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ABSTRACT: The electrocatalytic oxygen evolution reaction
(OER) is not strictly a surface reaction, because it takes place
in a thin hydrous electrical double layer (EDL). In this work,
we perform an in-depth study of Nafion ionomer functions in
both catalyst inks and catalyst layers (CL) for high-efficiency
OER in alkaline media. Based on cyclic voltammetry results,
an analysis method is developed to characterize pseudocapa-
citance and EDL charging capacitance independently. This
enables accurate quantification of interfacial charge transport
behavior and active sites for OER. Zeta potential measure-
ments confirm that Nafion ionomer serves as a stabilizing and
binding agent in catalyst−solvent inks. The data obtained from the half-cell tests in 1 M KOH reveal that increasing ionomer
content in CL reduces OER performance due to higher mass transport resistance and less active sites. The sample with I/C = 1/
24 (weight ratio of Nafion ionomer to IrOx catalyst) exhibits an approximately 1.7-times higher OER activity than that of I/C =
2/1. Furthermore, the ionomer blocking effect is found to be a common phenomenon, which was observed in a wide range of
catalyst loadings and three different catalyst materials. Nevertheless, as demonstrated by Nafion-free samples, the addition of
Nafion is indispensable for efficient catalyst utilization. Our study shows that the optimized ionomer content in the CL is 10−30
wt % of catalyst loading. Within this range, Nafion, catalyst particles, and electrolyte solution form efficient interaction, resulting
in good connectivity of the charge conduction paths without inhibiting the gas diffusion.

KEYWORDS: Nafion ionomer, oxygen evolution reaction, alkaline water electrolysis, electrical double layer, iridium oxide,
pseudocapacitance

1. INTRODUCTION

Electrocatalyzing oxygen evolution reactions (OER) are critical
for clean-energy storage and conversion techniques, such as
water electrolysis.1−3 Compared with hydrogen evolution
reaction, the OER, taking place at the anode of an electrolysis
device, is recognized as a major obstacle for commercialization
in terms of efficiency, durability and cost of catalyst
materials.3−5 Industrial water splitting is generally conducted
in an alkaline solution, because noticeable corrosion occurs
when the process is carried out in acidic electrolytes. In
alkaline media, nonprecious metals (e.g., Ni, Co, Fe, and Mo)
can be used as catalyst materials, thereby providing cost
reduction.6−10 Over the last few decades, the activity and long-
term stability of OER catalysts have been improved by
numerous studies, as reported in several recent review
articles.1,5,11−13 However, evaluating actual catalyst perform-
ance accurately in alkaline media still remains a challenge.14−17

Uncertainties resulting from ink preparation and deposition,
measurement protocols, operating conditions, and interfacial
interaction are unavoidable, which influences the validity of
testing results. Minimizing these uncertainties to understand
actual catalyst performance is essential for further development
of efficient OER catalysts.

Thin film rotating disk (TF-RDE) and ring-disk (TF-
RRDE) electrodes are the most commonly employed tools for
evaluating electrocatalysts.18−20 The obtained results can be
used to predict catalyst performance in a full electrochemical
cell.21 Moreover, TF-RDE/RRDE features a built-in three-
electrode system that is convenient to operate and can provide
reliable testing results. Compared with conducting measure-
ment of the full membrane electrode assembly (MEA), TF-
RDE/RRDE has an advantage in saving time and materials
without compromising the accuracy of catalyst perform-
ance.20,22,23 The composition and preparation technique of a
thin-film catalyst layer (CL) on the disk electrode have a
significant effect on obtaining the intrinsic properties of
applied materials.19,21,24 The CL is generally fabricated by
drying a uniformly deposited catalyst ink, which consists of
solvent, catalyst particles, and ionomer solution. In principle,
the ionomer can be integrated with metal oxide catalysts to
change the form of the reaction interface and, accordingly,
affect the reaction efficiency. There needs to be enough
ionomer to provide good contact with the catalyst nano-
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particles but not so much that mass diffusion is inhibited.
Extensive studies in fuel cells and electrolyzers have confirmed
that 20−40 wt % ionomer in CL can achieve the highest MEA
performance.25−28 However, these optimized values for MEA
cannot be directly applied to TF-RDE/RRDE systems due to
different reaction conditions at the triple-phase boundaries. In
particular, using an ionic ionomer in alkaline media creates
unusual shifts of the transport behaviors and structure.29,30

Currently, the most widely used ionomer in alkaline media is
DuPont’s Nafion, owing to its excellent mechanical and
electrochemical stability.6,8,29,31−33 Nafion is a multifunctional
copolymer composed of a Teflon-backbone and functionalized
sulfonic acid side chain. Once solvated, the hydrophobic PTFE
backbone and hydrophilic sulfonic acid group lead to a phase-
separated structure that gives Nafion unique transport
properties, e.g. remarkable cation conduction and electron or
anion insulation.29 The most common application of Nafion
ionomer is for proton exchange membranes in fuel cells and
water electrolyzers.28,34−37 For TF-RDE/RRDE, Nafion
primarily serves as a dispersant for catalyst ink mixing and as
a binder to avoid CL detachment from the disk electrode.19,21

