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Effective single web–structured electrode for high
membrane electrode assembly performance in polymer
electrolyte membrane fuel cell
Yunseong Ji1,2,3, Ohchan Kwon1, Ok Sung Jeon4, Sungdae Yim2, Yukwon Jeon5*, Yong-gun Shul1*

To achieve a sustainable society, CO2 emissions must be reduced and efficiency of energy systems must be en-
hanced. The polymer electrolyte membrane fuel cell (PEMFC) has zero CO2 emissions and high effectiveness for
various applications. A well-designed membrane electrolyte assembly (MEA) composed of electrode layers of
effective materials and structure can alter the performance and durability of PEMFC. We demonstrate an effi-
cient electrode deposition method through a well-designed carbon single web with a porous 3D web structure
that can be commercially adopted. To achieve excellent electrochemical properties, active Pt nanoparticles are
controlled by a nanoglue effect on a highly graphitized carbon surface. The developed MEA exhibits a notable
maximumpower density of 1082mW/cm2 at 80°C, H2/air, 50% RH, and 1.8 atm; low cathode loading of 0.1 mgPt/
cm2; and catalytic performance decays of only 23.18 and 13.42% under commercial-based durability protocols,
respectively, thereby achieving all desirables for commercial applications.
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INTRODUCTION
Owing to the increasing global energy demand and environmental
concerns, the polymer electrolyte membrane fuel cell (PEMFC) is
attracting attention as an essential and potential energy conversion
device that is environmentally sustainable with no CO2 emissions.
PEMFC is highly efficient for various applications requiring low op-
erating temperature, high energy, and power density, as well as fast
start-up ability (1, 2). Commercially, batteries are popular in the
eco-friendly transportation field, but their limited driving range
and slow charging rate have necessitated the development of the
PEMFCs as a more attractive alternative technology (3, 4).
However, the main impediments to the expansion of the PEMFC
market are the relatively high cost and insufficient durability of
the fuel cell stack (4, 5). The main component of a PEMFC is the
membrane electrode assembly (MEA) composed of a proton-con-
ducting membrane sandwiched between the catalyst layers (CLs). At
the CL, Pt-based catalysts are mainly used; therefore, the Depart-
ment of Energy (DOE) targeted the Pt loading under 0.10 mgPt/
cm2 by 2025 to reduce the main cost of electrode layers by increas-
ing the activity and stability of electrocatalysts (4–8). Moreover, re-
search on the successful implementation of the developed catalyst at
the device scale is essential. Therefore, it is important to develop
effective electrode materials and fabrication methods, which can
be easily applied to the commercial MEA production process for
high PEMFC performance and durability; hence, it opens up the
upcoming hydrogen economy.

In the PEMFC system, the CL generally consists of carbon sup-
ports that have appropriate electrical conductivity and pore

structure with high surface area for effective electrochemical reac-
tions. However, carbon can be degraded in a highly corrosive envi-
ronment under PEMFC operating conditions such as on-off
cycling, load cycling, and idling (9, 10). Furthermore, environmen-
tal and material factors such as temperature, humidity (11), surface
functional group (12), surface structure (13), Pt deposition method
(14), and operation protocols (15–18) affect the carbon degradation.
The carbon loss not only decreases the electrical conductivity but
also substantially diminishes the CL microstructure for the de-
creased gas transport and enables the exchange of the Pt species
with nanoparticles (NPs) via sintering/agglomeration, thereby re-
ducing the electrochemical surface area (ECSA) (18–20). These
problems affect the operation of fuel cells, resulting in low durabil-
ity, which should be resolved to decrease the life cycle cost. There-
fore, the DOE targeted long-term durability for 2025 with the MEA
cycling over 8000 hours with a maximum performance loss of
≤20% for automobile applications and catalyst degradation by activ-
ity loss and support stability of ≤30 to 40% of the initial mass activ-
ity and performance, similar to the New Energy and Industrial
Technology Development Organization (NEDO) guideline for du-
rability targets (7, 8, 17, 21).

To design an appropriate electrode for efficient PEMFC perfor-
mance and durability, the structures of the carbon material, surface,
and morphology are the critical points that should be considered
during CL configuration. First, the carbon materials should have
sufficient long-range and ordered graphitic structures with a high
degree of graphitization for good electrical conductivity and, partic-
ularly, corrosion resistance (12, 13, 19, 22, 23). It is also important to
have favorable surface properties for adequate active metal deposi-
tion with uniform NP distributions and strong metal support inter-
actions (23–27). Furthermore, the morphological structure of
carbon materials allows an appropriate three-dimensional (3D)
configuration of the electrode structure, providing a high surface
area and great availability of pores for better reactant/product dif-
fusion. Nanofibrous materials such as carbon nanofiber (CNF) have
been studied because of their graphitization, high aspect ratio, con-
nective structures for high conductivity, and favorable pore
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structures (26–30). In particular, the electrospinning method has
been widely used to produce a fine nanofibrous matrix, providing
a uniform and controllable web structure (26, 27, 31–34). However,
because it is difficult to simultaneously satisfy the requirements of
activity and durability, achieving the best balance between the
graphitization degree and surface design of carbon supports with
a proper morphology can enhance the overall performance of
the PEMFC.

Focusing on the fabrication of an optimized CL, various effective
methods have been reported to considerably improve the utilization
of CLs (10, 34–37). For example, CL fabrication methods such as
screen printing, inkjet printing, decal transfer, direct coating, spray-
ing, and impregnation are widely used in commercial processes for
large-scale preparation of CLs because of their simplicity, low cost,
and ease of scalability. However, these methods have several draw-
backs that can affect the performance and durability of the CL. In
particular, it is difficult to control the thickness, porosity, ionomer
distribution, tortuosity, and roughness of the CL and also achieve a
highly uniform catalyst distribution due to the random nature of the
process, resulting in only 60 to 70% of catalyst utilization (38–42).
On others, chemical vapor deposition and sputter methods provide
uniformly stacked CLs by a high degree of control over the thick-
ness, porosity, and roughness of the CL and even multiple types
of catalyst materials and surfaces (35, 43, 44). However, both
methods require the accurate control of vacuum and pressure con-
ditions, which is expensive and complex, and therefore, they cannot
be easily applied to the commercial scale-up process. Recently, a
control of the CL nanostructure is also important to construct a
well-organized periodic and uniform porous feature for an im-
proved mass transport, but it is relatively complex, less scalable,
and time-consuming to commercialize (7, 28, 45, 46).

