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A B S T R A C T

Proton exchange membrane water electrolysis (PEMWE) plays a critical role in practical hydrogen production.
Except for the electrode activities, the widespread deployment of PEMWE is severely obstructed by the poor
electron-proton permeability across the catalyst layer (CL) and the inefficient transport structure. In this work, the
PEDOT:F (Poly(3,4-ethylenedioxythiophene):perfluorosulfonic acid) ionomers with mixed proton-electron
conductor (MPEC) were fabricated, which allows for a homogeneous anodic CL structure and the construction
of a highly efficient triple-phase interface. The PEDOT:F exhibits strong perfluorosulfonic acid (PFSA) side chain
extensibility, enabling the formation of large hydrophilic ion clusters that form proton-electron transport channels
within the CL networks, thus contributing to the surface reactant water adsorption. The PEMWE device employing
membrane electrode assembly (MEA) prepared by PEDOT:F-2 demonstrates a competitive voltage of 1.713 V
under a water-splitting current of 2 A cm�2 (1.746 V at 2A cm�2 for MEA prepared by Nafion D520), along with
exceptional long-term stability. Meanwhile, the MEA prepared by PEDOT:F-2 also exhibits lower ohmic resis-
tance, which is reduced by 23.4 % and 17.6 % at 0.1 A cm�2 and 1.5 A cm�2, respectively, as compared to the
MEA prepared by D520. The augmentation can be ascribed to the superior proton and electron conductivity
inherent in PEDOT:F, coupled with its remarkable structural stability. This characteristic enables expeditious mass
transfer during electrolytic reactions, thereby enhancing the performance of PEMWE devices.
1. Introduction

Hydrogen has been received prevailing attention as a renewable, eco-
friendly, and decarbonizing energy carrier [1]. Among various electrol-
ysis technology for hydrogen production, proton exchange membrane
water electrolysis (PEMWE) is more appealing for practical applications
with certain advantages, such as high hydrogen purity, short reaction
time, and superior stability [2,3]. As the pivotal component determining
the electrolyzer's performance, the membrane electrode assembly (MEA)
encompasses membranes and catalyst layer (CL). Classified based on
their function, membranes can be categorized into cation exchange
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membranes (CEM) that are selective for cations, anion exchange mem-
branes (AEM) that are selective for anions, and bipolar membranes,
which combine the selectivity of both CEM and AEM [4–10]. PEMWE
employs the proton exchange membrane, also referred to as CEM, that
exhibits selectivity towards protons [11,12]. While the CL, composed of
catalysts and ionomers, serves as the site for direct electrochemical re-
actions. It is worth noting that the precondition for electrochemical re-
actions to occur is that the three-phase boundary theory is satisfied [13].
However, the sluggish kinetics of multistep-coupled oxygen evolution
reaction (OER) at anode CL usually leads to a considerably high over-
potential, which in turn causes a significant voltage loss in the
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electrolyzer and then hinders the overall PEM device performance
[14–18]. Moreover, high-quality catalyst layer (CL) is one of the most
essential factors contributing to the construction of superior electrode
interfaces [19–22]. Exceptional co-conductivity between electron and
proton facilitates the formation of active OER catalyst sites and the
crossing of CL, which is crucial for the enhancement of catalyst activity
and water electrolysis efficiency, especially when low-conductivity
earth-abundant catalysts are applied.

Currently, great effort has been devoted in providing better electrical
contacts and higher utilization efficiency by introducing conductive
substrates (C, Ti, Sn-based materials) to achieve a larger active area [20,
23–28]. However, most of these research efforts failed to assess the ef-
ficacy of MEA. It has also been demonstrated that the sheet conductivity
of CLs could be greatly improved by the introduction of conductive (Au,
Ag, CNT) nanolayers, which facilitates the efficiency of catalyst utiliza-
tion [21,29–32]. Although the resistance of CLs can be significantly
reduced, a poorly coordinated introduction of conductive nanolayers
may hinder proton transport between CL and the proton exchange
membrane, which in turn reduces the efficiency of water electrolysis. In
addition to metallic materials, the use of conducting polymers (CPs) as
promising candidates for catalyst supports has been also investigated.
CPs/catalyst-nanoparticle composites facilitate the easy charge flow
through the polymer matrix during electrochemical processes, thereby
accelerating electron transfer between the catalyst and the substrate
[33]. Unfortunately, it remains unclear how electronic conductivity and
CL conductivity interact in OER process.