The final structure of the postdrying CL is strongly influenced
by interfacial interactions. In addition, the structure and
transport behavior of the ionomer in a TF-RDE/RRDE system
is drastically different from those in the continuous Nafion
membrane due to the microstructural differences between
these two materials.38,39

To-date, there is no in situ physicochemical characterization
tool available to visualize Nafion morphology and electro-
chemical behaviors.39 This presents a challenge when trying to
obtain information regarding Nafion morphology and its
transport behavior, even using state-of-the-art electron micro-
scopes. The reason is that the ionomer does not display
sufficient image contrast as compared with the electrocatalysts
in the electron microscope.37 The lack of direct structural
observation leads to a poor understanding of ionomer-
dependent reactions. Instead, electrochemical methods have
gained a significant interest as a means of performing in situ
studies of Nafion-related interfacial structure and electro-
chemical behaviors.19 The interactions of ionomer, catalyst,
reactants, products, and reaction intermedia create a very
complex thin hydrous electrical double layer (EDL).40−43

Based on our previous work, the formed EDL has a dominant
influence on the OH− coupled electron transfer reaction.44,45

However, the role of Nafion ionomer in OER is still unclear. In
this work, we focus on the impact of Nafion ionomer and its
interaction with other components in EDL by applying in situ
electrochemical diagnostic methods. It is expected that an
improved understanding of ionomer roles can help to increase
catalyst utilization and long-term stability.

2. RESULTS AND DISCUSSION
The CL used in this study is fabricated from an ink mixture
consisting of commercial IrOx catalyst, ionomer, and ethanol
solvent. Based on our previous work, it is found that the IrOx
material (BET surface are = 32.5 m2 g−1) is a combination of
primarily amorphous Ir oxide and a small content of Ir
metal.44,45 A schematic illustration of the CL structure and
interfacial OER is shown in Figure 1. To facilitate an electron
transfer Faradaic reaction, the formed CL should have the
following three features: (1) uniform distribution of catalyst
and ionomer to maximize catalyst utilization; (2) large active
area available for OER; and (3) well-connected paths for facile

OH−-, electron-, and O2-transport.
46 In addition to short-term

performance, sufficient stability of the CL is necessary for long-
term application. A critical aspect for alkaline OER, though not
adequately studied, is the role of ionomer, which governs the
ink properties and the physical and electrochemical behaviors
of CLs, especially at the reaction interface (i.e., EDL).
Observed from the linear scan voltammetry (LSV) in Figure
S1 (refer to Supporting Information, SI), the Nafion-
containing CL exhibits the highest OER activity in the alkaline
medium compared to those prepared by anion ionomer As-4
(Tokuyama Corp.) and nonionic PTFE binder (Fuel Cell
Store). Thus, the Nafion ionomer is selected to be studied
toward the enhanced OER in this work.

2.1. Structural Characterization of Catalyst Inks and
Fabricated CLs. The weight ratio of ionomer to catalyst (I/
C) used in our work ranges between 0 and 2, which spans the
weight ratios of most published reports.8,19,46−49 The solid
volume fraction of catalyst and ionomer particles (5 mg IrOx
dispersed in 4 mL of absolute ethanol) in the prepared ink is
less than 0.5% to ensure a highly diluted solution. This
minimizes the interaction between catalyst particles to achieve
uniform dispersion.
Prior to deposition of CL onto RDE/RRDE, the catalyst ink

is filled into a quartz cell for the zeta potential, particle size,
and electric conductivity measurements. Results in Figure 2(a)
clearly reveal that an increasing I/C ratio leads to a more
negative zeta potential, meaning stronger electrostatic
repulsion force between particles and thus enhancing ink
dispersibility and stability.50 Meanwhile, the average size of
ionomer-catalyst agglomerates and electric conductivity both
increase with increasing ionomer content, as shown in Figure
2(b). Compared with the ionomer-free sample, a small amount
of ionomer (I/C = 1/12) can cause a noticeable increase in the
hydrodynamic diameter of the particles (225 to 275 nm),
which indicates the adsorption of Nafion onto catalyst
particles. The electric conductivity of the ink is nearly
proportional to ionomer content, confirming the charge of
the SO3

− group in the Nafion molecule.
Images taken by SEM and optical microscope are shown in

Figure 3 and Figure S2 (refer to SI), respectively. The
morphology of the fabricated CL has a strong dependence on
ionomer content. The varying colors in optical images are
caused by the interference of thin Nafion films. The ionomer-
free CL forms a nonuniform distribution with large aggregates.
In the I/C range of 1/24 to 1/2, the catalyst particles can
disperse well as a thin ionomer film covers the CL surface.
Further increasing the Nafion content results in the formation
of large catalyst−ionomer agglomerates, which can block mass

