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Alkaline water electrolysis (AWE) has attracted considerable attention in recent years as a means to produce
hydrogen. However, one problem associated with AWE is the increase in overpotential at high current densities,
which is attributed to bubble coverage on the electrode surface. It is therefore important to understand the
bubble generation behavior to ultimately reduce the overpotential. In this study, a method was established to
measure the resistance components from the electrolytic reaction and bubble coating separately based on the use

of electrochemical impedance spectroscopy. The results were related to the bubble generation behavior on a Ni
electrode, as observed using a high-speed camera. Consequently, a model for the degradation of the electrolytic
efficiency due to bubble generation was devised, and the effect of the bubble coverage layer was quantitatively

evaluated.

1. Introduction

Renewable energy is important for realizing carbon neutrality.
However, the electricity generated from renewable energy sources such
as wind and solar power is unevenly distributed in places far from cities,
its output is unstable, and there is often a mismatch between generation
and demand. To address these issues, alkaline water electrolysis (AWE)
has been developed to effectively convert electrical power into
hydrogen, which is easily stored. AWE is particularly advantageous due
to the fact that it can employ non-precious metals, such as Ni, as the
catalyst. In addition, its simple configuration renders device scale-up
relatively facile. However, this technique only delivers a high effi-
ciency at low current densities (<0.6 A cm_z), and so there is a
requirement to address this issue and provide devices that function
under practical current densities [1,2].

One of the challenges in achieving highly efficient AWE is that at
high current densities, the electrode surface is covered by microbubbles,

which are generated during the reaction, thereby reducing the elec-
trolysis efficiency [3,4]. Indeed, at current densities of ~0.7 A cm_z, this
bubble effect can no longer be ignored [5]. To date, various reports have
described the direct observation of bubbles on the electrode surface
[5-8], while others have approached the mechanism of bubble detach-
ment from the electrode from a dynamic point of view [9,10]. It has been
reported that the apparent electrical conductivity of the electrolyte de-
creases and the ohmic resistance increases owing to the passage of ions,
which carry charges around the non-conductive bubbles [5,11,12]. In
general, the maximum current density of an electrochemical reaction is
significantly affected by the limitations of reactant mass transfer [13];
therefore, the influence of bubble generation on mass transfer must be
properly assessed in electrolytic processes.

In terms of the oxygen evolution reaction (OER), it has been reported
that bubble coverage on the electrode can restrict ionic mass transfer;
consequently, diffusion resistance appears in addition to ohmic resis-
tance [5]. A model in which a dual-bubble coverage layer is formed on
the electrode surface has been devised, and the effect of the bubbles has
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Nomenclature

Cbub Capacitance due to bubble coverage, modeled by
capacitive semicircles (F cm?)

Dy Cross-sectional diameter of the working electrode (cm)

E Measured electrode potential (V vs. RHE)

Eir ree  Electrode potential after solution resistance correction (V
vs. RHE)

f EIS frequency (Hz)

igeo Current density normalized by the geometrical surface area
(Acm™?)

Im(Z) Imaginary axis of the Cole-Cole plot (Q cm?)

L Length of the exposed horizontal section of the electrode
(cm)

Ly Inductance modeled by inductive semicircles in the high
frequency range (L cm™2)

Ly Inductance modeled by inductive semicircles in the
medium frequency range associated with Hopp adsorption
(Lecm™2)

L3 Inductance modeled by inductive semicircles in the low-
frequency range owing to accelerated bubble detachment
(L ecm™2)

Qai Capacitance modeled by CPE (constant phase element)
corresponding to the electrical double layer (F cm™2)

Rbub Diffusion resistance due to bubble coverage, modeled by
capacitive semicircles (Q cm?)

Rt Charge-transfer resistance (Q cm?)

Rq Diffusion resistance in the inner bubble layer at the anode

(Q cm?)

Re(Z) Real axis of the Cole-Cole plots (Q cm?)

Ri1 Resistance modeled by the inductive semicircle in the high
frequency range (Q cm?)

Ris Negative resistance associated with Hopp adsorption,

modeled by the inductive semicircle in the medium
frequency range (Q cm?)

Ri3 Negative resistance induced by accelerated bubble
detachment, modeled by inductive semicircle in the low
frequency range (Q cm?)

Ry Apparent charge-transfer resistance due to R.; and Ry, (Q
cm?)

Rpo Apparent diffusion resistance due to Ry and Ry 3 in the
bubble coverage layer (Q cm?)

Ry Solution resistance in the bulk (Q cm?)

R Incremental solution resistance in the bubble coverage

layer (Q cm?)

Sbubble ~ Logarithmic mean of the geometrical electrode surface
area and the outer surface area of the bubble layer (em?)

Sgeo Geometrical electrode surface area (cm?)

x Constant of the Bruggeman equation (-)

|Z] Impedance in the Bode diagram (Q cm?)

Sp Thickness of the bubble layer (cm)

e Void fraction of the bubble layer (-)

An Overvoltage from the theoretical decomposition voltage
W)

[ Phase angle in the Bode diagram (°)

K Electrical conductivity of the electrolyte (S m™1)

been modeled as an increase in the solution resistance caused by
migration of the OH™ charge carriers between gaps in the bubble layer
and an increase in resistance due to diffusion of the reactant OH™ ions
[5,14,15].

