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1.1. Issues toward the introduction of renewable energy

Renewable energy, such as solar and wind power, is an energy source that is
independent on limited resources such as fossil fuels and, thus, causes reduced CO>
emissions. The use of renewable energy has increased worldwide. In the photovoltaic
system, the generation capacity of photovoltaic cells increased from <10 GW in 2012 to
~40 GW in 2016 [1]. The generation capacity of photovoltaics (PV) has annually
increased by 30% because of governmental support. The Japanese government also
claimed that the target value for the introduction of renewable energy was set to 22—24%
in the electric power supply system by 2030 FY in the 5 Strategic Energy Plan enacted
in 2018 [2]. Moreover, the use of renewable energy as the primary source of power supply
should be increased to >50%.

Despite the critical requirements of society, some potential issues need to be
addressed. As renewable energy is intermittent and fluctuating because of its dependence
on uncontrollable natural conditions, the power supply is unstable [3,4], which causes a
gap between power supply and demand. Moreover, to maintain a stable supply of
electricity, an excess amount of renewable energy is sometimes wasted. Thus, additional
electricity should be supplied by other processes such as thermal power generation when
the electric power supply decreases. To realize renewable energy as the primary source
of power supply, processes to efficiently utilize intermittent and fluctuating renewable

energy are highly desired.
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1.2. Large-scale energy storage process using hydrogen as

the energy carrier

A large-scale energy storage process is a promising solution to prevent the
unbalanced power supply and efficiently utilize renewable energy. This process controls
the unbalanced demand and supply of energy by harvesting excess energy and providing
stored energy, for which batteries are promising candidates. Excess energy is harvested
as the electrochemical energy for charging and providing the stored energy as a
discharging process [5]. This process has advantages such as rapid response and low
conversion loss of stored energy. However, storing energy for a longer duration is not
suitable [6] because of the self-discharge process. Therefore, an alternative approach
suitable for a longer duration is highly required.

The energy storage process in which electric energy is converted to chemical
energy by electrochemical reactions and stored as chemical compounds is an alternative
to batteries. This produced material is called energy carrier [7]. The storage process using
H> as an energy carrier is a promising alternative process, as the conversion of chemical
to electric energy from H» does not emit CO> [3,4,7-9]. Hydrogen is widely utilized in
industrial processes such as the ammonia synthesis process [8,10] and fuel cell systems
widely applied to generate electricity to fuel cell vehicles. Many hydrogen production
processes such as steam reforming from fossil fuels [11] and the industrial NaCl
electrolysis process are available. Figure 1.1 shows the potential applications of hydrogen
and potential processes for hydrogen production.

The use of hydrogen as the energy carrier for large-scale energy storage requires
a production process without CO2 emission. Water electrolysis has been focused as a
hydrogen production process for energy carriers because it produces highly pure
hydrogen without CO; emission [7-10,12]. Furthermore, this process can utilize water,

which abundantly exists on the surface, as the reactant.
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Figure 1.1 Potential hydrogen supply and applications [10] (Hydrogen Storage

Technologies: New Materials, Transport and Infrastructure, A. G-Jopek, W. Jehle, J.
Wellnitz, Chapter 2 Copyright © (2014) [John Wiley and Sons])

Therefore, a large-scale energy storage process using hydrogen is an alternative

and water electrolysis is critical for its realization as a production process of hydrogen.
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1.3. Water Electrolysis Processes in Alkaline Conditions

As described in Section 1.2, among the several processes investigated for
hydrogen production, water electrolysis is promising because it uses renewable energy.
For practical applications, a suitable process should be selected on the basis of the
purposes or conditions for utilizing water electrolysis.

For industrial and large-scale energy storage processes, water electrolysis
processes that can produce large amounts of hydrogen at lower costs are required [3, 13].
Alkaline (solution) water electrolysis is a candidate because it has a simple system
suitable for larger-scale processes and utilizes low-cost materials as electrolyzers [3, 9,
14].

In contrast, a small-size water electrolysis process with higher efficiency and
quick response is desired for small-scale energy storage used in small grid or isolated
systems [3, 13]. Solid polymer electrolyte water electrolysis such as proton exchange
membrane (PEM) water electrolysis, has been widely investigated for their application in
water electrolysis because it exhibits high performance and quick response for the
intermittent change of power supply [14, 15]. Recently, anion exchange membranes
(AEM) have emerged as a new candidate because it can utilize lower-cost materials
(compared to PEM water electrolysis) and its use benefits from the advantages of PEM
water electrolysis [15-17]. This AEM process is expected to be a next-generation, higher-
performance water electrolysis process at a lower cost.

Because of the different purposes, both alkaline and AEM water electrolysis
processes are essential for hydrogen production processes using renewable energy, and
further improvement is necessary.

In this section, the essential characteristics and issues of the alkaline and AEM
water electrolysis processes, mainly focusing on the cathode that directly influences

hydrogen evolution, are briefly introduced.
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1.3.1. Alkaline (solution) water electrolysis process
1.3.1.1. Basic characteristics

The alkaline water electrolysis process is a historical process for hydrogen
production, known for more than 200 years [ 18], and first demonstrated by Nicholson and

Carlisle [19]. A schematic of this process is shown in Figure 1.2.
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Figure 1.2 Schematic of alkaline water electrolysis process based on [8] (H. A. Miller,
K. Bouzek, J. Hnat, S. Loos, C. I. Berndcker, T. Weillgérber, L. Rontzsch and J. Meier-
Haack, Sustainable Energy Fuels, 2020, 4, 2114- Published by The Royal Society of
Chemistry.)

In general, an alkaline water electrolysis process is composed of a cathode, an anode, an
electrolyte, and a power supply unit, as shown in Figure 1.2. By applying direct current,
H> is generated on the cathode, and oxygen is generated on the anode. The reactions at

the cathode and anode are described in Egs. (1.1) and (1.2), respectively.
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Cathode: 2H>0 2¢e~ — H> + 20H~ (1.1)

Anode: 40H™ — O+ 2H>0 + 4e~ (1.2)

The cathode reaction in Eq. (1.1) is called the hydrogen evolution reaction (HER), and
the anode reaction in Eq. (1.2) is called the oxygen evolution reaction (OER). As
described in Eqgs. (1.1) and (1.2), the electrolyte is generally utilized under alkaline
solutions because the strongly acidic electrolyte causes severe corrosion, leading to the
degradation of electrodes and cell materials [20,21]. A higher concentration of ~30 wt%
KOH solution is commonly utilized as the electrolyte for alkaline water electrolysis
because of its higher electronic conductivity [8,20]. The diaphragm was also installed to
prevent mixing of the hydrogen and oxygen gases and to maintain the insulating
conditions of the cathode and anode.

These fundamental characteristics of the alkaline water electrolysis process
provide the following advantages: the simplicity of the electrolyzer configuration enables
the realization of a large-scale electrolyzer system. Large-scale electrolyzers of >100 MW
are commercially available [21], and non-noble-metal-based materials can be used as both
the cathode and anode materials [8, 20, 22, 23]. Especially for the cathode, carbon-based
materials are paid attention to transition metal-based materials [24]. Therefore, the
alkaline water electrolysis process is suitable for large-scale hydrogen production
processes.

Nevertheless, the lower efficiency of the process limits its practical applications
[8, 14]. To realize large-scale water electrolysis, the efficiency should be improved.

Figure 1.3 shows the correlation between the cell voltage and current density [25].
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Figure 1.3 Voltage—current performance of an unactivated unipolar electrolyzer [25]
(Copyright 1976 by JES. Reproduced with permission of JES. By Copyright Clearance
Center’s RightsLink® service)

As shown in Figure 1.3, the water electrolysis process requires a larger cell voltage than
the theoretical overvoltage (1.23 V at 298 K). To improve the efficiency of the entire
process, the voltage of each component shown in Figure 1.3 must be reduced. The voltage
derived from the reactions on the cathode (hydrogen overpotential) and the anode (oxygen
overpotential) significantly influences the voltage of the entire cell. Therefore, the
improvement of the hydrogen and oxygen overpotentials is essential for realizing an

efficient process.
1.3.1.2. Issues on HER electrodes

Focusing on the hydrogen potential that directly influences the HER, a larger
overpotential is required to proceed with the cathode reaction [25]. The following process
can be considered: first, the HER proceeds, and a water molecule is reduced to generate
molecular hydrogen. Second, hydrogen bubbles evolve and grow on the electrode surface,

eventually detaching from the electrode. Considering this process, two possible
8
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limitations that restrict the achievement of low overpotentials are identified.