Figure 1. Schematic illustration of ionomer-containing catalyst layer
and interfacial OER in alkaline media.
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transport and cause reduction of the active area and catalyst
utilization. These microimages reveal that the Nafion ionomer
can serve not only as a dispersing agent to improve catalyst
distribution but also as a binder to enhance the interactions
between catalyst particles. Therefore, optimization of the
Nafion ionomer content is required to maximize catalyst
effective utilization.
2.2. Ionomer Blocking Effects on Interfacial Behav-

iors. In this section, the catalyst loading on the RDE is held at
0.24 mg cm−2, and the weight ratio of I/C varies from 1/24 to
2/1. The electrochemical measurements are carried out in N2-
saturated 1 M KOH. First, cyclic voltammetry (CV) is
conducted to study the pseudocapacitive (due to active metal
redox) and capacitive (due to EDL charging) behaviors of the

ionomer-containing catalysts. With regard to the Faradaic
electron-transfer reaction, the characteristics of solid-state
pseudocapacitive and OER are similar.23,51,52 Therefore,
investigation of pseudocapacitance can provide useful
information about potential active reaction sites for OER.
Nearly all exceptional electrocatalysts used for OER exhibit
large pseudocapacitance.23,48,52

The CV spectrum in a potential range of 0.4−1.4 V can
define the unique “fingerprint” features of the studied IrOx.

40

The measured current in Figure S3 (refer to SI) results from
the combination of EDL charging process and active metal
redox. To isolate the effect of pseudocapacitance, CV curves
within the potential range of 0.8−1.0 V are obtained. The near
rectangular shape of the CV curves in Figure S4 (refer to SI)

Figure 2. (a) Zeta potential and (b) particle size (left) and electric conductivity (right) of catalyst ink as a function of ionomer to catalyst ratio (I/
C).

Figure 3. SEM images of IrOx catalyst layers with various I/C ratios. (a) Nafion free, (b) I/C = 1/24, (c) I/C = 1/8, (d) I/C = 1/2, (e) I/C = 1/1,
and (f) I/C = 2/1.

Figure 4. (a) Modified CV curves of varied I/C samples at 50 mV s−1. The resulting current is the measured current subtracted by the EDL
current. (b) Current density of Ir2+/Ir3+ redox peak (left) and EDL capacitance (right) as a function of I/C ratio.
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confirms the pure non-Faradaic capacitive behavior.53 The
detected EDL current at the same scan rate (50 mV s−1) is
subtracted from the total current and the modified CV curves
are replotted in Figure 4(a). The newly processed CV spectra
exhibit only pseudocapacitive behaviors, and two reaction
couples can be found at around 0.65 V (Ir2+/Ir3+) and 1.05 V
(Ir3+/Ir4+). Note that the redox potential of Ir4+/Ir5+ is higher
than that of the standard OER potential.23 The even higher
oxidization states, such as Ir6+, are thermodynamically unstable
and cannot serve as reaction intermediates during stable OER
operation.5,48 From Figure 4(a), we clearly observe that the
pseudocapacitance decreases with increasing I/C ratio,
demonstrating a reduction of active sites due to ionomer
coverage. Such coverage blocks electroactive intermediate
(*OH, *O, and *OOH) adsorption and electron transport in
the hydrous EDL.
From Figure 4(b), it is found that the pseudocapacitive

current initially drops sharply for low I/C ratios (≤1/2) and
then continues to decrease linearly for high I/C ratios (>1/2).
This observation agrees with the particle size distribution from
Figure 2(b), which suggests that ionomer/catalyst interactions
reach saturation near I/C = 1/2. For low I/C samples, each
ionomer molecule binds with catalyst particles to form a

uniform dispersion until the entire surface of catalyst particles
is covered. The continuity of charge conductivity in the CL can
be impeded significantly, leading to the drastic reduction of
active sites. After reaching saturation at around I/C = 1/2,
adding more Nafion ionomer results in the formation of
agglomerates. Based on measurements of particle hydro-
dynamic size in Figure 2(b), the thickness of the ionomer
film covered on the agglomerate surface grows by around 50
nm with increasing I/C from 1/2 to 2/1. This leads to a linear
increase in agglomerate size and a linear decrease in
pseudocapacitive current. Schematic illustrations summarizing
the interaction between Nafion ionomer and catalysts are
shown in Figure 5.
It is well-known that the EDL charging capacitance increases

in proportion to the number of electrochemical active
sites.17,54 According to the single-point CV method,44 the
EDL capacitance can be estimated by linearly fitting the scan
rate-current plots. Taking the average of the absolute slope
values from the anodic and cathodic sweeps, the resulting EDL
capacitances in Figure 4(b) are found to be between 92.3 ± 0.2
mF cm−2 and 44.3 ± 0.6 mF cm−2 for various I/C samples.
Furthermore, the EDL capacitance exhibits the same depend-
ence on Nafion content as the observed pseudocapacitance.

