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Uneven phosphoric acid interfaces with enhanced
electrochemical performance for high-temperature
polymer electrolyte fuel cells
Zinan Zhang1,2,3†, Zhangxun Xia1,3†, Jicai Huang1,3, Fenning Jing1,3, Xiaoming Zhang1,3,
Huanqiao Li1,3, Suli Wang1,3*, Gongquan Sun1,3*

Ultrahigh mass transport resistance and excessive coverage of the active sites introduced by phosphoric acid
(PA) are among themajor obstacles that limit the performance of high-temperature polymer fuel cells, especially
compared to their low-temperature counterparts. Here, an alternative strategy of electrode design with fibrous
networks is developed to optimize the redistribution of acid within the electrode. Via structural tailoring with
varied electrospinning parameters, uneven migration of PAwith dispersed droplets is observed, subverting the
immersion model of conventional porous electrode. Combining with experimental and calculation results, the
microscaled uneven PA interfaces could not only provide extra diffusion pathways for oxygen but also minimize
the thickness of PA layers. This electrode architecture demonstrates enhanced electrochemical performance of
oxygen reduction within the PA phase, resulting in a 28% enhancement of the maximum power density for the
optimally designed electrode as cathode compared to that of a conventional one.
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INTRODUCTION
Manufacturing, storage, and delivering highly purified hydrogen
are major challenges for the commercialization of polymer electro-
lyte fuel cells (PEFCs) (1). On-site hydrogen production from liquid
fuel (methanol, ethanol, diesel, gasoline, etc.) reforming coupled
with high-temperature (>150°C) polymer electrolyte fuel cells
(HT-PEFCs) based on phosphoric acid (PA)–doped polybenzimi-
dazole (PBI) membrane is recognized as a promising solution (1–
3), especially for combined heat and power (CHP) systems, heavy-
duty vehicles, and low-emission marine powers (4, 5). However, in-
sufficient performance with relatively inferior specific power (one-
third to one-half of PEFCs) limits the widespread application of
HT-PEFCs (6, 7).
Different from the LT-PEFCs with perfluorosulfonic acid

(PFSA) ionomer as proton carriers in electrodes, liquid PA is
adopted to form a proton-conductive phase and electrochemical in-
terfaces within the porous electrodes of HT-PEFCs (8), leading to
ultrahigh mass transport resistance and catalyst poisoning (9, 10).
PA adsorption on the platinum surface blocks the active sites for
oxygen reduction reaction at the cathode, while oxygen solubility
and diffusion coefficient in PA are lower than that in water or
PFSA electrolyte by orders of magnitude (11, 12). In addition,
because of its fluid nature, PA leaching will reduce performance
under lifetime test circumstances. To conquer these defects in ma-
terial and structural aspects, milestones have been achieved in
recent decades. The adoption of PBI as polymer electrolyte for
HT-PEFCs partially immobilizes PA with the imidazole groups at
a relatively high temperature (8). Most recently, polymer based on
quaternary ammonium salt with stronger PA binding energy,

associated with the organic PA polymer as an ionomer in the
porous electrode (13, 14), has been presented to further reduce
and redistribute PAwith enhanced cell performance and durability
(15). Hence, the chemical status and distribution behavior of PA
within the electrode should be crucial for the engineering develop-
ment of HT-PEFCs. The fluidity of PA leads to an unstable three-
phase boundary structure, while PA accumulates in the cracks of the
catalytic layer to easily form closed-off pores, leading to consider-
able transport resistance of reactant gasses (16). As smaller cracks
require higher capillary pressure to be flooded (17), Büchi and co-
authors (18) fabricated catalyst layers with 70% reduced crack size
less than 20 μm and found that it was unable to penetrate the entire
catalyst layer even at an acid pressure of PA of 84 mbar. Further-
more, blocking the crack connectivity to reduce PA accessibility
in the catalyst layer could also mitigate PA penetration from catalyst
layer (CL) to microporous layer (MPL) (19). To balance the propor-
tion of cracks for PA penetration and gas transport, the binders have
a key role to determine that the catalyst layer is H3PO4-uptake type
or waterproof type (20, 21). H3PO4-uptake binders, such as PBI
polymer, accelerated PA distribution in CL but easily lead to acid
flooding (22, 23). Alternative waterproof binders such as polyviny-
lidene fluoride or polytetrafluoroethylene (PTFE) could enhance
gas transport due to restraining the PA coverage on the Pt catalyst
(22, 24, 25).
Although reduced penetration of PA toward the porous elec-

