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etwork anode expediting mass and
proton transport to boost proton exchange
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The key to promote the performance of proton exchange membrane water electrolysis (PEMWE), in

addition to the development of high-performance electrocatalysts, lies in how to rationally design and

controllably construct nanostructured membrane electrode assembly (MEA) with a maximized triple-

phase reaction boundary (TPRB). Herein, a novel 3D nanofiber network (3D-FNT) anode is controllably

fabricated via electrospinning combined with a nano-transfer strategy. This novel MEA can dramatically

lower the IrO2 loading from 1.0 to 0.1 mg cm−2 while ensuring a superior performance (1.737 V@1.5 A

cm−2) together with an impressive stability, and outperforms the most reported nanostructured MEAs to

date. Electrochemical impedance spectroscopies elucidate that both the 3D network and 1D Nafion

channels improve mass transport and proton conduction by 1.34 and 7.76 fold, respectively, compared

with the traditional MEA, shedding light on the performance enhancement mechanism. This work paves

a way to defuse the cost and performance issues confronting practical PEMWE.
1 Introduction

Proton exchange membrane water electrolysis (PEMWE) is
considered the greenest technology for hydrogen production,
with the advantages of large current density, high hydrogen
purity, and fast response time compared to alkaline water
electrolysis.1–3 Currently, most research studies focus on the
rational design and controllable synthesis of high-performance
electrocatalysts towards the oxygen evolution reaction (OER)4,5

and hydrogen evolution reaction (HER).6,7 Nevertheless, there
are rare studies on efficiently transferring the activity of the
developed electrocatalysts to membrane electrode assembly
(MEA) conguration, which is hard but meaningful for the
further practical application of PEMWE.8,9 Commonly, in
contrast to the cathodic catalyst layer where fast HER occurs,
the structure of the anodic catalyst layer (ACL) directly deter-
mines the performance and lifetime of the entire MEA.10

Generally, the ACL of the MEA fabricated by the conventional
catalyst-coated membrane (CCM) method displays a dense
stacked structure that easily results in the low utilization of
noble-metal catalysts.11,12 Meanwhile, the low porosity of the
ACL and the tortuous pore channels are not conducive to the
inese Academy of Sciences, Shanghai,

cn; chengqq@sari.ac.cn

Beijing, 100049, P. R. China

, ShanghaiTech University, Shanghai,
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f Chemistry 2024
efficient transport of H2O and O2, causing severe concentration
polarization at high current densities and hence the declined
MEA performance13,14 (Fig. 1a). Therefore, the rational design
and controlled establishment of the ACL structure to maximize
the three-phase reaction boundary (TPRB) are signicantly
crucial to address the above issues.15

The routine solution is to increase the porosity of the ACL by
the method of using sacricialhard templates (MgO, ZnO,
etc.),16,17 which has been conrmed to simultaneously resolve
the problems in the utilization of electrocatalysts and mass
transport. Beyond this, a novel ordered structural MEA is
proposed to further promote the performance of the MEA
through elaborately ordering the interfaces between the ACL
and membrane.18–21 For example, Park22 et al. constructed an
anti-opal structured CL for the anode of PEMWE using the
applique transfer method. The resultant MEA exhibits much
higher electrolysis performance and lower ohmic/charge-
transfer resistances than traditional MEA. Our group23

recently reported a novel ordered MEA based on an anode with
a 3D membrane/ACL interface and gradient tapered arrays by
the nano-imprinting method, which not only increases the
electrochemically active area but also reduces the overpotential
eState Grid Shanghai Municipal Electric Power Company, Shanghai, 200023, P. R.

China
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Fig. 1 Schematic illustration of the ACL fabricated by (a) traditional CCM and (b) electrospinning methods. (c) Synthetic procedure for the 3D-
FNT-MEA by electrospinning and nano-transferring techniques.
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of mass transport and ohmic polarization, realizing a 10-fold
reduction in IrO2 usage. Although great progress has been
achieved in the construction of efficient nanostructured MEA,
most studies are devoted to expediting the transport of reac-
tants or products, while little attention has been paid to ion
transport (e.g., proton (H+) conduction within the ACL) that is
particularly critical for electrocatalysis.24,25 Generally, the
thickness of the actual CL is approximately a few micrometers,
the H+ conduction in the catalyst region adjacent to the
membrane relies on the Naon membrane, while a large
proportion of catalyst area away from the membrane is strongly
dependent on the ionomer (Naon resin) for H+ conduction.26–28

Nevertheless, the additional ionomer is oen difficult to
disperse in the CL to build an efficient H+ conduction channel.29

At the same time, excessive ionomer content again increases the
risk of catalyst embedding, which would impose new problems
in catalyst utilization efficiency and mass transport30 (Fig. 1a).
Therefore, how to improve proton transport while ensuring
rapid mass transport inside the CL is a formidable challenge.

