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ABSTRACT

In this study, a new fabrication technique, template-assisted electrospinning/electro-
spraying (E/E), was developed and successfully produced organized-structured nanofiber-
nanoparticle electrodes with well-defined 3D hexagonal patterned arrays of various
pattern sizes (i.e., pattern diameters of 40, 80, 160, and 360 um). At similar ultra-low plat-
inum loadings (ca. 0.06 mgp, cm~2), the 80 um diameter hexagonal patterned electrodes
exhibited 14% higher fuel cell power densities and 68% higher electrochemical surface area
compared to the random electrode analogs (without patterns). Among different pattern
sizes, electrodes with an 80 um diameter hexagonal pattern resulted in the highest fuel cell
platinum utilization and lowest electrode resistance. Additionally, patterned electrodes
with smaller diameters achieved improved mechanical stiffness compared to random
oriented electrodes. Compared to electrodes produced via conventional techniques and
ink-based patterning techniques, the template-assisted E/E technique provides a versatile
platform for investigating the effect of pattern type and size on fuel cell platinum utili-
zation under ultra-low platinum loadings.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

* Corresponding author.

E-mail address: elabd@tamu.edu (Y.A. Elabd).
https://doi.org/10.1016/j.ijhydene.2021.12.242
0360-3199/© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:elabd@tamu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2021.12.242&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2021.12.242
https://doi.org/10.1016/j.ijhydene.2021.12.242
https://doi.org/10.1016/j.ijhydene.2021.12.242

8994

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 8993—9003

Introduction

Proton exchange membrane fuel cells (PEMFCs) convert
chemical fuel directly into electrical energy with zero carbon
dioxide emission [1—3]. Although PEMFC vehicles are now
commercially available, the high amounts or loading of
expensive platinum (Pt) catalyst (a crucial component
required to achieve high power densities) has hindered
extensive market applications [4,5]. Specifically, high cathode
Pt loading (typically 0.4—0.5 mgp, cm~?) are required to over-
come the inherent sluggish oxygen reduction reaction kinetics
(ORR) (%405 + 2H* + 2e~ — H,0) [6]. Therefore, reducing the Pt
loading without sacrificing fuel cell performance (i.e., Pt utili-
zation enhancement) has attracted considerable interest over
the last two decades.

Pt utilization can be enhanced through the optimization of
Pt-ionomer-pore percolating networks within the fuel cell
electrode, i.., triple phase boundaries (TPBs), where all
indispensable reaction species (electron, proton, and oxygen)
exist and ORR occurs [7—10]. To optimize TPBs, especially
under ultra-low Pt loading conditions, a balance between void
and solid volume in the electrode requires careful design. The
void volume (pores) allows oxygen and water transport, while
the solid volume (Pt-ionomer) provides proton and electron
conduction. Conventional ink-based electrode fabrication
usually results in an evaporation-formed random porous
network. The internal structure of the porous network typi-
cally can be adjusted by catalyst ink preparation (e.g., Nafion
to Pt/C ratio [11-13], hydrophobic additives [14—16], ink
dispersing media [17—19], and dispersion technique [20,21]),
but provides minimum subject control over the electrode ar-
chitecture design.