Figure 5. Schematic illustration of catalyst layer dispersion and structure as a function of I/C ratio.

Figure 6. (a) LSV curves at a scan rate of 2 mV s−1; (b) IR-corrected Tafel plots; (c) EIS spectra at 1.55 V. The inset is the modeled equivalent
circuit. Symbolsraw data; lineslinear fit to the data; and (d) the calculated ECSA (left), and RΩ (right 1st) and Rct + R1 (right 2nd).
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This finding indicates that both the EDL capacitance and
pseudocapacitance can effectively reflect charge transport and
active sites in EDL. The increase of ionomer content in CL
leads to an increase of interfacial charge transport resistance
and a reduction of available active sites.
The electrocatalytic OER activity is investigated by

potential-controlled linear scanning voltammetry (LSV)
taken at 2 mV s−1. Figure 6(a) shows the LSV curves at a
rotating speed of 1600 rpm. By comparing the integrated area
from 1.4 to 1.65 V, the I/C = 1/24 sample has an
approximately 1.7-times higher OER activity than that of I/C
= 2/1 sample. In the kinetic region (10 mA cm−2), the
overpotential increases ∼20 mV for the studied range of I/C =
1/24 to 2/1 (see Figure S5 in SI). In the kinetic-diffusion
mixed region, the OER performance is affected by both kinetic
and mass transport. Therefore, the overpotential has more
increases with increasing Nafion content. For instance, there
exists an increment of ∼40 mV at 40 mA cm−2.
The ionomer content-dependent activity is further analyzed

using IR-free Tafel plots. Two Tafel slope regions could be
discerned in Figure 6(b). In the range of 1−10 mA cm−2, the
fitted slopes are determined by transport-free reaction kinetics,
since the low potential scan rate (2 mV s−1) ensures minimal
capacitive current and a near steady-state condition in EDLs.
The Tafel slope is close to 45 mV dec−1 for the entire I/C
range, which corresponds to the formation of surface adsorbed
*O intermedia.44,55 Thus, varying ionomer content in the CL
has a negligible effect on OER kinetics. It is possible that the
catalyst surface covered by a thin Nafion film can still support
OER in this kinetics region. In the high current density region
(30−50 mA cm−2), the Tafel slope of the I/C = 1/24 sample is
raised to 71 mV dec−1. This indicates that the rate-limiting step
falls between the initial discharge of hydroxide ions in EDL and
the second electron transfer step of *O− formation according
to Karsil’shchikov’s pathway.3,55 The Tafel slope remains
similar when the I/C ratio is less than 1/2. In contrast, when I/
C = 2/1, the fitted slope reaches 125 mV dec−1, suggesting that
the rate-limiting step shifts toward the initial step of hydroxide
ion discharge due to the added resistances of OH−-, electron-,
and O2-transport. These added transport resistances can be
mainly ascribed to the structural transition from Nafion-
covered catalysts to large Nafion-filled agglomerates with
increasing I/C ratio, as observed from SEM images in Figure 3.
The much higher Tafel slope of the I/C = 2/1 sample also
confirms that the thick ionomer film coverage on agglomerates
significantly impedes mass transport and OER performance in
the high current density region. Structurally, the wetted Nafion
surfaces are dominated by sulfonic acid groups with only 5% of
the Teflon-based backbone exposed.56 Therefore, in addition
to physical blockage of catalyst active sites, the negatively
charged sulfonic acid group in Nafion can also inhibit OH−

adsorption in the EDL.
During OER, the EDL goes through a series of complicated

charge accumulation, transfer, and dissipation processes.41

Electrochemical impedance spectroscopy (EIS) with 10 mV of
AC perturbation is employed as an in situ characterization tool
to evaluate the interfacial behaviors in the EDL. The applied
DC potential is 1.55 V, at which the OER performance of all
studied samples exhibits a strong dependence on CL ionomer
content, as shown in Figure 6(a). The Nyquist plots from EIS
and the modeled equivalent circuit are shown in Figure 6(c).
The significant variations of the impedance observed at both
the high and low frequency regions indicates that ionomer

content has an important influence on electron transport,
reaction polarization resistance, and EDL capacitive behaviors.
To quantify their contribution, EIS data are fitted by an
equivalent circuit LRΩ (RctC1) (R1C2), where L, RΩ, Rct, C1, R1,
and C2 are inductance, ohmic resistance, charge transfer
resistance, EDL charging capacitance, intermediate diffusion/
adsorption resistance, and capacitance, respectively.44 This
equivalent circuit is based on a two-time-constant process
composed by two branches: RctC1 (charge-transfer process)
and R1C2 (surface porosity).57,58 A constant phase element
(CPE) is used to simulate nonideal capacitances, such as C1
and C2, arising from heterogeneity, surface porosity, and EDL
reconstruction.58−60 The simulated results show good agree-
ment with the experimental data, which indicates the
equivalent circuit can accurately represent the OER process
occurring in the EDL.
In electrochemical measurement, catalyst activity can be