In conventional CLs, ionomers can homogeneously integrate the
catalyst particles, thereby providing proton transport pathways for the
network structure within the catalyst layer [34–37]. The incorporation of
ionic polymer (Nafion (PFSA)) enhances the proton conductivity, while it
also tends to decrease the porosity of CL to some extent, thus impeding
both mass transport and electron conductivity [38]. It has been demon-
strated that the sheet resistance of CLs plays a significant role in boosting
OER active sites [39]. Alternatively, Nafion phase within CL can be
removed thoroughly as a means of further optimizing performance if
both electron and proton conductivity are achieved. In this case, only
two-phase boundaries are theoretically required for electron and ion
transfer compared to the triple-phase boundaries required for OER pro-
cedure. Among numerous conductive polymers (CPs), representative
polypyrrole (PPy), polyaniline (PANI), and poly(3,
4-ethylenedioxythiophene) (PEDOT) have been extensively studied
[33]. In particular, PEDOT has been attracting increasing attention due to
its advantages such as superior chemical stability, excellent electrical
conductivity, and simplicity of fabrication [40–43]. The dispersibility of
PEDOT is dependent on the polymer counterion, which forms a
coulombic interaction with it. As a general candidate for polymer
counterion, polystyrene sulfonic acid (PSS) has been extensively
researched and applied as MPEC due to its exceptional solubility and
compatibility [44–47]. In addition, perfluorosulfonic acid (PFSA) can
also be incorporated with PEDOT to form MPEC for electron and proton
conduction, respectively.

In this work, MPEC PEDOT:F was prepared by polymerizing mono-
meric EDOT onto a PFSA template. Since PEDOT is a conjugated polymer,
its conjugated backbone allows free electrons to be easily transported
through the π-orbital system and can therefore be used for electron
conduction [46]. In addition, the portion of the PFSA that is not involved
in stabilizing the PEDOT is used for proton transport via the Grotthuss
mechanism [48], resulting in a superior co-conductivity of electrons and
protons for an efficient PEMWE electrode. The functional role of MPEC
PEDOT:F was elucidated through physical characterization and electro-
chemical tests. Founded on the imperative of ensuring proton conduc-
tion, the electronic conductivity of PEDOT contributes to improve the
electron transfer ability, thus contributing to the mass-transfer process of
the catalytic reaction, exhibiting excellent electrochemical properties.
Density Functional Theory (DFT) calculations indicate that PEDOT:F fa-
cilitates the enhancement of electron transfer capacity and increased
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exposure of active sites, thus resulting in a large number of active sites
and excellent OER electrochemical properties.

2. Results and discussion

As illustrated in Fig. 1a, the monomer EDOT oxidatively polymerizes
on the PFSA template to form PEDOT:F polymers [44]. Fig. 1b illustrates
the schematic of theMEA with PEDOT:F and conventional Nafion as
catalyst binders in CL. PEDOT:F serves as a mixed proton-electron
conductor binder, employed for co-conduction of both protons and
electrons. This co-conduction enhances the electron transfer capacity in
comparison to the CL with proton-conducting, electron-insulating ma-
terials such as Nafion. Furthermore, PEDOT:F possesses significant dis-
similar charges, facilitating its dispersion in solution and fostering the
establishment of effective triple-phase boundaries for the expeditious
mass transfer during the electrolytic reaction process in the CL, thereby
augmenting the performance of PEMWE.