In addition to conventional design and optimization of
catalyst ink, increasing attention has focused on artificially
designed electrode interface or internal structures [22,23]. As
an emerging approach for advanced electrode design,
tailoring microstructure through patterning can rearrange the
proton-electron-porosity percolating networks, and enable
enhanced fuel cell performance [22,24]. Constructing
patterned electrodes with periodic structures to optimize TPBs
has been investigated with both two-dimensional (2D) and
three-dimensional (3D) patterns. 2D geometrically patterned
electrodes are usually catalyst ink-based and fabricated by
inkjet printing [25—28] or by spraying the ink through flat
micro-stencil masks [29—-31]. In contrast, 3D patterned elec-
trodes consist of larger z-direction depth, which could provide
more void space and interconnected macropores, resulting in
enhanced TPB connections compared to their 2D counter-
parts. Common approaches to extend 2D to 3D patterned
electrodes include imprinting commercial Nafion membranes
with patterned molds [32—34] or lithography etching [35],
employing liquid precursors to build patterned membranes by
micromolding techniques [33,36—39], and casting catalyst ink
slurries into elastomeric molds [40]. Although feasible,
patterned interfaces prepared by these methods are less du-
rable due to the collapse of the Nafion surface in the subse-
quent hot-pressing bonding procedure for membrane
electrode assemblies (MEAs) at the glass transition tempera-
ture of Nafion (Tg) (ca. 135 °C). More durable intricate

alternative 3D patterning methods usually require a sacrificial
template, which either Pt or Nafion ionomer will be deposited
on to form a 3D framework. After removing the initial sacri-
ficial template, the other species will be deposited on the outer
surface of the framework from the previous step. For instance,
an inverse oval patterned Pt electrode was constructed
through self-assembled polystyrene beads, showing
enhanced mass transfer and performance owing to the
morphological advantages [41]. Patterned Nafion arrays con-
structed via anodic aluminum oxide (AAO) templates also
demonstrated power density and lifetime improvements [42].
Even though these methods hold promise in improving power
performance, the cathode Pt loading remains relatively high
(0.2—0.4 mgp, cm~2); higher than the 2020 DOE total Pt loading
target (0.125 mgp, cm~?) [43].

Can the advantages of 3D patterned structure be applied to
ultra-low Pt loading electrodes? In our previous study, a
simultaneous electrospinning/electrospraying (E/E) technique
was developed to produce unique nanofiber-nanoparticle
electrodes for ultra-low Pt loading (ca. < 0.1 mgp, cm ) fuel
cells [44]. Unlike conventional ink-based electrodes, the
interaction of nanofibers and nanoparticles increases the
number and connectivity of TPBs inside the electrodes, which
generated high power outputs even at ultra-low cathode Pt
loading (0.022 mgp. cm~2). However, previously developed E/E
electrodes were randomly assembled due to the nature of
whipping electrospinning jets. Therefore, it would be of great
interest to develop E/E electrodes containing patterned fiber
mats to improve water management and further enhance fuel
cell performance at ultra-low Pt loadings. Although patterned
fiber mats have been utilized for tissue engineering [45], to the
best of our knowledge, it has not yet been investigated for
patterned nanofiber-nanoparticle electrodes in fuel cells.

In this work, we demonstrate a novel template-assisted E/E
technique as a strategy for creating organized patterned
nanofiber-nanoparticle electrodes at ultra-low Pt loadings.
More specifically, photolithographed patterned templates
were utilized to direct the deposition of electrospun nano-
fibers and electrosprayed nanoparticles during the E/E process
to generate 3D patterned electrodes. Four different hexago-
nally patterned electrode sizes were fabricated in this study
(pattern diameters of 40, 80, 160, and 360 pm). The influence of
patterned E/E electrode, as well as the pattern size on fuel cell
performance were investigated. The patterned electrodes
were fabricated into MEAs as cathodes and the subsequent
performances were evaluated in a fuel cell. The electro-
chemical surface area, cell resistance and power densities of
the patterned electrodes were also compared with the random
electrodes prepared by E/E.

