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ABSTRACT: Traditional understanding of electrocatalytic reactions gen-
erally focuses on either covalent interactions between adsorbates and the
reaction interface (i.e., electrical double layer, EDL) or electrostatic
interactions between electrolyte ions. Here, our work provides valuable
insights into interfacial structure and ionic interactions during alkaline oxygen
evolution reaction (OER). The importance of inner-sphere OH™ adsorption is
demonstrated as the IrO, activity in 4.0 M KOH is 6.5 times higher than that
in 0.1 M KOH. Adding NaNO; as a supporting electrolyte, which is found to ;
be inert for long-term stability, complicates the electrocatalytic reaction in a FERIEEEAEEEIENE
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half cell. The nonspecially adsorbed Na* in the outer compact interfacial layer

is suggested to form a stronger noncovalent interaction with OH™ through hydrogen bond than adsorbed K, leading to the
decrease of interfacial OH™ mobility. This hypothesis highlights the importance of outer-sphere adsorption for the OER, which
is generally recognized as a pure inner-sphere process. Meanwhile, based on our experimental observations, the
pseudocapacitive behavior of solid-state redox might be more reliable in quantifying active sites for OER than that measured
from the conventional EDL charging capacitive process. The interfacial oxygen transport is observed to improve with increasing
electrolyte conductivity, ascribing to the increased accessible active sites. The durability results in a liquid alkaline electrolyzer
which shows that adding NaNOj; into KOH solution leads to additional degradation of OER activity and long-term stability.
These findings provide an improved understanding of the mechanistic details and structural motifs required for efficient and

robust electrocatalysis.

KEYWORDS: oxygen evolution reaction, oxygen transport, supporting electrolyte, interfacial interactions, electrical double layer

1. INTRODUCTION

Industrial water splitting typically takes place in a liquid KOH
electrolyte because reactions in acidic electrolytes can cause
serious corrosion.' The efficiency of the water-splitting
processes is limited primarily by the oxygen evolution reaction
(OER) because of the sluggish kinetics.”~* Over the last few
decades, a wide range of OER catalysts have been developed,
but the activity and stability are still much less than what
are required for broad applications. An enhanced under-
standing of the oxygen evolution process at a fundamental level
is important to enable new breakthroughs.

The thin-film rotating disk (TF-RDE) and the thin-film
rotating ring disk (TF-RRDE) electrode setups are the most
widely used systems to evaluate new electrocatalysts.”~’ In
these systems, the electrolyte solution must be ionically
conductive to reduce charge transport resistance. Unfortu-
nately, all alkaline electrolytes have an inherent drawback that
the conductivity of OH™ (198 S cm? mol™") is much lower
than that of H* (350 S cm? mol™!).® As a result, the alkaline
OER is highly sensitive to the electrolyte. Therefore, enhancing
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the anion mobility in the electrolyte solution has attracted
significant research attention. The alkaline electrolyte solutions
in TF-RDE/RRDE systems, such as KOH and NaOH, are
commonly assumed to be inert spectators with negligible
interaction with the studied catalysts. A large variety of
electrolytes with various types and concentrations are being
considered when investigating catalyst properties.”'’ Obtain-
ing the intrinsic properties of novel catalysts remains
challenging, as OER pathways and mass transport are likely
influenced by the applied electrolyte.”''~"* It is found that
some ions in the electrolyte, such as alkali metal cations, can
influence electrochemical activity and stability because of the
charge-mediated interplay with the electrode surface.">™"”

In principle, the alkaline OER is a very complex multistep
reaction involving surface-adsorbed intermediates, such as
OH,y", O,y and OOH,..*'® A fundamental understanding of
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OER mechanism involves characterization of four electron-
transfer steps on active sites, which convert OH™ to O,
molecules.'’ The favorable properties of electrocatalysts
strongly depend on the quality of interactions among all
species present at the reaction interface. These interfacial
interactions influence reactant adsorption, bond formation, and
bond breaking. In the case of aqueous electrolytes, interactions
can be generally classified into two categories.'”'” One is
direct bonding between adsorbates and catalysts, which
involves chemisorption, electron transfer, and release of ion
hydration shell. The other interaction is formed by weak
electrostatic forces, which depends on the ions in the reaction
interface. The range of electrochemical behaviors associated
with these two bonds is broad. However, the origin of the
observed sensitivity of charge transfer to interfacial structure
remains elusive. This is mainly because the effects of
noncovalent interactions are often ignored when analyzing
electrocatalytic OER. Noncovalent interactions, such as
hydrogen bonding, cation—OH~ bonding, and cation—water
bonding, can affect the adsorbate states, leading to the
variation in the electron-transfer rate.'”