Fig. 2a display the S 2p signals in the X-ray photoelectron spectra
corresponding to different ratios of PEDOT:F. Owing to the disparate
binding energies of S in PEDOT and PFSA, the S in PFSA manifests as the
SO3H group at a higher binding energy (BE) in XPS, while in PEDOT, it
adopts the form of thiophene at a lower BE. The XPS bands within the
range of 166–172 eV are attributed to the sulfonate moieties (—SO3H) of
PFSA, while those within the range of 163–166 eV are assigned to the
sulfur atoms (—S—) of the thiophene moiety in PEDOT. Consequently,
the ratio of sulfonate moieties to thiophene moiety (RS/T) in PEDOT:F can
be inferred from the positions of the distinct BE of S 2p (where S repre-
sents SO3H in PFSA and T represents thiophene in PEDOT). The RS/T
values for the five prepared samples of PEDOT:F-1, PEDOT:F-2, PEDOT:F-
3, PEDOT:F-4, and PEDOT:F-5 are 1/1.67, 1.03/1, 3.75/1, 4.25/1, and
5.35/1, as illustrated in Fig. S1. The structural characteristics of PEDOT:F
and PFSA were analyzed via FTIR, as depicted in Fig. 2b. The concen-
trated peaks at 1210 and 1142 cm�1 correspond to the stretching vi-
brations of the C—F and S—O bonds of PFSA. The peak at 1052 cm�1 of
PFSA is attributed to the symmetric stretching of the sulfonate moieties.
In the PEDOT:F spectrum, the peaks associated with the sulfonate moi-
eties exhibit slight shifts of varying degrees, suggesting the presence of
electrostatic interaction between SO3

� and PEDOT.
To demonstrate the contribution of PEDOT to electronic conduction,

the density of states (DOS) of PFSA and PEDOT:F was calculated using
DFT [49,50]. The DOS of the PFSA and PEDOT:F is presented in Fig. 2c.
In comparison to PEDOT:F, the forbidden bandwidth between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) of PFSA is wider, and the linear region lacks free
electrons, resulting in diminished electrical conductivity. In contrast,
PEDOT:F exhibits superior conductivity compared to PFSA, with an
absence of linear regions. Furthermore, the density of additional states at
the Fermi energy level of PEDOT:F undergoes augmentation, indicating
an enhancement in electronic conductivity with the incorporation of
PEDOT. To delve deeper into the influence of varied PEDOT ratios on
conductivity, the electronic conductivity of the Membrane-Integrated
Polymer Electrolyte Composite (MPEC) PEDOT:F was gauged using AC
impedance in conjunction with a blocking electrode (see Fig. S2). Fig. 2d
summarizes the obtained results, demonstrating a direct proportionality
between electronic conductivity and the ratio of PEDOT, consistent with
the DOS analysis.

The CL constitutes a hierarchical structure wherein electrochemical
reactions, charge transfer, and mass transport transpire concurrently
upon satisfaction of triple-phase boundaries conditions [51]. The
microstructure and dispersion characteristics of the ionomer play a
pivotal role in shaping the three-phase boundaries, formed through its
interaction with the catalyst, as well as the network structure of the CL.
These factors, in turn, significantly influence the performance of the
electrolytic reaction in PEMWE [36,52]. Consequently, the microstruc-
tural alterations of various PEDOT:F compositions were scrutinized
through Small-Angle X-ray Scattering (SAXS). Fig. 2e delineates the plots



Fig. 1. (a) The reaction route to synthesize the PEDOT:PFSA; (b) The schematics of the MEA with PEDOT:F and conventional Nafion (PFSA) as catalyst binders.
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of intensity versus the q value for different ratios of PEDOT:F. As the
proportion of PFSA increases, the peak position of the scattering vector q
also increases. Employing the Bragg spacing relation, d¼2πq�1, where
d signifies the associated length and q represents the scattering vector, it
can be inferred that the stacking between PEDOT and PFSA in dispersions
with a higher percentage of PFSA is denser, resulting in shorter spacing
[53]. The two-dimensional (2D) SAXS scattering images corroborate this
variation (see Fig. 2g–k). Although the peak position of the scattering
vector q increases with the PFSA fraction, this trend is less pronounced
for the last three fractions of PEDOT:F. Additionally, for PFSA ionomers,
the peak position of the scattering vector q shifts toward lower q values
with increasing humidity. A lower q value or a larger spacing d indicates
the presence of larger ionic clusters, thus favoring water adsorption [54].
In comparison, PEDOT:F-1 exhibits the lowest scattering peak position
and the largest spacing, fostering the extension of the PFSA side chain
structure. With more abundant hydrophilic groups, this composition fa-
cilitates the formation of larger hydrophilic ion clusters, thereby
contributing to a more favorable network formation in the CL. This, in
turn, enhances reactant water adsorption on the catalyst surface and
augments proton-electron conduction.