Experimental
Materials

Isopropanol (IPA; ACS reagent, > 99.5%) and poly (ethylene
oxide) (PEO; My = 400,000 g mol™') were purchased from
Sigma-Aldrich. Carbon supported 20 wt% Pt catalyst (Pt/C;
Vulcan XC-72) was purchased from Premetek. Nafion solution
(LQ-1105) and Nafion membrane (NR-212) were purchased


https://doi.org/10.1016/j.ijhydene.2021.12.242
https://doi.org/10.1016/j.ijhydene.2021.12.242

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (9099) 8993*9003

8995

from IonPower. Photoresist SU-8 3050 and SU-8 developer
were purchased from MicroChem. Silicon wafer (n-type, 5”)
was purchased from UniversityWafer. Gas diffusion layer
(GDL; Sigracet 25BC) was purchased from Fuel Cells Etc. All
materials were used as received. Deionized (DI) water with a
resistivity of 16 MQ cm was used as appropriate. Ultra-high
purity grade nitrogen was purchased from Brazos Valley
Welding Supply. Ultra-high purity oxygen and ultra-zero
grade air were purchased from Airgas. Ultra-high purity
hydrogen was purchased from Praxair. All gases were used for
fuel cell experiments.

Fabrication of the pattern templates

The SU-8 3050 photoresists were applied on silicon wafers by
spin coating (BID-TEK SP-100 Spin Coater) followed by a soft-
baking procedure to achieve a 60 um thick coating. Hexago-
nal micro-patterns were fabricated via photolithographic (EVG
610 Double-sided Mask Aligner) using customized photo-
masks (quartz-chrome substrate, PortalPhotomask) and then
washed by SU-8 developers. The depth of the pattern was
controlled by spin-coating speed and UV-exposing time. After
photolithography, double conductive layers (Al-120 nm and
Au-30 nm) were deposited on top using an electron beam
evaporator (Lesker PVD 75 E-Beam Evaporator). The patterned
surface was divided into four 2 cm by 2 cm square zones. Each
zone was patterned with one characteristic hexagonal inter-
nal diameter 40 pm, 80 um, 160 pm, and 360 um, respectively.
The width and height of the hexagonal pores were 20 um and
60 um, respectively.

Template-assisted electrospinning/electrospraying (E/E)

A custom-designed E/E apparatus, as illustrated in Fig. 1 (a),
has been described in detail in previous work [46]. Patterned

templates were fixed on the drum collector, where Nafion
nanofibers and Pt/C nanoparticles were electrospun and
electrosprayed simultaneously. The anode was fabricated by
solely electrospraying, whereas the cathode was fabricated by
template-assisted E/E. The anode electrospraying catalyst ink
solution used to fabricate E/E electrodes consisted of a
mixture of 20 mg of Pt/C catalyst, 400 mg of 5 wt% Nafion
solution, 580 mg of isopropanol/DI water (3/1 v/v), with solids
weight percent constant at 4 wt% for all E/E experiments. The
mixture was sonicated for at least 3 min before electro-
spraying. For cathode, the catalyst ink composition was
similar to the anode catalyst ink solution with the exclusion of
the Nafion solution. The electrospinning polymer solution
used to fabricate cathode electrodes was a 10 wt% 20/1 Nafion/
PEO polymer solution, e.g., 5 mg of PEO, 100 mg of dried Nafion
flakes, and 945 mg of 3/1 v/v isopropanol/water. The polymer
solution was stirred at ambient temperature for atleast 12 h to
ensure the complete dissolution of Nafion and PEO. The
catalyst ink and the polymer solution were used in the elec-
trospraying and electrospinning processes respectively, with
the Pt loading controlled by the E/E duration. The needle tip to
collector distances, applied voltages, and solution flow rates
were 15 and 9 cm, 7 and 15 kV, 0.3 and 0.8 mL h™? for the
electrospinning and electrospraying processes, respectively.