In this study, an efficient MEA was developed with a thin
cathode layer and low Pt-loading to realize a high overall perfor-
mance by direct electrode deposition using a single nanofibrous
CL matrix, which can be applied to real MEA preparation with a
simpler process even in a larger scale. The electrospun carbon
single web was highly graphitized with high-temperature treatment,
and Pt-NPs were uniformly deposited through a nanoglue method
to simultaneously achieve high activity and stability. The flexible
single-web cathode is directly sandwiched between the commercial
anode, membrane, and gas diffusion layer (GDL) for the PEMFC
single-cell tests. The developed MEA exhibits excellent perfor-
mance and durability at various operating conditions.

RESULTS
Graphitized carbon single-web sheet
To obtain a flexible and effective carbon support, a single-web sheet
composed of graphitized CNFs was synthesized by electrospinning
and high-temperature graphitization processes. Figure 1A illustrates
the schematic procedure in the order of electrospinning, stabiliza-
tion, and graphitization steps. As illustrated by the detailed proce-
dure in fig. S1A, polyacrylonitrile (PAN) nanofibers were
electrospun and collected on a spinnable drum (Fig. 1B) under an
optimized condition by using 10 wt % PAN/N,N-dimethylmetha-
namide (DMF) solution. A wide area of stacked white web sheets
was produced, as shown in Fig. 1C, with a uniform average fiber
diameter of 200 to 300 nm (Fig. 1D). During the temperature in-
crease at a nonoxidizing condition, a stabilization of the prepared

web sheets (Fig. 1E) was followed under an oxidizing atmosphere
by the development of a rigid ladder-like structure (fig. S1B) that
can prevent mass reduction through the evaporation of volatiles
and retain their diameter under the nonoxidizing atmosphere
(47). Last, a graphitized carbon single web, denoted as gCSW, was
obtained after the carbonization procedure (fig. S1B) with dehydro-
genation (400° to 600°C) and denitrogenation (600° to 1300°C)
steps (47). The samples that were annealed at temperatures of
1000°C and very high temperature of 2500°C are denoted as
gCSW1000 and gCSW2500, respectively. Notably, flexible and
stable gCSW sheets (Fig. 1F) were produced through an optimized
condition, which ensured the electrode stability during the fabrica-
tion process and could also improve the operation durability.

During the carbonization procedure, it was observed that a
perfect CNF fully filled with carbon species was synthesized as
from the crosssection illustrated in Fig. 1G. After the final heat treat-
ment, notable reductions in the nanofiber diameters were observed
with average values of 132 and 92 nm for gCSW1000 and
gCSW2500, respectively. The shrinkage of the fibers at the higher
temperature is attributed to the compression of the carbon structure
that indicated a higher degree of graphitization. The x-ray diffrac-
tion (XRD) results in Fig. 1H confirm this with the carbon peaks at
26.5° corresponding to (002) with a change in d-spacing and crystal
size (fig. S2A), showing noticeable crystallization and ordering of
the carbon structure for gCSW2500 (48).

The highly graphitized structure was further proved in Fig. 2
using various characterization tools. As illustrated in Fig. 2A, a
higher degree of graphitization implies that the carbon structure
transforms from amorphous to ordered with graphite stacking
layers as the annealing temperature increases. Generally, the numer-
ous c-axis layer crystallites are nucleated at or below 2200°C, and a
further increase in the layer stacking scales only weakly with tem-
perature (47, 48). High-resolution transmission electron micro-
scope (HR-TEM) images in Fig. 2B show visible crystallite fibrils
with magnified surfaces. For gCSW1000, the crystallographic
ordered structure or parallel stacking was less noticeable. The con-
version into a more graphitic structure occurred after heat treat-
ment at the very high temperature of 2500°C, with the
development of ribbon-type structured microfibril layers of graph-
ite basal planes (sp2 type). These ribbon types appeared to pass
smoothly from one domain of stacking to the other with ~30 graph-
ite layers (fig. S2A) oriented along the fiber axis during the motion
of a highly graphitic structure (48, 49), which is also evident from
the Raman and x-ray photoelectron spectroscopy (XPS) analysis.

Figure 2C depicts the Raman spectra with two conspicuous
carbon peaks, i.e., vibrational bands: D1-band around 1350 cm−1

assigned to amorphous carbon domains and defects of the graphite
crystallites and G-band around 1580 cm−1 ascribed to the ordered
ideal graphitic lattice (50). Therefore, the intensity ratio of the R
value (ID1/IG) is generally calculated to investigate the degree of
graphitization and defects. As expected, R values decreased from
5.37 to 0.76 as the annealing temperature increased, indicating the
proportion of amorphous carbon that decreased and that of multi-
layer graphite that increased. Furthermore, the formation of a sharp
G2-band at approximately 2700 cm−1 for gCSW2500 proves the al-
ternatively repeating ABAB structure stacking of graphene layers
(48–50). Through the deconvolution of each band that is described
in detail (fig. S2, B to D), the disappearance of D3 for amorphous
carbon and D4 for disordered graphitic lattice supports the
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increased degree of graphitization with a well-defined structure (47–
50). This kind of reorientation of surface structure can enhance the
surface alignment–electrode layer for better durability (13).

Figure 2D and fig. S3 show the change in the chemical compo-
sition and structure that was investigated by the XPS analysis.
During the synthesis of gCSW, as shown in fig. S3A, the proportion
of carbon increases, whereas those of O, N, and even H decreases
through dehydrogenation and denitrogenation, which is consistent
with the elementary analysis. Figure 2D demonstrates the XPS peaks
of C 1s for gCSW1000 and gCSW2500 with the assigned chemical
bonding, and each peak was deconvoluted, as summarized in fig. S3
(B to D), to evaluate the chemical structural changes. Referring to
the peak at 284.2 eV for the C─C bond of sp2-bonded carbon, the
intensity on the gCSW2500 notably increased with a compositional
portion of almost 100%, while the relatively lower intensity of the
C─C peak for gCSW1000 and additional peaks of carbon bonds
(C─N and C─O) were exposed. As is clear from these results,
gCSW2500 represents the formation of a highly carbonized and
graphitized structure; however, it is clear that the surface functional
groups barely remained after the reduction of O and N species; this
may cause problems with Pt NP deposition and control.