During the OER processes, the layered structure of
adsorbates at the catalyst/electrolyte interface forms a hydrous
electrical double layer (EDL).””*’ Identifying the reaction
interface provides new insights into high-efficiency OER but
poses a technical challenge because of the lack of in situ
characterization tools.”’ ~* The adsorbed ions in the EDL
form a potential gradient across a few hundred angstroms,
which determines the reaction rate.”*"*® During the electron-
transfer reaction, the continuous reconstruction of EDL makes
it more difficult to investigate the EDL structure and behaviors
directly.”***” During OER, fast reactant supply and product
removal are required to achieve high reaction rates.'* For
instance, the generated O, should be quickly removed from the
EDL to avoid blocking the active sites. In general, migration is
caused by electric charge and its effect can be neglected for the
electrically neutral O, species. Thus, interfacial O, transport is
mainly driven by diffusion and convection forces.” Using the
RDE/RRDE apparatus, the effect of convection can be
controlled accurately by setting the electrode rotating rate. In
this context, the interfacial oxygen transport can be studied
experimentally.

The charge and mass transport resistances in OER processes
can be minimized by well-designed electrochemical systems
and measurement methods. The electrolyte, acting as a key
component in the electrochemical systems, is responsible for
conducting reactants and products and thus drives the
associated electron-charge-transfer reaction.® The nature of
the electrolyte solution, for example, ion types and
concentration, affects charge migration and mass diffusion in
the reaction interface, determining the EDL microstructure
and behaviors.”* > Aqueous inert or inactive salt is primarily
employed as the supporting electrolyte for charge conduc-
tors.”> Adding excess supporting electrolyte can suppress the
potential gradient in EDL and reduce the ion migration of
electroactive species in the electric field.>>*' However, it is still
uncertain whether the extraneous cations or anions in the
supporting electrolyte would impact on electrocatalytic OER,
and if so by how much.

Here, we report the effect of electrolyte concentration and
composition on the activity and stability of electrocatalyzing
OER in alkaline media. The covalent and noncovalent
interactions coexisted in the EDL are responsible for such

effect. When adding the support electrolyte NaNOj into the
KOH solution, it is demonstrated that the interfacial inner-
sphere behaviors, such as the special adsorption of OH™ and
O, transport in EDL, are crucial for the high-efficiency OER.
However, the cation interactions through an outer-sphere
mechanism, which have not been reported previously, have a
strong impact on adsorbed OH™-activity and in turn on OER.
This phenomenon confirms that the inner-sphere model has a
limited function to describe the overall OER process.

2. EXPERIMENTAL SECTION

2.1. Preparation of a Thin-Film Catalyst Layer. Prior to
depositing a catalyst layer (CL) on the RDE/RRDE disk electrode, a
uniform catalyst ink typically composed by S mg of IrO, catalyst, 54
uL of Nafion ionomer solution (S wt %), and 4 mL of anhydrous
ethanol was prepared by an ultrasonic dispersion method. The disk
electrode made of glassy carbon was polished with a 50 nm Al,O,
suspension and cleaned with water. The resulting ink was then drop-
cast onto the entire surface of the clean disk electrode by a 2—20 mL
adjustable micropipette and dried under a 600 W infrared lamp. The
targeted loading of each sample was 0.24 mg cm™

2.2. Electrochemical Measurements of TF-RDE/RRDE. Alka-
line electrolyte solutions with various concentrations and composi-
tions were prepared and studied for electrocatalytic OER. One batch
of experiments used were performed with KOH solutions ranged from
0.1 to 4.0 M and the other batch was performed with KOH + NaNO;-
mixed solutions having a constant concentration of total cation/anion
ions at 3.0 M. N, was purged into the electrolyte solution throughout
the experimental process, except for the stability assessment where O,
was used. Classic electrochemical techniques, such as cyclic
voltammetry (CV), linear sweep voltammetry (LSV), and electro-
chemical impedance spectroscopy (EIS), were performed to
characterize the electrolyte effects. CV curves were obtained under
static conditions; while LSV and EIS processes involved the electrode
rotation at a speed of 1600 rpm in order to facilitate mass transport
and interfacial O, removal. The collected Nyquist impedance
diagrams from 100 kHz to 0.1 Hz were simulated by a build-in
CHI program. For stability evaluation, 10 000 potential cycles from
0.8 to 1.0 V were performed at a scan rate of 100 mV s~ under the
O,-purged condition.

The RRDE setup consists of two electrodes, that is, an inner glass
carbon disk electrode and an outer Pt-ring electrode. A CHI 750E
bipotentiostat was used to measure the bichannel electrochemical
reaction rates. Staircase voltammetry (SCV) with a step period of 10 s
was carried out on the disk electrode, where EDL charging current
can be minimized. The Pt-ring potential was set to 0.4 V so that the
oxygen transported from the disk could be reduced rapidly. To avoid
using the pH-dependent potential, all potentials (Epyg) reported in
this work were converted to the reversible hydrogen electrode (RHE)
by the following equation

Egue = Egg + 0.059pH + E_ g (1)

where Eygg, is the experimental potential measured against the applied
Hg/HgO reference electrode. The standard potential of the reference
electrode (E, gg) is measured to be 0.081 V in 1.0 M KOH electrolyte
as previously reported.*’

2.3. Durability Tests in a Liquid Alkaline Electrolyzer.
Durability tests were carried out in a traditional alkaline electrolyzer,
including an OER working electrode (WE) and a Pt gauze counter
electrode (CE). To prepare the WE, catalyst ink mixed with IrO, and
Nafion ionomer was sonicated for 30 min. The weight ratio of IrO, to
ionomer was set to be 1/2 for achieving optimal activity and stability
based on our previous work.>> The dispersed ink was then drop-cast
on a carbon fiber paper with a microporous layer (MPL) to form a gas
diffusion electrode (GDE). The fabricated GDE was dried under an
infrared lamp and subsequently cut into 1.5 X 1.5 cm? active area. The
catalyst loading we loaded was 3.0 mg cm™2 Durability tests were
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conducted in a constant current mode of 50 mA cm™ at room
temperature.