Patterned electrode transfer and membrane electrode
assembly (MEA) fabrication

After electrodes were fabricated via template-assisted E/E, the
electrodes were transferred from the patterned templates to
Nafion membranes. This was accomplished by gently pressing
a bare Nafion membrane onto a patterned electrode and then
gently peeling away the Nafion membrane together with the
transferred patterned electrode, as shown in Fig. 1 (b). Nafion
membranes with transferred patterned electrodes were then

(b)

d=20um
D =40, 80, 160, or 360 pm

Patterned Template

Nafion membrane

Patterned Electrode Transfer

Cathode Anode

MEA Fabrication

Fig. 1 — Experimental schematic: (a) template-Assisted E/E apparatus, (b) patterned template diameter sizes, (c) patterned
electrode transfer from patterned template to Nafion membrane, and (d) MEA fabrication.
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combined with GDLs to fabricate membrane electrode as-
semblies (MEAs) by sandwiching the Nafion membrane/
patterned cathode between a bare GDL (cathode substrate)
and an electrosprayed GDL (anode), and hot pressed (38510,
Carver) for 5 min at 275 °F (135 °C) and 600—800 psi (4.1-5.5
MPa), as shown in Fig. 1 (c). At least three MEAs at each of five
different cathode pattern sizes (D = random, 40, 80, 160,
360 pm) were fabricated for a total of fifteen E/E MEAs in this
study.

Electrode characterization

The morphology of the patterned electrodes was character-
ized by an optical microscope (Eclipse Ti-E Inverted Micro-
scope, Nikon Instruments) and scanning electron microscopy
(SEM; FEI Quanta 600 FE-SEM). For cross-sectional area char-
acterization, Nafion supported electrodes were soaked in
liquid nitrogen for 15 min, and then cut with a doctoral blade
immediately. All samples were sputter-coated (Cressington
208 HR) with 6 nm Platinum/Iridium before SEM analysis. To
analyze the nanofiber and nanoparticle size distributions, 50
counts for each sample were randomly sampled and analyzed
using Image] software.

The Pt loading was measured with thermal gravimetric
analysis (TGA; Q50, TA Instrument). A small portion of the
electrode (ca. 4—6 mg) was heated from 25 °C to 900 °C at 10 °C
min~! in the air at 60 mL min~*. The Pt loading was deter-
mined by dividing the residual weight at 850 °C by the original
sample area (all other components degrade below 800 °C
except for Pt). The average Pt loading for each patterned
electrode was determined using at least 2—4 electrodes.

Fuel cell tests and cyclic voltammetry (CV)

Each MEA (1.21 cm? area) was placed between two serpentine
flow field graphite plates (1 cm? flow area) separated by two
0.152 mm thick PTFE/fiberglass gaskets (Cat. No. 33, Scribner
Associates, Inc.). The entire fuel cell assembly consisted of
an MEA, two gaskets, and two flow plates placed between
copper current collectors followed by endplates all held
together by bolts with 100 Ib in (11.3 N m) of applied torque.
Fuel cell performance of each MEA was evaluated with a fuel
cell test station (850C, Scribner Associates, Inc.). Fuel cell
tests were conducted under ambient pressure with saturated
(100% RH) anode and cathode flow rates of 0.43 L min™*
hydrogen and 1.02 L. min~* oxygen at 80 °C, respectively. Fuel
cell performance was recorded after a new MEA was fully
activated. The activation process consists of operating the
MEA at 0.7 V for 1 h, followed by 0.6 V, 0.4 V, and 0.2 V for
30 min at each voltage, and ending with two cycles of 0.6 V
and 0.4 V for 30 min at each voltage. Polarization curves (cell
voltage versus current density) were collected from the
open-circuit voltage (OCV) to 0.2 V at increments of
0.05 V min~? to determine that no further increase in current
density at a constant voltage was observed, thus the MEA
was at steady state. After the MEA was fully activated and
reached a steady state, five polarization curves were
collected to determine the average maximum power density.
The average error between polarization curves was <3% for
the hydrogen/oxygen experiments.