Synthesis of Pt/PCA/gCSW2500
Figure 3 depicts the synthesis procedure and results for the Pt dep-
osition on gCSWs through the nanoglue method using 1-pyrene
carboxylic acid (PCA). As illustrated in Fig. 3A, the process of Pt
deposition was conducted beginning with PCA coating and fol-
lowed by microwave polyol methods to distribute uniformly small
Pt NPs on the gCSW supports. The strong bonding and distribution
issues of the Pt NPs on the surface are very important, as it is related

to agglomeration, resulting in the rapid decline of catalytic activity.
However, CNFs, similar to our gCSWs in which less or no surface
functional groups remained, generally have 2D crystals or bundles
and intrinsic hydrophobic surfaces, which make Pt-NPs difficult to
disperse in polar solvents.

To improve the Pt-NP dispersion and bonding, PCA is used as
an amphiphilic functional agent, where aromatic hydrocarbons
with hexagonal carbon rings pi-functionalized the CNF surface.
Figure S4A illustrates a nondestructive PCA coating method that
includes dipping the prepared gCSW2500 in water/alcohol + PCA
solution to retain the nanofibrous web structure. Moreover, as ob-
served from the confocal microscopy and scanning electron micros-
copy (SEM)–energy-dispersive x-ray spectroscopy (EDX) analysis
(fig. S4, B and C), PCA was finely coated on the gCSW2500
through a noncovalent π-π interaction (pi-functionalization). The
pyrene part (lyophilic portion) of the molecule sticks to the
carbon structure, which is the bonding part with Pt species (48–
50). Simultaneously, the hydrophilic COOH part remains stably
suspended in an aqueous medium owing to the enhanced wettabil-
ity of solvents. This is verified, as shown in fig. S4D, by the relatively
low water contact angle of 53° for the PCA-coated gCSW2500. At
the water/hexane (1:1) in fig. S4E, the dispersion of PCA/
gCSW2500 in the water layer rather than the hexane layer indicates
the water affinity due to the carboxylic acid functional groups,
which is also found in the water and ethanol solvents. Consequently,
a key advantage of producing gCSW in this manner is that it is pos-
sible to strongly distribute the Pt NPs on the carbon surface.

A Pt-NP deposition step (Fig. 3A) through the polyol method
was performed to adequately control the sizes, shapes, composi-
tions, and crystallinity with a heating homogeneity with microwave

Fig. 1. Synthesis and characterizations of the graphitized single carbon web. (A) Schematic illustration of the synthesis of the graphitized single carbon web by the
electrospinningmethod as in the (B) photograph. (C) Photograph and (D) scanning electronmicroscopy (SEM) image (inset: distribution of the nanofiber diameter) of the
electrospun polymer nanofibrous web sheet. Photographs of the (E) stabilized and (F) carbonized electrospun single carbon web sheet. (G) SEM images (inset: distri-
butions of the nanofiber diameters) and (H) XRD patterns by 2θ and d-spacing for the graphitized single CNFs treated at 1000° and 2500°C.
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assistance (26, 27, 51). As shown in fig. S5A, the prepared PCA/
gCSW2500 was dipped in ethylene glycol (EG) with the Pt precur-
sor (40%) and then microwaved. The wettability of EG was suffi-
cient to execute this method with great dispersion (fig. S5B). As
illustrated in fig. S5A, the Pt species is expected to attach to each
PCA functional group and then reduce as nanoglued Pt NPs on
the surface of PCA/gCSW2500 with highly uniform distribution.
Figure 3B demonstrates the TEM-EDX analysis that displays excel-
lent distribution of Pt species entirely on the gCSW support. From
the XRD analysis (fig. S5C), major diffraction peaks of Pt metal were
detected well at 39.4° (111) and 46.2° (200) (JCPDS card no. 04-
0802) for all samples after the Pt deposition process. The major
peak for the Pt/PCA/gCSW2500 was slightly broader than the
other, indicating better distribution of small NPs. From the size cal-
culation through Scherrer’s equation, Pt NPs exhibited a range of 3
to 5 nm, which is commonly known as an appropriate size for a
good oxygen reduction reaction (ORR) activity (52–56). The consis-
tent sizes were confirmed by the HR-TEM analysis. In Fig. 3C, it can
be observed that the Pt NPs are well deposited on all gCSW surfaces,
while a partial agglomeration of the Pt species on the 2500°C-
treated gCSW was observed possibly because of the less number
of surface functional groups, as confirmed. However, the PCA-
coated gCSW2500 shows excellent Pt-NP distribution on the
entire carbon surface with a uniform shape of a spherical morphol-
ogy, which is close to the Pt NPs at the commercial Pt/C (fig. S5D).
Furthermore, from the NP size distribution analysis, shown in

Fig. 3D, Pt NPs at Pt/PCA/gCSW2500 are even smaller, with an
average size of 2.8 nm than the other samples (average of 3 to 5
nm) with a relatively shaper peak, thereby proving excellent
uniformity.

The results of the XPS analysis support the nanoglue effect
between Pt and gCSW with high distribution. Figure 3E displays
the typical XPS Pt 4f spectra of Pt/PCA/gCSW2500 for metallic
Pt on the carbon supports with mainly Pt0. However, it also con-
tains relatively higher portions of Pt2+ and Pt4+ owing to the
strong bonding with the functionalized carbon surface, compared
to the other samples (fig. S6A). Because it is important to have a
strong bonding structure of Pt and support, the degree of the func-
tionalized surface can be confirmed by the deconvoluted C 1s and O
1s XPS spectra. It was observed that the C species of C─O and C═O
(fig. S6B) increased at Pt/PCA/gCSW2500, and the O content (fig.
S6C) also increased. This indicates the presence of a higher amount
of functional groups at the surface after PCA coating than the orig-
inal gCSW2500 produced, which is strongly bonded with the in-
creased Pt ionic species. Consequently, it shows a nanoglue effect
that can enhance not only the catalytic activity through the well-dis-
tributed small Pt NPs but also the durability at the PEMFC operat-
ing conditions through the strong Pt and support interactions.