quantified by ohmic resistance (RΩ), total polarization
resistance (Rct + R1), and electrochemical surface area
(ECSA). The trends of these parameters as a function of
ionomer loading are shown in Figure 6(d). The details for
calculating ECSA based on EIS data are reported in our
recently published work.44 RΩ consists of ohmic resistances
from electronic and ionic losses and increases with increasing
ionomer content. Since the ionic resistance from the
electrolyte is the same for all samples, the observed increase
of RΩ confirms that Nafion ionomer inhibits electron
conductivity. Meanwhile, Rct + R1 and ECSA exhibit the
opposite trend with a sharp initial change followed by a nearly
linear dependence on I/C. This observation is consistent with
the trends of EDL capacitance and pseudocapacitance shown
in Figure 4(b), indicating their similar dependency on Nafion
content. Overall, adding a small amount of Nafion ionomer (I/
C ≤ 1/2) to the thin-film CL causes strong ionomer/catalyst
interactions and the formation of large agglomerates which, in
turn, reduces ECSA and increases charge transfer resistance. In
this case, the ionomer is absorbed onto the catalyst surface and
the electron conductivity among the agglomerates is not
hindered. That explains why only a slight reduction of RΩ is
observed when I/C increases from 1/24 to 1/8. When the
Nafion ionomer content is increased further (I/C > 1/2),
additional ionomers start to form layers covering the
agglomerates, which become barriers for O2, electron, and
OH− transport. The reduced OER performance indicates that
the covered Nafion film hinders rapid diffusion and adsorption
of reaction intermediates, such as *OH, *OOH, and *O. This
can be attributed to Nafion’s inability to conduct OH− and
electrons.
During OER, efficient charge- and O2- transport in the EDL

is critical in determining catalyst activity. Using TF-RRDE
voltammetry allows us to quantify the contribution of each
transport phenomenon. The disk potential is scanned from
1.375 to 1.60 V at 2 mV s−1, while the ring potential is held at
0.4 V for detection of oxygen reduction reaction (ORR).
According to our previous work,44 the EDL charging
contribution can be accurately monitored in the low
overpotential region, where most generated oxygen can be
detected by the ring electrode. While in the high potential
mixed kinetic-diffusion region, current mainly arises from the
Faradaic OER. The O2 transport efficiency can be calculated
accurately by subtracting the EDL charging current from the
total disk current.
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The TF-RRDE voltammetry data with varied I/C ratios are
plotted in Figure 7(a). In the absence of OER, all the measured
current at disk is from EDL capacitive and/or solid-state
pesudocapacitive behaviors. The onset potential of OER is

observed to be around 1.45 V, where the ORR current at the
ring begins to rise. This indicates that the ring successfully
detects O2 generation from the disk. As the applied potential
increases, the ring current gradually reaches a plateau,

Figure 7. (a) TF-RRDE voltammetry in N2-saturated 1 M KOH at the disk electrode (with a scan rate of 2 mV s−1) and ring electrode (holding at
0.4 V). (b) EDL capacitive current ratio and (c) O2 transport efficiency as a function of disk current.

Figure 8. CV curves of (a) commercial NiCo2O3 and (b) homemade IrO2, and LSV curves of (c) commercial NiCo2O3 and (d) homemade IrO2
with various I/C ratios. Measurement conditions: N2-saturated 1 M KOH, 50 mV s−1 for CV, 2 mV s−1 for LSV, 0.24 mg cm−2 catalyst loading and
room temperature.
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indicating mass transport limitation at the ring due to the
saturation of O2 transported from the disk. It is noticeable that
an increasing I/C ratio decreases disk current but increases
ring current. To further study this effect, RRDE data are
processed at the low and high disk current regions to obtain
the EDL charging current ratio and oxygen transport efficiency,
respectively.44 The results in Figure 7(b) show that increasing
Nafion content in the thin-film leads to a reduction of EDL
capacitive current ratio, confirming that the Nafion ionomer
blocks charge transport. In the high disk current region, O2
transport efficiency represents the percentage of O2 leaving the
EDL to the bulk electrolyte without being detected by the
ring.44 As shown in Figure 5(c), higher I/C ratios result in
lower O2 transport efficiency, which in turn, reduces OER
performance. The Nafion ionomer that covers the catalyst
surface can thus be proposed to block oxygen transport.
To validate the Nafion roles for efficient OER, the effect of

catalyst loading and different catalyst materials is studied by
the TF-RDE method. The CV and LSV results from two
additional IrOx loadings, i.e. 0.08 mg cm−2 and 0.48 mg cm−2

(Figure S6 in SI) and two different catalyst materials,
commercial NiCo2O3 and homemade IrO2 (Figure 8) confirm
similar Nafion blocking effect. The BET surface area of the
commercial NiCo2O3 and homemade IrO2 is 25 m