trode could lead to a loss of electrochemical surface area (ECSA),
antiwetting of PA is still favored to result in better performance.
The superhydrophobic property of materials derived from surface
engineering in micro/nanoscale is recognized as a promising strat-
egy to adjust the wetting behavior and distribution of liquid (26, 27).
With the reduced surface energy, a fibrous architecture proposes
great hydrophobic performance to efficiently transport and repel
water for multiple applications (28, 29). In LT-PEFCs, electrodes
with fibrous structures provide much optimized water management
under real working circumstances for their rapid draining of the
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extra water generated from the cathode reaction (30, 31). However,
viewpoints of the fluidic PA well organized and rearranged within
the porous electrode to accelerate the mass transport processes in
HT-PEFCs have not been considered yet.
Here, focusing on the reduction of oxygen mass transport resis-

tance for HT-PEFCs, uneven PA interfacial layers with dispersed
droplets are first presented by construction of the fibrous electrode
architecture. Ascribing to the ultrahydrophobic nature of the nano-
fiber networks, PA agglomeration occurs as forms of noninfiltration
droplets in the size of micrometer scale, subverting the traditional
immersion model of PA under working circumstances. Experimen-
tal results of the limiting current methods, combined with theoret-
ical studies, demonstrate a considerable decrease in mass transport
resistance in the PA phases and enhanced electrochemical active
areas with such an uneven interfacial structure, leading to notable
performance enhancement compared to that of the conventional
electrode.

RESULTS
Morphological and physical characterization
The fibrous networks with hierarchically porous structures could be
fabricated via a facile electrospinning method, as illustrated in
Fig. 1A. Briefly, catalyst nanoparticles (PtCo/C) were dispersed in
deionized water mixed with PTFE as a waterproof agent and poly-
vinyl alcohol (PVA) as an electrospinning carrier polymer (32). The
electrospun fibrous networks could be directly fabricated on the
substrate of an aluminum foil. The as-prepared composite fibers
were then sintered to remove the PVAwith the porous structure re-
maining, consisting of catalyst particles and PTFE (denoted as
ESFE) (33). The composition information of the samples and ma-
terials is evidenced in their x-ray diffraction (XRD) and thermal
gravimetric (TG) test results, as shown in Fig. 1 (B and C,

respectively). XRD patterns (Fig. 1B and fig. S1) confirm the
removal of PVA as the peaks of PVA are absent in the samples of
ESFE, which are observed in the ESFE precursor (ESFE-pre). Mean-
while, the peaks of PTFE in the XRD patterns appear in both ESFE-
pre and ESFE (except the samples without PTFE), indicating that
PTFE is stable under this sintering process. TG analyses further val-
idate the composition change of the samples with quantified infor-
mation, as shown in Fig. 1C and fig. S2. The decomposition
temperature of PVA is around 230° to 260°C, whereas such temper-
ature is over 500°C for PTFE. Hence, the pyrolysis temperature of
the ESFE samples is set as 320°C to guarantee the removal of PVA
and the remaining PTFE, as evidenced above. The quantified
content of different materials could have resulted in the weight
change of the TG curves, as listed in table S1.
The morphological details of the fibrous electrode samples could

