2 PYVACNF during the CO and pure O, purging
cycles. These results indicate that Pt/VACNF has clearly a better
recovery capability from CO poisoning than the commercial Pt/C
catalysts and it can be attributed to either the stronger O, adsorption
or the presence of O species on the VACNF-supported Pt NPs which
help to remove CO.

Conclusions

In summary, the VACNF array grown by PECVD has been
demonstrated as a unique 3D architecture to support ion-sputtered Pt
catalysts for ORR. The linear sweep voltammetry of ORR based on
such 3D structures on RDE has been found to deviate from the
Levich equation. The raised edge and the roughness at the top
surface of the nanostructured VACNEF array alter the hydrodynamic
conditions and the stagnant diffusion layer thickness, resulting in a
slanted ORR curve and an increased limiting current density in the
Pt/VACNF system. Despite this complication, useful information
can be extracted from the RDE measurements. The half-wave
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Figure 7. LSV curves recorded at a scan rate of 10 mV s~ and 1,600 rpm in 0.10 M KOH initially purged with pure O,, then with 10 % CO and 90% O, (CO
poisoning), and re-purged with pure O, (O, recovery) for (a) Pt/C (25.6 ug cm™2) and (b) PYVACNF (21.5 ne cm™2). (The initial and 1st O, recovery LSV curve
is overlapped in Fig. 7a). The purging sequence was repeated 5 times and only the data from the first and fifth sets are presented. (c) Plot of the negative shift of
the half-wave potential (AE, ) vs the different purging conditions.
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potential of the Pt/VACNEF catalysts is comparable to the benchmark
commercial Pt/C catalyst at similar Pt loadings following a 4-e~
ORR pathway. DFT calculations have validated the strong binding
of Pt atoms with the graphitic edge sites in PUYVACNF catalysts.
Based on these models, we have concluded that ORR proceeds via a
2-¢~ pathway on bare VACNFs and a 4-e” pathway on Pt/VACNF,
respectively. The Pt/VACNEF catalyst has shown better durability in
accelerated stress tests than the commercial Pt/C catalyst at similar
loading. Furthermore, the Pt/VACNF catalysts have shown en-
hanced tolerance to methanol oxidation. The ORR is the dominant
reaction in the full potential range with the Pt/VACNEF catalysts in
the presence of 0.75 M methanol while methanol oxidation surpasses
ORR above —0.2 V (vs Hg/HgO) with the commercial Pt/C catalyst.
The P/VACNF system has also shown improved capability to
recover from CO poisoning. These results provide new insights into
the critical roles of 3D nanostructured carbon supports and their
graphitic microstructures on the fundamental electrocatalytic proper-
ties of the catalyst.
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