2.4. Physicochemical Characterization. The pH value of each
studied electrolyte solution was measured by Mettler Toledo S220.
The pH probe was Max Pro-ISM from Mettler Toledo, which
provides high accuracy in alkaline environment. The pH probe was
calibrated by three standard buffer solutions (pH = 4.01, 7.0, and
10.0). The mean particle size and ionic conductivity of electrolyte
solutions were measured by Malvern Zetasizer Nano ZS90. The ink
solution was sonicated for 30 min and then filled in a quartz cell for
7590 measurement.

The scanning electron microscopy (SEM) images of GDE were
taken by Zeiss Field Emission GeminiSEM 500 at S5 kV. X-ray
diffraction (XRD) patterns were obtained using a PANalytical X'Pert
PRO with a Co radiation (4 = 1.7902 A) at 40 kV and 45 mA.

3. RESULTS AND DISCUSSION

3.1. lllustration of Electrolyte-Dependent EDL and
Interactions during OER. In this work, we selected widely
used commercial Ir oxide (IrO,) as the OER catalyst. IrO,,
which has an amorphous structure and 32.5 m* g~ Brunauer—
Emmett—Teller surface area, exhibits outstanding activity and
stability in alkaline media as reported in our previous work.”>**
Nafion ionomer was used as a stabilizing and binding agent in
the CL. The weight ratio of Nafion ionomer to IrO, catalyst is
1/2 to ensure a stable and high-efficiency OER.*?> To enable
OER processes, the hydrated IrO, initially experiences a phase
transition to form a hydrophilic three-dimensional hydroxy-
lated shell consisted of IrO(OH),.*>** Dissimilar mechanisms
of electron-transfer reactions might occur in different electro-
lyte solutions. The electrolytes within the TF-RDE/RRDE
system provide abundant OH™, water, ions, and a buffer region
to keep the local pH and ionic strength on the interface stable
during OER."!

The overall electrocatalytic OER on Nafion—IrO,, is widely
accepted as a 4e” transfer process that involves several
intermediates and elementary reaction steps.'"*””> Depending
on the nature of the applied electrolytes, such as concentration
and type, the hydrated EDL is formed between the CL surface
and the adjacent aqueous electrolyte. Given that the
concentration of the electrolyte is usually >0.1 M, the impact
of diffuse layers can be ignored.*® As illustrated in Figure 1, the
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Figure 1. Schematic illustration of the proposed interfacial interaction
between the adsorbed OH,;~ and the alkali metal cation (M,4").

ions are transported and adsorbed in the EDL during
electrochemical processes. The reactant OH™ ions diffuse
and migrate into the inner Helmholtz plane (IHP) of EDL in
the presence of diffusion and electric forces, that is, OH,y~ —
OH,4 + e”.!7?%% The IHP consists of chemisorbed O,,
specially adsorbed OH,q~ and solvent H,O. The solvated
alkaline metal cation, M,q" (such as Na*/K'), can only be
nonspecially absorbed at an outer Helmholtz plane (OHP) to

balance the charge in EDL. The solvated molecular O,
(diffused from IHP) and M,4* thus populate the OHP. The
interaction between M,4" and the charged electrode surface
involves only long-range electrostatic forces, which are widely
accepted to be independent of the cations and electrode
properties.Z\s

The deprotonation of OH,4 intermediate by transferring
proton to OH,4~ can only occur at IHP followed by the first
electron transfer from OH,;~ to OH,4. As a result, a stable
H,O molecule and active O,4 are generated. In this context,
the OER is typically classified as an inner-sphere reaction
where the electron transfer takes place only at ITHP.'”* This
concept implies that the OER is highly sensitive to the specially
adsorbed OH,4~ from the bulk electrolyte. Nevertheless, using
the inner-sphere mechanism cannot illustrate the effect of
surface-independent outer-sphere adsorbates on the overall
rate of electrocatalytic reaction.’”*® The effective OH,4~
activity in IHP might be different from that in the bulk
electrolyte because of complicated interactions between
different species throughout the electrochemical processes.
For instance, OH,4~ can form direct chemical bonds with the
hydroxylated Ir-based interface, leading to a higher ionic
concentration than that through electrostatic interaction in
EDL.” In the presence of the supporting electrolyte, it is
possible that the extraneous anions and cations attracted in
EDL are more than inert spectators in the electrocatalytic
reaction. The nonspecifically adsorbed M, 4" ions are stable at
OHP through a noncovalent (or ionic) bond with OH,4".
These cations are highly solvated and are classically
represented as a cluster (H,0),M,;". Depending on the
properties of the cations, this noncovalent bonding causes the
formation of (H,0),M,;'[JCJJOH,4~ (corresponding to the
direct ion—dipole interactions between the cation and
adsorbed OH,_4~ species) or (H,0),_;M, 4 "TIICIH, O
OH,4~ clusters (corresponding to the hydrogen bonding
between hydrated water and adsorbed OH,4")."” As shown in
Figure 1, the former is likely to reduce OH,4~ activity in IHP
owing to direct M—OH,4~ bonding. In the latter case, the
bridge-type interaction of OH,4~ and M," has a negligible
effect on the OH,4~ activity because of an extra H,O buffer
layer. This proposed bonding model is different from the
classic outer-sphere reaction, reported by Strmenik et al.'” and
Huang and Nagy,40 where OH, 4~ anions only serve as a bridge
that anchors the hydrated cation at OHP. Here, OH, 4~ located
in IHP is also the reactive species during the EDL charging
process and electron-transfer reactions. The noncovalent
bonding strength between OH,4~ and M,4* determines
OH,4~ mobility in the IHP, which might affect electrocatalytic
OER.