During the hydrogen evolution reaction (HER) of AWE, two types of
hydrogen atoms are adsorbed on the metal electrode surface: Hopp
(hydrogen atoms adsorbed at a more negative potential than the theo-
retical decomposition potential of the HER (i.e., overpotential deposi-
tion, OPD)) and Hypp (hydrogen atoms adsorbed at a higher (more
positive) potential than the theoretical decomposition potential of the
HER (i.e., underpotential deposition, UPD)). Hopp are considered to be
intermediates of the HER, whereas Hypp form stronger bonds with
metals than Hopp, and so are not considered intermediates [16,17].
However, it has been reported that Hypp can accelerate the HER [18]. In
general, under alkaline conditions, the HER involves three reactions
[19-21]:

Volmer reaction:

Ni+ HyO + e 2 Ni — Hopp + OH™ @
Heyrovsky reaction:

Ni — Hopp + H,O +e~ 2 Ni+ H, + OH™ (2)
Tafel reaction:

Ni — Hopp + Ni — Hopp 2 2Ni + H, 3)

In the first stage, namely the Volmer reaction (Eq. (1)), the bonds
between the hydrogen and oxygen atoms of the water molecules are
broken, and the hydrogen atoms are chemisorbed onto the metal elec-
trode surface. These adsorbed hydrogen atoms then generate H, through
the Heyrovsky reaction (Eq. (2)) or the Tafel reaction (Eq. (3)). In the
Heyrovsky reaction, the adsorbed hydrogen atoms react with water to
form Hp, whereas in the Tafel reaction, Hy is formed by the direct
combination of two adsorbed hydrogen atoms. In general, the HER is
considered to proceed mainly via the Volmer-Heyrovsky process.

It is generally accepted that the rate-limiting step is the Tafel reaction
when the value of the Tafel slope is 30 mV dec ™!, the Heyrovsky reaction
when the slope is 40 mV dec™?, and the Volmer reaction when the slope
is 120 mV dec™! [19]. However, according to some electrolytic simu-
lation results [20,21], the Heyrovsky reaction can be the rate-limiting
step even with a Tafel slope of 120 mV dec™. More specifically, when
hydrogen atoms are present in abundance on the electrode surface, their
adsorption approaches a constant value upon varying the current den-
sity, and the Tafel slope does not contain enough information to deter-
mine the rate-limiting step [20,21]. It has also been reported that the
hydrogen adsorption rate 6y is close to 0 when the initial Volmer reac-
tion is rate-limiting, whereas it is close to 1 when the Heyrovsky reaction
is rate-limiting. It has been suggested that the rate-limiting step of the
HER can be determined by measuring the amount of adsorbed Hopp [16,
20,21]. Indeed, the detection of abundant Hppp species has been re-
ported at higher potentials where few hydrogen bubbles are produced
[22], thereby suggesting that the rate-limiting step of the HER is the
Heyrovsky reaction [16].

Simulations have shown the presence of two capacitive semicircles
(with corresponding charge-transfer resistances of 40 and 120 mV
dec™) in the Cole—Cole plots when the Heyrovsky reaction is the rate-
limiting step. As the potential becomes more negative, the size rela-
tionship between the two semicircles is reversed, leading to a transition
of the Tafel slope from 40 to 120 mV dec™! [21]. This phenomenon of
two capacitive semicircles in the transition zone of the Tafel slope has
also been described in experimental reports [22,23], further suggesting
that the rate-limiting step of the HER is the Heyrovsky reaction.

With respect to hydrogen bubble generation behavior at the cathode,
it has been reported that the hydrogen bubble diameter decreases with
increasing current density in the small current density range. This is
thought to be due to an increase in the nucleation rate with increasing
current density [24]. It has also been found that the hydrogen bubble
diameter and the hydrogen overvoltage decrease at increased KOH
concentrations [9,24]. However, few studies have discussed the effects
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of bubbles on the overvoltage at high current densities from a mass
transfer perspective.

In this study, focusing on the HER at high current densities where
hydrogen bubbles cover the electrode surface, the influence of bubble
generation on the HER performance is quantitatively evaluated by
observing the electrode surface with a high-speed video camera system
and using electrochemical impedance spectroscopy (EIS). An equivalent
circuit model is used to separate the resistance components (i.e., charge-
transfer resistance, ohmic resistance, and diffusion resistance) at each
current density and quantify each resistance based on its origin, such as
electrolytic reactions (Heyrovsky reaction) or bubbles. By combining the
Cole-Cole plot results with high-speed video footage of the bubble for-
mation and bubble coverage layer, a model is proposed to clarify the
phenomena corresponding to each of the resistance components at each
current density. Finally, the effect of the electrode diameter on the
electrolytic performance is evaluated and compared with the anodic
reaction model.