The first is the scarcity of catalyst materials with higher HER activity, which
reduces the overpotential for the HER. It is well known that Pt is a state-of-the-art catalyst
material for the HER [26, 27]. However, the scarcity and expensiveness of Pt limit its
large-scale applications. In commercial applications, Ni-based materials are utilized as
the cathode [7,8]. They exhibit larger overpotentials because of their lower inherent HER
activity. New cathode materials with higher HER activity have been widely investigated
[22, 28], such as Ni-Mo-based materials [29].

The other factor is the degradation of the efficiency by bubble behavior during
electrolysis. As the reaction proceeds, hydrogen bubbles evolve on the electrode surface.
These bubbles become larger and cover the electrode surface, preventing H>O from
accessing the reaction sites for the HER, which leads to an increase in ohmic resistance
[9,30, 31]. The bubbles on the surface also contribute to changes in the current distribution
in the electrode surface because of the bubbles' insulating characteristics [32].
Furthermore, the bubbles between the cathode and anode contribute to the increase in the
resistance between the electrodes. Therefore, controlling the bubble behavior on the
electrode surface is critical for reducing the overpotential for the HER, improving the
efficiency of the process on the cathode, facilitating the development of new materials
with higher HER activity.

Many processes have been investigated and proposed to eliminate the effect of
bubbles. These processes are mainly categorized into two different approaches: (i)
introduction of an external field and (i1) modification of the surface nano/microstructures
on the electrode surface. Examples of bubble effect control are briefly introduced as

follows.

(i) Bubble behavior control by introduction of the external environment

The purpose of introducing the external environment is to quickly remove the
bubbles from the electrode surface, which enables the suppression of the ohmic voltage
drop, reduction of the resistance between the cathode and the anodes, and improvement
of mass transfer to the electrode surface [33, 34]. Several factors, such as the electrolyte

flow, magnetic field, and ultrasonic field, have been employed as external environments
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to enhance bubble behaviors.

Electrolyte flow

The use of a circulating electrolyte for introduction of electrolyte flow is one of
the most common processes to introduce an external field and is utilized in the
commercial water electrolysis process [34]. The circulating electrolyte enhances bubble
detachment. J. Eigeldinger et al. demonstrated that the introduction of the electrolyte flow
improved the bubble coverage on the electrode surface, which was 10 times lower than
that in stagnant flow during electrolysis [35]. D. Zhang et al. also observed that the
circulation of the electrolyte decreased the diameter of bubbles departing from the

electrode, as shown in Figure 1.4 [36].

S |
o ()

Figure 1.4 Representative images of hydrogen bubbles during the electrolysis in 0.5 M
KOH at —0.75 mA cm (a) without and (b) with electrolyte circulation; at —200 mA cm"
2 (c) without and (d) with circulation (Reynolds number for electrolysis at —0.75 mA
cm™ and —200 mA cm? was 2521) [36] (Reprinted with permission from D. Zhang, K.
Zeng, Industrial & Engineering Chemical Research, 51(42), pp. 13825-13832.
Copyright (2012) American Chemical Society)

However, this process can be effective under limited conditions [34]. The combination of

10
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this and other processes is highly desired to achieve higher efficiency.

Magnetic field
The introduction of a magnetic field is one of the alternative processes to enhance
bubble detachment from the electrode surface. It is well known that the magnetic field

produces convection by the Lorentz force, described by Eq. (1.3).

FL=jxB (1.3)

where j is the current density and B is the magnetic field. This induced convection, called
magnetohydrodynamic (MHD) convection, enhances bubble detachment [37-39]. J. A.
Koza et al. reported that the introduction of the magnetic field reduced the diameter of
bubbles on the electrode surface in a 0.1 mol dm™ Na>SOs solution, as shown in Figure
1.5. The authors also indicated that the MHD convection introduced by the Lorentz force
was directly enhanced by bubble desorption from the surface [40]. T. lida et al. also
reported that applying a high magnetic field reduced the ohmic voltage drop under acidic
and alkaline conditions during water electrolysis [37]. This phenomenon was
significantly observed at higher current densities. They also reported that the MHD
convection triggered bubble detachment from the surface, which led to the reduction of
the void fraction in the bubble dispersion layer.

Therefore, it is considered that the magnetic field can improve the efficiency of
water electrolysis by reducing the ohmic voltage drop and overpotentials of the electrodes.
These improvements are caused by the rapid desorption and diffusion of bubbles from the

electrolyte by the MHD convection.

11
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Figure 1.5 Hydrogen bubbles on the electrode surface in the stationary regime observed
(a) and (b): without a magnetic field, (d) and (e): parallel to the electrode magnetic field
(B =750 mT) ((b) and (e) are observed after 60 s from (a) and (d)). Distribution of the
bubble size (¢) without and (f) with magnetic field [40] (Reprinted from Electrochimica
Acta, 56, J. A. Koza, S. Miihlenhoff, P. Zabinski, P. A. Nikrityuk, K. Eckert,
M.Uhlemann, A. Gebert, T. Weier, L. Schultz, S. Odenbach, Hydrogen evolution under
the influence of a magnetic field, 2670, Copyright (2011), with permission from
Elsevier.)

Ultrasonic field

The ultrasonic field is another process to enhance bubble detachment from the
electrode surface. The cavitation effect produced by the introduction of an ultrasonic field
in the water electrolysis process causes the formation of small bubbles [34, 41]. S. D. Li

et al. reported that the overpotential of electrolysis decreased in the ultrasonic field by the

12
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formation of cavitation bubbles. In this report, the effect of the ultrasonic field was
enhanced under higher current density conditions [42]. M. Y. Lin et al. also demonstrated
that the bubbles' diameter was reduced because of the ultrasonic field (Figure 1.6), and

the efficiency was improved [43].

(a) (b) (c) (d) (e)
Figure 1.6 Bubble behavior during electrolysis at 4.0 V in 40 wt% KOH under different

ultrasonic conditions: (a) 0 W (without ultrasonic field), (b) 225 W, (c) 450 W, (d) 675
W, and (e) 900 W [43] (Ultrasonic wave field effects on hydrogen production by water

electrolysis, M-Y Lin, L-W Hourng, Journal of the Chinese Institute of Engineers
Copyright © (2014) [Taylor & Francis])

However, several reports have revealed that the effect of the ultrasonic field was
weakened to oxygen bubbles due to stronger adsorption on the electrode surface [43].
From these previous researches, the ultrasonic field is also considered a

promising candidate to control the hydrogen bubble behavior.

(ii) Bubble behavior control by modification of electrode surface structures
Modification of electrode surface structures, particularly nano/microstructures
of the electrode surface, has been considered as a promising approach for controlling
bubble behavior. In this approach, surface wettability is critical for enhancing bubble
detachment from the surface [44, 45]. On an electrode surface with lower surface

wettability, that is, hydrophobic characteristics, the interface between the bubbles and the

13
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electrode surface is stabilized, which causes bubbles to become larger and detach from
the electrode with a larger diameter. H. Matsuhisma et al. demonstrated that bubbles
tended to be larger on the electrode with a hydrophobic electrolyte under microgravity
conditions [46] because of the stabilization of the bubble—electrode interface. Another
method to control surface wettability is to modify the nano/microstructures on the surface.
Modification of the surface structures to control surface wettability is categorized into
two different processes: modification by surfactants and modification of the surface

nano/microstructures.

Modification by surfactants

The addition of surfactants is a typical process to change the surface wettability
by controlling the surface tension of the bubbles and the electrolyte [47-49]. D. Fernandez
et al. demonstrated that bubble detachment with a smaller diameter was enhanced on
hydrophobic surfaces modified by a high sodium dodecyl sulfate (SDS) concentration
(Figure 1.7).

1 24 100 350 650 >3000 >>3000 bubbles [ second
o
500 um . g :
— ¥ t
% Q
: Q l l
0.00 0.03 0.06 0.12 0.5 2.0 4.0 g/L SDS

Figure 1.7 Variation of the frequency of bubble detachment with control in the surface
tension by SDS addition [47] (Reprinted with permission from D. Fernandez, P. Maurer,
M. Martine et al., Langmuir, 30, 43, 13065-13074. Copyright (2014) American
Chemical Society)

However, the surfactant directly influences the bubble behavior on the surface and also
the reactions such as the HER and OER. The surfactant decreases the HER efficiency. Z.
D. Wei et al. revealed that hexadecyltrimethylammonium bromide suppressed the HER

14
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on the cathode [49].