Oxygen evolution involves transformation from adsorbed
species to highly concentrated oxygen gas phase following the
four processes: nucleation, growth, detachment, and transport
of bubbles.”! The CL in TF-RDE/RRDE is immersed in
aqueous electrolyte solution throughout electrochemical
measurements. The electrolyte solution might affect the
molecular O, formation and transport from IHP to bulk
because of the change of EDL structure.

3.2. Physicochemical Properties of Electrolyte Sol-
ution. The KOH concentration studied in this work ranges
from 0.1 to 4.0 M, which covers the reported data in most
relevant literature.””~** When adding the supporting electro-
lyte NaNO; to KOH, the total concentration of the mixed
electrolytes was kept constant, that is, 3.0 M, to maintain
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identical ionic strength. A higher ionic concentration was not
used because of the solubility limitation of the mixed NaNO; +
KOH solutions. On the basis of dynamic light scattering, the
measured hydrodynamic size in Figure 2a confirms the
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Figure 2. Characterization of electrolyte intrinsic properties as a
function of KOH concentration. (a) Hydrodynamic size based on

dynamic light scattering, (b) ionic conductivity, and (c) OH™ activity
of bulk electrolyte solution.

formation of an aggregate state in various aqueous electrolytes.
In the absence of NaNOj, the average hydrodynamic diameter
increases almost linearly with increasing KOH concentration.
In contrast, the size in mixed KOH + NaNO; solutions
decreases with KOH concentration, indicating that the
addition of NaNO; promotes the cluster formation.

Figure 2b confirms a strong dependence of ionic
conductivity on electrolyte. KOH and NaNOj; are known to
be strong electrolytes in water, and the total ionic conductivity

increases linearly with the sum of electrolyte concentration.
For KOH solution, deviation from linearity can be observed,
especially at higher concentrations, which is consistent with the
agglomeration behaviors as observed in Figure 2a. Adding
NaNO; improves the ionic conductivity by comparing to a
same-concentration KOH solution. However, such improve-
ment is hindered by the large size of the ion clusters and strong
electrostatic interactions with KOH. Furthermore, both the
conductivity of Na* or NO,~ (refer to Table S1 in the
Supporting Information) is much lower than that of K* or
OH". Although with the same total ion concentration, 3.0 M
KOH has approximately 3 times higher conductivity than 0.1
M KOH + 2.9 M NaNO;.

In chemistry, pH is commonly used to describe the acidity
or basicity of an aqueous solution. In our experiment, a
specialized pH sensor with high alkali glass membrane was
used to minimize the “alkaline error”. The measured results for
pure KOH solutions agree well with the ideal values as shown
in Figure 2c. The slight deviation, especially at high
concentration, is suspected to be due to the enhanced
agglomeration of ion clusters. In the mixed solution of KOH
+ NaNO;, the OH™ activity is significantly lower than that in
the same concentration KOH solution. Compared with K,
Na* cations have a smaller ionic radius and can form ionic
clusters with negatively charged OH™ more easily (see Table
S1 in the Supporting Information).® Therefore, the presence of
Na* reduces OH™ mobility and the corresponding electrolyte
pH. In this work, all reported potentials have been adjusted
against RHE based on KOH concentration, which allows for
direct comparison of catalyst activity while changing the pH.""