In this work, we designed and constructed a novel IrO2/
Naon/PEO 3D nanober network (3D-FNT) structure as the
ACL of the MEA using electrospinning combined with the nano-
transfer strategy. On one hand, the high porosity of this unique
3D-FNT can accelerate water/oxygen transport and improve the
exposure of active sites (Fig. 1b). On the other hand, the formed
Naon–PEO composite nanobers can build a continuous 1D
H+ transport channel, that promote H+ conduction within the
ACL. Electron microscopies verify that the 3D-FNT structure can
be controllably constructed by regulating PEO content and
metal concentrations. Electrochemical impedance spectroscopy
5226 | J. Mater. Chem. A, 2024, 12, 5225–5232
(EIS) corroborates that the H+ conduction and mass transport
impedances of 3D-FNT-MEAs are signicantly lower than those
of the conventional CCM-MEA, denitely attesting to the
superiority of 3D-FNT in the maximum of the TPRB. Notably,
the ionomer/catalyst (I/C) ratio can be reduced to 6% while
ensuring high H+ conduction compared to the MEA-CCM with
an I/C ratio of 25%. The performance of the optimized 3D-FNT-
MEA can reach 1.737 V@1.5 A cm−2, which overwhelms the
performance of the CCM-MEA (1.874 V@1.5 A cm−2) at the same
IrO2 loading (0.1 mg cm−2) and is even higher than that of the
CCM-MEA with 10-fold IrO2 loading. Meanwhile, the resultant
MEA can maintain over 200 h at a constant current density of 1
A cm−2, indicative of the excellent stability of the 3D-FNT
structure.
2 Results and discussion

The fabrication procedure of the 3D-FNT catalyst layer is illus-
trated in Fig. 1c. Electrospinning was rst used to construct the
Naon/PEO/IrO2 composite nanober on alumina (Al) foil.
Herein, PEO (Mw= 600 000) is chosen as the additive polymer to
adjust the viscosity of precursor solution and plays a critical role
in regulating the morphology of the nanobers. Small irregular
aggregates can be observed in the absence of PEO (Fig. S1†),
which is attributed to the low viscosity of precursor solution. As
the PEO content increases from 1% to 3%, the Naon/PEO
composite nanober structure gradually forms with an
average diameter of ca. 354 nm. It is worth noting that as the
PEO content increases to 5% and 7%, the diameter of nanober
increases, which will cause a decrease in utilization of Naon
This journal is © The Royal Society of Chemistry 2024
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resin on the nanober. Therefore, the optimal PEO content is
determined to be 3% that can ensure the formation of a suitable
composite nanober structure.

The content of IrO2 nanoparticles in the precursor solution is
another impact factor that will inuence the dispersion of
nanoparticles on the Naon–PEO composite nanober. As
shown in Fig. S2,† the catalyst nanoparticles cannot be homo-
geneously dispersed on the nanobers when the IrO2 adding
content is 20–60 mg. When the IrO2 content is continued to
increase to 80mg, the surface of nanobers is almost covered by
the uniformly dispersed IrO2 nanoparticles (Fig. S2d†).
However, when the content of IrO2 further increases to 100 mg,
many catalyst agglomerates appear on the nanobers, indi-
cating that the excessive catalyst is not benecial for the
dispersion of IrO2 nanoparticles. Based on the above control
experiments, the optimal PEO ratio and IrO2 content were
determined to be 3% and 80 mg, respectively. X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS) measure-
ments were performed to analyze the structural variation aer
the electrospinning process. As shown in Fig. S3,† the electro-
spun IrO2 shows an identical crystal structure as well as the
chemical state in comparison with the original IrO2 nano-
particles, denitely demonstrating the unchanged structure for
IrO2, which is the prerequisite for the latter investigation on the
effect of the 3D-FNT structure on the MEA performance.