Electrochemical characterizations
As shown in Fig. 4, the prepared catalysts with similar Pt loading
were examined to evaluate the half-cell activity and durability
using a three-electrode system. Cyclic voltammetry (CV) and
linear-sweep voltammetry (LSV) measurements were conducted
to confirm the ORR activity and durability before and after a poten-
tial cycling test (PCT). To begin with the CV curves in Fig. 4A, the
current shown at a particular potential window indicates the mag-
nitude of a specific reaction. All catalysts exhibited well-developed
H2 adsorption/desorption at lower 0.4 V and O2 adsorption/desorp-
tion peaks at upper 0.6 V without additional reactions. Comparing
the H2 desorption region, the area for Pt/PCA/gCSW2500 was ob-
served to be larger than the other noncoated regions and compara-
ble with the Pt/C. Therefore, higher ORR activity and its trend can
be also confirmed by the LSV results, as shown in Fig. 4B. Similar to
the CV results, the onset potential, one of the indicators for ORR
activity in LSV, was notably shifted toward positive potentials
from 0.96 to 0.99 V after PCA coating, resulting in the same value
with Pt/C. The limiting current densities of the CSWs were higher
with an average value of 5.3 mA/cm2 (Pt/C: 4.7 mA/cm2) owing to a
greater mass transfer effect by the nanofibrous web structure.

To clearly compare the catalytic durability, Fig. 4C shows the
values of ECSA, mass activity, half-wave potential, and specific ac-
tivity, along with the decay rates during the PCT for 6000 cycles
(figs. S7 and S8). The PCT protocol is designed to have equivalent
to or even more severe operating conditions than the DOE durabil-
ity test protocol to evaluate a rapid carbon corrosion in a potential
range of 1.0 to 1.6 V (15). From the CVs in Fig. 4A, the ECSA values
for the number of active sites on the electrocatalysts are calculated
by the total charge amount at the H2 desorption peak using the
equation, ECSA = QH/m · qH. Here, QH is the charge for H2 desorp-
tion by peak integration with the baseline from the double layer, m
is the amount of metal loading, and qH is 210 mC/cm2, i.e., the
charge required for the monolayer adsorption of H2 on Pt surfaces.
As expected, the specific ECSA value for the developed Pt/PCA/
gCSW2500 revealed a reasonable value of 32.76 m2/g, comparable

Fig. 2. Structural changes by different treatment temperatures. (A) The illus-
tration of the graphitization process and (B) TEM images (insets: morphologies of
the CNFs), as well as the (C) Raman and (D) XPS C 1s analysis for the graphitized
single carbon nanofibrous webs treated at 1000° and 2500°C.
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to Pt/C (table S1). This is remarkably enhanced by the PCA coating
owing to the improved distribution of small Pt NPs, thereby causing
a difference in the initial exposed surface area. The interparticle dis-
tance and coarsening at the nanowire structure may also have a pos-
itive effect on the surface state to enhance the Pt utilization (55–57).
During the PCTs, carbon supports generally experience electro-
chemical corrosion and degradation owing to a decrease in the
number of exposed active sites (15). In the CV curves after PCTs
for 6000 cycles (fig. S7), the signature peak locations remained
similar, but the peak intensity and area changed according to the
degree of degradation. It is clear that Pt/C shows a diminished
shape of the initial CV with ECSA decay rate of 57.39% (Fig. 4D).
Unexpectedly, Pt/PCA/gCSW2500 exhibited not only comparable
activity but also exceptional durability with a decay rate of only
5.59%, which can be attributed to the corrosion resistivity of the
highly graphitized carbon nature (12, 13).

Half-wave potential, mass, and specific activity can be calculated
from the LSV polarization curves shown in Fig. 4B to express the
activation energy of electrocatalysts as the overpotential and magni-
tude of a reaction as a form of current density. With a similar ten-
dency with CV in fig. S8, we observed that the half-wave potentials
shifted after PCTs from their initial values. A notable decay was ob-
served in Pt/C, which are mainly amorphous carbons, whereas the
highly graphitized samples of Pt/gCSW1000, Pt/gCSW2500, and
Pt/PCA/gCSW2500 were relatively stable with a decay rate of
under 5%. Furthermore, mass activity was calculated from the
current density per unit mass taken at 0.90 V by approximately

0.1 A/mg, which is commonly reported for the Pt on carbon electro-
catalysts (52, 54). Using the mass activity and ECSA values, it is also
possible to calculate the specific activity, which is the activity per
quantity of Pt (mA/cm2

Pt), to evaluate a physical property of Pt
NPs (7, 52, 54). As we confirmed that the PCA coating improves
the Pt NP’s physicochemical control, Pt/PCA/gCSW2500 shows
outstanding values of both mass and specific activities for 154.98
mA/mg and 473.02 mA/cm2

Pt, respectively, than the noncoated
samples and Pt/C catalyst (155.60 mA/mg and 275.78 mA/cm2

Pt, re-
spectively) with a similar mass activity and almost twice the specific
activity. Notably, Pt/PCA/gCSW2500 exhibits excellent durability
with decay rates of 10.75 and 6.79% of mass and specific activities,
respectively, compared to Pt/C (83.84 and 62.07%). In fig. S9, the
HR-TEM images illustrate the change in the size and distribution
of Pt NPs after the durability tests. As expected, Pt NPs at the Pt/
C were highly agglomerated after PCT with substantial degradation.
However, the highly graphitized catalysts show almost no change in
their morphology due to the nanoglue effect that not only affects the
great catalytic activity but also alleviates the Pt dissolution and
growth (12, 55–58). As our accelerated test conditions are equivalent
to or even harsher than the DOE and NEDO protocols (14), the
PCT results for Pt/PCA/gCSW2500 satisfy the technical targets of
DOE 2025 and even NEDO, catalytic activity <40% after 6000
cycles, which is effective for the long-life operation of PEMFC (7,
15, 17, 21, 35).

Fig. 3. Synthesis and characterization of the platinum (Pt) NP distribution on the graphitized single carbon nanofibrous web. (A) Schematic illustration of the Pt
NP distribution process on the graphitized single carbon nanofibrous web through the PCA coating deposition method. (B) SEM images with EDS mapping images of C
and Pt elements for the Pt/PCA/gCSW2500. (C) TEM images with the (D) NP size distribution for the samples of Pt/gCSW1000, Pt/gCSW2500, and Pt/PCA/gCSW2500 and
(E) XPS Pt 4f analysis for the Pt/PCA/gCSW2500 (inset: expected Pt deposition structure through a nanoglue effect by the PCA coating).
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Preparation of MEAs with single-web cathode
The developed Pt/PCA/gCSW2500 was evaluated in as a cathode
material for a single-cell PEMFC (Fig. 5) to investigate the proven
electrochemical property from the half-cell results. Figure 5A dem-
onstrates the fabrication process of the MEA using the single nano-
fibrous sheet using a direct hot-pressed deposition method. As
shown in fig. S10 (A to E), Pt/PCA/gCSW2500 was prepared with
two different sizes of 1 cm by 1 cm and 2.5 cm by 2.5 cm with low Pt
cathode loading of 0.1 mg/cm2. To apply to a single cell, the elec-
trode was directly hot-pressed onto the other side of the anode-
coated membrane. For comparison, Pt/gCSW2500 and particulate
Pt/C with the ionomer mixture were sprayed (fig. S11, A and B).
Subsequently, GDLs were attached to both sides, and single cells
were assembled by a unit cell system for PEMFC performance
tests (fig. S10F). The proposed MEA preparation was possible
owing to the flexibility of our single web, showing great potential
for the next-generation MEA fabrication by the simple deposition
of the electrode layers; hence, it is efficient to apply to the commer-
cial scale-up process.