be found in the scanning electron microscopy (SEM) images, as
shown in Fig. 1 (D to F) and figs. S3 and S4. Before the pyrolysis
process, the ESFE-pre samples present obvious fibrous networks
with combined knotty and smooth fibers. The average diameter
of the fibers is about 185 nm for samples with varied PTFE
content. After the pyrolysis treatment at 320°C with nitrogen,
much uniform fibrous networks with a rough surface are demon-
strated in a hierarchical porous architecture with the exposure of
the catalyst particles. The average diameter is slightly increased to
210 nm for different samples with varied PTFE content by the
PVA transformed into carbon. A cross-sectional view of the ESFE
samples (fig. S4, E to H) demonstrates a freestanding structure as the
catalyst layers with average thickness of 48 to 53 μm (table S2),
slightly larger than the conventional catalyst layers attached to the
gas diffusion layers (fig. S4, A to D). Brunauer-Emmett-Teller char-
acterization of the porous structure for the different samples further
indicates that an increased proportion of micro/mesopores is ob-
served in ESFE samples, compared to conventional ones, as

Fig. 1. The preparation process, morphology, and composition characterizations of ESFE. (A) Schematic of the electrode fabrication processes via electrospinning
method. (B and C) XRD patterns (B) and TG results under Ar atmosphere (C) compared with PVA, PTFE, and PtCo/C catalyst. (D to F) SEM images of the electrospun sample
before (D) and after (E and F) heat treatment. (G) Scanning transmission electron microscopy image and element mapping.
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shown in fig. S5 and table S2. Further characterization of the distri-
bution of the material within the fibers is conducted via elemental
mapping, as shown in Fig. 1G. The distributions of Pt and F are ob-
served to be highly consistent, suggesting uniform combination of
the catalyst and PTFE via the fabrication processes of electrospin-
ning and pyrolysis. This unique architecture of the electrode could
present benefits for mass transport and PA management under
dynamic conditions.

In situ characterization of the PA distribution
In the real working circumstance of HT-PEFCs, PA acts as proton
carriers covering the catalyst particles to form electrochemical inter-
faces. The transport behavior and distribution of PA crucially relate
to the morphology and chemical properties of the porous elec-
trodes. To clarify the PA distribution within the different electrode
samples, a simulated environment is set up within the chamber of
an environmental scanning electronmicroscopy (ESEM) based on a
previous study (34). Briefly, PA is first introduced to the as-prepared
electrode samples via hot-pressing with PA-doped PBI membrane
as membrane electrode assemblies (MEAs) and activation in real
working circumstances with 200 mA cm−2. Then, the electrode
samples are disassembled from theMEAs, and the test environment
(temperature and pressure) is adjusted to simulate the real working
conditions according to the saturated vapor pressure curve of the
PA solutions, as shown in fig. S6 (35). Hence, the distribution
change of PA within the porous electrodes under open circuit
voltage and lower current density (dry circumstance with less
water generated) to higher load (humidified circumstance with a
great amount of water generated) could be simulated with the
change of test temperature. Detailed experiments could be found
in Materials and Methods. Figure 2A demonstrates the PA immer-
sion of the conventional porous electrode with the humidifying
process. The volume expansion of the liquid phase brought by the
moisture of PA leads to even filling of the pores, ascribing to the
hydrophilic nature toward the PA solution (insert image of
Fig. 2A). This dynamic process could be observed in movie S1. It
is worth noting that the liquid PA solution could flood the whole
surface in the case of a hydrophilic circumstance such as an elec-
trode without PTFE (CE-0) or PA-doped PBI membranes, as
shown in fig. S7. As a result, it could indicate that the PA flooding
phenomenon would cover most of the pores for gas transport and
the surface of the catalyst under the working conditions of HT-
PEFCs, as schemed in Fig. 2B.
The electrode sample with fibrous structure presents an entirely