Subsequently, hot-pressing is employed to realize the trans-
fer of the catalyst layer from Al-foil to the Naon membrane.
Compared to the tightly packed structure of the traditional ACL
prepared using the CCM (Fig. 2a and b), the novel 3D-FNT ACL
displays a nanober braided highly porous structure (Fig. 2c
and d) with an average nanober diameter of ca. 435.37 nm (Fig.
S4†). Simultaneously, the side-view images (Fig. S5†) also
demonstrate that the 3D-FNT ACL (ca. 1.67 mm) is thinner than
the CCM (3.81 mm), which can expedite the mass transport of
water and oxygen. The single nanober was further measured
by TEM (Fig. 2e and f), indicative of the uniformly distributed
IrO2 nanoparticles on the nanober. Notably, the EDS-mapping
(Fig. 2g) shows that the F, S, and O elements are well dispersed
on the nanober, proving the formation of a continuous 1D
proton conductor, which can helpreduce the risk of catalyst-
embedding by the ionomer. In contrast, the Naon resin
within the CCM ACL is discontinuous (Fig. S6†), which might
not be conducive to proton transfer and hence the declined
MEA performance.

Prior to measuring the electrolysis performance of the novel
MEA, the OER activities for the original IrO2 nanoparticles and
electrospun IrO2 electrode in a three-electrode system were
evaluated to elucidate whether the Naon nanober channel
could affect the intrinsic activity of IrO2 towards the OER. As
shown in Fig. S8,† the electrospun IrO2 electrode (Naon
channel) shows a similar OER activity (335 mV@10 mA cm−2) to
that of conventional IrO2 nanoparticles (329 mV@10 mA cm−2),
which implies that the Naon nanober channel cannot
improve the OER activity of the IrO2 catalyst. The MEAs with
different ionomer/catalyst (I/C) ratios in the ACL were fabricated
to rst investigate the effect of the Naon resin content on the
electrolysis performance. FNT-MEAs with I/C ratios of 0, 6, 13,
This journal is © The Royal Society of Chemistry 2024
and 21 wt% at IrO2 a loading of 0.3 mg cm−2 are denoted as
FNT-MEA-Naon X wt%-0.3 (X = 0, 6, 13, and 21%), and the
CCM-MEA with the same IrO2 loading for comparison is
denoted as CCM-MEA-0.3. Steady-state polarization curves (Fig.
S7a†) show that all the FNT-MEAs exhibit higher performance
than the CCM-MEA under the same catalyst loading, conrming
the superiority of the 3D-FNT structure in promoting the elec-
trolysis performance. As for FNT-MEAs, with the decrease in the
I/C ratio, the performance gradually increases until the I/C ratio
reaches 6%. The FNT-MEA-Naon 6 wt%-0.3 displays the best
performance with the lowest cell voltage (1.711 V@1.5 A cm−2).
Interestingly, the FNT-MEA without the addition of the Naon
resin also shows encouraging performance, implying that the
pure PEO nanober has the capacity for proton conduction. The
above analysis conrms that the Naon resin content in ACL
will signicantly inuence the MEA performance and the
optimal I/C ratio is 6%.

The MEA with a lower IrO2 loading of 0.1 mg cm−2 (FNT-
MEA-0.1) is also prepared. Strikingly, the performance only
shows a slight decline compared to that of the FNT-MEA-Naon
6 wt%-0.3 and the cell voltage achieves 1.737 V at a current
density of 1.5 A cm−2 (Fig. 3a). In contrast, the cell voltage (1.874
V@1.5 A cm−2) of CCM-MEA-0.1 is much higher than that of
FNT-MEA-0.1. Noteworthily, the performance of FNT-MEA-0.1 is
even higher than that of the CCM-MEA with 10-fold IrO2 loading
(1.740 V@1.5 A cm−2), demonstrating the positive effectiveness
of the 3D-FNT structure in improving the IrO2 utilization effi-
ciency. Fig. 3b shows the Tafel plots of the three kinds of MEAs,
which are obtained from the corresponding iR-corrected
polarization curves (Fig. S9†). The Tafel slope for FNT-MEA-0.1
is 53.3 mV dec−1, lower than that of CCM-MEA-0.1, indicative of
the fast OER kinetics for the catalyst within the 3D-FNT struc-
ture. Electrochemical active areas (ECSAs) of the CCM-MEAs
and FNT-MEA were calculated from double-layer capacitance
(Fig. S10† and 3c) at non-Faraday potential windows from 0.86
to 0.96 V versus the dynamic hydrogen electrode (vs. DHE). The
ECSA of FNT-MEA-0.1 is 431.7 m2 gIrO2