2. Experimental
2.1. Experimental setup

Figure S1 shows a schematic diagram of the three-electrode cell
prepared herein. More information on this setup is given in our previous
reports [5,6]. The electrolyte solution was 2 M KOH solution at a tem-
perature of 30 & 1 °C (controlled using an external heat exchanger and a
tube pump). The working electrode consisted of a cylindrical Ni wire
with a diameter of 150, 200, or 300 pm (>99% purity, Nilaco Corpo-
ration, Japan). The counter and reference electrodes consisted of bare Ni
rods (3 mm diameter each, total 8 rods) and a reversible hydrogen
electrode (RHE), respectively. To ensure a homogeneous current density
distribution, four counter electrodes were placed on each side of the cell
at an equal distance from the working electrode. The working electrode
was ultrasonically cleaned in a 1 M hydrochloric acid solution for 1 min,
and then coated with epoxy resin and polytetrafluoroethylene
heat-shrinkable tubes. A horizontal section of the electrode (~3 mm)
was left exposed to observe bubble generation, and vertical section of it
was covered by epoxy resin. The distance between the working electrode
and the Luggin capillary of the RHE was set to ~2 mm using a
micro-traverse machine to minimize the solution resistance and prevent
bubbles from contacting the Luggin capillary. For the purpose of this
study, the current density ige, (A cm™~2) was normalized by the geometric
surface area of the working electrode, Sgeo (cm?), which is expressed as
follows:

Sgeo = ﬂDWEL (4)

where Dyg (cm) is the diameter of the working electrode and L (cm) is
the length of the exposed horizontal section. N gas was flowed through
the system during the electrochemical measurements to minimize the
effects of any dissolved gasses.

2.2. Electrochemical measurement conditions

Electrochemical measurements were performed using an SP-150
electrochemical measurement system (BioLogic Science Instruments,
Ltd., France). To stabilize the electrode active state, cyclic voltammetry
(CV) was carried out for 1000 cycles between —0.3 and —1.0 V vs. RHE
(scan rate = 20 mV s ). After pretreatment, CV was performed for five
cycles over the same voltage range (scan rate = 5mV s~ 1), and the HER
performance was evaluated based on the polarization curve recorded for
the fifth cycle. The solution resistance at a measured electrode potential
E of —0.4 V vs. RHE, i.e., the point at which the polarization curve fol-
lows the Tafel slope and the effect of bubbles was small, was defined as
the solution resistance in the bulk (Rgg, Q cm?). A correction for iR was
performed using Eq. (5):
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Ei.R free — E— igeoRSO@—OA V vs. RHE (5)

where Ejr free (V vs. RHE) is the electrode potential after solution resis-
tance correction and ige, (A em™?) is the measured current density.
Slightly poorer performance was observed for the anodic scans (Fig. S2),
where the difference between the EIS and CV results was smaller with
respect to the relationship between the current and potential. Therefore,
the HER performance was evaluated based on the anodic scan polari-
zation curve.

Subsequently, potential-controlled EIS measurements were per-
formed at E = —0.4 to —0.8 V vs. RHE in 0.05 V intervals. The potential
amplitude was 10 mV, the frequency range was 3 x 10° to 1 x 10° Hz,
and sampling was repeated several times (60 times when |E| was 0.7-0.8
V vs. RHE; 40 times when |E| was 0.5-0.65 V vs. RHE; and 10 times
when |E| was 0.4 V vs. RHE); the average value at each frequency was
obtained. The EIS current density changed with frequency during the
constant-potential measurements; therefore, the EIS current density at
each potential was represented using the current value at the lowest
frequency that was closest to the direct-current condition. Following
EIS, CV was performed again under the same conditions. The polariza-
tion curves before and after EIS showed good agreement (Fig. S3),
confirming that the electrochemical properties did not change over time.
After a series of electrochemical measurements, the bubble formation
behavior during constant-current electrolysis under 14 conditions (0.1 <
—igeo < 2.0 A em~2) was recorded using a high-speed video camera
(FASTCAM® NOVA S12, Photron Ltd., Japan).

2.3. Pretreatment conditions

Preliminary experiments confirmed that the HER performance
deteriorated when energizing a higher (more positive) current density
than the Tafel region. It has been reported that hydroxides and hydrogen
compounds form on the electrode surface when energizing at potentials
above E = —0.2 V vs. RHE [25], which may be a factor in the deterio-
rated HER performance. Therefore, pretreatment was performed over a
CV range of —0.3 to —1.0 V vs. RHE. Furthermore, because the HER
performance deteriorated during EIS at E = —0.4 V vs. RHE, the mea-
surement time under these conditions was shortened to ~3 min by
decreasing the sampling number to ten. High-speed video camera ob-
servations confirmed that bubbles started to form at a potential of E =
—0.3 vs. RHE. During CV pretreatment, the HER performance deterio-
rated during the initial 50 cycles, then improved as the cycle number
increased. The change in the polarization curve over time gradually
decreased as the number of cycles approached 1000 (Figs. S4 and S5);
thus, the optimal pretreatment condition was defined as 1000 cycles.

2.4. In situ observation of hydrogen bubble generation

Fig. 1 shows the system employed for in situ bubble generation ob-
servations. Constant-current electrolysis was performed at 0.12 < —igeo
< 2.0 A cm™2, and the generation of bubbles from the working electrode
was recorded under each condition using a high-speed video camera
(1024 x 1024 pixels) at an optical magnification of 20 x, frame rate of
6000 fps, and shutter speed of 1/6000 s. Halogen light (375 W) was
irradiated from both sides of the lens [5,6].