Figure 5B displays a perfect nanofibrous cathode structure by Pt/
PCA/gCSW2500, which is finely stacked and attached to the mem-
brane surface. From the SEM cross-sectional images in fig. S12 (A to
C), it can be observed that three distinctive layers fabricated with Pt/
PCA/gCSW2500, membrane, and Pt/C had thicknesses of 5, 20, and
1.8 μm, respectively. The chemical composition of the Pt/PCA/
gCSW2500 cathode layer was confirmed by the energy dispersive
X-ray spectroscopy (EDS) mappings, as shown in Fig. 5C,
showing well the distribution of all elements, especially Pt, which
is also observed for the non–PCA-coated Pt/gCSW2500 cathode
layer (fig. S12C). As shown in the table in fig. S12D, a desired
ratio of Pt, carbon with PCA, and ionomer was achieved for both
cathode layers with only a difference in the amount of O due to
the absence of PCA. On the basis of these images, the characteristics
of CNFs were evidently observed; CNFs could be the electrical
channel in the MEA for an effective electron transfer in the elec-
trode. Furthermore, the gCSW analyzed by FIB-SEM (fig. S12E) ex-
hibits a distinctive pore structure and connectivity compared to the
particular Pt/C-based cathode layer (fig. S11, C and D). The thick-
ness of the cathode layer was also approximately two to three times
greater than the Pt/C-based layer, owing to the higher volume of the
nanofibrous feature. Figure 5D illustrates that the nanofibrous
structured electrode has much higher pore volume than the partic-
ular electrode with relatively larger pore size ranges. This is a key
point for a short mass transfer in the electrode, where gCSW
could offer enhanced mass transfer and effective electron/ionomer
transport from a connected pathway (28–34), consequently provid-
ing higher MEA performance and even durability for efficient
PEMFC usage.

PEMFC single-cell application
To confirm the practical performance and durability of the MEAs
with a Pt/PCA/gCSW2500 cathode, several electrochemical analy-
ses were performed at a single-cell system. As expected in Fig. 6A,
the nanofibrous cathode could offer a specific path for mass transfer
from the large pores to the interior of the electrode (Fig. 5) and high
conductivity from the straightforward pathway across the electrode,
which provides a more effective transport property than the parti-
cle-based MEA by commercial Pt/C, as shown in Fig. 6B. All the
single-cell tests were conducted at the same practical operating

Fig. 4. Half-cell performance of the Pt/PCA/gCSW2500. (A) CV and (B) polariza-
tion curve in 0.5 M H2SO4 with (C) comparison of the half-cell initial performances
on ECSA, mass activity, half-wave potential, and specific activity, as well as these
decay rates (table S1) during the durability tests for 6000 cycles based on the PCT
protocol (inset), for (a) commercial Pt/C, (b) Pt/gCSW1000, (c) Pt/gCSW2500, and
(d) Pt/PCA/gCSW2500.
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conditions of 80°C, 50% relative humidity (RH), H2/Air, and 1.8
atm. The initial I-V performances of the representative MEAs are
shown in Fig. 6C. As expected from the half-cell measurements,
the Pt/PCA/gCSW2500 nanofibrous cathode achieved better per-
formance than the Pt/gCSW2500 and Pt/C-based cathodes. A
more comprehensive analysis of the results shows that the I-V
curve can be divided into three zones according to the critical
reason for overpotentials (59). In the kinetic zone at open-circuit
voltage (OCV) to 0.75 V, the activation overpotential is usually de-
termined by the catalytic ORR activity. The OCVs were similar to
the value in the range of 0.99 to 0.97 V, owing to the similar catalytic
activity and adequate electrical conductivity due to the well-con-
nected CNFs, which delivered suitable electrical pathways to
reduce the resistance of the cathode layer with an increased
number of triple boundary phases. However, a difference in perfor-
mance is observed, i.e., better catalytic activity for the developed
cathodes, which can also be confirmed by the CV analysis.
Figure 6D shows the advanced intensity of the H2 desorption
peak with a relatively higher ECSA value than the Pt/C, which is
consistent with the half-cell results (Fig. 4). At 0.40 to 0.20 V, the
mass transfer–controlled zone indicates the effectiveness of trans-
portation where a diffusion limitation occurred because of the
lack of O2 reactant on the Pt surface (59). Therefore, the huge per-
formance difference in this zone for the Pt/PCA/gCSW2500
cathode is understandable, as the nanofibrous web structure pro-
vides a high surface area and a 3D open pore configuration with
better mass transfer at the electrode. According to the impedance
analysis shown in Fig. 6E, it is also confirmed that a smaller mass
transport loss occurred at 0.6 V than Pt/C, while the ohmic and ac-
tivation losses were smaller than those of the Pt/
gCSW2500 cathode.

In summary, the excellent performance of the Pt/PCA/
gCSW2500 cathode in the ohmic polarization zone of 0.75 to 0.40
V can be attributed to the combination of both properties at the
kinetic and mass-transfer zones. While Pt/gCSW2500 and Pt/C-
based cathodes exhibited power densities of 750 and 923 mW/
cm2 (0.2 mgPt/cm2), respectively, Pt/PCA/gCSW2500 revealed an
excellent performance of 1668 mA/cm2 at 0.6 V with a maximum
power density of 1082 mW/cm2 with a low cathode Pt loading of 0.1
mgPt/cm2. As shown in Fig. 6F, the excellent performance of Pt/
PCA/gCSW2500 cathode was achieved at a large-sized MEA (2.5
cm by 2.5 cm), with only a minimal loss in the mass transport prop-
erty, indicating its applicability to mass production of the effective
wide MEAs for PEMFC commercialization.