Modification of surface nano/microstructures

Another process to control surface wettability is the modification of surface
nano/microstructures. Modifying the surface nano/microstructures controls the interfaces
among the gas bubbles, electrolyte, and electrode surface, inducing a change in surface
tension. This control contributes to surface wettability characteristics, that is,
hydrophobic and hydrophilic surfaces [50]. Surface wettability is one of the critical
factors influencing the HER activity [51] and bubble behavior. In particular, the
hydrophobic surface enhances bubble detachment.

Many surface nano/microstructures have been proposed and mainly separated
into pillar-like (including dendritic) and sheet-like structures, which are briefly introduced.

The pillar-like structures show a higher hydrophobic surface by reducing the
interface between the bubble and the electrode surface. This induces bubble detachment
with a smaller size. S. H. Ahn et al. demonstrated that HER efficiency improved by
suppressing bubble adhesion on the surface during the OER on Ni-based electrodes with
dendritic morphologies and having a hydrophobic nature [52]. Nano-corn-based
structures were also employed as surface structures of the electrodes [53-55]. Y. Li et al.
demonstrated that the population of larger bubbles on the surface decreased with a smaller
interface area between the bubbles and the surface during potentiostatic electrolysis, as

shown in Figure 1.8.

15



Chapter 1

I Pt nano-array

200 400 600 800 1000
Diameter (pm)

N Pt nanosphere

04 T T
\, ~ 0 200 400 600 800 1000

mm Pt flat

Sk N SL S __A_h.L 0 e

0 200 400 600 800 1000
Diameter (um)

Figure 1.8 Bubble nucleation and growth during water electrolysis in 0.5 M H>SO4 and
the corresponding distribution of bubble diameter on the electrode with (A) nanoarray
Pt, (B) nanosphere Pt, and (C) flat Pt [53] (Under-Water Superaerophobic Pine-Shaped
Pt Nanoarray Electrode for Ultrahigh-Performance Hydrogen Evolution, Y. Li, H.
Zhang, T. Xu, et al., Advanced Functional Materials Copyright © (2015) [John Wiley
and Sons])

G. B. Darband also demonstrated that bubble-induced ohmic potential increase was
suppressed by releasing bubbles with a smaller diameter on pillar-like surface
nanostructures [55].

The sheet-like structure can enhance bubble detachment because of hydrophobic
surface characteristics [56—58]. Z. Lu et al. demonstrated that the MoS> nanosheet

structure enabled the evolution of smaller bubbles on the surface during electrolysis in
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0.5 M H2SO4, and HER efficiency was improved by this bubble behavior, as shown in
Figure 1.9.
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Figure 1. 9 Bubble nucleation and growth during the electrolysis in 0.5 M H2SO4 and
the corresponding distribution of bubble diameter on (A) flat MoS; and (B) nanosheet
MoS:; [56] (Ultrahigh Hydrogen Evolution Performance of Under-Water
“Superaerophobic” MoS2 Nanostructured Electrodes, Z. Lu, W. Zhu, X. Yu, et al.,
Advanced Materials Copyright © (2014) [John Wiley and Sons])

This tendency was also reported on the electrode surface of Ni-Mo alloy nanosheets by
Q. Zhang et al. [57] and of Co-B-P alloy nanosheets by H. Sun et al. [58].

From these previous studies, the modification of the surface
nano/microstructures can cause the improvement of HER efficiency. This improvement
is induced by bubble nucleation and growth on the surface and control of the interface
among the bubbles, electrolytes, and electrode surface. Hence, the correlation between
bubble behavior and surface structures must be further investigated to propose the design

of a highly efficient electrode surface for the HER.
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1.3.2. Anion exchange membrane (AEM) water electrolysis process

1.3.2.1. Basic characteristics
The AEM water electrolysis process is a new hydrogen production process [15,

16]. A schematic of this process is shown in Figure 1.10.

P ==
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Figure 1.10 Schematic of AEM water electrolysis process based on [16]. PTL: porous
transport layer (H. A. Miller, K. Bouzek, J. Hnat, S. Loos, C. I. Bernicker, T.
WeiBgirber, L. Rontzsch and J. Meier-Haack, Sustainable Energy Fuels, 2020, 4, 2114-
Published by The Royal Society of Chemistry.)

An AEM water electrolysis process consists of a cathode, an anode, a polymer electrolyte,
a porous transport layer (PTL), and a power supply unit (Figure 1.4). The electrolyzer
configuration is similar to that of a PEM water electrolyzer. The reactions at the cathode

and anode are described in Egs. (1.4) and (1.5), respectively.
Cathode: 2H,0 +2¢” — H, + 20H™ (1.4)
Anode: 40H — O2 +2H,0 +4e” (1.5)

As shown in Eqgs. (1.4) and (1.5), the reactions on the cathode and anode are identical to

those involved in the alkaline water electrolysis process. H>O is supplied from the anode
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side and diffuses to the cathode side through the AEM. On the cathode side, H>O is
reduced to hydrogen and OH™ ions. The generated OH™ ions migrate to the anode side
because of the positive attraction of the anode [59]. KOH or K»>CO3 are commonly
employed as electrolytes, and their concentration is considerably lower than the
electrolytes utilized in the alkaline water electrolysis process [15, 16]. The PTL that faces
both sides functions as the gas diffusion layer that provides the pathway for the evolved
gas and circulating electrolyte and as the current collector.

These fundamental features of the AEM water electrolysis process provide the
following advantages: non-noble transition-metal-based materials can be utilized as both
cathode and anode materials, because they exhibit a similar reaction mechanism in the
AEM and alkaline water electrolysis processes [15, 60], and a lower concentration
electrolyte can be used instead of a concentrated KOH solution in an alkaline water
process, which enables the use of lower corrosion resistivity materials such as stainless
steel in the cell systems [16, 17]. Furthermore, higher efficiency can be achieved by
applying a high current density, similar to the PEM electrolysis process [14]. Therefore,
this AEM water electrolysis process is promising for next-generation water electrolysis
processes.

Despite these strong motivations, few studies have been reported related to
commercial applications [61]. The limited application scope is attributed to the low
durability of the membrane electrode assembly (MEA) [15, 62] as well as the AEM itself
[60]. Furthermore, other components of the AEM electrolysis process, such as PTLs, must
be optimized. Thus, the optimization of the MEA will primarily facilitate the realization

of the practical applications of the AEM water electrolysis process.

1.3.2.2. Issues on HER electrodes

Regarding the issues on HER electrodes, the low durability of the MEA is one
of the most significant problems that must be resolved to achieve higher efficiency. The
MEA is divided into two different configurations on the basis of the substrate used to

fabricate the catalysts: the catalyst-coated substrate (CCS) and the catalyst-coated
19



Chapter 1

membrane (CCM) processes.

In the CCS process, the electrodes are fabricated onto the substrate, such as PTL.
This CCS functions as an electron transfer pathway, a support of the fabricated catalysts,
and a pathway to remove gas products such as hydrogen [15]. The CCS process improves
the stability of the MEA. Moreover, many fabrication processes for catalysts such as
electrodeposition [63, 64], electroless deposition [65], and spray [62, 66], which is the
conventional process, are applicable.

In contrast, the CCM process prepares the electrode onto the AEM surface,
which enables strong adherence of the electrode on the AEM surface. This strong
adhesion results in high ionic conductivity, which is one advantage. Moreover, this
process can reduce the amount of catalyst loading without any significant degradation of
performance [67]. IH. to et al. demonstrated that the MEA fabricated by the CCM process
exhibited higher performance than that by the CCS process because of the improved mass
transport of ions such as OH™ [62]. J. E. Park et al. also revealed that CCM-based MEA
exhibited high performance because of the decrease in ohmic, charge transfer, and mass
transport resistances [68]. Therefore, the CCM process is an effective process for
fabricating MEA.

However, the durability of the MEA fabricated by the CCM process must be
improved. In the CCM process, the spray process is commonly utilized because of the
precise control of the loading amount of the catalyst and ionomers [69]. X. Lu et al.
reported that degradation of the ionomer, which causes the deterioration of CCM, was
one factor contributing to performance degradation [70]. The carbon-based support used
in MEA also degrades under alkaline conditions [60, 71] because of carbon instability.
Furthermore, the electrode structures are difficult to control because they are sprayed on
AEM using ink containing ionomers and support materials.

From previous studies, a fabrication process for the electrode that can modify
the structures without ionomers must be developed to realize high-performance CCM-
based MEA in the AEM process. In addition, understanding the effect of electrode

structures on HER is essential to improve the HER performance.
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1.4. Strategy of this study

As described in this chapter, both alkaline and AEM water electrolysis processes
have crucial roles in hydrogen production for large-scale energy storage processes
because of the characteristics described in previous chapters. Despite the potential of
these processes, their HER performance must be improved for their widening their
application scope. In particular, focusing on the catalytic electrodes for HER, which
directly produce hydrogen, different issues must be addressed to improve the HER
performance of the electrodes for alkaline and AEM water electrolysis processes.