Cyclic voltammetry (CV) was performed on a fully acti-
vated MEA with a potentiostat (Solartron SI 1287A, Corrware
Software) at 20 mV s~ * from 0.01 V to 1 V versus NHE under
ambient pressure. In this two-electrode configuration, the
anode serves as both the counter and reference electrodes.
The fuel cell anode and cathode were supplied with
0.04 L min~" hydrogen and 0.02 L min " nitrogen, respectively.
Temperatures of the cathode gas, anode gas, and cell were
maintained at 30 °C. The Pt catalyst was assumed to have an
average site density of 210 uC cm~2 [47]. The electrochemical
surface area (ECSA) was determined from the hydrogen
adsorption area from 0.1 to 0.3 V. Five cycles were taken to
determine the average ECSA for each MEA. Linear sweep vol-
tammetry was performed at2 mV s~ from OCV to 0.8 V versus
NHE to determine if the MEA had any defects that resulted
from internal shorts or significant hydrogen crossover.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS; Solartron SI
1260A) was performed on a fully activated MEA from 1 MHz to
1 Hz at 0.4 V versus NHE under ambient pressure. In this two-
electrode configuration, the anode serves as both the counter
and reference electrodes. The fuel cell anode and cathode
were supplied with 0.43 L. min~* hydrogen and 1.02 L min~*
oxygen, respectively. Temperatures of the cathode gas, anode
gas, and cell were all maintained at 80 °C. The EIS data was
analyzed using the classic equivalent circuit models that
consisted of a resistor (resistance of the solid electrolyte
membrane) in series with a parallel circuit of a constant phase
element and a second resistor (resistance of the electrode)
that is typically used to describe a porous electrode [48].

Results and discussion
Patterned electrode morphology

Fig. 2 shows images of the patterned electrode morphologies
fabricated via template-assisted E/E. Fig. 2(a) shows the
patterned electrodes supported on a transparent Nafion
membrane substrate fabricated by decal transfer (Fig. 1(c)).
The decal transfer was facile due to the higher affinity of the
electrode to the flexible Nafion membrane compared to the
rigid metal-coated silicon wafer templates. Brightfield optical
microscopy images of all electrodes are shown in Fig. 2(b—f),
where each image corresponds to a specific feature size
(hexagonal pattern diameter D = 40 um, 80 pum, 160 pm,
360 pm; random). In contrast to the morphology of the random
oriented electrode (shown in Fig. 2(f)), the organized hexago-
nal patterned features are clearly demonstrated in Fig. 2(b—e).
Nafion nanofibers and Pt/C nanoparticles collect on patterned
template and form honeycomb structured electrode (darker
area in Fig. 2(b—e)) demonstrating the template-assisted E/E
technique and its ability to guide the well-controlled nano-
fiber-nanoparticle deposition in the range of few tens to few
hundreds of microns.

Fig. 3 shows the SEM images of the top and cross-sectional
views of the E/E patterned electrodes. Individual hexagonal
patterned structures with different feature sizes under high
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Fig. 2 — Images of patterned electrode morphology. (a) Photo of the patterned electrode transferred onto Nafion membrane
substrate, and optical microscope images for E/E electrodes with hexagonal pattern diameters of (b) 40 um, (c) 80 um, (d)

160 pm, (e) 360 pm and (f) random morphology.

magnification were shown in Fig. 3(a—d). The E/E catalyst
layers show a highly porous microscopic morphology with
interconnected nanofibers and particle aggregates. More
importantly, the hexagonal patterns organize nanofibers and
nanoparticles into catalyst-dense walls and catalyst-thin
openings, which could act as reservoirs for the collection
and removal of produced water during fuel cell operation,
specifically at high current density where the water genera-
tion rate is more significant. The solid phase electron and
proton conduction could be enhanced through the organized
nanofiber/nanoparticle bundles, whereas the gas phase mass
transport resistance could be mitigated through the catalyst-
thin openings, where both effects in combination could pro-
mote enhanced TPBs. Moreover, by incorporating rigid cata-
lyst particles into 3D scaffolds, the mechanical strength of the
patterned electrodes could be enhanced, which may facilitate
the preservation of the organized structure during subsequent
processing and fuel cell operation.