3. Results and discussion
3.1. Relationship between HER polarization curves and bubble generation

Fig. 2 shows the polarization curves recorded from CV measurements
using different electrode diameters. Tafel slopes of 120-130 mV dec?
were recorded for all electrode diameters in the range of 0.1 < —igeo <
0.3 A cm 2, as indicated by the orange shading in Fig. 2. The range of the
Tafel region and the slope values were calculated from the plot of dE d
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Fig. 2. Polarization curves recorded for Ni

(log(igeo))’1 VS. igeo (Fig. $6). The obtained values were in good agree-
ment with those reported in several previous studies on the HER [22,23,
26-29]. Notably, for the —igeo > 0.3 A cm ™2 condition, the polarization
curve deviated from the Tafel slope, with a larger electrode diameter
leading to a greater degree of deviation above —igeo ~ 1.0 A em 2,
Movie 1 shows a slow-motion movie of bubble formation on a 200
um Ni electrode at ige, values of (a) —0.1, (b) —0.4, (c) —1.0, and (d)
—2.0 A cm 2. Fig. 3 shows snapshots from Movie 1. In addition, Fig. 4
shows the Cole-Cole plots recorded for the 200 um working electrode at
—igeo values of (a) 0.16 A cm ™2, and (b) 0.43, 1.00, and 2.04 A cm 2. At
—lgeo = 0.16 A cm’z, although some bubble formation occurred (Fig. 3
(a)), the bubbles had little effect on the electrochemical reaction (Fig. 4

wire cathodes of different diameters.

(a)); therefore, the obtained results were used to calculate the solution
resistance in the bulk, Rso. It was found that, in the range up to —ige, <
0.4 A cm™2, where only a slight decrease in electrolysis efficiency was
observed (Figs. 2 and S6), the number of bubble generation sites
increased with increasing |igeo|, and the size of the bubbles on the
electrode became homogenous (Figs. 3(a) and 3(b)). Notably, the iso-
lated large bubbles that were observed on the electrode surface at —ige,
=0.16 A cm 2 disappeared by —igeo =0.4A cm 2. In addition, Figs. 3(c)
and 3(d) show that fine bubbles densely covered the entire electrode
surface at high current densities, with increasing values of |igeo| leading
to larger bubbles and a more pronounced HER performance reduction.
On the other hand, it can be seen from Fig. 4(b) that at —ige, > 0.4 A
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Fig. 3. Photographic images of hydrogen bubble generation under steady state conditions using a 200 um Ni wire cathode: (a) —igeo = 0.1 A em~2, (b) —igeo = 0.4 A

em 2, (©) —igeo = 1.0 A cm 2, and (d) —igeo = 2.0 A cm 2
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Fig. 4. Cole—Cole plots recorded for the 200 um Ni wire cathode at different current densities: (a) —igeo = 0.16 A cm ™2, and (b) —igeo = 0.43 A cm2, —igeo = 1.0 A
cm~2, and —lgeo = 2.0 A cm 2. The solid lines show the results of fitting using the equivalent circuit model in Fig. 6.

em 2, a new resistance component appeared at low frequencies, in

addition to the charge-transfer resistance. This resistance component
increased with increasing |igeo|. The resistance Rgp, which was evaluated
using the intersection between the Cole-Cole plot and the real axis on
the high-frequency side, also increased with |igeo|. These results suggest
that the presence of a bubble layer covering the electrode surface

increases the solution resistance and induces a new capacitive reactance.

3.2. Equivalent circuit models for the HER at a high current density, and
relationship between the charge-transfer resistance and current density

Figure 5(a) illustrates the relationship between the Cole—Cole plots at
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—lgeo = 2.04 A em ™2 and each resistance component obtained by
equivalent circuits analysis, while Fig. 5(b) shows the Bode impedance
diagram plotted at the same current density. In addition, Fig. 6 shows
the equivalent circuits at a high current density, wherein the capacitive
reactance appears on the low-frequency side. In Fig. 5, the capacitive
semicircle corresponding to the electrical double layer is slightly flat-
tened (10% < f < 10° Hz), and so it was modeled using constant phase
elements (CPEs, Qq)) instead of a capacitor. An inductive semicircle (R2)
appears on the low-frequency side (1 0% < f< 10° Hz) of the CPE, while a
capacitive semicircle (Rpyp) and inductive semicircle (Ry3) appear at
even lower frequencies (f < 102 Hz). In addition, as shown in Fig. 4(b),
the solution resistance, indicated by the intersection between the
Cole—Cole plot and the real axis on the high-frequency side, increases
with |igeo| because of the bubble coverage layer. The solution resistance
at E = —0.4 V vs. RHE (—ige, = 0.16 A cm’z), where the effect of the
bubbles is negligible, is defined as Ry, while the increase in the solution
resistance with reference to Ry is defined as Rgp. According to the dual-
bubble layer model [5] proposed for the anode reaction, Ry}, corresponds
to the additional ohmic resistance caused by the bubble coverage layer
on the electrode. However, the equivalent circuit modeled using a
resistor—capacitor circuit without a coil on the low-frequency side (1 < f
< 102 Hz; Fig. $7(a)) and an equivalent circuit modeled with a Warburg

Electrochimica Acta 502 (2024) 144772

impedance on the low-frequency side (Fig. S7(b)) did not accurately fit
the Cole—Cole plots (Fig. S8).

As shown in Eq. (6), the derivative of the potential with regard to the
current density in the polarization curve is equal to the sum of the
resistance components that are obtained by Cole-Cole plot equivalent
circuit analysis, namely, the solution resistance in the bulk, Ryp; the
increase in solution resistance in the bubble coverage layer, Ryp; the
apparent charge-transfer resistance, Rp;, due to charge-transfer resis-
tance R (CPE) and Rj5; and the apparent diffusion resistance in the
bubble coverage layer, Rp2, due to Ryy, and Ry3.