In the case of alkaline water electrolysis, control of the bubble behavior on the
electrode surface is a vital issue to improve the electrode performance. Previous studies
have indicated that surface nano/microstructures significantly influence bubble behavior,
and modification of the surface structures is effective for improving the HER performance.
However, the detailed correlation between the surface microstructures on bubble behavior
during HER is still unclear.

In the case of AEM water electrolysis, the direct fabrication of the electrode on
the AEM results in a lower resistance between the electrodes, improving the HER
performance. Previous reports have indicated that the electrodes fabricated by the
conventional process exhibit lower durability because of the instability of materials for
fabrication. The structures of the electrode are also difficult to control through
conventional processes. Thus, a new fabrication process that can modify the surface
structures must be investigated. Understanding the effect of surface structures on HER
performance is essential to improve the electrode efficiency.

Based on this background, this thesis study aims to propose strategies for highly
efficient electrodes in both alkaline and AEM water electrolysis processes.

In Chapters 2 and 3, the effects of surface microstructures and wettability
governed by these structures on bubble behavior in alkaline water electrolysis are
investigated using surface-modified electrodes. For this, Ni micropatterned and Pt (111)
microfacet electrodes were employed as the model electrodes. The micropatterned
structures are suitable for quantitative analysis because of their advantages. A Pt (111)

microfacet electrode was also employed to analyze the effect of well-defined surfaces.
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Through these analyses, the guidelines for the design of surface nano/microstructures for
highly efficient catalytic electrodes are proposed.

Chapter 4 focuses on the fabrication of the electrodes on the AEM, and a new
fabrication process that can control the surface structures based on electroless deposition
is investigated. The effect of the electrodes fabricated by the new process on HER
performance is also analyzed in Chapter 5, and the strategy for the design of the surface

structures is discussed.
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2.1. Introduction

In alkaline water electrolysis process, hydrogen is generated by the following

rection described in (2.1) on the cathode.

2H,0 +2e~ — Hy + 20H- 2.1)

This reaction is called the Hydrogen Evolution Reaction (HER), and the catalytic
electrode is required to achieve HER efficiently. HER proceeds on the catalytic electrode,
and bubble nucleation and growth take place on the electrode continuously. A decrease in
the overpotential for HER is necessary to improve the efficiency of the whole process. In
conventional water electrolysis applications, Pt is one of the most common materials for
the HER catalytic electrode because it shows the highest HER activity [1] and longer
stability. However, the scarcity of Pt causes the higher cost of the catalytic electrode, and
the applications are limited. Therefore, a lower-cost catalytic electrode with higher HER
activity and longer durability must be developed.

Two significant problems should be overcome to realize the catalytic electrode
with higher HER activity, longer durability, and lower-cost. One problem is the scarcity
of the electrode materials for HER. The new catalytic electrode materials such as
transition metal-based materials [2-4] and carbon-based materials [5] have been widely
investigated and developed. The other problem is the degradation of HER efficiency
caused by evolved bubbles on the electrode surface as HER proceeds. The previous
studies have indicated that generated bubbles by HER influence the current distribution
[6] and inhibit the reaction sites on the electrode surface [7, 8]. These behaviors cause the
inhibition of H>O access to the electrode surface. Moreover, released bubbles from the
surface increase the ohmic resistance between the cathode and the anode because of their
insulating characteristics of the bubbles.

The surface morphologies [9] and nano/microstructures on the electrode
surface [10, 11] are known as essential factors that control the evolved bubbles' behaviors

on the surface to access the H>O molecules. Controlling bubble behaviors on the surface
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is an important strategy for improving HER catalytic electrodes' efficiency.

Despite these analyses of the bubble behaviors on the electrodes during HER,
the correlations between the surface structures and bubble behaviors are still unknown.
Among the many parameters to control the characteristics of the electrode surface, surface
wettability is recognized as one of the critical parameters that govern the nature of the
electrode surface. The effects of surface wettability have been widely investigated in the
field of not only the electrosynthesis [12, 13] and fabrication of the functional surfaces
[14-16] but also the interfacial processes and the catalytic reactions on the electrode
surface [17, 18]. Y. Li et al. demonstrated that micro-scale structures on the electrode
surface improved HER efficiency due to low bubble adhesive force [19]. Gh. Darband et
al. also demonstrated that micro-scale dendritic-like structures enhanced bubble
detachment from the electrode [20]. However, the detailed effects of the surface
wettability on bubble behaviors and the correlation between surface microstructures and
bubble behaviors have not been fully elucidated.

The micro-patterned structure is suitable for the quantitative analyses of the
effect of the surface wettability on the bubble behaviors. It has repeated the same
microdots and can control the surface wettability by tuning the pitches and the intervals
of the microdots [21, 22]. It has also been indicated that the micro-patterned structure
governs the surface wettability parameters independently [21]. Choi et al. also
demonstrated that tailoring the micro-scale structures on the electrode surface exhibits
superhydrophobicity [23]. Thus, the micro-patterned structures are adequate for the
quantitative analyses of the micro-scale structures' effect and the mechanism of the bubble
behaviors on the textured surface.

This chapter aims to elucidate the correlation between micro-patterned structures,
the surface wettability, and bubble behaviors on the electrode surface in order to achieve
the higher HER performance. Firstly, Ni micro-patterned electrodes were fabricated using
a combination of the lithography technique and electrodeposition process. The bubble
behaviors were observed on the different micro-patterned surfaces using the in situ
measurement system, and the bubble diameter distribution analyses were carried out. The
structural factors that control bubble behaviors were investigated by comparing the

bubble behaviors on the different electrodes. The mechanism of bubble behaviors on the
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microtextured surface is discussed.
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2.2. Experimental

2.2.1. Fabrication of Ni micro-patterned electrodes

Cu substrates were mechanically polished by a mechanical laptop polishing
machine (MA-400, Musashino Denshi Co.) with a colloidal silica slurry (Planerlite 7101,
Fujimi Incorporated) to obtain a specular finishing surface. In this study, Cu was selected
as the substrate material because it shows lower HER activity [1] than Ni used as the
catalyst material. After that, the photoresist (OFPR-200, Tokyo Ohka Kogyo Co. and AZ
P4000, Merck KGaA) was spin-coated on the polished Cu surface. The Cu substrates
covered with the photoresist were exposed by the UV light from 10 s to 70 s (BA-6, SUSS
MICROTEC Co.) to form the micropores. After UV exposure, the Cu substrates were
developed by the developing solution (NMD-3, Tokyo Ohka Kogyo Co.) for 20 to 40 s,
then rinsed by the ultra-pure water for 3 min.

In order to prepare Ni microarrays, Ni microdots were electrodeposited by the
periodic reverse (PR) deposition. Ni was selected as the catalyst material in this analysis
because Ni shows inherently high HER activity [1] and is widely adopted in the industrial
alkaline water process [24,25]. For the microdots' electrodeposition, the prepared micro-
patterned Cu substrates were used as the working electrode, the Pt mesh and Ag/AgCl
electrode were employed as the counter and the reference electrodes, respectively. The
electrodeposition bath was employed a 0.05 mol dm™ NiCl,-6H,O (UGR grade, Kanto
Chemical Co.) solution adjusted to pH 2.5 using an HCI solution (Regent grade, Kanto
Chemical Co.). In the PR deposition process, —1200 mV vs. Ag/AgCl for 20 s and the
open circuit potential (OCP) for 20 s were applied repeatedly. The step number of PR
deposition was defined as a total set of —1200 mV vs. Ag/AgCl for 20 s and OCP for 20
s, and the number of this step number was varied to control the structure of the microdot.
The Ni microdot fabrication process scheme and the conditions for the electrodeposition

process were shown in scheme 2.1 and Table 2.1.
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Scheme 2.1 Fabrication process of Ni micro-patterned electrodes

Table 2.1 Electrodeposition conditions for
Ni micro-patterned electrodes

NiCl, - 6H,0 0.05 M
Temperature R.T.(23°C)
oH | 25
(adjusted by HCI)
W.E. Patterned Cu
C.E. Pt mesh
R. E. Ag/AgCI
Potential -1200 mV, REST
Time 20s

2.2.2. analysis of the bubble behaviors on the electrode surface

In order to evaluate the surface morphologies of prepared microdots, a scanning
electron microscopy (VE-7800, Keyence Corp. and SU-8240, Hitach) was employed. The
contact angle measurements of fabricated micro-patterned electrodes were conducted by
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a contact angle measurement system (LCD-400S and FAMAS, Kyowa Interface Science
Co. Ltd. and DM500, Kyowa Interface Science Co.) to evaluate the surface wettability of
micro-patterned structures.