different phenomenon of PA immersion, as shown in Fig. 2C and
movie S2. First, the contact angle of PA solution on the surface of
the fibrous electrode is obviously greater than that of the conven-
tional ones, as shown in the insert photo of Fig. 2C. With the hu-
midifying process under the simulated environment of the ESEM
test, the forming of PA solution droplets occurs instead of the im-
mersion process observed in the conventional sample. The hydro-
phobic droplets accommodate the volume expansion of the
moisture of PA, and the unoccupied pores and catalyst surfaces
could be retained for mass transport and reactions, as illustrated
in Fig. 2D. The diameter and volume fraction distribution of the
droplets are diagramed in Fig. 2F based on the ESEM images
under a full humidified condition. The average diameter of the
PA solution droplet is 18 μm, whereas the droplets with larger
size (25 to 35 μm) take most of the liquid phase volume, suggesting

that the surface of the catalyst particles is covered by much thinner
PA layers.
The acid-proof nature of the fibrous electrode could be intro-

duced by the unique network structure of the hybrid materials.
The wetting behavior and the contact angle of PA solution on the
samples with different PTFE content for the conventional and
fibrous electrodes are shown in Fig. 2G and fig. S8A. With the in-
crease in PTFE content, contact angles increase for the two series of
the samples, whereas the contact angles for the fibrous electrodes
are much greater than that of the conventional one. It is worth
noting that a considerable hydrophobic property toward both PA
and water (fig. S8B) is observed in the ESFE sample without
PTFE, indicating that such enhanced acid-proof nature could be
brought about by the nanofibrous network architecture. Plenty of
studies have elucidated such phenomena on the material and struc-
tural aspects (36). The Cassie-Baxter model rationally demonstrates
this wetting behavior in which the droplet is energetically favorable
to bridge across the tops of the nanowires to form air gaps between
the droplet and the flat surface (37).

Single-cell performance of the fibrous electrodes
As the performance of HT-PEFCs crucially relates to the distribu-
tion of PA within the electrode, polarization curves of the single
cells equipped with the fibrous electrodes with different PTFE
content as cathodes are tested, as shown in Fig. 3. For the case of
cathodes fed with oxygen, the mass transport resistance of cathodes
is minimum, leading to close polarization performance with differ-
ent PTFE content for both fibrous (Fig. 3A) and conventional
samples (fig. S9A). In addition, the samples with fibrous electrodes
present much greater performance in oxygen compared to the con-
ventional electrodes with the same PTFE content, suggesting high
catalyst utilization with the tailored electrode architecture. When
cathodes are fed with air, the mass transport resistance of oxygen
is non-negligible, leading to great performance loss, as shown in
Fig. 3B. The samplewithout PTFE (ESFE-0) demonstrates markedly
reduced polarization performance, whereas other samples present
similar values. Considering that ESFE-0 shows the lowest contact
angle toward PA, the enhanced mass transport resistance induced
by PA flooding should be the major reason for such performance
loss. Furthermore, the highest polarization performance is demon-
strated in the sample of ESFE-5, despite the acid-proof property for
this sample being not the best, suggesting that the increased PTFE
might cover the active sites of the catalyst and then reduce the acti-
vation performance of the single cells. Compared to the convention-
al electrode, the peak power density of the single cell with ESFE-5 is
414 mW cm−2, which is 28% higher than that of the conventional
one, as shown in Fig. 3C. The peak power density of the series
samples with fibrous electrodes is superior compared to the series
of the conventional ones, as shown in Fig. 3D, indicating that the
superiority in polarization performance could be provided by the
unique fibrous electrode architecture. This performance enhance-
ment is further demonstrated in electrochemical impedance spec-
troscopy (EIS) and cyclic voltammetry (CV) results, as shown in
figs. S10 and S11, respectively. Compared to the conventional elec-
trode, the charge transfer resistance (Rct) fitted from the EIS data
markedly reduced (table S3), indicating that the electrochemical
dynamic processes could be accelerated as the reduced coverage
and poisoning of PA. The construction of the unique porous archi-
tecture with uneven PA distribution also provides a much larger
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ECSA for electrochemical reactions, as shown in the data calculated
from the CV curves. Furthermore, the durability performance of the
ESFE sample under working circumstance is further analyzed with a
lifetime test under a constant current density of 200 mA cm−2, as
shown in Fig. 3E. After a 300-hour test, the single cell equipped
with ESFE-5 demonstrates remarkable stability without observable
voltage loss. The single-cell performance of this fibrous electrode
also achieves a leading level among the research reported recently
in HT-PEFCs, as shown in table S4, bringing great application po-
tential, especially for heavy-duty vehicles and stationary CHP.