3.3. Electrocatalytic OER in KOH Electrolytes. In the
potential range of 0.4—1.4 V, the CV curves of IrO, shown in
Figure S1 (refer to the Supporting Information) exhibit hybrid
capacitive behaviors. The current can be formed by two
mechanisms: diffusion-controlled pseudocapacitance (because
of solid-state Faradaic redox reaction) and surface-controlled
EDL capacitance (because of EDL charging/discharging
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Figure 3. Effects of KOH electrolyte on electrocatalytic OER. (a) Pseudocapacitive behaviors based on CV results at S0 mV s, (b) EDL charging
capacitance (Cgp, ), pseudocapacitive current density (jps), and Ir**/Ir** oxidation peak potential, (c) LSV curves at 2 mV s™', (d) Tafel slopes at 1
and 10 mA cm™?, and (e) EIS spectra at 1.55 V. Symbols—raw data; lines—model prediction. The inset is a simulated equivalent circuit, and (f)

Rg, Ry + Ry, and ECSA as a function of KOH concentration.
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a function of KOH concentration.

processes).”’ Conventionally, either pseudocapacitive behav-
ior or EDL-capacitive behavior is used to represent the
accessible active sites during electron-transfer reactions.**™>°
To demonstrate a pure pseudocapacitive process, the raw CV
data are processed by subtracting the EDL charging/
discharging current density obtained at the same potential
scan rate (50 mV s, Figure S2). As shown in Figure 3a, two
peaks observed at the low and high potentials are identified as
Ir**/Ir* and I /Ir** redox couples, respectively. Figure 3b
quantifies the potential shift of the Ir**/Ir** oxidation peak. It
is found that increasing the KOH concentration can accelerate
the diffusion-controlled redox process, especially when the
KOH concentration is below 2 M. At a higher concentration,
the effect starts to diminish because of the nearly saturated
adsorption of OH,4™ at the total active sites.

The CVs at various scan rates were performed between 0.8
and 1.0 V as shown in Figure S2 (refer to the Supporting
Information). No redox peaks corresponding to Ir can be
observed, demonstrating pure EDL-capacitive behavior. EDL
capacitance is calculated by a single-point CV current
method.””" From Figure 3b, the trend of EDL capacitance
with KOH concentration is very similar to that of
pseudocapacitance. This observation indicates that these two
capacitive processes share similar determinants, that is, OH~
transport from the electrolyte and the available active sites.
Both EDL charging and redox reactions take place in IHP,
consisted with specially adsorbed OH,y~. For low KOH
concentrations, the high charge transport resistance hinders
OH" transport from the bulk electrolyte to the EDL, leading to
an insufficient adsorption of OH,4~, especially at the less
accessible active sites, such as micropores, corners, cracks, and
grain boundaries.*” Moreover, the number of inaccessible sites
increases with potential scan rate because of reduced response
time. This effect can be identified by the nonlinearity of the
EDL current (refer to Figure S2 in the Supporting
Information), especially in the conditions of high scan rate
and <0.8 M KOH as shown in Figure S3.

In the range of 1.4—1.65 V, the integrated area of LSV
shown in Figure 3c indicates that the OER activity of IrO,, in 4
M KOH is around 6.5 times higher than that in 0.1 M KOH.
The catalytic overpotential at 10 mA cm™* decreases by 86 mV
when changing KOH from 0.1 to 4.0 M. The electrolyte-
dependent performance is further analyzed by IR-corrected
Tafel plots (refer to Figure S4 in the Supporting Information).

Two distinct Tafel regions can be observed at around 1 and 10
mA cm™? which is a common feature of the OER Tafel plots
as presented in the literature.”””>* The change of Tafel slopes
implies a shift of either the rate-determining step (RDS) within
a given pathway or the adsorption potential of the reaction
intermediates.”> Figure 3d shows that the IrO, catalyst in the
concentrated KOH (>0.8 M) has a lower and stable Tafel
slope, thereby experiencing less kinetic overpotential. The
Tafel slope of 0.1 M KOH is close to 70 mV dec™' at 1 mA
cm™?, indicating that the RDS of OER is the OH™ adsorption
(ie, *OH,q + OH,y~ © *Op + H,0).” When increasing the
KOH concentration, the OH™ transport from the bulk
electrolyte solution becomes more facile and the Tafel slope
is gradually reduced to SO mV dec™. The reduction of Tafel
slope implies that the RDS shifts toward the second electron-
transfer step (*O~ — *O + e7), which in turn improves the
reaction kinetics. At a higher OER current density, that is, 10
mA cm ™, an apparent increase of Tafel slope can be observed
in a lower concentration region (<0.8 M). This may be
resulted from the charge transport limitations caused by high
ionic transport resistance in bulk electrolyte and active site
blocking due to generated O, coverage, both of which can be
significantly improved by increasing electrolyte concentration.
These improvements can be ascribed to the facial OH™
adsorption in IHP, which primarily reflects the impact of the
inner-sphere electron transfer mechanism.

The EIS responses during OER are reported in Figure 3e.
The applied dc potential (i.e., 1.55 V) is in the mixed kinetics
diffusion region. On the basis of a two-time constant processes,
the equivalent circuit LR (R, CPE;) (R, CPE,) is used to
simulate EIS results.”*>> These circuit elements L, Rg, R, R,
and CPE symbolize inductor, Ohmic resistance, charge-transfer
resistance, intermediate diffusion/adsorption resistance, and
constant phase element, respectively.”” The CPE is incorpo-
rated into this model to represent nonideal capacitance
because of heterogeneity, porous surface, and EDL recon-
struction.’®”” The fitted parameters are given in Table S2.
Using our newly developed method, the electrochemical
surface area (ECSA) can be calculated from EIS spectra with
high accuracy.”® As shown in Figure 3f, Ohmic resistance (Ry),
total polarization resistance (R, + R;), and ECSA exhibit
similar dependence on KOH concentration. This finding
indicates that all these key parameters have a significant
influence on OER performance. A sharp change can be
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Figure S. Effects of KOH—NaNO; on electrocatalytic OER. (a) Activity degradation after 10 000 cycles; (b) LSV curves at 2 mV s™'; (c) EDL
capacitance and pseudocapacitive current density; (d) EIS spectra at 1.55 V, symbols—raw data; lines—linear fit to the data; (e) simulated Rg, R,
+ R;, and ECSA; and (f) O, transport efficiency at 0.5 mA of disk current as a function of KOH concentration.