The OER performances of commercial IrO2 with prepared PEDOT:F
samples were assessed in 0.1 M HClO4, with PFSA included for com-
parison [55,56]. Fig. 3a–b depict the LSV curves and the corresponding
overpotentials of PEDOT:F and D520 as binders, respectively. A smaller
overpotential indicates a faster progression of the electrochemical reac-
tion, and the OER performance of the five different ratios of PEDOT:F
surpasses that of D520 as the binder. As inferred from Fig. 2d, the elec-
tronic conductivity of PEDOT:F decreases with the reduction in the
percentage of PEDOT. The LSV curves and the corresponding over-
potentials illustrated in Fig. 3a–b also exhibit a concurrent change,
wherein the LSV performance deteriorates with the decrease in the per-
centage of PEDOT, resulting in increased overpotentials. Notably,
PEDOT:F-1, which possesses the highest electronic conductivity, dem-
onstrates a reduction of 14 mV in overpotential compared to D520.
Supplementary Fig. S3 illustrates the corresponding Tafel slopes,
revealing that all ratios of PEDOT:F have lower Tafel slope values than
D520. Fig. 3c presents a comparison of the double-layer capacitance (Cdl)
values of different binders. Calculating Cdl enables the derivation of its
corresponding electrochemical active surface area (ECSA) [57]. ECSA is
positively correlated with Cdl, and a larger Cdl value indicates more
exposure to the active site and, consequently, greater electrocatalytic
activity. Cdl values were obtained by cycling the potential in the range of
1.00–1.10 V at different sweep rates, and in this study, the sweeping
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speeds were 20, 40, 60, 80, and 100 mV/s. Additionally, the corre-
sponding Cyclic Voltammetry (CV) profiles are shown in Supplementary
Fig. S4. From Fig. 3c, it is evident that the Cdl value of PEDOT:F is greater
than that of D520 as the binder, suggesting superior electrocatalytic ac-
tivity after incorporating PEDOT:F as the binder. Furthermore, the Cdl
values of different ratios increase with the rise in the proportion of
PEDOT. Fig. 3d displays the Nyquist plots of electrochemical impedance
spectra measured under 10 mA cm�2. In accordance with the preceding
results, PEDOT:F exhibits a smaller charge transfer resistance (Rct)
compared to D520, signifying a faster charge transfer rate with the in-
clusion of PEDOT:F. Combining the DOS and SAXS results in Fig. 2c and
e, the superior performance of PEDOT:F-1 can be attributed to the
enhanced electrical conductivity introduced by PEDOT relative to PFSA.
Additionally, the larger hydrophilic ionic clusters in PEDOT:F-1 facilitate
the absorption of reactant water on the catalyst surface, thereby
enhancing proton conduction and promoting the electrochemical reac-
tion. For Rotating Disk Electrode (RDE), although the Nafion ionomer
can prevent catalyst detachment and ensure stability, its electronic
insulating property detrimentally affects electrochemical performance to
a certain extent. The addition of PEDOT improves electronic conductiv-
ity, resulting in a notable enhancement in the electrochemical perfor-
mance of the RDE disk electrode.