Oxygen mass transport analyses of the uneven PA
interfaces
The advantages of the fibrous electrodes inmass transport issues are
further studied with both experimental and theoretical analyses, as
shown in Fig. 4. First, to calculate the mass transport resistance
within the electrodes, the method based on limiting current
density is adopted as described in Materials and Methods (38). In
the test protocol, cathodes fed with 1% oxygen ensure that the cell
voltage is controlled bymass transport at a high current density. The
values of the current at 0.2 V are recorded as the limiting current
density because, at low voltage (<0.15 V), hydrogen evolution
current could be more obvious (39). Figure 4A and fig. S12 demon-
strate the polarization curves recorded in the limiting current
density tests with different inert diluent gas for the electrode

samples. With the limiting current density, resistance for the total
oxygen transport (Rtotal), molecular diffusion in the gas phase (RM),
and transport within the PA phase (RPA) could be calculated on the
basis of the equations provided in Materials and Methods. The lim-
iting current density for the ESFE samples is observed to be higher
than that of the conventional one with the same PTFE content, in-
dicating much reduced mass transport resistance for oxygen. The
calculated RM and RPA values are demonstrated as shown in the his-
tograms of Fig. 4B and table S5. RM for the fibrous electrodes is ob-
served to be much smaller than that of the conventional electrode
with any PTFE content in both He and nitrogen balance gas. RM is
determined by the effective molecular diffusion distance (heffM ) and
oxygen diffusion coefficient (DM,O2), and h

eff
M is related to the struc-

ture of the electrode, as the following equation

RM ¼
heffM

DM;O2
ð1Þ

The network structure of the fibrous electrodes with a great
number of open pores could facilitate gas accession compared to
that of the conventional porous electrodes and provides a much
smaller diffusion distance within the electrode (40). The ratio of
RM in Rtotal is about 30% for nitrogen as the balance gas, higher
than the situation with He (ca. 10%), as DM,O2 in nitrogen is
much higher than that in He. However, in any case of the test
results, RM contributes a small part to Rtotal, suggesting that the

Fig. 2. PA distribution behavior within different electrode architecture. (A and C) ESEM images for the conventional (A) and the fibrous (C) electrode with PA under
varied humidification. (B and D) PA distribution models for the corresponding electrode samples. (E and F) Statistic histograms (F) of the PA droplets obtained from the
ESEM images (E) under full humidification. (G) Contact angles of PA solution tested on the different samples.
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resistance in PA is the major factor. The lowest value of RPA is ob-
served with 81.48 sm−1 in the sample of ESFE-5, which is 32% lower
than that of the conventional one, confirming the deduction that
the uneven PA distribution could improve mass transport within
the PA phase. It is worth noting that, compared to the interfacial
resistance obtained in the LT-PEFCs with PFSA ionomer as
proton carriers, RPA in HT-PEFCs is much higher, as shown in
table S6. By summarizing the interfacial resistance and power
density for LT-PEFCs and HT-PEFCs, it could be further claimed
that the extra mass transport resistance within the PA layers of the
electrodes acts as the major factor, limiting the performance of HT-
PEFCs, as shown in fig. S13.
To further clarify the oxygen transport with the differently dis-