£ =Rs + Ry, + Ry +R2 (6)
digeo

In Section 3.3, models of the phenomena associated with each
resistance component are presented, wherein Ry, corresponds to the
solution resistance in the bubble-free solution and R, originates from
obstructed charge carrier (OH ™) migration by the bubble coverage layer
formed on the electrode surface. Ry, can be explained by considering the
decrease in the apparent electrical conductivity based on the tortuosity
degree. The Ry, value of the cathode is discussed in detail in Section 3.5.
In addition, Ry is the apparent charge-transfer resistance calculated by
subtracting the negative resistance Rip (modeled by the inductive

~ ipoo= — 2.04A cm? (_Nbub |
£ : R
S 002 _Ra Bo R,
~ H ¥ i
N 0= .
T RSO RSb pl p2
_002 1 | * . 1 1
0.07 0.09 0.11 0.13 0.15 0.17
Re(Z) / Q cm?
(b) 0.15
0.14

0 / degree

109 10" 102 103 104 10° 10°
fl Hz

Fig. 5. (a) Cole-Cole plots and the different resistance components. (b) Bode impedance diagram (—ige, = 2.04 A cm ).
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semicircle associated with Hopp adsorption) from R.. In Section 3.3, the
relationship between the CPE, Ry, and bubble generation at each cur-
rent density is discussed. It should be noted here that R}, is the apparent
diffusion resistance induced at low frequencies (f < 10% Hz), and is
calculated by subtracting the negative resistance Rz (modeled by an
inductive semicircle at the low-frequency side and associated with
enhanced bubble detachment) from the diffusion resistance Rpyp
(modeled by a capacitive semicircle). Rz is discussed in detail in Section
3.4. Finally, Section 3.6 provides a comparison to the anode phenome-
nological model proposed by our research group.

Fig. 7 shows the logarithmic plot of R, for the 200 um working
electrode, wherein it can be seen that even at a high current density
(—igeo > 0.3 A em™2), where the polarization curve deviates from the
Tafel slope, R is inversely proportional to ige,. The relationship be-
tween R and ige, can therefore be expressed as

Rt = 0.054 ige, ! )
Thus, the Tafel slope can be expressed as
In 10 x 0.054 =0.124 V dec™’ ®

This value is very close to the Tafel slope obtained from the CV
measurements, thereby indicating that even at high current densities
(—igeo > 0.3 A cm™2) where the electrode surface is covered by bubbles
and the HER efficiency is reduced, the electrode surface is sufficiently
wet, and no reduction in the effective reaction area is observed for
electrolytic reactions caused by drying of the electrode surface.

3.3. Modeling of Hopp and bubble generation on the electrode surfaces

As discussed above, the HER occurs in two steps, namely the Volmer
reaction (Eq. (1)) and the Heyrovsky reaction (Eq. (2)), where the re-
action intermediate, a hydrogen atom (Hopp), is adsorbed onto the metal
electrode surface [19-21]. In general, the inductive semicircle formed
on the low-frequency side of the capacitive semicircle corresponding to
Rt in a Cole—Cole plot corresponds to the negative resistance that forms
as the adsorption of reaction-enhancing adsorbents (e.g., reaction in-
termediates) increases at higher current densities [21,30]. Here, this
inductive semicircle is considered to correspond to the increased
adsorption of Hppp as the potential becomes more negative; this is
quantified as Ry based on the inductive semicircle formed at 10% < f<
102 Hz (see Fig. 5). In contrast, the capacitive semicircle in the high
frequency region, which corresponds to the electrical double layer,
flattens slightly at 0.16 < —igeo < 1.5 A em ™2, In addition, the degree of
flattening decreases with increasing current density, resulting in a per-
fect arc at —igeo > 1.5 A em 2. Previously, it has been reported that at
—lgeo < 0.16 A cm 2, a flatter capacitive semicircle appears [22,23], and
this phenomenon can be modeled by a CPE, as shown in the equivalent
circuit presented in Fig. 6. This is possible due to the non-homogeneous
adsorption of chemical species on the electrode surface [31,32], which,
in the HER, is thought to arise from the non-homogeneous adsorption of
reaction intermediates (Hopp). From these analyses, it appears that the
amount of Hppp adsorbed on the electrode surface increases with
increasing current density, and at high current densities, Hppp

Ly
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Fig. 7. Relationship between current density —ige, and charge-transfer resis-
tance R for a 200 ym Ni working electrode.

homogeneously cover the entire surface of the electrode. These results
were also confirmed for electrodes of different diameters
(Figs. S10-S12).

Fig. 8 shows schematics of the electrode surfaces devised in this
study for (a) the Tafel region (0.1 < —igeo < 0.3 A cm’z), (b) the upper
limit of the Tafel region (0.3 < —igeo < 0.4 A cm’z), (c) the bubble
coverage region (—igeo = 1.0 A cm~2), and (d) the bubble coalescence
region (—igeo = 2.0 A cm ). Figs. 3(a) and 3(b) and Figs. 8(a) and 8(b)
show that, in the Tafel region, the number of bubbles generated in-
creases with increasing current density, resulting in smaller and more
homogeneous bubbles that densely cover the electrode surface. This was
attributed to an increase in the bubble generation area due to an increase
in the amount of adsorbed Hppp at higher current densities. In addition,
at high current densities (Figs. 3(c) and 3(d) and Figs. 8(c) and 8(d)),
bubbles densely cover the electrode surface and bubble coalescence
increases. As a result, the bubble diameter increases, and the bubble
coverage layer becomes thicker. This dense bubble layer inhibits the
migration and diffusion of substances from the electrode surface.