The role of PEDOT on catalytic activity was investigated by DFT
calculations [49,58]. The detailed method is presented in the Supporting
Information. OER is a four-proton coupled electron transfer reaction in
which the conventional adsorbate evolution mechanism (AEM) is
employed in this work. The OER reaction mechanism of PFSA-IrO2 and
PEDOT:F–IrO2 are shown in Fig. 4a. Fig. 4b demonstrates the OER free
energies of PEDOT:F–IrO2 and PFSA-IrO2, where the rate-determining
step (RDS) is * OOH formation for both PEDOT:F–IrO2 and PFSA-IrO2,
and thus the catalytic activity of OER can be evaluated in terms of the
value Z (ΔG(*OOH)-ΔG(*O)) [59,60]. The calculated Z value of 2.19 eV
for PEDOT:F–IrO2 is lower than that of 2.27 eV for PFSA-IrO2, and the
decrease of Z in PEDOT:F–IrO2 can be ascribed to the decrease of
adsorption energy of *OOH on the surface of PEDOT:F–IrO2, suggesting
that the incorporation of PEDOT can diminish the energy barrier of OER
and thus improve the catalytic activity of OER, which coincides with the
experimental results. Combined with the DOS calculations, it is specu-
lated that the incorporation of PEDOT improves the electrical conduc-
tivity and the active site area, which results in the catalytic activity of the
OER.

To investigate the proton conduction of MPEC, proton resistance
measurements were conducted on catalyst layers employing different



Fig. 2. (a) XPS spectra of PEDOT:F; (b) FTIR spectra of PEDOT:F and PFSA; (c) The density of states (DOS) of the PFSA and PEDOT:F; (d) The electronic conductivity of
different ratios of PEDOT:F at room temperature; (e) Plots of intensity versus the q value of different ratios of PEDOT:F; (f) The q values at the scattering peaks of
different ratios of PEDOT:F; (g–k) 2D SAXS patterns of different ratios of PEDOT:F.
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binders. The four-probe test method was employed at 80 �C and 100 %
Relative Humidity (RH), mirroring the conditions for single-cell testing.
The transport of electrons was isolated by incorporating proton exchange
membranes on both sides of the catalyst layers, as illustrated in Fig. S2.
As depicted in Fig. S5a, the resistance of PEDOT:F decreases with the
increase in the percentage of PFSA for various ratios of PEDOT:F.
Notably, the proton resistance of PEDOT:F-3 exhibits minimal deviation
compared to that of D520. In comparison to the cathode catalyst layer
(CCL) employing Pt/C as the catalyst, the sheet resistance of the anode CL
is significantly higher, limiting the utilization efficiency of PEMWE. To
4

elucidate the impact of introducing MPEC binder on CL resistance, the
sheet resistance of the anode CL was measured (see Fig. S5b). The find-
ings indicate that all the sheet resistances of CL experienced a descent to a
certain degree after the addition of MPEC as the binder in comparison to
D520.

Fig. 5a–d shows the TEM images of anode CLs prepared by different
ratios of PEDOT:F and D520. It can be seen that the distribution of cat-
alysts in the CLs prepared with PEDOT:F appears more homogeneous,
while the CLs prepared with D520 exhibit a heterogeneous distribution
with more noticeable agglomerates. Additionally, the cross-sectional



Fig. 3. Electrochemical OER performances of PEDOT:F and PFSA. (a) LSV curves; (b) Overpotential @10 mA cm�2; (c) Double-layer capacitance (Cdl) at different
sweep rates; (d) Nyquist plots of electrochemical impedance spectra measured under 10 mA cm�2 of different ratios of PEDOT:F and D520 as binders.
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micrographs of anode CLs as prepared with the various ratios of PEDOT:F
and D520 are shown in Fig. 5e–h. Consistent with the TEM observations,
the CL prepared with D520 displays a highly inhomogeneous distribu-
tion, and the pore structure is more evident compared to the other three
CLs. The zeta potential measurements (See Fig. 5i) reveal that the addi-
tion of PEDOT:F increases the zeta potential value of the catalyst inks. It
is presumed that PEDOT:F acts as a dispersant, contributing to ink sta-
bility and reduced agglomeration after its addition. Increased agglom-
eration tends to augment the pore volume of macroporous pores, which is
unfavorable for the generation of active catalytic sites [61]. To further
analyze the effect of PEDOT:F on pore structure, the MIP test was
employed to assess the pore structure of these CLs. Fig. 5j–k illustrate the
pore size distribution of different CLs, categorized into primary pores,
secondary pores, and macropores, with corresponding pore size ranges of
<20 nm, 20–1000 nm, and>1000 nm, respectively. The remaining three
CLs, prepared with PEDOT:F, exhibit fewer macropores and more pri-
mary pores compared to the CL prepared with D520. These findings
suggest that the addition of PEDOT:F contributes to the reduction of
agglomerates, fostering the formation of a more homogeneous CL. This is
conducive to improving catalyst utilization and constructing more cata-
lytically active sites for OER.