Because the durability issue is also a crucial point to consider for
realizing a marketable PEMFC, Fig. 7 demonstrates the single-cell
investigations for corrosion resistivity using two different protocols
based on DOE and NEDO, respectively, with the cycling condition
of 1.0 to 1.5 V and a scan rate of 500 mV/s at 80°C, RH100. I-V,
impedance, and CV measurements were conducted before and
after the operation cycles. The operating conditions were fixed as
those of basic single-cell tests. The carbon corrosion was induced
on the basis of the potential cycling condition of 1.0 to 1.5 V and
a scan rate of 500 mV/s at 80°C and RH100. Figure 7A shows the I-V
curves for the MEAs with commercial Pt/C and Pt/PCA/
gCSW2500. Both the MEAs started with a similar performance at
a low loading of 0.1 mgPt/cm2 for Pt/PCA/gCSW2500 (Pt/C = 0.2
mgPt/cm2). Impressively, the performance of this MEA remained
constant for over 10,000 cycles with stable high-frequency resistance
(HFR) and charge-transfer resistance regions (fig. S13). Although a
slight decrease in stability was observed after 20,000 cycles, it is still
acceptable when compared to a commercial MEA. The Pt/C-based
MEA showed a remarkable decline in performance and large

Fig. 5. A single-webMEA for the PEMFC application. (A) Schematic illustration of the preparation of a single-web MEAwith Pt/PCA/gCSW2500. (B) Cross section of the
magnified SEM image (inset: SEM image of thewhole MEA). (C) EDSmapping images of C, Pt, and F elements for the Pt/PCA/gCSW2500-based nanofibrous cathode layer.
(D) Pore size and volume distribution analysis with a comparison of the particular and nanofibrous single-web electrodes.

Ji et al., Sci. Adv. 9, eadf4863 (2023) 28 April 2023 7 of 13

SC I ENCE ADVANCES | R E S EARCH ART I C L E



increase in resistances of HFR and charge transfer, simultaneously,
after only 2000 cycles (fig. S14). This may be because carbon black
can be easily oxidized into CO2 owing to its defect sites, as well as
loss of its active sites and conducting pathways for electrons and
ions. In other words, the highly graphitized gCSW2500 is more
stable because of the defect-free surface (12–15, 60).

The evaluation of single-cell durability was conducted by CVs in
terms of the change in active Pt sites after each corrosion test. The
normalized ECSAs, according to the number of cycles by each pro-
tocol, are shown in Fig. 7 (B and C). The initial values were different
owing to the different ranges and applied methods to obtain the CV
curves. Similar ECSA values of Pt/C and Pt/PCA/gCSW2500 were
observed for each system. As has been established in previous
studies, Pt/C showed notable degradation at the point of 500
cycles when potential cycling was applied, which can be easily ob-
served in carbon corrosion protocols with considerable changes in
ECSA values. Subsequently, after only 2000 cycles by both durability
tests, approximately 50% of the initial values in the ECSA resulted in
decays of 41.76 and 48.01% for DOE and NEDO protocols, respec-
tively (table S2). Distinctively, the MEA with Pt/PCA/gCSW2500
was considerably stable at the initial points until 10,000 cycles
owing to the stable graphitic wall formed along the surface and
the structural effect of the 1D structured carbon support. The
ECSA value attenuated slowly at a constant rate up to 20,000
cycles, with mere decays of 23.18 and 13.42% for DOE and
NEDO protocols, respectively (table S3). Furthermore, these
results enormously overcame the DOE target 2025 of catalyst deg-
radation with activity loss and support stability by ≤30 to 0% of the
initial values, maintaining the number of active sites with minimal
change. As expected, the active Pt NP sizes at Pt/PCA/gCSW 2500
were also stably preserved for 20,000 cycles owing to the PCA

nanoglue effect, whereas growth in size was considerably observed
at Pt/C (tables S2 and S3). On the basis of these results, it can be
inferred that the large difference in durability originated from the
high graphitization of the support and preservation of the Pt
morphology.

Summarizing the performances in Fig. 8, our developed MEA
with the Pt/PCA/gCSW2500 cathode demonstrates better half-cell
catalytic, especially specific activity compared to those of other
recent works using commercial Pt/C based catalysts, which, addi-
tionally, appears to improve the mass activity using a Pt interdis-
tance control (55, 56). Our MEA with direct CL deposition can be
conveyed to the high MEA performance at considerably low Pt
loading and similar conditions, which may be more effective than
the decal and spray used Pt/C-based MEAs. With a substantially
better durability at both rotating disk electrode (RDE) and MEA
measurements compared to other carbon-based electrodes from
the latest literature, the developed MEA with the Pt/PCA/
gCSW2500 cathode not only has the advantages of an efficient fab-
rication method but also results in an exceptional PEMFC perfor-
mance and durability.

DISCUSSION
The current work reported a simple electrode fabrication method
via direct CL deposition using a well-designed carbon single web
that results in excellent PEMFC performance and durability. The
carbon single web was prepared by electrospinning to secure the
macropores to facilitate the transfer properties. While maintaining
this structure, the carbonaceous source was graphitized by thermal
treatment with annealing growth until 2500°C, and the size and in-
terspace of carbon were modified into a ribbon-type graphitic

Fig. 6. PEMFC performances. Illustrations of the expected electrochemical reaction mechanisms at the (A) nanofibrous single-web MEA and (B) conventional particular
MEA. Single-cell tests through (C) I-V-W plots, (D) CV, and (E) impedance (0.6 V) analysis for the MEAs composed of commercial Pt/C, Pt/gCSW2500, and Pt/PCA/
gCSW2500, respectively. (F) PEMFC performances of the Pt/PCA/gCSW2500-basedMEAs with different active area size of 1 × 1 and 2.5 × 2.5 (inset: photos of the prepared
MEAs). All single-cell tests are performed at Tcell = 80°C, 50% RH, H2/air, and 1.8 absolute (1 atm + 0.8 gauge).
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structure notably different compared to that at 1000°C, resulting in
excellent carbon corrosion resistivity. The carbon single-web elec-
trode can suppress surface pores for maximizing Pt utilization
through the control of Pt at easily accessible locations for higher cat-
alytic activity, which is additionally improved by the nanoglue effect
from PCA coating. The developed Pt/PCA/gCSW2500 was easily
deposited by a direct hot press on the membrane; this can
improve the commercial MEA production process with a simpler
process even in a larger scale. The developed MEA exhibited supe-
rior performance and durability, realizing the commercial DOE and
NEDO targets at low Pt loading and practical operating conditions.
Although there are uncertainties in stack performance and mass
production, we can attempt to replace the commercial MEA with
a CL structure and fabrication method to facilitate further expan-
sion of the PEMFC market.