Electrolyte for water electrolysis process was 1.0 mol dm™ KOH solution. KOH
was used in the conventional alkaline water electrolysis process [26]. The concentration
of KOH was lower than the industrial process [24, 26], though it was suitable for
monitoring bubble behaviors on the electrode surface. The 48 wt% KOH solution (UGR
grade, Kanto Chemical Co.) was diluted by ultra-pure water to prepare a 1.0 mol dm™
KOH solution. Prior to measure the water electrolysis process, the KOH solution was
deaerated by N> gas for 20 min to remove dissolved oxygen from the electrolyte. All
electrochemical measurements were carried out by an electrochemical measurement
system (HZ-7000, Hokuto Denko Co.). The three-electrodes system consists of prepared
Ni micro-patterned electrodes as the working electrode, Pt mesh as the counter electrode,
and Hg/HgO electrode (Inter Chemie Inc.) as the reference electrode was employed for

the electrochemical measurements. A schematic image of the cell is shown in Figure 2.1.

Optical Microscope (CCD)

Figure 2.1. Schematic image of the cell for water electrolysis

Linear sweep voltammetry (LSV) of the micro-patterned electrode in 1.0 mol dm KOH
was measured by sweeping the potential from the rest potential to -1.5 V vs. Hg/HgO
with 10 mV s!. For evaluating the HER efficiency, galvanostatic electrolysis at —20 mA
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cm? for 30 min was also measured. The current density value is much lower than the
industrial water electrolysis [24]. It is suitable for observation of the bubble behaviors on
the surface. The current density values in this chapter were calculated by the geometrical
surface area of the electrodes.

For analyzing the bubbles' behaviors on the surface, an optical microscope was
employed using a high-speed CCD camera (HAS-U2, DITECT Corp.) equipped with a
micro zoom lens (VSZ-0745, VS Technology) for the in situ observation of the bubble
behavior. The evolved hydrogen bubble behavior on the electrode surface was observed
during the galvanostatic electrolysis at —20 mA cm, 1200 s from the start. The flame rate
of the high-speed camera was set as 400 frames per second (fps). The bubbles' diameter
distribution on the different micro-array structure during the measurement was analyzed
from the result obtained by the in situ observation. Image processing and analyzing
software (ImageJ) were used to measure the diameters of the bubble and analyze the

diameters' distribution.
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Chapter 2

2.3. Results and Discussion

2.3.1. analysis of the correlation between micro-patterned structures and surface

wettability

Ni micro-patterned electrodes were fabricated by the electrodeposition process,
and SEM images of the micro-patterned electrodes were shown in Figure 2.2. Figure 2.2
shows that the micro-patterned electrodes with uniformly deposited Ni microdots are
successfully prepared by the process shown in scheme 2.1. In order to vary the diameter
of each microdot, the exposure duration of UV light in the lithography process was
changed from 10 s to 70 s, as shown in Figure 2.2 (a) and (b). Moreover, to consider the
difference of microdot, particularly focusing on the edge structures, the electrodes with
different microdot structures; the cylindrical (Figure 2.2(b)) and the semispherical (Figure

2.2 (c)) were fabricated by varying the step number of the PR deposition process.

Figure 2.2 Representative SEM images of prepared Ni micro-patterned electrodes;
(a) cylindrical microdot with small diameter, (b) cylindrical microdot with large
diameter, and (c) semispherical microdot with a large diameter. Inserted SEMs is the

enlarged view of the micro-patterned electrodes

In this analysis, the microdot's diameter, as shown in Figure 2.2, was approximately 5-10
pum. The reason for choosing these sizes is to control the microscale surface wettability.
It is difficult to change the surface wettability when larger-sized microdots are used based
on previous studies [21, 27]. Hence, it was suitable for this analysis.

Furthermore, in order to evaluate the structural changes of the prepared Ni micro-
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patterned electrodes, it is necessary to convert these structures to a particular parameter.
In this study, the Ni coverage, the ratio of Ni microarray areas to the Cu substrate was
calculated as the parameter by the following process from SEM images in Figure 2.2.
From the SEM images, it is hypothesized that each microdot's shape from the top view is
the circle-like shape, and the average diameter of the micro-patterned electrode was

measured. Then, the Ni coverage was calculated as the following equation (2.2).

”(da/z)z
L2

Ni coverage (%) = x 100 (2.2)

In equation (2.2), da and L are defined as the average diameter and the actual distance
decided by the photomask for the lithography (L = 10, 15, or 20 um in this study). The
correlation between the Ni coverage and the contact angle value was investigated to
quantitatively analyze the effect of structural changes of the electrodes on the surface
wettability.

The contact angle of the micro-patterned electrode with different Ni coverage
was measured using a water droplet in the ambient condition. The correlation between

the Ni coverage and measured contact angle values is shown in Figure 2.3.
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Figure 2.3 The correlation between the Ni coverage and measured contact angle values

on the Ni micro-patterned electrodes with (a) cylindrical microdot and (b) semispherical

microdot
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Figure 2.3 shows the horizontal and vertical axes exhibit the calculated Ni coverage by
Eq. (2.2) and the measured contact angles, respectively. From the results, in the lower Ni
coverage region lower than 40 %, the contact angle transient with different microdot
structures shows the same tendency. As the Ni coverage increases, the value of the contact
angle also increases, indicating that a decrease of the microdot intervals contributed to
the transition from the hydrophobic state of the textured surface (called as Wenzel surface
wettability model [28]) to the hydrophilic state of the textured surface (called as Cassie-
Baxter surface wettability model [29,30]).

In higher Ni coverage than 40 %, the transient of the contact angles shows
differently on the micro-patterned electrodes with different microdot structures. From
Figure 2.3 (a), the value of the contact angles decreases with increasing Ni coverage. This
behavior indicates that the Ni micro-patterned structures with larger microdot diameters
behave similarly to the flatly electrodeposited Ni electrode surface. The flatly deposited
surface shows relatively higher wettability compared with polished or micro-patterned Ni
surface. This characteristic could explain how the contact angles on cylindrical micro-
patterned electrodes behave in the higher Ni coverage region. In contrast, the trend of
contact angle on the semispherical electrodes was changed. In Figure 2.3 (b), the contact
angle remains stable at approximately 110 °, irrespective of changing the Ni coverage
region by more than 40 %. This trend indicates that the microdot structure also governs
the surface wettability of the micro-patterned electrodes. When the Ni coverage of
semispherical microdots increases, the semisphere head is also enlarged. The larger
semisphere head decreases the interface between the droplet and the microdot. This
decrease could cause a destabilizing effect of a water droplet on the surface [29, 31]. The
schematic images of these behaviors on the different micro-patterned electrodes are

shown in Figure 2.4.
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(a) Cylindrical microdot structures

(b) Semispherical structures

» High

Low < ,
Ni coverage

Cu substrate Ni microdot Water droplet

Figure 2.4 Schematic images of surface wettability's behavior with the change of the Ni

coverage on (a) cylindrical and (b) semispherical microdots.

Therefore, both the micro-patterned structures and the microdot structures affected the
surface wettability. Moreover, the Ni micro-patterned electrodes that can tune the surface
wettability by tailoring microdot structures were successfully prepared using the UV

lithography technique and electrodeposition process.

2.3.2. analysis of the effect of controlled surface wettability on bubble behaviors

Next, to analyze the microstructures' influence and surface wettability on HER

performance, the electrochemical measurements were carried out by employing the
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micro-patterned electrodes. The LSV by sweeping the potential range from OCP to —1.5
V vs. Hg/HgO with a scan speed of 10 mV s was performed in order to analyze the effect
of the surface wettability and the micro-patterned structures on HER activity in Figure

2.5.