2 g−1 and 70
m2 g−1, respectively.44,45,48 The homemade IrO2 has out-
standing OER activity in 1 M KOH, e.g. 260 mV overpotential
at 10 mA cm−2, which has around 2-times higher OER activity
than that of the commercial IrOx. Nevertheless, the adverse
effect of increasing ionomer connect can still be observed from
Figure 8(d). These findings confirm that the Nafion blocking
effect on mass transport and electrochemical reactions can be
considered as a common phenomenon for alkaline OER
regardless of catalyst loadings and materials.
2.3. Indispensable Roles of Ionomer on Efficient

Catalyst Utilization and Stability. From the presented TF-
RDE/RRDE results, we successfully quantify the adverse effect
of Nafion on ECSA, O2 and charge transports, and
electrocatalytic OER. These results indicate that optimal
OER performance can be achieved by completely eliminating
Nafion ionomer in CL. To validate this hypothesis, Nafion-free
samples with varied IrOx loadings are tested in the TF-RDE
system and the measurement data are directly compared to I/
C = 1/2 samples. The calculated EDL capacitance as a
function of IrOx catalyst loading is shown in Figure 9. While
some catalyst loss of Nafion-free samples at high loading

(≥0.32 mg cm−2) is observed in our experiments, the trend of
the EDL capacitance is validated by multiple repeated tests.
The results clearly indicate that adding Nafion improves the
EDL charging behavior, especially at a higher catalyst loading,
due to Nafion’s bonding effect. Without the ionomer, IrOx
particles have poor connectivity, which results in a higher
resistance to charge transport and reduced active sites. The
linear trend observed from Nafion-containing samples
indicates minimal catalyst loss from the disk electrode and
negligible active site overlapping.
The observations of various IrOx loadings in Figure S7 in SI

and Figure 10 both demonstrate the presence of Nafion

enhances the effective utilization of OER catalyst at both low
and high specific current densities. However, the potential
difference between I/C = 1/2 samples and Nafion-free samples
decreases with increasing catalyst loading, especially at the high
specific current density (Figure 10). This can be attributed to
the Nafion blocking effects on O2-, electron-, and OH−-
transport in EDL as reported in the above observations. Thus,
the overall comparison between Nafion-containing and Nafion-
free samples reveals that Nafion ionomer with proper content
not only prevents catalyst detachment but also facilitates the
formation of an efficient interface for charge transport and
OER.
In addition, the catalyst stability is investigated by

conducting chronoamperometry (CA) with repeating double-
potential steps in 1 M KOH for 2 h. During the CA
measurement, each potential hold is 60 s and the detail
potential profile can be found in Figure 11(a). Followed by the
high potential (i.e 1.55 V) step, the potential decreases to 1.45
V where the OER current is minimal. At low potential, the O2
produced at high potential can be removed efficiently during
the 60 s hold time. The average current density at every high-
potential step is calculated and shown in Figure 11(b). To
different extents, the performance degradation can be observed
for all I/C ratios over the entire measurement period. ByFigure 9. EDL capacitance as a function of IrOx loading.

Figure 10. Comparison of OER performance and catalyst efficient
utilization as a function of IrOx loading.
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comparing initial and ending LSV (Figure S8(a) in SI), the
activity losses (Δactivity) can be calculated by

S S
S

100%activity
1 2

1
Δ =

−
×

(1)

where S1 and S2 are the integrated LSV area before and after
stability tests, respectively. For all samples as shown in Figure
11(c), the trend of activity loss agrees well with the increase of
total polarization resistance obtained from the Supporting
Information (Figure S8(b)). To achieve maximum catalyst
stability for long-term OER, the optimal I/C ratio is observed
to be 1/2. Adding Nafion as a binder to the CL improves the
connectivity among catalyst particles and prevents catalyst loss
during the stability tests. However, excessive ionomer content
results in a significant blockage of mass transport and active
sites. Therefore, the chemical and structural reconstruction of
EDL during the continuous stability tests can lead to the
acceleration of irreversible degradation for OER performance.

Meanwhile, we also study the stability of EDL charging by
repeating CV tests in O2 saturated 1 M KOH between 0.8 and
1.0 V at 100 mV s−1. The rectangular-like shape observed in
Figure S9 (refer to SI) indicates reversibility of the EDL
charging behavior within the applied potential range. After
10,000 cycles, the I/C = 1/2 sample in Figure 11(d) also
exhibits the lowest performance loss, which is consistent with
CA results. This observation demonstrates that the stability of
OER catalysts can be evaluated by running durability tests at
the OER potential or in the EDL charge region.