observed in the concentration range of 0.1—0.8 M, followed by
a much gentler change for further increased KOH concen-
tration. This trend is consistent with that of EDL capacitance,
pseudocapacitance, and Tafel slopes, demonstrating the crucial
roles of inner-sphere OH_4~ in electrocatalytic OER.

As illustrated in Figure 4a, the TF-RRDE setup was
employed to study interfacial O, transport efficiency (&o,)
during OER. The Pt-ring potential was held at 0.4 V for the
oxygen reduction reaction (ORR). Unlike traditional LSV, the
potential sweep in the SCV measurement is a series of staircase
steps and the current is recorded at the disk toward the end of
each step. By doing so, the contribution of EDL capacitive
current can be minimized. Therefore, £5, can be calculated as

iy — lil/N
# X 100%
iq 2)

Eoz =

where iy and i, are the measured disk and ring currents,
respectively. The RRDE collection efficiency (N) is 37.4%
based on our previous work.”

The ORR current at the ring electrode increases with
increasing oxygen evolution current as observed at the disk
shown in Figure 4b. As shown in Figure 4c, £q, calculated at

0.5 mA disk current increases from 48.1 to 84.3% with KOH
concentration, indicating the enhancement of O, transport in
EDL. When the disk current is further increased, the ring
approaches the limiting current because of maximum O,
coverage at the disk surface. Moreover, the ring-limiting
current decreases with increasing KOH concentration, which
further confirms the improvement of interfacial O, transport.

3.4. Electrocatalytic OER in KOH + NaNO; Electro-
lytes. The initial objective of adding NaNO; to the KOH
solution is to reduce the OH™ transport resistant in the bulk
electrolyte. To validate the long-term effect of adding NaNO;,
stability measurements were conducted by performing CV for
10 000 cycles in O, saturation environment. As shown in
Figures SS and S6 (refer to the Supporting Information), the
majority of EDL current reduction occurs in the first 500

cycles for all electrolyte samples studied. The overall decay
percent of OER activity (A,qyey) is calculated as
§ =S
——2 X 100%
Sy 3)

where S, and S, are the integrated LSV area between 1.4 and
1.65 V before and after 10 000 cycle stability tests, respectively.
As shown in Figure Sa, no additional degradation effect is
caused by Na*- and/or NO; -related behaviors in the EDL,
demonstrating that NaNOj supporting electrolyte is an inert
chemical compound for OER on IrO,. For both series of KOH
and KOH + NaNOj solutions, the minimum degradation can
be achieved at 0.4 M KOH concentration, corresponding to
the least alkaline corrosion.

As Na* and NO;~ do not directly participate in OER, the
experimental results from KOH + NaNO; electrolytes are
expected to establish a clear relationship between OER activity
and OH,y~ in IHP. The comprehensive TF-RDE/RRDE
results for various KOH + NaNOj electrolytes are shown in
Figure Sb—f, Figures S7—S9, and Table S3 (refer to the
Supporting Information). Although each studied NaNO;—
KOH electrolyte has the same total ionic concentration (3.0
M), the OER performance in terms of the reaction kinetics,
mass transport, and available ECSA still improve with
increasing KOH. This implies that facilitating OH,4~ in IHP
is an essential factor for alkaline OER. However, compared
with the results in KOH electrolyte, the addition of NaNO;
leads to lesser discrepancies in diffusion-controlled Faradaic
reactions, such as OER and solid-state redox (Figure Sb,c),
whereas the surface-controlled EDL charging behavior exhibits
a close to linear relationship with KOH concentration. The
decreased discrepancy of the Faradaic behaviors can be
attributed to the increase of ionic conductivity with the
addition of NaNOj; supporting electrolyte as shown in Figures
2b and Sd,e.

To empbhasize the effect of adding NaNOj, the difference (A
= JYxoHNaNO, — Xkon) between the key parameters (y) for

KOH + NaNO; and the same-concentration KOH is

A

activity
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Table 1. Summary of Performance Alternations after Adding NaNO; into KOH Solutions”

Tafel slope

(mV dec™)
Cron (M) Aactivity (%)b @jiow @jnigh Cepr, (mF cm™) Jps (mA cm™) ECSA (m® gil) Rq (Q em?) (R; + Ry) (Q em®) €o, (%)
0.1 79.1 —-14 =21 —-1.1 0.36 18.5 —-6.22 —1.41 40
0.4 0.8 -3 =5 —8.8 0.29 13.0 —1.02 0.18 16
0.8 —23.8 4 7 —6.5 0.25 9.9 -0.23 0.60 14
2.0 —-8.6 2 4 -1.9 0.15 6.7 0.06 0.06 7
“The total cation/anion concentration is 3 M in the NaNOs-containing KOH solution. bAacth is calculated by eq 3 in the range of 1.4—1.65 V.