0 .
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20 | .
o Ni coverage : 20 %
§ -30 Ni coverage : 26 %
T 0l Ni coverage : 30 %
= Ni coverage : 31 %
-0 = Ni coverage : 100 %(Flat)
-60 Ni coverage : 0 %(Cu)
70 : ‘ : : - :
-1600 -1400 -1200 -1000 -800 -600 -400 -200

E vs. (Hg/HgO) /mV

Figure 2.5 LSV of the micro-patterned electrodes with different Ni coverage

In Figure 2.5, the electrochemically active surface area of the micro-patterned electrodes
was estimated by the same method with the Ni coverage calculation described above. By
this process, the value of the current density in Figure 2.5 was estimated. Figure 2.5 shows
that the current density is increased around —1200 mV vs. Hg/HgO on Ni micro-patterned
electrodes except for 0% Ni coverage (same as Cu electrode). This result indicates that
Cu has no HER activity at approximately —1200 mV vs. Hg/HgO and HER proceeds not
on the Cu substrate region but on the Ni micro-patterned region in the electrodes. It is
also suggested that Ni micro-patterned structure (e. g., cylindrical and semispherical
structures) shows little influence on HER activity due to no significant change of the onset
potential in Figure 2.5. On the other hand, the difference among Ni micro-patterned
electrodes and the Ni flat electrode appears. Around —5 mA cm?, the overpotential
difference tends to be smaller as the Ni coverage increases. For example, by comparing
the Ni coverage of 20% and that of 100%, the value of the overpotential difference was

around 100 mV. The bubbles evolved on the electrode cover the reaction sites. This
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phenomenon may cause the difference between the calculated surface area from Ni
coverage and the actual region where HER proceeds. In contrast, the difference of the
overpotentials tends to be smaller at higher current densities. This result suggests that the
micro-patterned structure can accelerate the bubble detachment from the surface than the
flat surface, which leads to a decrease in the overpotential for evolving the following
bubbles on the surface.

To further analyze the effect of the micro-patterned structures and wettability on

HER efficiency, the galvanostatic electrolysis at —20 mA cm™ for 30 min was carried out.
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Figure 2.6 Chronopotentiograms of the Ni micro-patterned electrodes with (a)

cylindrical and (b) semispherical microdots (—20 mA cm™ for 30 min)
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The current density of —20 mA cm™ was determined by the geometrical surface area.
Figures 3 (a) and (b) show the potential profiles of the galvanostatic electrolysis on the
cylindrical and the semispherical micro-patterned electrodes. From the potential profiles
in Figures 3(a) and (b), the potential on the micro-patterned electrodes increases as the
electrolysis duration proceeds, regardless of the difference of the microdot structures. One
of the possible reasons for this tendency is that evolved hydrogen bubbles stay on the
electrode surface. Previous studies indicated that the electrode covered with hydrogen
bubbles caused the increase of the electrical resistance and ohmic losses because of the
insulating characteristics of hydrogen bubbles [7, 32]. In addition, the current distribution
is changed by the existence of hydrogen bubbles on the electrode surface, which leads to
an increase of the overpotential [6]. For these reasons, HER could proceed with higher
potentials because of the evolved hydrogen bubbles' effect on the surface.

To evaluate the effect of surface wettability on the potential increase, one of the
indicators for HER performance, the value differences in the potentials from 200 s to 1800
s during the electrolysis, were calculated from the potential profiles shown in Figure 2.6.
Figure 2.7 shows the correlation between the measured surface wettability of the

electrodes and the calculated potential differences.
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Figure 2.7 The correlation between the measured contact angles and the potential
difference on the micro-patterned electrodes with (a) cylindrical and (b) semispherical

microdots
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The period was selected from 200 s to 1800 s because HER seemed to proceed stably in
the potential profile shown in Figure 2.6. During this duration, the effect of evolved
bubbles could appear. In Figure 2.7, the vertical and horizontal axes show the measured
contact angles and the calculated potential differences. The potential differences increases
as the contact angle became large regardless of the microdot's structural difference in
Figure 2.7. This tendency indicates that lower wettability caused by microstructures
contributes to the overpotential increase for HER by affecting the bubble behaviors on
the surface. The previous studies also indicated that growing and/or aggregating the
bubbles on the surface are enhanced by the lower surface wettability [33]. From the results
mentioned above, it can be concluded that the lower surface wettability modified by the
micro-patterned structures degrade the HER efficiency by enhancing bubble growth
and/or aggregation on the surface. It is also suggested that controlling the micro-patterned
structures suppress large bubbles on the electrode surface.

To further analyze the detailed effect of the surface wettability modified by
micro-patterned structure on bubble nucleation and growth process contributing to the
HER efficiency, the bubble behaviors on the different micro-patterned electrode surface
during the electrolysis were investigated by in situ bubble behavior measurements on the
electrode. Firstly, the bubble diameter on the electrode surface was analyzed. Figure 2.8
shows the representative results of the in situ optical images on the electrode surface
obtained by a high-speed CCD camera with the following conditions; 400 fps at the
electrolysis duration of 1200 s. In Figure 2.8, the black-colored dotted surface is the
micro-patterned electrode surface, and the white-colored sphere attached to the surface is
an evolved hydrogen bubble by HER. Moreover, the bubbles' diameter stayed on the
electrode surface was determined, and the distribution of the bubble diameter was
investigated by analyzing the in situ optical images shown in Figure 2.8 by employing

the image processing and analysis software (Imagel).
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Figure 2.8 Representative in situ optical images on the electrode surface during the

electrolysis (—20 mA cm™ at 20 min): electrodes with (a) cylindrical microarray, Ni
coverage 31.4 %, contact angle 74.6 °, (b) cylindrical microarray, Ni coverage 55.4 %,
contact angle 71.5 °, (c) cylindrical microarray Ni coverage 39.9 %, contact angle

89.5 °, and (d) semispherical microarray Ni coverage 74.7 %, contact angle 112.5 °
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Figure 2.9 Diameter distribution of hydrogen bubbles on the electrode surface during
the water electrolysis at 1200 s with different micro-patterned electrodes: (a) cylindrical
microarray, Ni coverage 55.4 %, contact angle 74.6 °, (b) cylindrical microarray, Ni
coverage 31.4 %, contact angle 71.5 °, (¢) cylindrical microarray Ni coverage 39.9 %,
contact angle 89.5 °, and (d) semispherical microarray Ni coverage 74.7 %, contact

angle 112.5°

Figure 2.9 shows the diameter distribution of the bubbles on the surface with the different
micro-patterned electrodes of Figure 2.8. When the Ni coverage increased (comparing
Figures 2.9 (a) and (b)), the mode diameter of the bubble exhibits the same value
regardless of changing the Ni coverage. On the other hand, the higher Ni coverage surface
increases the ratio of larger bubbles whose diameter is more than 60 um. This behavior
indicates that the electrode with high Ni coverage would accelerate the bubble growth
and/or aggregation, causing preventing H>O from access the reaction sites for HER [34]
and changing the current distribution to the electrode surface [6]. A similar tendency is
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observed in the case of the diameter distributions with different surface wettability
(Figure 2.9(a) and (c)). The mode diameter of bubbles on the surface does not change
dramatically. However, the bubbles with a diameter larger than 60 pm increase when the
contact angle increased. This result also indicates that the electrode surface with lower
wettability could stabilize bubbles on the surface, which enhances the bubble growth on
the surface. The coincidence of the behaviors in comparing the Ni coverage in the low-
value region (< 40 %) and the surface wettability could be explained by the correlation
between the Ni coverage and the contact angle shown in Figure 2.3(a). In contrast, the
different behaviors were confirmed in the case of changing the microdot structures.
Figures 2.9(a) and (d) show that the mode diameter of bubbles on the surface increased
as the microdot structure was transformed from cylindrical to semispherical. However,
the ratio of the bubbles larger than 70 pum in diameter significantly decreased on the
semispherical micro-patterned electrode. This observation suggests that the small bubbles
are stabilized and tend to grow on the semispherical microarray surface in the early stage
of bubble growth. The larger bubble has more contact points to the electrode, but the area
of each contact point decreases by increasing the curvature of the bubble itself. In addition,
the interface between the hydrogen bubble and the electrolyte also increases, which
increases the repulsion of the negatively charged bubble surface to the electrolyte [35].
Consequently, the stability of the larger bubbles on the semispherical microdots is
destabilized [29, 33]. This behavior could be one of the possible mechanisms to enhance
detaching the larger bubbles from the electrode surface composed of semispherical
microdots.

For further analyses of the bubble adsorption and detachment behaviors on the
micro-patterned surface, the in situ bubble behavior observation from the horizontal
viewpoint on the different microarray was performed. Figure 2.10 shows the
representative images captured on the electrode surface during the observation. The in

situ observation was carried out under the galvanostatic electrolysis at =20 mA cm™.
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Figure 2.10 Representative images of in situ bubble behavior observation on the surface

during the electrolysis (a) cylindrical and (b) semispherical microdots

Figure 2.10 observed that evolved bubbles stayed not on the top flat area of the microdots
but among them. After that, bubbles slowly grew to some extent preferentially on the
margin area of the microdots instead of the upper flat area. This phenomenon was
independent of the microdot structures. From this observation, it is indicated that not only
the structure of the microdot itself but also the sidewall and the height of the microdot
contribute to the bubble behavior during the electrolysis. Moreover, the bubble
attachment behavior to the microdot was analyzed. Comparing Figure 2.10(a) and (b), it
is indicative that the interface between the bubble and the microdot seems to become
smaller from on the cylindrical to on the semispherical microdots. This observation would
be supportive to the analysis of bubble diameter distribution in Figure 2.9(d).