tributed PA, calculation is conducted on the basis of the morpho-
logical characterization results, as shown in Fig. 4 (C and D). Here,
the geometric model of the PA interfaces is simplified because of the
droplet size of PA being up to tens of micrometers, multiple orders
of magnitude larger than the nanosized pores of the catalyst layers.
Hence, the effect of porous structure on the PA distribution is
simply described by the contact angle of PA on a flat surface of elec-
trodes. As described in Fig. 4D, contact angle is set as the variable,
and the transport distance of oxygen through the PA layer is varied
by assuming that the total volume of PA is constant. Relative RPA
could be calculated with the change of the contact angle, as
shown in Fig. 4C. Compared to the tendency of the tested values
of RPA, experimental data fit closely with the theoretical curve, sug-
gesting that the elucidation of the uneven PA distribution is reason-
able. On the basis of this model of PA layers, computational fluid
dynamics (CFD) is also adopted to analyze the oxygen diffusion
within the PA phase, as shown in Fig. 4D and fig. S14. The simula-
tion is conducted by the volume of fluid model with unsteady state,
which is widely used to study the droplet behavior for its accurate

interface tracking technique. Combining the species transfer model
in the CFD software, the droplet behavior and mass transfer of
oxygen can be predicted. The flat layer thickness of the PA phase
for oxygen diffusion reduces with the increase in the contact
angle of the PA droplets, leading to much more efficient transport
processes of oxygen from the gas phase to the active surface of the
catalyst. Despite the transport resistance in the PA droplet spots
being increased, the uncovered surface could provide larger areas
with accelerated mass transport.

DISCUSSION
By understanding the performance limitation of HT-PEFCs derived
from the interfacial mass transport resistance within PA layers, an
electrode-designing strategy to regulate the distribution of PA with
uneven status is proposed in this work. On the basis of the PA
wetting behavior toward porous electrode, a fibrous nanoarchitec-
ture constructed by a catalyst and a hydrophobic component is
achieved via electrospinning processes. Subverting the PA infiltra-
tion model in the conventional porous electrode, micrometer-scale
PA droplets are formed and observed under the simulated working
circumstance. This uneven distribution of PA provides reduced
thickness and coverage of the PA layers on the catalyst, leading to
a 32% decrease in oxygen interfacial transport resistance and much
enhanced ECSA compared to that of the conventional one. As a
result, the peak power density of the fibrous electrode reaches 414
mW cm−2, 28% greater than that of the conventional porous elec-
trode, demonstrating great application potential of HT-PEFCs.
Further theoretical analyses based on the geometric model of the
PA distribution confirm such enhancement in mass transport and
shed light on the development of advanced MEAs for HT-PEFCs
with sufficient values of application.

Fig. 3. Single-cell performance of ESFE and CE. (A and B) ESFE polarization curves and power density fed with (A) H2/O2 (A/C) and (B) H2/air. (C) Polarization curves and
power density of ESFE-5 versus CE-5 under H2/air. (D) The peak power density functioned with PTFE content. (E) Lifetime test of the single cell with ESFE at a constant
current density of 200 mA cm−2.
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MATERIALS AND METHODS
Chemicals and materials
Phase-separated polymer solutions of PTFE [60 weight % (wt %)]
were obtained from Shanghai 3F New Materials Technology, PVA
(PVA1750) was acquired from Tianjin Guang Fu, 5% Nafion
ionomer was purchased from DuPont, Tanaka Kikinzoku Kogyo
PtCo/C catalysts (47.1 wt % Pt and 4.5 wt % Co) were used for all
cathode electrode, and Johnson Matthey Chemicals Pt/C catalysts
(60 wt % Pt) were used for all anode electrodes.

Fabrication of nanofibrous catalyst layers
A PtCo/C catalyst was used as the active component, PVA was the
electrospinning carrier polymer, and PTFE was the hydrophobic
component to prepare the electrospinning inks. Inks were made
in a deionized water solvent. The solid content of inks was about
7 wt %, the carrier polymer content was no more than 50 wt % of
the solid mass, the mass ratio of PTFE:PtCo/C catalyst was added in
proportion (0, 5, 10, 15, 20, and 30 wt %), and the mass ratio of Na-
fion:PtCo/C catalyst was fixed at 13 wt %. Electrospinning inks were
prepared as follows: Catalyst, PTFE, 5 wt % Nafion solution, and
water were mixed, and then the mixture was sonicated for 30
min. Next, a 5 wt % PVA aqueous solution was added, and the
mixture was mechanically stirred while sonicating in cold water
for 30 min. Last, the ink was mixed for 4 hours using a mechanical
stirrer at room temperature.
Electrospinning ink was filled into a 5-ml syringe with a 21-