« »

indicates the activity loss.

calculated and summarized in Table 1. On the basis of the new
results of A,y and Tafel slopes, the charge transport in the
aqueous electrolyte and interfacial O, removal have a
dominant effect on OER for the 0.1 and 04 M KOH
electrolytes. However, further increasing the KOH concen-
tration (to 2.0 M) results in smaller differences in Cgp;, Ro,
€0, and ECSA between the electrolytes with and without

NaNO;. In this context, the OER activity starts to decrease
after introducing NaNOj;, which indicates that the outer-
sphere Na,* adsorption may be important for interfacial
OH,4 activity.

When adding NaNOj, the excessive amount of the negative
OH,4 in the compact Helmholtz planes tends to repel the
inert NO;™ anion. According to the investigation of 1 M KOH
+x M RbNO; (x =0, 0.1, 1.0, and 2.0) as shown in Figure S10
(see the Supporting Information), the NO;™ ions are found to
have less effect on OH™ activity, accessible active sites, and
thereby OER performance. On the other hand, the nature of
this interaction between M,4" and OH,y~ has been proposed as
a form of noncovalent bond."” As illustrated in Figure 1, the
cation can interact directly with OH,4~ in IHP, which can be
considered as a blockage/poison of active sites. In the presence
of Na', the adsorbed OH,4~ serves as an anchoring point for
the hydrated cations through noncovalent ionic bonding,
leading to the formation of (H,0),Na,*[JJJOH,4”
clusters. In this case, the adsorbed OH™ in IHP has a direct
interaction with nonspecially adsorbed Na* in OHP. This
noncovalent bonding can influence the rate-limiting OH, 4~
mobility and thereby increase the Faradaic reaction energy
barrier as observed in the mixed electrolyte with >0.8 M KOH.
The proposed noncovalent bonding between Na,4" and OH, 4~
is supported by the alternations of cluster size (Figure 2a),
electrolyte pH (Figure 2c), and Cgp;. Unlike Na*, the K*
cation with a larger ionic size might form
(H,0),_,K.,"TOO0OH,0J0JJOH,;~ clusters because of its
weak interaction with OH,4”, corresponding to the hydrogen
bonding formed between hydrated water and OH,4". There
exists an additional water bilayer between K" cations and
OH,4~ groups, resulting in a decrease of cation—OH,4~
interaction energy in a sense. In this situation, K* has a
minimal effect on OER Faradaic reaction because of this
additional H,O buffer layer. Moreover, the oxygenated OER
intermediates, such as O, OH,, and OOH,4 may have
similar interactions with nonspecially adsorbed cations.
Therefore, the strength of these interfacial interactions through
a noncovalent bond can influence the EDL structure and the
electrocatalytic activity of OER. On the basis of our
understanding, a model of the ionic interactions shown in
Figure 6a is proposed to illustrate the above observations.

(a) NO;

) Co"
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el
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Figure 6. Schematic illustration of (a) ionic interactions and (b)
oxygen transport from the reaction interface to the bulk electrolyte
solution and interfacial oxygen diffusion in the electrolyte solution

with (c) low and (d) high ionic conductivity.

More evidence for the proposed model can be observed
from pseudocapacitive current density (jps) and ECSA (from
EIS at 1.55 V), both show the same dependency on KOH
concentration in Table 1. From the perspective of reaction
mechanism, both solid-state redox and OER occur at available
interfacial sites and have similar characteristics."”***® These
two Faradaic reactions strongly depend on the applied
potential and mass transport.”® The charge transport resistance
decreases because of the addition of NaNO;, which results in
an increase of j,, and ECSA. In addition, the interfacial O,
transport efficiency also increases with the addition of NaNO;.
Conversely, EDL capacitance (Cyp;), calculated from CV
results, decreases when adding NaNO;. This suggests that
Cepy, is not proportional to the available active surface area and
therefore is not a reliable indicator for OER performance. An
important variable is the nonspecially adsorbed Na,4*, which
decreases OH,4~ mobility in EDL. These observations confirm
that the interfacial pseudocapacitive behavior is more reliable
for measuring the accessible active sites toward OER than EDL
charging calpacitive process observed by the traditional CV
method.**”

Another new finding is related to the interfacial O, transport,
which is a crucial process for efficient OER. The generated O,
molecules can be dissolved and adsorbed on the catalyst
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Figure 7. Electrolyte effects in an alkaline electrolyzer. (a) Experimental setup for durability tests. (b) Voltage degradation of durability test at a
constant current density of 50 mA cm™2 (c) XRD patterns of IrO,—Nafion catalyst layer loaded on carbon fiber paper with an MPL. (d—f) SEM
images of IrO,—Nafion ionomer catalyst layers before durability test and after 18 h of durability test in 0.8 M KOH and 0.8 M KOH + 22 M
NaNO;, respectively. Yellow circles in (d,e) indicate ionomer clusters, while the red squares in (f) confirm catalyst—Nafion losses.