−1, which is 3.4 and 1.4
times higher than that of CCM-MEA-1 (127.2 m2 gIrO2

−1) and
CCM-MEA-0.1 (298.3 m2 gIrO2

−1), respectively (Fig. 3d), revealing
the highly exposed active sites for the 3D-FNT structure. More-
over, the IrO2 utilization efficiency in MEAs was also calculated
by obtaining the relative values of the ECSA measured in the
MEA to the ECSA measured in the RDE.31 The result (Fig. 3d)
shows that FNT-MEA-0.1 exhibits the highest utilization effi-
ciency of IrO2 (96.4%) in the ACL, which is much higher than
that of CCM-MEA-1 and CCM-MEA-0.1 with values of 28.4 and
66.6%, respectively. The polarization curves normalized to the
mass of Ir (Fig. 3e) and the corresponding mass normalized
activities (Fig. S11†) demonstrate that the FNT-MEA exhibits
much higher mass activity than CCM-MEAs at various poten-
tials. Signicantly, the mass activity of such a 3D-FNT-MEA with
ultralow IrO2 loading exceeds that of the most reported PEMWE
electrolyzers, again conrming the advancement of the 3D-FNT
structure (Fig. 3f and Table S2†).19,23,32–38

To deeply reveal the promotion mechanism of the 3D-FNT
structure, electrochemical impedance spectroscopy (EIS)
spectra were comprehensively analyzed. Fig. S12† shows the
J. Mater. Chem. A, 2024, 12, 5225–5232 | 5227
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Fig. 2 (a) The SEM image of the tightly packed structure for a CCM anode and (b) corresponding enlarged image. (c) The SEM image of the 3D
nanofiber network anode and (d) the corresponding enlarged image. (e) The TEM and (f) HRTEM images of the single nanofiber. (g) The EDS-
mapping for the single nanofiber.
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Nyquist plots of CCM-MEA-0.1 and FNT-MEA-0.1 operated at
a potential of 1.3−1.5 V. The semicircle of FNT-MEA-0.1 is
obviously smaller than that of CCM-MEA-0.1 at the same
potential, attesting to the low charge transfer resistance (Rct) of
the novel MEA, which is consistent with the Tafel results.
Moreover, the semicircle decreases as the potential increases
from 1.3 to 1.5 V, because Rct is inversely proportional to the
current density. Fig. 4a shows the Nyquist plots of the CCM-
MEAs and the FNT-MEA at an applied potential of 1.6 V (the
inset shows an equivalent circuit model). The tted parameters
are summarized in Table S1.† As shown in Fig. 4b, the tted Rct

value of FNT-MEA-0.1 is 36% lower than that of CCM-MEA-0.1.
Meanwhile, the ohmic resistance (Rs) of the FNT-MEA is also
lower than that of CCM-MEA, which is probably attributed to
the improved interface contact between 3D-FNT and PEM. Of
note, at a potential of 1.6 V, the Warburg impedance appears in
the low-frequency region, demonstrating the appearance of
mass-transfer polarization. As shown in eqn (1), the diffusion
coefficient (D) is inversely related to the Weber coefficient (s) in
electrochemical impedance and the s can be calculated from
Fig. 4c. We can thus quantify the mass-transfer of different
MEAs at high potential. Accordingly, the D ofFNT-MEA-0.1 is
1.34 times higher than that of CCM-MEA-0.1, denitely verifying
5228 | J. Mater. Chem. A, 2024, 12, 5225–5232
that the unique 3D-FNT structure greatly improves the mass
transport in the ACL. Beyond this, the wettability properties of
the MEA also play an essential role in promoting the perfor-
mance of PEMWE at high current density through accelerating
the water transport. As shown in Fig. S13a,† CCM-MEA-0.1
exhibits a contact angle as high as 143°, which is unfavorable
for water transport. In contrast, the contact angle of FNT-MEA-
0.1 (Fig. S13b†) is reduced to 113°, indicating that the novel 3D-
FNT structure contributes to the improvement hydrophilicity,
which expedites water transportation during the electrolysis.