The electrochemical performance of the electrolyzer was evaluated to
elucidate the electrolytic efficiency of applying PEDOT:F to the elec-
trodes. Polarization curves of MEA prepared with different samples and
the corresponding voltages at different current densities are presented in
Fig. 6a. MEAs prepared using PEDOT:F-1 and PEDOT:F-2 exhibit signif-
icantly better performance than D520. Interestingly, despite the RDE test
5

showing a correlation between electronic conductivity and performance,
the MEA performance does not strictly follow this trend. The best per-
formance was observed in the group of PEDOT:F-2, achieving a superior
performance of 1.713 V at 2 A cm�2. This inconsistency suggests that
focusing solely on electronic conductivity may not be the sole factor in
enhancing MEA performance; a compromise between electronic and
proton conductivity appears to be crucial. As displayed in Fig. 6a, the
MEA performance of both PEDOT:F-1 and PEDOT:F-3 is inferior to that of
PEDOT:F-2. Hence, achieving the optimal electrochemical performance
in proton exchange membrane water electrolysis (PEMWE) single-cells
requires a balanced consideration of both electronic and proton con-
ductivity. Tafel slopes and OER overpotentials of MEA prepared by
different binders were obtained to evaluate catalytic activity (Fig. S6).
The Tafel slope and OER overpotential of MEA prepared with PEDOT:F
are lower than that of D520, with PEDOT:F-2 exhibiting the lowest
values., which is consistent with the polarization curves and DFT results.
The introduction of MPEC is believed to better align with the triple-phase
boundaries theory, enhance the active site area, and ultimately lead to
improved catalytic activity. EIS impedance tests were performed for
different MEAs at low and high current densities, and the data were fitted
to impedance plots using equivalent circuit diagrams. The corresponding
Nyquist plots and resistance values are displayed in Fig. 6b–c. MEA
performance is influenced by both ohmic and mass transfer resistance.
The comparison shows that the resistance of PEDOT:F-2 exhibits a min-
imum at both high and low current densities, reflecting the lowest
voltage values and the best performance among all the samples. Stability
is a crucial consideration for practical application in PEMWE. To assess



Fig. 4. (a) OER reaction mechanism of PFSA-IrO2 and PEDOT:F–IrO2; (b) Calculated OER free-energy diagrams for PFSA-IrO2 and PEDOT:F–IrO2.
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the stability of the homemade binder, the MEA prepared with PEDOT:F-
2, exhibiting the best performance, was selected for the stability test. The
results in Fig. 6d demonstrate that the voltage of the MEA prepared with
the homemade binder remains stable and virtually unchanged during the
test time. The observed increase in voltage by only 0.007V indicates that
the MEA with the homemade binder maintains good stability during
operation.