Based on these findings, the relationship between the rate-limiting
reaction of the HER and the Tafel slope was investigated. It has been
generally accepted that the rate-limiting steps for Tafel slopes of 120 and
40 mV dec™! are the Volmer and Heyrovsky reactions, respectively [19,
20]. However, in their simulations on the effect of the Hopp adsorption
rate, Shinagawa et al. [20] reported that when the Tafel slope is equal to
120 mV dec™!, the Heyrovsky reaction can be the rate-limiting step
when the Hppp coverage is >0.6, while the Volmer reaction can be the
rate-limiting step when the Hopp coverage is close to zero [20,21]. Thus,
the Hopp coverage appears to play a significant role in determining the
rate-limiting step of the HER. In the current study, the obtained
Cole—Cole plots suggest that Hopp adsorption increases with increasing
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Fig. 6. Equivalent circuit of the HER at a high current density.
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Fig. 8. Schematics of the electrode surface at (a) —igeo = 0.1 A cm ™2 (Tafel region), (b) —igeo = 0.4 A em 2, (¢) —ligeo = 1.0 A cm ™2, and (d) —igeo = 2.0 Acm ™",

current density until covering the electrode surface and giving a Tafel
slope of 120 mV dec™}; in this case, the rate-limiting step was defined as
the Heyrovsky reaction. Notably, these results are consistent with those
reported by Shinagawa et al. [20]. Moreover, Jantz et al. [16] also
concluded that the Heyrovsky reaction is the rate-limiting step in ex-
periments with similar Hopp adsorption rates and Tafel slopes.

3.4. Diffusion resistance (Rp2) on the low-frequency side

In the high-current-density region, where the polarization curve
deviated from the Tafel slope and the HER performance decreased, the
electrode surface was densely covered with small bubbles (see Figs. 3(c)
and 3(d)). Upon increasing the current density, the bubbles coalesced,
the bubble diameters increased, and the bubble coverage layer thick-
ened. In the Cole-Cole plots, capacitive and inductive semicircles
appeared on the low-frequency side (see Fig. 4), suggesting that the
bubble layer was so dense that bubble coalescence inhibited ion
migration and substance diffusion from the electrode surface. Previ-
ously, our group reported that, for the anodic reaction of AWE, the
increased ohmic resistance caused by the bubble coverage layer on the
electrode surface can be modeled based on the layer thickness and tor-
tuosity degree. In addition, the diffusion resistance of the reactant OH™
could be modeled by Warburg impedance [5]. Therefore, we modeled
the ohmic and diffusion resistances in the presence of a bubble coverage
layer for the cathodic reaction. The resistance corresponding to the
capacitive semicircle on the low-frequency side of the Cole-Cole plots (i.
e., <100 Hz, Fig. 5) was defined as the diffusion resistance caused by
bubble coverage, Rpyb, Whereas the resistance corresponding to the
inductive semicircle was defined as the negative resistance, Ry 3, which is
related to the promotion of bubble release. The resistance corresponding
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to the difference between Rpy, and Ry3 was defined as the apparent
diffusion resistance, Rpy.

Fig. 9 shows the relationship between R,» and the current density for
each electrode diameter examined herein, while the relationship be-
tween Rpyp and Rps, which constitute Ry, and the current density is
shown in Fig. S13. From Fig. 9, it can be seen that R, increased grad-
ually with increasing current density and electrode diameter. Similar
behavior was measured for the diffusion resistance Rq of OH™ in the
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Fig. 9. Variation in Rpy with —ige, for the three electrode diameters.
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anodic reaction [5]; that is, the resistance increased with increasing
current density and electrode diameter. As shown in Fig. 5 and Movie 1
(played at 1/100x speed), bubble generation occurs at ~100 Hz, while
Rp2 appears at a lower frequency range lower than this bubble genera-
tion frequency (i.e., f < 10% Hz). These results indicate that Rp2 and its
components Ry, and Ry3 are expected to be caused by bubble
generation.

Subsequently, the origin of Ry, induced by bubble coverage, was
considered. In the anodic reaction of AWE, a concentration gradient of
OH™ is formed close to the electrode because the numerous bubbles
generated on the electrode surface inhibit the supply of the reactant
OH™ to the electrode surface [5]. In the Cole-Cole plots, Warburg
impedance with finite diffusion appeared at the lower frequency side
(<100 Hz), which can be quantified as the diffusion resistance Rq (Q
cm?). In contrast, at the cathode, OH™ is produced via an electro-
chemical reaction and transported via convective diffusion from the
electrode surface toward the solution bulk as the bubbles leave the
cathode. Therefore, OH™ diffusion is not restricted at the cathode. In
addition, in the 2 M KOH electrolyte, the cathode reactant (H,0) is more
abundant in solution than the anodic reactant (OH ™) (concentrations of
H50 is 55.5 and OH™ is 2 mol L’l, respectively). Therefore, H,O is un-
likely to be a diffusion rate-limiting substance. However, it is conceiv-
able that the pH in the vicinity of the electrode may be increased due to
the simultaneous increase/decrease in OH /H50 in the cathodic reac-
tion. Therefore, the pH near the electrode and the pH near the RHE may
have been misaligned, resulting in an apparent performance deteriora-
tion. In another study, two capacitive semicircles originating from the
electrolytic reaction were observed at 0.05 < |E| < 0.2 V vs. RHE [22,
23]; however, these resistances were inversely proportional to the cur-
rent density, whereas Rp,p increases with current density. Thus, they are
considered to be different resistance factors.