MATERIALS AND METHODS
Electrospun PAN nanofibrous web sheet
A nanofibrous web sheet was synthesized through the electrospin-
ning method using a spinnable PAN solution. The polymer solution
was made by dissolving PAN powder (Mw= 150,000 g/mol) in DMF
with a proportion by weight to obtain solutions of the concentra-
tions of 10 wt % PAN. The solutions were stirred for 1 day to
attain complete dissolution and mixing for a clear-colored homoge-
neous state, although this duration could be reduced by heating the
solution at 70°C. When the solution was heated, as-prepared solu-
tions were cooled to room temperature before electrospinning. The
experimental setup of an electrospinning process was set up in a
chamber with controlled conditions of 20°C and 30% RH. The pre-
pared solution was placed in a plastic syringe and flowed into a 30-
gauge nozzle tip (inner diameter, 0.15 mm). The feed rate of the
solution was maintained using a syringe pump (KD Scientific)
and the voltage supplied from a power supply to the needle. The
voltage and distance were kept constant at 18 kV and 15 cm, respec-
tively, with the rate of 200 μl/hour, which produced minimum di-
ameter fibers of approximately 250 nm. The electrospun fibers were
collected above the earthed rotating Al drum.

Graphitic carbon single-web sheets
The graphitized CNFs were prepared with a procedure of stabiliza-
tion (oxidization), carbonization, and graphitization steps, as sum-
marized in fig. S1 (47). First, a box-type furnace was used to convert
electrospun nanofibers at the web sheet into stabilized CNFs in a
cubicle by heating at a ramp rate of 1°C/min to 270°C and retained
for an hour under an air atmosphere (61). Then, the stabilized nano-
fibrous web sheet was annealed in a high-temperature graphite
furnace (TNS vacuum) at the temperatures of 1000° and 2500°C
with a fixed treatment condition of ramp rate at 5°C/min and 3-
hour plateau time to produce single-carbon nanofibrous web
sheets with a different order of graphitization. The matrix thickness
was controlled to around 4 to 5 μm. For convenience, the heat-
treated carbon single-web sheets were named following the final
heat temperature, for example, gCSW1000 and gCSW2500.

PCA functionalization on CSW2500
A nondestructive platinum (Pt) deposition method was used to
finely load Pt NPs on the selected graphitized CSW2500 using a
modified PCA (Sigma-Aldrich) coating method (fig. S4). To func-
tionalize the graphitized carbon surface, a noncovalent functional-
ization method using PCA coating was applied. PCA (0.05 g) was
completely dissolved in 200 ml of ethanol by sonicating for 10
min. CSW2500 (0.5 g) was added to the solution for 10 wt %
PCA adsorption on the surface, and 50 ml of deionized (DI)
water was added. The mixture was stirred for 3 hours, and then, fil-
tration/washing by water/ethanol was repeated. The treated sample,
named as PCA/CSW2500, was vacuum-dried at 70°C overnight.

Pt deposition on PCA/gCSW2500
For the Pt deposition on the carbon surfaces, a microwave polyol
process was used. A desired amount (Pt = 40 wt %) of chloroplatinic
acid hexahydrate (H2PtCl6·6H2O, Kojima Chemicals) was dissolved
in 50 ml of EG (Sigma-Aldrich) under vigorous stirring for 30 min.
NaOH (1 M; Sigma-Aldrich) was introduced to adjust the pH of the
solution to 11 and precisely controlled because the pH is one of the

Fig. 7. PEMFC durability tests by two different protocols. Single-cell durability
tests of the MEAs composed of commercial Pt/C and single-web Pt/PCA/
gCSW2500, with the results of (A) I-V performance plots before and after the
DOE protocol (Tcell = 80°C, 50% RH, H2/air, and 1.8 atm), as well as ECSA values
and its decay rates (summarized from tables S2 and S3) under (B) DOE and (C)
NEDO protocols, respectively, at every 500, 1000, 2000, 10,000, and 20,000 cycles.
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critical operating parameters. Then, an appropriate amount of the
prepared PCA/gCSW2500 support was added to the solution to
produce an electrode material, 40 wt % of Pt. The resulting suspen-
sion was stirred for 1 hour at room temperature, then poured in a
Teflon vessel, and placed in a microwave oven. Microwave reaction
was performed at 160°C for 90 s. As a consequence of the micro-
wave-assisted polyol method, the Pt precursor was reduced to a me-
tallic state as Pt NPs on the support material. Last, a sample was
achieved after filtration, washing, and drying processes for 8
hours at 80°C vacuum oven. The synthesized Pt NP–loaded
single-carbon nanofibrous web sheet was named as Pt/PCA/
gCSW2500. For comparison, Pt NPs were loaded on the prepared
CNF samples without PCA functionalization. The same method as
above was used, and the samples are denoted as Pt/gCSW1000 and
Pt/gCSW2500.

Characterizations
The morphological characterization of synthesized materials was
observed using FE-SEM (JEOL-7800F, JEOL) to obtain the mor-
phological appearance of the as-spun/treated nanofibers and web
sheets. Then, to determine the average nanofiber diameters and dis-
tributions, an image processing program, Image Pro, was used. For
each sample, approximately 300 readings for the nanofiber diame-
ters were recorded, and statistical analysis was carried out by con-
structing a histogram. The chemical compositions were detected
using the EDX with an accelerating voltage (15 kV). Additional in-
formation on element compositions was obtained using the Ele-
mental analyzer (2400 Series II CHNS/O, PerkinElmer). For
qualitative comparison, high-magnification images of the nanofib-
ers and Pt NPs were obtained using a TEM (JEM-ARM 200F, JEOL)
analysis at a high accelerating voltage of 200 kV. To investigate the
structural evolution including crystal size and inter–d-spacing,
XRD (Miniflex AD11605, Rigaku) was performed with Cu Kα
source (λ = 1.5405 nm) at 30 mA, 30 kV, and room temperature.
Data were collected from 10° to 90° on the scale of 2θ (2°/min). Fur-
thermore, Raman spectroscopy (LabRam Aramis, Horriba) was
used to determine the graphitization of the samples. The alteration
of surface property and composition were examined using XPS with
a monochromated Al x-ray source (K-alpha, Thermo U.K.). All
binding energies were calibrated at C1s, 284.8 eV.