3. Conclusions

In conclusion, we synthesized a mixed electronic and proton
conductor, PEDOT:F, designed to facilitate the conduction of electrons
and protons, respectively. This dual conduction property contributes to
rapid electron transport and enhances catalytic activity by increasing the
active surface area for OER. The synthesized samples underwent quali-
fication through various analyses, including FTIR spectroscopy, XPS, and
SAXS tests. Conductivity measurements of both the samples and the CL
were conducted by fabricating blocking electrodes. The sheet resistance
measurements of CL revealed that the application of MPEC could
ameliorate the poor conductivity of CL. Moreover, MIP, zeta potential,
TEM, and SEM results demonstrate that PEDOT improves the stability
and dispersion of the catalyst ink. The resulting membrane-integrated
electrochemical cell (MIEC) was employed in OER reactions and
PEMWE single-cell tests. The outcomes indicate that, for RDE, the
introduction of PEDOT enhances electronic conductivity, thereby
reducing mass transfer resistance and further amplifying the electro-
catalytic activity of the OER reaction. DFT results aligns with the
experimental findings, affirming that the inclusion of PEDOT heightens
catalytic activity by augmenting electronic conductivity and lowering the
energy barrier. In the cell test, the MEA prepared with PEDOT:F-2 ex-
hibits superior performance, achieving 1.713 V at 2 A cm�2. In the
context of the full-cell reaction, a balanced consideration of both elec-
tronic and proton conductivity proves advantageous for overall perfor-
mance improvement. The stability test demonstrates that the MEA
prepared with PEDOT:F exhibits robust durability, meeting the re-
quirements for practical PEMWE applications.
6

4. Experimental section

4.1. Materials

3,4-Ethylenedioxythiophene (EDOT, 99 %) and FeCl3 were obtained
by Aladdin. PFSA ionomer(Nafion D520 dispersion)with a short side
chain (5 wt% in H2O, equivalent weight (eq. wt of 1000) was adopted as
the counterions and was purchased from Dupont. The IrO2 catalyst was
purchased from KAIDA, the Pt/C catalyst was obtained from TANAKA.

4.2. Synthesis of PEDOT:F

The PEDOT:F was synthesized by oxidative chemical polymerization.
Firstly, the solid content of D520 ionomer dispersion, also known as PFSA
ionomer dispersion, was changed from 5 % to 10 %. Subsequently, PFSA
ionomer dispersion (2 g,10 wt% in H2O, eq. wt 1100) and EDOT (0.2 g)
were mixed in 20 ml DI water and stirred vigorously for 2 h to form an
emulsion. Following this, FeCl3 (0.13 g) was introduced in 4 ml of DI
water as the oxidant. Stirring continued for 24 h after the addition of the
oxidizing agent, the obtained dispersions were purified through a semi-
permeable membrane (500 Da) to eliminate unreacted material, and
then the purified aqueous dispersion was centrifuged. The products after
centrifugation were dispersed in 2-propanol (IPA) and sonicated using an
ultrasonic cell crusher for 2 h to form alcohol dispersions. Different ratios
of PEDOT:F were obtained by varying the ratio of EDOT and PFSA. The
obtained samples were denoted as PEDOT:F-1, PEDOT:F-2, PEDOT:F-3,
PEDOT:F-4, and PEDOT:F-5 with progressively increasing percentages
of PFSA.

4.3. Physical characterization

The materials were characterized using Fourier transform infrared
spectroscopy (FTIR, Nicolet Magna 6700). The thermal stability of the
composites was measured on a thermogravimetric analyzer (STA 449 F3
Jupiter). X-ray photoelectron spectroscopy characterization was per-
formed with an AXIS SUPRA instrument. The morphology and



Fig. 5. TEM images of CLs: (a) PEDOT:F-1, (b) PEDOT:F-2, (c) PEDOT:F-3, (d) D520; SEM images of CLs: (e) PEDOT:F-1, (f) PEDOT:F-2, (g) PEDOT:F-3, (h) D520; (i)
The Zeta potential of catalyst inks prepared by different binders; (j) Pore size distribution of CLs with different binders; (k) Variation of total pore volume for
different CL.
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distribution of the catalysts was analyzed using scanning electron mi-
croscopy (SEM, Zeiss Ultra Plus) and transmission electron microscopy
(TEM, JEM-F200). The prepared dispersions were analyzed through
small-angle X-ray scattering (SAXS) using X-rays at a wavelength of 1.54
Å on a SAXS device (Xeuss 3.0 SAXS/WAXS). Mercury intrusion poros-
imetry (MIP, AutoPore V 9600) was used to identify the pore size dis-
tribution in CL. For zeta potential analysis, the diluted catalyst ink was
measured with the 90Plus Zeta.