gauge metal needle, which relates to a DC voltage supply. The
syringe was placed into a syringe pump with a solution flow rate
of 0.3 ml/hour. Aluminum foil was coated on a grounded metal
roller collector. Nanofiber was electrospun with a needle-to-

collector distance of 10 cm, relative humidity of 20 to 30%, and a
voltage of 16 to 20 kV. Nanofiber mat was torn to square and
layered on top of each other to create a catalyst layer, with a Pt
loading of 1.0 mg cm−2 by weighting. All nanofiber catalyst layers
were heated at 320°C for 300 min under a nitrogen atmosphere.

Fabrication of conventional electrodes
Cathode gas diffusion electrode (GDE) was prepared as follows: We
(i) stirred PTFE, PtCo/C catalyst, and water mixture for 2 hours at
90°C; (ii) vacuum-filtered the mixture; (iii) added 50% ethanol to
the filter cake and sonicated for 30 min; (iv) sprayed catalyst ink
on commercial gas diffusion layers (GDLs) (TGP-H-060, Toray In-
dustries); and (v) heated the GDE for 30 min at 300°C under nitro-
gen atmosphere. The Pt loading was about 1.0 mg cm−2. A series of
conventional cathode electrodes with different PTFE mass content
(0, 5, 10, 15, 20, and 30 wt %) was prepared following this method.
All the anode GDEs were fabricated with Pt/C catalysts with a Pt
loading of 0.5 mg cm−2 and PTFE content of 10% following the
same procedures.

Fabrication of MEA
The MEA adopted a sandwich structure in which the anode GDE,
PA-PBI membrane (Fumapem AMcl), and cathode GDE (nanofib-
er catalyst layer and GDL) were placed in sequence. The active area
of each MEA is 2 cm × 2 cm.

Single-cell performance test and oxygen mass transport
resistance measurement
The single cell was assembled as described in (41). Conventional
and electrospun MEAs were compressed by a ratio of 20 to 30%.

Fig. 4. Study on the mass transport within different structures. (A) The limit current tests in 1% O2 with balance gas of nitrogen or He for different electrode samples.
(B) Histogram of the calculated mass transport resistance. (C) Relative RPA obtained from the theoretical calculation and experiments. (D) Geometric models and oxygen
diffusion simulation of the PA layers with different contact angles.
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Cathode gas was humidified at 30°C. The electrochemical tests were
based on a homemade fuel cell test system, and the operating con-
ditions are shown in Table 1.
Themethod of measuring mass transport resistance and separat-

ing the oxygen transport resistance is based on the study on the LT-
PEFCs (see the SupplementaryMaterials) and a previous study (42).
The oxygen concentration on the catalyst surface is zero when the
oxygen diffusion rate reaches the limit value. Therefore, the oxygen
transport rate is equal to its consumption rate, and the total oxygen
resistance (Rtotal) from the channel to the catalyst surface is repre-
sented as follows

NtransO2 ¼
CFFO2 � 0
Rtotal

¼ NreactO2 ¼
ilim
4F

ð2Þ

Rtotal ¼
4FCFFO2
ilim

ð3Þ

Here, N is the molar flux rate per unit area (moles per square
meter per second), F is the Faraday constant (96,485 C mol−1),
CFFO2 is the oxygen concentration in flow field (moles per cubic
meter), and ilim is the limiting current density (milliamperes per
square centimeter). To confirm that ilim is completely controlled
by the oxygen mass transport polarization, 1% O2 is used in this
experiment.