Fig. 3(e—h) demonstrate electrodes with the visible repli-
cated pattern under lower magnification, which confirms that
the collector efficiently directs the internal micro-
construction of the nanofiber-nanoparticle electrodes. As the
pattern diameter increases, the conductive area guiding the
nanofiber deposition decreases, which results in less control
of forming a well-defined hexagonal patterned fiber mat.
Fig. 3(i—1) displays the freeze-fractured cross-sectional area of
the electrodes, representing the depth-direction structure
consisting of nanofibers and nanoparticles with a similar
average thickness ranging between 10 to 20 pm regardless of
the pattern size.

Fig. 4(a and b) shows the average Nafion nanofiber and Pt/C
catalyst nanoparticle diameters based on quantitative anal-
ysis of the SEM images shown in Fig. 3(a—d). The results show

that the average fiber diameters range from 220 + 35 nm to
272 + 38 nm and the average particle diameters range from
0.81 + 0.20 um to 0.98 + 0.21 pm, indicating that the fiber and
catalyst aggregate sizes are similar for all electrodes regard-
less of the hexagonal feature sizes. These results suggest that
the template-assisted E/E technique can solely adjust micron-
scale pattern structure without affecting the nano-scale
morphology, validating the sole investigation of the pattern
size effect.

Fuel cell performance and electrochemical characterization

Fig. 5 shows the polarization and power density curves of
MEAs with patterned electrodes measured under standard
operating conditions (i.e., fully humidified H,/O, at 80 °C under
ambient pressure), with cathode Pt loadings of ca. 0.06 mgp;
cm ™2 (see Table 1 for detailed results). Patterned E/E electrodes
with four pattern diameters achieved peak power densities
ranging from 418 mW cm 2 (360 um) to 481 mW cm 2 (80 um).
Specifically, the electrode with an 80 pm diameter pattern
outperformed the rest of other pattern sizes, exhibiting a
maximum power density of 481 mW cm™2? and an 18%
improvement compared to the random electrode with a power
density of 402 mW cm 2. This maximum peak power density
is comparable with studies by Gonzalez et al. [13], Hwang et al.
[46], and Cooper et al. [49] with ultra-low Pt loading. For elec-
trode with larger pattern sizes (i.e., 160 um and 360 um), less of
an enhancement over the random electrode was observed
likely due to the sparse hexagonal openings (Fig. 3(c and d)),
which may impact mass transport and the TPBs in the
electrode.

To further understand the impact of the patterned
morphology on fuel cell performance, in situ cyclic
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Fig. 3 — SEM images of E/E patterned electrodes with diameters of 40 pm (a,e,i), 80 um (b,f,j), 160 pm (c,g,k), and 360 pm (d,h,l):
(a—d) top view of individual hexagonal feature, (e—h) top view of patterned electrode surface and (i—j) cross-sectional view of

patterned electrodes.
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Fig. 4 — (a) Nafion nanofiber diameters and (b) Pt/C catalyst nanoparticle diameters in electrodes as a function of cathode

pattern structure.

voltammetry (CV) was performed to characterize the electro-
chemical surface area (ECSA). Fig. 6 shows CVs of MEAs with
the random electrode and patterned electrodes at various
pattern diameters, 40 um, 80 um, 160 um, and 360 pm. The
cathode Pt loading were maintained at a similar level (ca. 0.06

mgp, cm~?) for consistent comparison. During CV measure-
ments, the adsorption and desorption of hydrogen (H, «
2H* + 2e7) occur at available Pt sites in the range from 0.1 to
0.3 V. As demonstrated in Table 1, the ECSAs of the 40 um
pattern size (22.6 m? gpi') and 80 um pattern size (33.7 m? gp?)
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Fig. 5 — Fuel cell polarization and power density curves for
MEAs with the random electrode (black) and patterned
electrodes at 40 pm (red), 80 pm (blue), 160 pm (green),
360 pm (purple) pattern diameter, measured with 100% RH
hydrogen/oxygen at 80 °C under ambient pressure. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this
article.)