D ¼ R2T2

2A2n4F 4C2s2
(1)

The proton-transfer within the ACL is also crucial for the
performance improvement of the MEA, but it is always
neglected. Here we performed EIS under the N2 (anode)/H2

(cathode) conditions using the previously reported one-
dimensional transmission-line model (TLM) to accurately
quantify the proton conductivity28 within the ACL. As shown
in Fig. S14,† the ACL is modeled using various elements,
including proton conduction resistance (RH+), charge trans-
fer resistance (Rct), and the double-layer capacitance (Cdl).
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Steady-state polarization curves of the MEAs with different catalyst loading operations at 80 °C. (b) Tafel plots for the CCM-MEAs and
FNT-MEA. (c) The double-layer capacitance calculated in MEAs and RDE configurations. (d) The estimated ECSAs and catalyst utilization of the
CCM-MEAs and FNT-MEA. (e) The mass normalized polarization curves of CCM-MEAs and the FNT-MEA. (f) The comparison of mass
activity@1.7 V of the FNT-MEA with that of other reported MEA structures.
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Assuming a uniform potential distribution in the ACL, the
RH+/3 can be obtained through low-frequency capacitance
extrapolated to the real axis, as shown in Fig. 4d. The ob-
tained RH+/3 for MEA-FNT-0.1 is 2.9 U cm−2, which is ca. 2.8-
and 7.8-fold smaller than those of CCM-MEA-1 (8.1 U cm−2)
and CCM-MEA-0.1 (22.5 U cm−2) respectively, directly
corroborating that the continuous 1D Naon nanober
channels dramatically facilitate the proton-transfer within
the ACL, which might be a primary reason for the
This journal is © The Royal Society of Chemistry 2024
performance enhancement for the FNT-MEA. To further
understand the contribution of Naon nanober channels,
the proton conduction resistances of FNT-MEAs with
different I/C ratios were evaluated. As shown in Fig. S7b and
c,† the proton conduction resistances for all the FNT-MEAs
are obviously lower than that of CCM-MEA, indicative of
the positive effectiveness of the 1D Naon channel on the
promotion of proton conduction. In particular, the proton
conduction resistance for the FNT-MEA exhibits a volcano-
J. Mater. Chem. A, 2024, 12, 5225–5232 | 5229
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Fig. 4 (a) Nyquist plots of the CCM-MEAs and FNT-MEA at 1.6 V vs.DHE. The inset shows an equivalent circuit. (b) The ohmic resistance (Rs) and
charge transfer resistance (Rct) of the CCM-MEAs and FNT-MEA. (c) Weber coefficient of the CCM-MEAs and FNT-MEA, which can reflect mass
transfer at high potential. (d) Nyquist plots of the ACL for CCM-MEAs and FNT-MEA under H2/N2 conditions.
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type trend that depends on the I/C ratio and reaches the
lowest value when the I/C ratio is 6%, which also corre-
sponds to the best electrolysis performance.
Fig. 5 (a) The stability test of the CCM-MEAs and FNT-MEA at 1 A cm−2 a

5230 | J. Mater. Chem. A, 2024, 12, 5225–5232
The long-term stability test was conducted at a constant
current density of 1 A cm−2 to verify the practical application
potential of this novel FNT-MEA. The stability of CCM-MEAs
nd 65 °C. (b) The corresponding EDS-mapping after the durability test.

This journal is © The Royal Society of Chemistry 2024
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was also evaluated as a comparison. As depicted in Fig. 5a, FNT-
MEA-0.1 exhibits satisfactory stability with a voltage decay of
7.5% for more than 200 h, which is even comparable to that of
the CCM-MEA with 10-fold IrO2 loading (1.0 mg cm−2). In
contrast, the cell voltage of the CCM-MEA with the same low
IrO2 loading (0.1 mg cm−2) rapidly increases to 2.5 V within
20 h, indicative of the inferior structural stability. Fig. 5b shows
that the 3D-FNT structure is well-preserved aer a long-term
stability test. The EDS-mapping also demonstrates the exis-
tence of Ir, O, and S elements, which are homogeneously
dispersed on the nanober.

3 Conclusion

In summary, the novel MEA with a 3D-FNT structure is
a controllable construction through electrospinning and nano-
transfer techniques. The unique nanober networks not only
expedite water/oxygen transport at high current density due to
high porosity, but also promoteproton-conduction within the
ACL owing to the 1D Naon–PEO nanober. As a result, the 3D-
FNT-MEA with an ultralow IrO2 loading (0.1 mg cm−2) delivers
an encouraging performance with a cell voltage of 1.737 V@1.5
A cm−2, which is far lower than that of the traditional CCM-MEA
(1.874 V@1.5 A cm−2) with the same IrO2 loading and even
higher than that of the CCM-MEA with 10-fold IrO2 loading
(1.740 V@1.5 A cm−2), realizing the large reduction of Ir usage
in PEMWE. This work offers an ideal route to maximize the
TPRB and to boost the performance of MEAs, suggesting prac-
tical application potential in PEMWE.
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