surface by strong van der Waals forces. In this case, the O,
molecules would block the OH,4~ ions from reaching the
active surface, thus slowing down the charge-transfer process.
The O, transport efficiency (&) in different KOH—NaNO,

electrolytes with the same ionic concentration is relatively
constant as shown in Figure 5f. In contrast, Figure 4c shows
that &o, increases significantly with KOH concentration. This

indicates that interfacial O, transport has a dependence on the
electrolyte solution. As illustrated in Figure 6b, the bulk of the
generated O, molecules are transported from the EDL to the
bulk electrolyte through convective diffusion process as
designed by the TF-RRDE experiment.

The reported £, was calculated at 0.5 mA in all studied

electrolyte solutions, which ensures the same oxygen
generation at a current well below the limiting current. This
indicates that the O, concentration in the EDL is lower than
the critical concentration, where the maximum gas coverage is
achieved at the reaction interface. In this context, we
hypothesize a relationship between the O, diffusion and the
ionic conductivity of the electrolyte solution as illustrated in
Figure 6¢,d. In the low-concentration KOH, the less accessible
sites are not actively participating in OER and can trap the
generated O,. These less accessible sites can exist in
micropores, corners, cracks, grain boundaries, and so forth.
In the case of high ionic conductivity electrolyte, the
improvement of the interfacial O, transport can be ascribed
to the increasing utilization of the less accessible active sites as
indicated in Figure 6d. Therefore, this newly proposed
electrolyte—O, transport relationship implies that the electro-
catalytic OER can be facilitated by enhancing the ionic
conductivity of the reaction interface.

3.5. Electrocatalytic OER in a Liquid Alkaline Electro-
lyzer. As illustrated in Figure 7a, an aqueous electrolyzer

system was designed to study the electrolyte effect on OER
activity and durability. The GDE with 3 mg cm™ loading of
IrO, was used as the OER electrode. As shown in Figure 7b,
increased voltage degradation was observed with the addition
of 22 M NaNO; into 0.8 M KOH. From 1.5 to 18 h of
continuous operation at S0 mA cm >, the cell voltage remained
stable in 0.8 M KOH but increased more than 300 mV in 0.8
M KOH + 2.2 M NaNO;. The XRD patterns shown in Figure
S11 (refer to the Supporting Information) indicate that IrO,
exhibits mostly amorphous state of IrO, with narrow peaks of
metallic Ir phase. In addition, the IrO, catalyst and the gas
diffusion layer did not show any significant change after the 18
h durability test or the 100 h impregnation in both electrolytes
as shown in Figure 7c. However, an additional peak at around
34.3° was observed from the durability testing sample in 0.8 M
KOH + 22 M NaNO;. This peak matches well with a
hexagonal crystal structure of NaNO,; (JCPDS #36-1474),
indicating that the reaction interface formed a strong interplay
with NaNOj during the long-term operation. On the basis of
the above TF-RDE observations, the adsorbed Na* cations
inhibit the movement of reactants/intermediates to the
reaction interface, which reduces OER reaction rates.

The SEM images shown in Figures 7d—f and S12 (refer to
the Supporting Information) exhibit a severe microstructure
change of the durability testing electrode in 0.8 M KOH + 2.2
M NaNO;. These images suggest that the CL suffered from
losses of Nafion ionomer and catalyst particles during the
continuous OER process, resulting in significant degradation
observed in Figure 7a. The SEM images also reveal an
important interfacial interaction between ionomer and the
supporting electrolyte, which requires advance characterization
tools for further study.

DOI: 10.1021/acsami.9b06889
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b06889/suppl_file/am9b06889_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b06889/suppl_file/am9b06889_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b06889

ACS Applied Materials & Interfaces

Research Article

4. CONCLUSIONS

In this study, the interfacial interactions between the inner-
sphere OH,4~ and outer-sphere M,;" have been identified to
be a critical factor determining alkaline OER performance. The
OER activity of IrO, increased by around 6.5 times when
KOH concentration increased from 0.1 to 4.0 M. Adding
NaNO; serving as the supporting electrolyte to the KOH
solution does not influence the long-term stability of IrO, but
significantly changes OER performance. Specifically, the
presence of NaNOj; enhances ionic conductivity, O, transport,
and ECSA. Trends in EDL capacitance and the intrinsic
features of the electrolyte, such as hydrodynamic size, ionic
conductivity, and pH, show that Na* has a stronger covalent
interaction with OH™ than K' and thus decreases OH, 4~
mobility in EDL. Pseudocapacitance from the solid-state redox
is found to be more reliable to determine the active sites
available for OER than the EDL charging capacitance via the
traditional CV method. In addition, increasing ionic con-
ductivity of bulk electrolyte improves the interfacial O,
transports, which can be ascribed to the increased accessible
active sites. Overall, our observations demonstrate that the
EDL structure and interfacial interactions are key for
electrocatalytic OER.
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