electrodes increase compared to the random electrode
(20.0 m? gpl). At 80 um pattern size, the ECSA reached the
highest value and exhibits a 68% increase compared to the
random electrode. This increase can be attributed to the in-
crease in electrode macroporosity, which may allow for more
liquid water product during fuel cell operation to be expelled
out and alleviate the flooding issue at high current densities;
also, more oxygen could penetrate though the electrode and
improve access to active Pt catalyst sites. With the further
increase of pattern size to 160 pm and 360 um, the ECSAs de-
creases from 33.7 m? gg¢* (80 um) to 29.8 m? gpit (160 um) and
22.8 m? gpi* (360 um), respectively, which are still 49% and 14%
higher than the random control. Overall, the ECSAs provide
direct evidence for higher Pt utilization in patterned elec-
trodes compared to random electrodes under similar cathode
Pt loading, and corroborate with the fuel cell power perfor-
mance results (Fig. 5).

Fig. 7 (a) shows the averaged maximum power densities as
a function of the cathode electrode pattern structure. As the

pattern size evolves from random to 40 pm pattern, the
averaged peak power densities increased from 405 mW cm 2
to 451 mW cm 2 then reached the maximum at
462.6 mW cm 2 for 80 um pattern. Further increasing pattern
sizes to 160 pm pattern induced a slight power density drop to
439 mW cm?, and further down to 418.4 mW cm ™2 for the
largest 360 pm pattern. However, one could argue that these
power densities differences are not significant in light of the
statistical error among repeated experiments shown in the
graph. Therefore, a better measure is to normalize the peak
power densities, i.e., Pt utilization or normalized peak power
densities as shown in Fig. 7 (b). Following a similar trend as
Fig. 5, significant increases in the normalized maximum
power density was observed for electrodes with smaller
pattern sizes. The normalized maximum power density was
6.78 + 0.69 kW g for electrodes with 40 ym pattern, and then

0.6
04F
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&
500F o
< :
£ z
=02 | —— Random
E —— Pattern-40pm
-0.4 f —— Pattern-80um
—— Pattern-160um
—— Pattern-360um
-0.6
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Fig. 6 — Cyclic voltammograms for MEAs with the random
electrode (black) and patterned electrodes at 40 pm (red),
80 um (blue), 160 pm (green), 360 pm (purple) pattern
diameters. The ECSA integration area (0.1-0.3 V) for
hydrogen adsorption peak is indicated by the dashed black
lines. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of
this article.)

Table 1 — Fuel cell and electrochemical performances of E/E patterned electrodes.

Cathode structure Pt loading Max power density® Pt utilization®© ECSAP Electrode resistance®
(mgp; cm—?) (mW cm—2 (kW gpd) (m? gpd) (mQ cm—?)
Anode Cathode
Random 0.034 0.060 405.1 + 11.0 5.82 +0.16 20.0 320.8
Pattern-40 pm 0.027 0.061 451.0 +45.9 6.78 + 0.69 22.6 368.9
Pattern-80 um 0.024 0.056 462.6 + 69.4 8.26 + 1.24 33.7 322.4
Pattern-160 um 0.043 0.028 439.1 + 51.5 5.87 + 0.69 29.8 353.8
Pattern-360 pm 0.026 0.061 418.4 + 72.6 7.23 +1.25 22.8 445.7

2 Under H,/0O, at 80 °C, ambient pressure.
> Under Hy/N, at 30 °C, ambient pressure.
¢ Normalized by the total Pt loading inside MEA.
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reached a peak value at 8.26 + 1.24 kW gz for 80 um pattern,
showing 42% increment compared to the random cathode
structure (5.82 + 0.16 kW gpf). This difference is statistically
significant. For the larger pattern sizes of 160 and 360 um, Pt
utilization of 5.87 + 0.69 and 7.23 + 1.25 kW g;tl was observed,
respectively. Overall, the Pt utilization advantages of the
patterned electrodes compared to the random electrodes are
clearly demonstrated.