Electrochemical characterizations
The electrochemical properties of the developed electrode materials
were characterized by the measurements of CV and LSV in 0.5 M
H2SO4 (Sigma-Aldrich) at room temperature. These were used by
applying to the Rotate Assembly Instructions (Pine Instruments)
using a three-electrode system. A platinum wire was used as a
counter electrode, and a standard calomel electrode [0.241 V
versus reversible hydrogen electrode (RHE)] was used as a reference
electrode. A mixture of ethanol (Sigma-Aldrich), Nafion solution (5
wt % in lower aliphatic alcohols and water; 1100 EW; Sigma-
Aldrich), and samples were prepared as a catalyst slurry. For half-
cell measurements, the slurry was deposited on a glassy carbon elec-
trode (ϕ = 5 mm) and dried at room temperature in ambient air.

CVs were conducted between 0.05 and 1.2 V versus RHE with a
rate of 50 mV/s in the N2-saturated atmosphere. The ORR activity
was investigated by recording the LSVs from 0.05 to 1 VRHE at a rate
of 20 mV/s with rotation at 1600 rpm in the O2-saturated atmo-
sphere. To evaluate the stability of the graphitized carbon supports,
further investigations of electrochemical stability were performed
using the following protocol based on the DOE and Fuel cell Com-
mercialization Conference of Japan (FCCJ) durability test protocols:
PCT for carbon corrosion test, 6000 cycles, 1.0 to 1.6 V, and scan
rate 100 mV/s at 25°C (15).

This result of the cycling potential windows was adjusted on the
basis of previous studies that used acceleration testing methods (11,
12, 15–20). The electrochemical alterations were recorded by fol-
lowing the CV and LSV methods after the PCTs. For comparison,
commercial 40 wt % Pt/C (HISPEC 4000, Johnson Matthey) was
used. After the PCTs, used catalysts were collected from the RDE
by sonicating and then post-characterized by HR-TEM.

Single carbon web MEA for single-cell test
For fabricating the single-web MEAs, the synthesized Pt/PCA/
CSW2500 was used for a cathode. First, for the anode, a catalyst
slurry was prepared by mixing 40 wt % Pt/C commercial catalyst
with DI water, Aquivion ionomer solution (D79-25BS), and isopro-
pyl alcohol (Sigma-Aldrich) with an ionomer/carbon weight ratio
of 25%. The slurries were stirred for 5 min and sonicated for 3
min, and these processes were repeated for 1 hour in ice-cold
water. Subsequently, a CL was sprayed on the anode side of the
Nafion HP (20 μm) with a Pt loading of 0.05 mg/cm2 with sizes
of 1 cm by 1 cm and 2.5 cm by 2.5 cm. To prepare a single-web
cathode, the synthesized Pt/PCA/gCSW2500 was cut with sizes of

Fig. 8. Performance summary. Comparisons with recent works on the (A) half-cell performance of the mass and specific activities at H2SO4 solution (52, 54, 55, 60, 62)
and the (B) MEA performance of the power density (at 0.65 V) and Pt loading at similar conditions (7, 30, 31, 34, 38, 39, 43, 44, 46, 62–68). (C) Durability comparisons of the
half cell and MEA test results with latest works (8, 27, 51, 62, 69, 70).
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1 cm by 1 cm and 2.5 cm by 2.5 cm. Pt/PCA/gCSW2500 was then
attached to the cathode side of the prepared membrane + Pt/C
anode with a cathode Pt loading of 0.1 mg/cm2. An ionomer solu-
tion of Aquivion 79-25BS diluted to 1% in isopropyl alcohol (IPA)
was evenly impregnated drop by drop on the matrix of the single-
web cathode to achieve an ionomer/carbon weight ratio of 5%.
Then, the fabricated MEA was hot-pressed at 120°C at 0.3 ton/
cm2 for 3 min. Pt/gCSW2500 also was prepared following the
same procedure. For a reference MEA, the commercial Pt/C catalyst
was coated for the anode and cathode sides with Pt loading of 0.05
and 0.2 mg/cm2, respectively. Last, a GDL (SGL 10BC) was used at
both sides to facilitate the gas transfer, and then, single cells were
assembled using the unit cell system with each end plate for
PEMFC performance tests.

PEMFC performance and durability tests
The prepared MEAs were tested under the same conditions of 80°C
and humidified condition of 50% RH using vaporized H2O gas. The
stoichiometry of the gas flows was 139/332 standard cubic centime-
ters per minute (SCCM) (H2/air) with 1.8-atm absolute pressure.
Before the tests, activation steps were applied to hydrate and stim-
ulate the catalytic activity by applying 0.5 V for 20 hours. The po-
larization curves for I-V (current density–voltage) and I-W (current
density–power density) were measured using a DC electrode load
(6060B, Hewlett Packard). Electrochemical impedance spectro-
scopy (VSP with VMP3 booster or HCP-803 potentiostat, BioLogic)
was applied to obtain information on the contact and interfacial re-
sistances over a frequency range of 0.1 to 100,000 Hz. After fully
purging N2 gas in the cathode side, CV measurements were con-
ducted to investigate the electrochemical properties.

For the durability comparison of the commercial Pt/C and Pt/
PCA/gCSW2500 single web–based MEAs, two different protocols
were carried out by the following conditions based on DOE (i)
and NEDO (ii) durability test protocols (17, 21).

Durability protocol (i) used the following: 1.0 to 1.5 V; scan rate,
500 mV/s at 80°C; RH100; and 20,000 cycles. The electrochemical
changes were measured before and after every 500, 1000, 2000,
10,000, and 20,000 operation cycles using I-V and CV techniques.
CV measurements were taken by flowing the gases through the elec-
trode. The potential range was 0.05 to 1.2 V, and the scan rate was 50
mV/s.

Durability protocol (ii) used the following: 1.0 to 1.5 V; scan rate,
500 mV/s at 80°C; RH100; and 20,000 cycles. The electrochemical
changes were measured before and after every 500, 1000, 2000,
10,000, and 20,000 operation cycles using I-V and CV techniques.
CV measurements were taken after the N2 gas flow through the
cathode was stopped. The scan was done with the potential range
of 0.05 to 0.9 V with a scan rate of 50 mV/s.

Supplementary Materials
This PDF file includes:
Figs. S1 to S14
Table S1 to S3
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