Ry 3 is the negative resistance associated with reaction promotion. It
corresponds to the inductive semicircle in the Cole—Cole plots. Notably,
adsorbates that appear as inductive semicircles generally either promote
electrochemical reactions (wherein the amount of adsorption increases
with increasing current density) or prevent reactions (wherein the
amount of adsorption decreases with increasing current density). The
discussions presented in Supplementary Text S2 [21,30,33] suggest that,
because the bubbles produced in alkaline solutions are reported to
possess negative zeta potentials [34], Ry3 could be considered a negative
resistance component associated with enhanced detachment of
reaction-preventing adsorbed bubbles from the negatively charged
cathode surface as the cathode potential becomes more negative.

3.5. Ohmic resistance originating from the bubble coverage layer

As mentioned above, based on the Tafel region, the solution resis-
tance at E = —0.4 V vs. RHE (—igeo = 0.16 A cm’z), where few bubbles
were formed, was defined as Ryy. In addition, the increase in solution
resistance in the bubble coverage layer at increasing current densities
with reference to Rsy was defined as Ryp. Furthermore, Ryy + Rgp corre-
sponds to the high-frequency intercept of the Cole-Cole plot. Thus,
Fig. 10 shows the relationship between Ry, and the current density for
each electrode diameter, wherein it can be seen that Ry, increases
gradually with increasing current density and electrode diameter. This
increase in the solution resistance can be attributed to the fact that the
charged OH™ ions migrate a long distance from the electrode surface to
the bulk solution through the gaps between bubbles in the bubble
coverage layer. Moreover, Fig. 11 shows the relationship between the
bubble coverage layer thickness (dp, cm, calculated from the photo-
graphic images in Fig. S14) and the current density for each electrode
diameter. In this case, it is clear that &, increases gradually with the
current density and becomes thicker for larger electrode diameters.
Thus, as in the case of the anodic reaction [5], the behavior of Ry, was
modeled for the cathodic reaction based on &, and the degree of
tortuosity.
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The ohmic resistance in a layer of solution, having the same thickness
as the bubble coverage layer, can be expressed as Eb(Sbubble)’lx’lsgeo,
where x (S m™Y) is the electrical conductivity of the electrolyte solution
(2 M KOH at 30 °C) and Spupble (cm?) is the average of the geometric
surface area of the electrode (Sgeo = nDLwg) and the area outside the
bubble coverage layer (2nLwg(5p + D/2)), as calculated using Eq. (9):

27Z'LWE 5b

Sbubble = —F————— ©)
(332

D/2

On the other hand, the ohmic resistance in the bubble coverage layer
can be expressed as (Sb(Sbubble)_lk_l(l — z;")_’(Sgeo «Q cmz), where (1 —
£) " is the tortuosity degree, ¢ is the void fraction of the bubble coverage
layer, and x is a constant in the Bruggeman equation [35]. Therefore, the
relationship between Ry, (quantified from the EIS measurements) and
the tortuosity degree of the bubble coverage layer can be derived using
Eq. (10).

Rsb = 5b (Sbubble)ilk'i1 (1 - S)ﬂ(Sgeo - 61: (Sbubble)ilkilsgem (10)

where the equations defined for the anode reaction [5] are applied to the
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cathode. In Eq. (10), the value of x in (1 — &) is assumed to be constant
[36] irrespective of the current density, similarly to that of the anode. A
value of 1.43 was selected for x, since no significant differences were
observed over the range of x = 1.41-1.46.

In a previous report [5], the ¢ value of the anode was treated as a
constant with respect to the current density, but in practice, ¢ is expected
to change with the current density. Thus, a model in which ¢ changes
with current density was investigated. Using x = 1.43, ¢ was evaluated
for each current density using Eq. (10), and the results are presented in
Fig. 12. ¢ increases gradually from 0.35 to 0.51 upon increasing the
current density. At high current densities, the value is close to the
close-packed structure of uniformly sized spheres (¢ ~ 0.6). In addition,
the slight variation in the void fraction and tortuosity degree for the
three electrode diameters indicates that the difference in Ry, with
electrode diameter shown in Fig. 10 is mainly caused by the varying
bubble coverage layer thicknesses, &y, associated with these electrodes
(see Fig. 11).

3.6. Comparison of resistance components between the cathode and
anode

The effects of the bubbles on the anodic and cathodic reactions were
subsequently compared, as presented in Figs. 13-15 for the bubble
generation behavior (at |igeo| =1.0A cm’z), &b, and Rgp, respectively.
Schematic definition of &}, is shown in Fig. S14. As shown in Figs. 13 and
14, the hydrogen bubbles at the cathode are significantly smaller than
the oxygen bubbles at the anode, and the bubble coverage layer is
thinner at the cathode than the anode. In addition, the results presented
in Fig. 15 show that Ry, is smaller for the cathode. As presented in
Table 1 and Fig. S15, although there is a large difference in the bubble
diameters between the anode and the cathode, the differences in (1 —
€)™ and ¢ are small, with tortuosity degrees of 2.40 and 2.11 being
determined for the anode and the cathode, respectively. As a result, the
value of Ry, is smaller for the cathode, which possesses a smaller &,
value.