Measurement of the electronic conductivity of materials by the
method of blocking electrodes combined with AC impedance. Stainless
steel was used as the ion-blocking and electron-conducting material, and
the composite material was pressed and compacted in the powder under
the pressure of 12 MPa [62]. The proton resistance was measured by
sandwiching the proton exchange membrane on two sides of the CL to
isolate the passage of electrons, and measured by the four-probe method
combined with the AC impedance method [63,64]. The sheet resistance
of CLs with different binders was measured using a four-point probe
meter (ST2253) [39].

4.4. MEA preparation

The preparation of Membrane electrode assemblies were prepared
using catalyst-coated membrane (CCM) approach [65]. IrO2, DI water,
isopropanol, and the ionomer dispersion solution were mixed to control
the solid content of 18 % and the ratio of ionomer to catalyst was 1/9
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(I/catalyst¼1/9). The catalyst ink was ultrasonically dispersed in an ice
bath condition in an Ultrasonic Cell Crusher, after which it was trans-
ferred for ball milling. The catalyst for the cathode was 50 wt% Pt/C with
the solid content controlled at 8 %, and the mass ratio of ionomer to
catalyst was 0.8 (I/catalyst¼0.8), with the remaining steps identical to
the anode catalyst ink preparation steps described above. The use of
polytetrafluoroethylene as the substrate for coating catalyst inks and the
CL of 4 � 4 cm2 was obtained after drying. The IrO2 loading of the anode
CL was controlled to be 1.6 � 0.15 mg cm�2, and the Pt loading of the
cathode was kept to 0.4 � 0.05 mg cm�2. The cathode and anode CLs are
being transferred to both sides of the N212 proton exchange membranes
by hot pressing.

4.5. Electrochemical measurements

The OER activity of the electrochemical catalyst was tested on the
electrochemical workstation (CHI 660 E). The potentials described in the
work have been normalized to reversible hydrogen electrodes and the
electrolyte used was 0.1 M HClO4 aqueous solution. The working elec-
trode was a glassy carbon electrode of 0.5 cm diameter, with a platinum
electrode and a saturated calomel electrode acting as the counter and
reference electrode. 10 μL of the prepared catalyst ink was dispensed
with a pipette gun and applied uniformly on the glassy carbon electrode.
Before electrochemical measurements, activation was performed by cy-
clic voltammetry (CV) under the conditions of a sweep range of 0–1.2 V, a



Fig. 6. Electrochemical performances of different binders in PEMWE. (a) Polarization curves; (b) Nyquist plots at 0.1 A cm�2; (c) Nyquist plots at 1.5 A cm�2; (d)
Durability test of MEA with PEDOT:F.
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sweep rate of 50 mV/s, and 40 cycles. Linear sweep voltammetry (LSV)
was operated with a holding speed of 1600 rpm, a sweep range of
1.2–1.9 V, and a sweep rate of 5 mV/s. Electrochemical impedance
spectroscopy (EIS) was measured at the voltage corresponding to 10 mA
cm2 with a frequency of 0.1–10 kHz. The CV test was performed at a
voltage of 1–1.1 V with a sweep rate from 20 mV to 100 mV, increasing
the sweep rate by 20 mV each time to obtain the double-layer
capacitance.

The electrochemical workstation used for single-cell measurements
was Kolibrik PTC-05100E. The membrane electrode assemblies were
activated before the tests. The activation was carried out at 1.6 V and
waited for its corresponding current to stabilize for 2 h to complete the
activation. A steady-state polarization test was used to obtain the po-
larization curve, the test range was 0.1 A cm�2-2 A cm�2. Similarly, the
current density is stabilized for 5 min for each 100 mA cm�2 increase in
current density, and then the steady state voltage value at that current
density is taken. The amplitude of the perturbation imposed by the EIS
test was 5 %, and the frequency range was 0.1–10 kHz. All of the above
tests were conducted under pure water conditions, with the inlet water
temperature maintained at 80 �C and the water flow rate at 40 ml min�1.
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