The electrode resistance was measured by the electro-
chemical impedance spectroscopy (EIS) (Table 1). The mea-
surements were conducted under hydrogen/oxygen at
ambient pressure at 80 °C at 0.4 V versus NHE, a voltage at
which the ohmic and transport resistances are dominant.
The random electrode showed a resistance of 320.8 mQ cm ™2,
similar to the results in a previous study (321.48 mQ cm 2
with 0 wt% Nafion in the electrospraying catalyst ink) [46].
The 80 um patterned electrode demonstrated the lowest
resistance of 322.4 mQ cm™2, suggesting more triple phase
boundary connections with lower proton and mass transfer
resistance throughout the hexagonal pattern. The 360 um
patterned electrode showed the highest resistance of
4457 mQ cm~? among all patterned electrodes; the larger
pattern size may result in less triple phase boundary con-
nections comparatively and lower connectivity of the proton
conducting nanofibrous network. The fuel cell performance
(averaged anode and cathode Pt loading, maximum power
density, Pt utilization, ECSA, and electrode resistance) of the
patterned electrodes and random electrode are listed in
Table 1.

Mechanical properties of patterned nanofibers

Mechanical properties can reflect the processability of
patterned electrodes and the ability to maintain a robust and
integrated configuration during fuel cell operation. The cross-
sectional SEM images of the patterned Nafion fiber mats are
shown in Fig. 8(a and b), with a thickness of ca. 15 um. To get
more insight into the effect of patterns on the mechanical
properties of the fibrous structure, tensile strength measure-
ments were performed on the patterned high purity Nafion
(95%) nanofiber constructs produced via template-assisted
electrospinning (as shown in Fig. 8). Young's modulus, ulti-
mate tensile strength and elongation to break properties of
the fiber network are listed in Table 2. The 40 um, 80 um and
160 um patterned fiber network showed Young's modulus of
9.27 MPa, 9.27 MPa, and 9.06 MPa, respectively, revealing

Table 2 — Mechanical properties of high purity Nafion
fiber networks.

higher stiffness compared to the random control (5.43 MPa)
and 360 um patterned fiber network (5.71 MPa). All patterned
fiber network showed similar elongation to break compared to
the random control without significant difference. Intuitively,
we expected the fiber network mechanical properties to be
compromised due to the patterned structure, however, the
patterned porous structures appear to have improved stiff-
ness and ultimate tensile strength compared to the random
network structure. This result could be attributed to the
increased strength through the fiber bundles due to the
patterned structure. The patterned fiber network with orga-
nized fiber bundles improved the alignment of the fibers in the
tensile direction, whereas the random constructs failed to
control individual fiber orientation.

Conclusions

In this study, we demonstrated a template-assisted E/E tech-
nique for fabricating unique nanofiber-nanoparticle PEMFC
electrodes with 3D hexagonal patterned features, ranging
from 40 pm to 360 um in diameter. Owing to the open and
interconnected hexagonal architecture, the nanofiber-
nanoparticle patterned electrodes show enhancements
compared to non-patterned electrodes possibly due to
enhanced triple phase boundaries and enhanced porosity and
water management. With an ultra-low cathode Pt loading of
0.06 mgp: cm 2, hexagonal patterned electrodes with 80 um
diameter demonstrated a Pt utilization of 8.26 kW gz,
showing 42% increase when compared to the randomly
assembled electrode (5.82 kW gpf). Furthermore, the me-
chanical strength of the Nafion fiber mats were not compro-
mised by the pattern structure. Patterned electrode fabricated
by template-assisted E/E technique show great promise for
the future development of low-cost fuel cell vehicles with high
power density and ultra-low Pt loading.
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