Rtotal consists of the following resistance in series

Rtotal ¼ RM þ RK þ RPA ¼ RM þ RPA ð4Þ

Here, RM is the molecular diffusion resistance, RK is the Knudsen
diffusion resistance, and RPA is the PA phase diffusion resistance.
With the definition of diffusion resistance, the transport resis-

tance in the gas phase can be expressed as

RMA;B ¼
L

DA;B
ð5Þ

The pressure-dependent part can be obtained using the Fuller-
Schettler-Giddings equation (43, 44), which gives the molecular dif-
fusion coefficient (DA,B) for a binary gas mixture

DA;B ¼
0:001T1:75

Pðv1=3A þ v1=3B Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
MA
þ
1
MB

r

ð6Þ

Here, L is the diffusion distance, P is the gas pressure, T is the
temperature in kelvin, vA and vB are the diffusion volumes of A

and B gas, andMA andMB are the molar masses. However, humid-
ification and oxygen reduction reaction will introduce water vapor.
Oxygen concentration is less than 1% in the limiting current test,
simplifying the ternary gasmixtures’molecular diffusion coefficient
as

1
Dmix

¼
xB
DA;B

þ
xC
DA;C

ð7Þ

where the Knudsen diffusion coefficient is expressed as

Dk ¼
d
3

ffiffiffiffiffiffiffiffiffiffi
8RT
πMA

s

ð8Þ

Here, d is the diameter of the pore, and R is the universal gas
constant. The contribution of RM and RK is mainly dependent on
the pore size. It is worth noting that RK is difficult to be directly cal-
culated because it is hard to find an effective sensitive parameter to
conduct the variable separation approach (45, 46). Plenty of litera-
ture focused on mass transport issues for fuel cells neglected this
factor (or did not separate RK) to simplify the calculation processes
(38, 47). On the other hand, different from the electrodes of LT-
PEFCs with solid ionomers as proton carrier, liquid PA could fill
the micro/mesopores within the electrodes for HT-PEFCs,
leading to a minimized proportion of RK out of the total resistance,
because the diffusion within the PA phase is demonstrated by RPA in
this work. Therefore, Rtotal can be simplified as the sum of RM and
RPA (Eq. 4).
According to RM that can be separated by changing the balance

gas and RPA being independent of the balance gas, the RM of differ-
ent balance gases with 1% O2 can be calculated using the following
equations

RPA ¼ RtotalO2� N2 � RMO2� N2 ¼ RtotalO2� He � RMO2� He ð9Þ

RMO2� N2
RMO2� He

¼
DMO2� He
DMO2� N2

ð10Þ

Physical characterizations
The morphology of the nanofiber catalyst layer was analyzed by
SEM (JSM-7800 F and IT300 LA, JEOL). The PA contact angle
was measured by a drop shape analyzer (JC2000C1); the test had
been operated at 25°C with a 10-μl droplet. XRD was performed
using a Rigaku D/Max-2500 diffractometer. Thermogravimetric
analysis curves were tested on SDTQ600 with a heat rate of 10°C
min−1 under Ar or air flow of 100 ml min−1. PA-containing
samples were studied by ESEM (Quanta 650FEG, FEI) with a
vapor pressure of H2O of 500 Pa. To ensure that the amount of
PA in the electrode is consistent, the PA-containing electrode was
torn from an activated completed MEA and then cut into a disk
with a diameter of 5 mm. During the test, two heating and
cooling processes were carried out at 15° to 50°C. Videos and
photos of the heating and cooling processes were recorded.

Supplementary Materials
This PDF file includes:
Notes S1 and S2
Figs. S1 to S14
Tables S1 to S7

Table 1. The electrochemical test conditions for MEAs. OCV, open
circuit voltage.

Operation Tcell Anode
flow

Cathode
flow

Test program

Activation 160°C 100 ml
min−1, H2

200 ml
min−1, air

200 mA cm−2,
150 hours

V-I test 160°C 100 ml
min−1, H2

200 ml
min−1, air

OCV → 0.2 V, 90 s
for each point

Ilim test 160°C 100 ml
min−1, H2

(1%O2@N2/
He)

OCV → 0.11 V,
∆I = 1 mA/20 s
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