2.4. Mechanistic Illustration of Nafion Ionomer
Function. As illustrated in Figure 12, Nafion ionomer is a
sulfonated Teflon fluoropolymer-copolymer.31,38 The ionomer
network inside the CL has a significant effect on electrode
structure, transport properties, and catalyst utilization.37,39

When the Nafion-bonded CL is submerged in electrolyte
solution, phase separation occurs, which can improve mass
transport properties, e.g. cation conductivity, and electron or
anion rejection.29,59 The Nafion polymer can self-orient into a

Figure 11. Stability evaluation as a function of I/C ratio. (a) Diagram of CA with major experimental parameters, (b) average current density in the
high potential step of 1.55 V, (c) activity degradation and increase of total polarization resistance (Rct + R1) after 2-h CA, and (d) activity
degradation after 10,000 cycles.

Figure 12. Schematic illustration of Nafion chemical structure and interfacial interactions with Nafion ionomer in alkaline OER.
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structure of a perfluorinated backbone core with sulfonic acid
groups exposed on the outer surface. This structural and
chemical reconstruction takes place during continuous electro-
chemical measurements, which in turn, affects OER perform-
ance. In the alkaline medium, the sulfonic acid groups are
neutralized, which changes the function of the ionomer from
that under the acidic condition. The efficient adsorption of
aqueous OH− onto catalyst surfaces is required for high-
efficiency and for stable electrochemical reactions to take place.
Nafion ionomer inside the catalyst layer can improve catalyst
dispersion and prevents catalyst losses. However, the
interactions of sulfonic acid/catalyst/water form a hydrophilic
cluster surrounded by Teflon “inactive” regions, leading to a
reduction in the number of electron and OH− conductive
pathways.29 The catalyst active sites can thus be isolated from
reactions due to Nafion coverage.
Coulombic attraction forces can drive K+ into the OH−

absorbed reaction interface with the aid of dynamic solvation
of the sulfonic acid groups (SO3

−). The charge balance in EDL
can thus be achieved. Meanwhile, the hydrophobic perfluori-
nated backbone provides strong adhesion to catalyst particles
due to their polymer properties and proposes as a barrier to the
OH−, electron, and O2 transports.

60 Our results demonstrate
that the presence of a thin Nafion ionomer film covering the
catalyst particles is required for constructing a stable and high-
performance CL. For a low I/C, Nafion covers the catalyst
surface and improves the catalyst dispersion and distribution. A
high I/C leads to the increased aggregation of Nafion and
forms a thicker ionomer layer, which has an adverse effect on
mass transport and electrocatalytic OER. Therefore, there
exists an optimized ionomer content range that can not only
provide an efficient pathway for OH−, electron, and O2
transports but also form a stable reaction interface for long-
term operation.

3. CONCLUSIONS
In summary, we have evaluated the effect of Nafion ionomer in
CL using both in-situ and ex-situ tools and demonstrated the
important roles it plays to enhance OER activity and stability
in alkaline media. It is found that Nafion serves as an efficient
agent for stabilizing catalyst ink as well as for binding and
dispersing catalyst particles on a RDE/RRDE disk electrode. In
addition, we successfully decouple the EDL charging capacitive
and pseudocapacitive behaviors, which provides new insights
into the relationship between Nafion and EDL structure. The
presence of an optimized Nafion content is necessary to form a
stable and efficient CL. Adding too much Nafion ionomer has
a blocking effect on interfacial mass transport and active sites.
In contrast, completely removing Nafion ionomer from the CL
results in poor OER activity due to poor dispersion and
connectivity of catalyst particle, especially at high catalyst
loading (>0.32 mg cm−2). Stability Tests including 2-h CA and
10,000 cycles of CV exhibit significant catalyst degradation for
samples with low Nafion content (I/C < 1/8). On the other
hand, a high I/C leads to the increased aggregation of Nafion
and a thicker ionomer layer, which has an adverse effect on
mass transport and electrocatalytic OER reaction. The OER
activity has a reduction of 40% when the I/C ratio increases
from 1/24 to 2/1. The optimal I/C ratio for achieving high
OER activity and stability ranges from 1/8 to 1/2. In this
range, well-organized ionomer networks in the CL can be
formed with superior electrochemical stability and minimal
reduction of OER performance.

4. EXPERIMENTAL SECTION

4.1. Ink Formulation and Thin-Film Catalyst Layer
Preparation. In our TF-RDE/RRDE tests, thin catalyst film is
uniformly deposited onto the clean disk electrode. Details of
the CL preparation can be found in our recent study.44

Typically, iridium dioxide (≥99.99%, Alfa Aesar), Nafion
solution (5 wt %, equivalent weight = 1000), and anhydrous
ethanol (≥95%, Sigma-Aldrich) are used to prepare inks. The
ink mixture is placed in a water-filled ultrasonic bath for 30
min to uniformly disperse catalyst particles. The temperature
of the sonication bath is closely monitored not to exceed 35
°C. The studied ionomer to catalyst weight ratios (I/C) are 1/
24, 1/8, 1/2, 1/1, and 2/1 with an IrOx loading of 0.24 mg
cm−2. For the Nafion free experiment, a wide range of catalyst
loadings (0.08−0.72 mg cm−2) are studied and the results are
directly compared to samples with I/C = 1/2.