Fig. 16 shows the diffusion resistance Rq in the bubble coverage layer
for the OER at a high current density and the apparent diffusion resis-
tance Ry, corresponding to the difference between Ry, and Ry 3, in the
bubble coverage layer for the HER. Both diffusion resistances appear on
the low-frequency side of the Cole-Cole plots at high current densities,
and the diffusion resistances were significantly higher for the OER
regardless of electrode size.

Finally, Fig. 17 shows the anodic and cathodic polarization curves
recorded using the 200 pm electrode. For this purpose, the overvoltage
An (V) of the anode and cathode was defined as the difference between
the Eir free (V vs. RHE) values obtained from the CV measurements and
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the theoretical decomposition voltage (0 V vs. RHE for the cathode and
1.23 V vs. RHE for the anode). As a result, Tafel slopes of ~127 and 49
mV dec™! were determined for the HER and OER, respectively. Based on
comparisons of the Tafel slopes, the performance of the HER was worse
than that of the OER. However, in the high-current-density region where
the polarization curve deviates from the Tafel slope, the overvoltage of
the OER is similar to that of the HER at |igeo| ~ 2.0 A cm 2, because the
effect of Ry, + Rq is larger for the OER in the presence of a bubble layer.

4. Conclusion

A method was proposed for separating and quantifying the resistance
components caused by bubbles, which is responsible for the overvoltage
increase during the cathodic hydrogen evolution reaction (HER) of
alkaline water electrolysis (AWE) using a Ni wire electrode. The method
employed a high-speed video camera, cyclic voltammetry (CV), elec-
trochemical impedance spectroscopy (EIS), and equivalent circuit
analysis. CV measurements showed that, at current densities (—igeo) of >
0.3 A cm™2, the polarization curve deviated from the Tafel slope due to
bubble coverage, resulting in reduced performance. The Cole-Cole plots
obtained from the EIS measurements consisted of two pairs of capacitive
and inductive semicircles. The equivalent circuit model was devised to
separate and quantify the resistance at each current density.

The resistance components included the apparent charge-transfer
resistance Rp;, which is composed of the charge-transfer resistance Rt
and a negative resistance Ry, modeled by the inductive semicircle
associated with the adsorption of HER intermediates Hopp (hydrogen
atoms, OPD = overpotential deposition). R, was found to be inversely
proportional to the current density even at high current densities. This
means that the effective electrode surface area remained unchanged
even when the electrode surface was completely covered with bubbles.
Ry may arise because the Hppp content increases as the potential be-
comes more negative, thereby promoting the reaction. On the other
hand, the increase in solution resistance within the bubble coverage
layer, Ry, is attributed to the fact that the OH™ charge carriers migrate
long distances from the electrode surface toward the bulk solution
through the gaps between bubbles. Ry, is quantified as a product of the
bubble coverage layer thickness, 5y, and the decrease in electrical con-
ductivity modeled by the degree of tortuosity, (1 — £) . Another pair of
capacitive and inductive semicircles were observed in the low-frequency
region (1 < f < 100 Hz) in the Cole-Cole plots, which correspond to the
frequency of bubble generation, as observed by the high-speed video
camera. These semicircles were modeled by the apparent diffusion
resistance Rp2, which comprised the diffusion resistance induced by the
bubble coverage layer, Ry, quantified by the capacitive semicircle, and
a negative resistance Ry3, modeled by the inductive semicircle. Ry3 is
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Fig. 13. Photographic images of bubble coverage layers on (a) the cathode and (b) the anode (200 um Ni wire electrode, |igeo| =1.0Acm 2.

140 Table 1
Bubble layer properties at the anode and cathode (|igeo| = 1.0 A cm™2).
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Fig. 16. Comparison between apparent diffusion resistance R, in the bubble
coverage layer at the cathode and diffusion resistance Rq in the bubble coverage
layer at the anode.

thought to be induced by the enhanced release of negatively charged
bubbles from the electrode as the potential becomes more negative.
From the above, it was found that the increase in overvoltage at high
current densities during the HER was not due to a reduction in the
effective electrode area for the reaction but was instead caused by the
ohmic resistance Ry}, and apparent diffusion resistance R, caused by the
dense bubble coverage on the electrode surface.

The obtained results were compared with those of previous studies
into the resistance components of the OER using Ni wire electrodes. It
was found that Ry, and Ry caused by bubbles on the cathode surface
were both smaller than the corresponding values (Rg, and Ry) for the
anode. Although the apparent electrical conductivity of the bubble
coverage layer modeled by the tortuosity degree was not found to be
significantly different between the anode and cathode, the larger
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Fig. 17. Comparison of anodic and cathodic polarization curves (200
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bubbles produced at the anode led to a higher bubble coverage layer
thickness &, which in turn led to a larger ohmic resistance Ry, Addi-
tionally, the apparent diffusion resistance Rp» of the cathode was
affected by the negative resistance, unlike that of the anode modeled
using the Warburg impedance. The current study also demonstrated that
a smaller electrode diameter led to reduced bubble coverage layer
thickness and a lesser decline in the HER performance per electrode unit
area. However, when designing electrolytic cells, it is necessary to
improve the current density per membrane area; this requires the use of
densely arranged thin electrodes to increase the total electrode area.
Thus, future work should focus on quantifying the effects of bubbles in
the presence of such a dense electrode arrangement.
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