From the analyses mentioned above, it is suggested that modification of the
microdot structures and surface wettability suppresses the larger bubbles' unfavorable
stay on the electrode surface, which can realize that bubbles detach from the surface with
smaller diameters. This effect may improve the HER efficiency lowered by the effect of

bubbles and bubble coverage on the electrode surface.
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2.3.3. analysis of the effect of the microdot shape on bubble behavior

In order to analyze the effect of the height of the microdot, the other parameter
that is suggested to affect the bubble behaviors in 2.3.2, Ni micro-patterned electrodes
with the different microdot heights, were fabricated by controlling the thickness of the
photoresist in the lithography process in Scheme 2.1. The aspect ratio, the ratio of height
to the microdot diameter, was utilized as the parameter to evaluate the microdot height.
The prepared micro-patterned electrodes with different aspect ratios are shown in Figure

2.11.

6.7 um FESSSE D() um

Figure 2.11 SEM images of the Ni micro-patterned electrodes with different aspect
ratios: (a) low (0.3) and high (1.2). Inserted SEM images are the enlarged view of the

microarrays.

From Figure 2.11, the microdots with a different height were successfully prepared, and
uniform microdot formation without dependence on the substrate position was confirmed.
The in situ bubble observation on the different aspects (low and high aspect) microdots
were carried out. Figure 2.12 shows the representative in sifu optical images of bubble

behaviors on the low aspect (0.3) and the high aspect (1.2) micro-patterned electrodes.
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Figure 2.12 Representative in situ optical images of the bubble nucleation and growth
behavior on (a) the low aspect (0.3) and (b) the high aspect (1.2) during the

galvanostatic electrolysis (—20 mA cm™2) at 1200 s

In Figure 2.12(a), a hydrogen bubble appeared on the top flat region of the microdot rather
than between the microdots. After that, a bubble grew on the top flat regions and attached
to the multiple microdots when the bubble's size was large enough to cover the multiple
microdots due to increasing the interface between the bubble and the electrode that
contributed to the smaller surface energy. On the other hand, a different phenomenon was
observed on the high aspect micro-patterned electrode. In Figure 2.12(b), a hydrogen
bubble first evolved on the sidewall region of the microdot rather than the upper flat area
of the microdot like in Figure 2.12(a). After that, the bubble grew between the microdots
to become large enough to move to the other site with more room to grow. Subsequently,
the bubble transferred from the sidewall to the top surface to grow larger, finally detaching
from the flat top surface of the microdot. Previous studies have indicated that the defect-
like micro-structures behave as the bubble nucleation sites [36-38] due to lower

interaction between the bubble and the electrolyte [33]. It is also indicated that bubble
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nucleation and growth processes occur in different microdot locations. This difference
suggests that it was easy to evolve bubbles [39, 40]. The in situ bubble behavior
observation from the vertical direction to the substrate was performed to further analyze
the bubble nucleation behaviors on the high aspect micro-patterned electrode, as shown

in Figure 2. 13.
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Figure 2.13 Representative in situ optical images on high aspect micro-patterned
electrodes from the vertical viewpoint during the galvanostatic electrolysis

(at =10 mA cm, for 30 min)

In Figure 2.13, a hydrogen bubble evolved among the microdots rather than on the flat
top surface of the microdot, as described in Figure 2.12(b). This observation indicates that
the sidewall similarly behaves as the void-like structures in the bubble formation [37, 38].

It is suggested that bubbles tend to grow on the microdot's sidewall [37] due to the larger
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sidewall surface of the high aspect microdot, which causes the enhancement of bubble
growth and easy detachment from these structures to minimize its surface area [41]. This
behavior can be necessary to suppress the overpotential increase for HER.

From these results obtained by the analyses using the micro-patterned electrodes,

the bubble behaviors on the micro-patterned structures are suggested in Figure 2.14.

On cylindrical structures
(a) Electrolyte (b)

Hydrogen

bubbl
HbRIe Microdot

On semispherical structures
(c) Electrolyte (d)

Hydrogen

bubble
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Figure 2.14 Schematic mechanisms of suggested bubble behaviors on cylindrical and
semispherical microarray surfaces: (a) bubble nucleation and (b) bubble growth on
cylindrical microdots, (c) bubble nucleation, and (d) bubble growth on semispherical

microdots

In Figure 2.14(a) and (b), on cylindrical microdots, a bubble evolves on the sidewall and
grows to some extent among the microdots by the interaction between the bubble and
microdot [34]. Whereafter, the bubble moves and grows on the top area of the microdot

until detachment from the surface. The large top flat surface stabilizes bubble adsorption

52



Chapter 2

on the cylindrical microdots. However, this effect can weaken on the larger microdot
surface, such as larger diameter than bubbles size, because bubble nucleation and growth
can proceed on a single microdot surface. When the effect of the surface area is considered,
approximately 5 to 10 um may be suitable to maintain the number of reaction sites for
HER and avoid the bubbles' negative effect.

Similarly, a hydrogen bubble first evolves between the spherical structures of the
microdot that behave the nucleation sites of bubbles and grows onto the top flat region of
the microdots (as shown in Figure 2.14(c) and (d)). When the bubble grows large, the
bubble-microdot interface decreases, and the bubble-electrolyte interface increases.
Consequently, the bubble can be destabilized on the surface and is easy to detach with a
smaller size, as observed in Figure 2.9(d). From these suggested mechanisms, it can be
concluded that the surface area of the sidewall to accelerate the bubble nucleation and the
early stage of the bubble growth. In addition, the relatively sharp structures such as
semispherical and dendritic structures smaller than tens of micrometer are vital factors to
enhance the supply of H>O, the reactant of HER, with higher efficiency by enhancing

bubble detachme caused by the small bubble-electrode interface.
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2.4. Conclusion

In chapter 2, the bubble behaviors on the microtextured surface during HER was
investigated using the Ni micro-patterned electrodes with different parameters to analyze
the effect of surface microstructures and wettability controlled by them on bubble
nucleation and growth behavior. Prior to the analyses, Ni micro-patterned electrodes that
can control the surface wettability by modifying the parameters were successfully
fabricated by lithography and electrodeposition. The electrochemical measurements
confirmed that the electrode with lower wettability increased the overpotential value to
proceed with the following reaction, indicating that bubble growth and/or aggregation
affected the lower HER efficiency. /n situ observation of the bubble behavior and analysis
of diameter distribution on the surface revealed that larger bubbles were generated on the
low wettability surface, and the microdot structure influenced the bubble detachment.
Moreover, in situ bubble behavior observation on the different height's microdot indicated
that the sidewall behaves as the bubble evolution sites, and bubble nucleation and growth
processes proceed on the different sites in the case of the high aspect microarray.

From the collective results, controlling the bubble-electrode interface by
microstructure modification suppresses the bubble growth and improves bubble

detachment, which enhances the following HER and access of H>O to the reaction sites.
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3.1. Introduction

As described in Chapter 2, one of the important factors influencing the bubble
behaviors on the electrode surface is the micro-scale structures and surface wettability
modified by these structures. The effect of the microstructures on bubble behaviors was
analyzed using the micro-patterned electrodes. Although the micro-patterned structure
affected the bubble behaviors directly in chapter 2, one microdot is also composed of lots
of relatively smaller-scale characteristics that influence HER and the following bubble
nucleation growth behaviors, such as nano-scale structures [1, 2], roughness derived from
nanostructures [3, 4], and crystal orientation [5]. In order to control the bubble behaviors
on the surface for improving HER efficiency, not only the micro-scale structures such as
the microdots but also these nano-scale parameters are necessary to be controlled.

Among these factors, the crystalline facet is one of the most important factors to
control HER and the following bubble behaviors. Many studies have focused on the effect
of crystalline facet on the catalytic performance of HER. Especially, previous studies
focused on not only the activity of HER [6, 7] but also the adsorption of hydrogen atoms
on the surface [7, 8]. N. M. Markovica et al. have indicated that the HER activity on the
Pt surface with different crystalline facets was varied by changing the adsorption
behaviors of OH™ on each crystalline surface [6]. K. A. Jaaf-Golze et al. also have reported
that the adsorption behaviors of ions were changed on the single crystalline surface (called
such as microfacet) [8]. Although these features reported in previous studies affect the
bubble behaviors on the surface, few studies focus on the direct effect of the existence of
the well-defined surface like the microfacet in the electrode on the bubble behavior during
water electrolysis. The details have not been fully elucidated.