4.2. Structural Characterization. After 30 min of
sonication, the well-dispersed catalyst ink is filled in a quartz
cell for zeta-potential, particle size, and electric conductivity
measurements on a Malvern Zetasizer Nano ZS90 at room
temperature. The SEM images are taken by Zeiss Field
Emission Gemini SEM 500 at 5 kV. For all SEM samples, the
IrOx catalyst with 0.24 mg cm−2 is deposited on a silicon wafer.
The microscopic images of the thin-film CLs prepared in the
RDE are obtained by Leica DM 2500 M equipped with the
MC 120HD camera.

4.3. Electrochemical Tests. The electrochemical tests are
conducted with a bipotentiostat (CHI 750E) at room
temperature and ambient pressure. A standard three-electrode
system is set up with a Hg/HgO (filled in 1 M KOH), a
platinum wire (7 mm OD × 65 mm), and a RDE/RRDE as
reference electrode, counter electrode, and working electrode,
respectively. More specifically, the RDE (E3, Pine Instrument
Co.) with a glass carbon (GC, 5 mm OD) and the RRDE
(E7R9, Pine Instrument Co.) with a submillimeter gap
between its GC disk (5.61 mm OD) and platinum ring
(7.92 mm OD, 6.25 mm ID) are employed as the working
electrode in TF-RDE/RRDE measurements. Based on the
reversible hydrogen electrode (RHE), the calibrated potential
of the applied Hg/HgO reference electrode in 1 M KOH and
at room temperature is 0.898 V. The three-electrode system is
immersed in a 300 mL PTFE cell filled with N2-saturated 1 M
KOH (pH = 13.93) as the electrolyte solution.
Prior to depositing catalyst inks, the working electrode is

carefully polished with Al2O3 (50 nm) suspension on a piece of
rayon microcloth for 2−3 min followed by rinsing with DI
water. A drop of the ink sample is then dropped onto the entire
GC surface via a 2−20 mL adjustable micropipette and dried
under a 600 W infrared lamp. The coating and drying process
are repeated until the targeted loading is reached. Then, the
working electrode is mounted onto a modulated speed rotator
assembly (Pine Research Instrumentation, Inc.) and immersed
in the electrolyte-filled PTFE cell with the coated CL facing
downward.
The benchmarked test protocols and parameters of TF-RDE

and TF-RRDE are established in our previous work.44 In
summary, stationary CV (0 rpm), standard LSV, EIS, and CA
(1600 rpm) are performed in TF-RDE to evaluate the effect of
Nafion ionomer. The Nyquist spectra are analyzed with the aid
of CHI software. As for the stability assessment, 10,000 CV
cycles from 0.8 to 1.0 V are performed at 100 mV s−1 and 200
rpm, and the electrolyte solution is saturated with O2. In TF-
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RRDE tests, standard voltammetry tests are conducted with a
rotating speed of 1600 rpm, to demonstrate the influence of
Nafion on the EDL charging process and O2 transport
efficiency during OER. The disk potential increases linearly
with time, while the ring potential is held at 0.4 V for oxygen
reduction reaction. The collection efficiency of our applied
RRDE is determined to be 37.3% by detecting the redox
couple [Fe(CN)6]

3−/[Fe(CN)6]
4−. All potentials reported in

this work are presented in reference to RHE.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acscatal.8b02217.

LSV curves of IrOx catalyst layer with various ionomers;
optical microscopic images; CV curves between 0.4 and
1.4 V; CV curves regarding EDL charging capacitive
behaviors; potential dependence on I/C; loading effects,
and stability tests. (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: gli27@ucmerced.edu.
*E-mail: abel.chuang@ucmerced.edu.
ORCID
Po-Ya Abel Chuang: 0000-0002-0440-1974
Author Contributions
†G.L. and D.Y. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to thank Ashlie Martini for reviewing
our work and Malvern Panalytical for loaning us the Zetasizer.
This work is supported by GREENPower Program (IIID 2015-
09) from Commission on Higher Education - Philippine
California Advanced Research Institutes (CHED-PCARI) of
the Republic of the Philippines.

■ REFERENCES
(1) Suen, N.-T.; Hung, S.-F.; Quan, Q.; Zhang, N.; Xu, Y.-J.; Chen,
H. M. Electrocatalysis for the oxygen evolution reaction: recent
development and future perspectives. Chem. Soc. Rev. 2017, 46, 337−
365.
(2) Hunter, B. M.; Gray, H. B.; Müller, A. M. Earth-Abundant
Heterogeneous Water Oxidation Catalysts. Chem. Rev. 2016, 116,
14120−14136.
(3) Doyle, R. L.; Lyons, M. E. G. The Oxygen Evolution Reaction:
Mechanistic Concepts and Catalyst Design. In Photoelectrochemical
Solar Fuel Production: From Basic Principles to Advanced Devices;
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