This chapter aims to investigate the direct effect of the single crystalline facet on
evolved bubbles. The bubble behaviors on Pt (111) microfacet electrode fabricated by the
Clavilier method [9] were analyzed by in situ bubble behavior observation. Moreover, the
effect of the microfacet on the bubble behaviors and the HER efficiency was investigated
by the combination of the electrochemical measurements and in situ observation of

bubble behaviors on the electrode surface. From the results obtained from the in situ
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analyses, the bubble nucleation and growth behaviors on the electrode surface with (111)

microfacet is discussed.
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3.2. Experimental

3.2.1. Fabrication of Pt (111) microfacet electrodes

The Pt (111) microfacet electrode was fabricated by hydrogen-oxygen flame
annealing, called the Clavilier method [9]. Before annealing by hydrogen-oxygen flame,
Pt wire (5 cm 0.4 mmeo 99.98%, Nilaco) was immersed into the solution containing 25
mL of 61 % Nitric acid (EL grade, Kanto Chemical Co.), 25 mL 96 % Sulfuric acid (EL
grade, Kanto Chemical Co.), and 50 mL ultra-pure water for 5 min to remove the
impurities from the surface of Pt wire. After that, the Pt wire was rinsed with ultra-pure
water and dried with N> gas.

The cleaned Pt wire was annealed by the hydrogen-oxygen flame from the torch
with the hydrogen-oxygen gas generator (Sunwelder, San Well Co. Ltd.). First, one end
of Pt wire was melted by approaching the flame to fabricate a bead structure in diameter
of approximately 2.0 mm. After that, a Pt bead was exposed to the flame for 5 min to

maintain the interface between the melt area and solid area illustrated in Figure 3.1.

Pt wire

Pt bead
W

<« Hydrogen-oxygen flame

D*— Torch tip

Figure 3.1 Schematic image of the Clavilier method

(hydrogen-oxygen flame annealing process)

After 5 min annealing, the Pt bead was kept away from the flame slowly to move the
solid-melt liquid interface on the bead slowly. The Pt bead removed from the flame was
cooled in the ambient condition for 30 s and immersed into ultra-pure water to avoid the
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effect of the impurities.

In this analysis, (111) microfacet was employed as the model surface in order to
analyze the effect of the microfacet on bubble behaviors. The (111) microfacet is one of
the most stable crystalline facets [7]. Moreover, many researchers have focused on the
electrochemical behaviors on (111) microfacet [8, 10]. Hence, this (111) microfacet may
be suitable for the model microfacet surface to observe the bubble behaviors for longer
durations, such as for 30 min.

Surface morphologies of the fabricated Pt (111) microfacet electrode were

observed by an optical microscope (CK-30, Olympus, or IX-70, Olympus).

3.2.2. Analysis of bubble behaviors on Pt (111) microfacet electrode

All the electrochemical measurements were carried out by an electrochemical
analyzer (HZ-Pro, Hokuto Denko Co.) or a potentiostat (RDE 3, Pine Instruments Co.)
with a Data acquisition card (USB-6009, National Instruments). For the electrochemical
measurements, the three-electrode system consisting of the prepared Pt (111) microfacet
electrode as the working electrode, a carbon rod (3.0 mme, >99.99%, Nilaco) as the
counter electrode, and the Ag/AgCl electrode or the homemade Pt wire reverse hydrogen
electrode (RHE) as the reference electrode. A schematic image of the electrochemical
measurement setup is shown in Figure 3.2. Figure 3.3 shows the homemade Pt RHE

employed in the experiments.
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Figure 3.2 The electrochemical measurement cell: (a) schematic image and (b) picture

of the measurement cell

(a) (b)
Sealed
H, gas by glass
—— Pt wire
Electrolyte
g

Figure 3.3 The homemade Pt RHE: (a) schematic image and (b) picture of prepared Pt
RHE

When the homemade Pt RHE is used, the electrolysis is necessary to maintain hydrogen
gas inside the electrode, as Figure 3.2(a) before the electrochemical measurements. This
pre-electrolysis for the reference electrode was carried out with a simple two-electrodes

system composed of Pt RHE and Carbon rod as the working and counter electrodes. The
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voltage was applied at 5.0 V for 180 s by the electrochemical analyzer. The electrolyte
was 0.1 mol dm™ H>SOy4 solution prepared by diluting 96 wt% H>SO4 solutions (EL grade,
Kanto Chemical Co.) with ultra-pure water. Prior to the measurements, the 0.1 mol dm™
H>SOy4 solution was purged by N> gas for 20 min to remove the dissolved oxygen in the

electrolyte. The electrochemical measurement conditions are shown in Table 3.1.

Table 3.1 Electrochemical measurement conditions

W. E. Prepared Pt microelectrode
C.E. Carbon rod
R E Pt reversible hydrogen electrode
(RHE)
Electrolyte 0.1 M H,SO4
Deaeretion N, gas
Temperature R

Cyclic voltammetry (CV) of Pt (111) microfacet electrode in 0.1 mol dm™ H>SO4 solution
was performed by sweeping the potential from —200 mV vs. RHE to 600 mV vs. RHE
with a scan rate of 300 mV s™! to observe the bubble nucleation and growth behaviors on
(111) microfacet. The galvanostatic electrolysis was also performed at =20 or —40 mA
cm™ to analyze the bubble behaviors on the electrode surface.

In order to analyze the bubble behaviors on the electrode surface with (111)
microfacet, in situ observation of bubble behaviors was performed using a high-speed
CCD camera (HAS-U2, DITECT Corp.) installed with a macro zoom lens (VSZ-0745,
VS Technology) or a microscope (CK-40, Olympus) with a CCD camera (MU-1000,
AmScope). The frame rate of the CCD camera was set as 60 fps.
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3.3. Results & Discussion

3.3.1. Analysis of bubble behavior on (111) microfacet

The Pt (111) microfacet was fabricated by hydrogen-oxygen flame annealing.
The surface of the prepared Pt (111) microfacet was observed by the optical microscope,

as shown in Figure 3.4.

(111) microfacet

Figure 3.4 Optical images of prepared Pt (111) microfacet electrode:

(a) the whole view of Pt electrode and (b) enlarged view of Pt sphere

From Figure 3.4, a circle-like flat region (pointed by the red arrow in Figure 3.4(b))
randomly appeared on the surface of the Pt bead. Previous studies have indicated that the
circle-like (111) microfacet is formed by annealing the Pt bead due to the stable crystalline
facet approximately the melting point of Pt [9, 11]. Based on this, it was confirmed that
Pt microelectrode with (111) microfacet is successfully prepared. On the (111) microfacet,
the size of the (111) microfacet was approximately 50 to several hundred pm diameter. In
the following parts, these Pt (111) microfacet electrodes were employed.

First, to investigate the bubble nucleation and growth behaviors on (111)
microfacet and the other area of the Pt electrode, cyclic voltammetry measurements of Pt
(111) microfacet electrode in 0.1 mol dm™ H2SO4 was carried out by sweeping from —200

mV to 600 mV (vs. RHE). The measured cyclic voltammogram is shown in Figure 3.5.
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Current / mA
S

_1 0 1 L 1 L L
-400 -200 0 200 400 600 800

Potential / mV vs. RHE

Figure 3.5 Cyclic voltammogram of Pt (111) microfacet electrode in 0.1 mol dm™

H,SO04 solution (Potential range: —200 mV to 600 mV vs. RHE, Scan rate: 300 mV s })

The CV in Figure 3.5 shows the current rapidly increases below approximately — 50 mV
vs. RHE in the negative scan. The oxidation peak appears in —200 to —100 mV in the
positive scan. This peak is suggested to be derived from the oxidation of hydrogen
adsorbed on the electrode surface [12]. These results demonstrate that the prepared Pt
(111) microfacet electrode functioned as the catalytic electrode of HER.

During this CV measurement, in situ bubble behavior observation was carried
out to analyze bubble nucleation and growth behavior on (111) microfacet surface. The

representative images of in sifu bubble observation are shown in Figure 3.6.

(a)

"

S
>
;, ’.‘ : ._‘. o
microfacet™-

@

Figure 3.6 Representative images of in situ bubble observation on Pt (111) microfacet
electrodes: (a) around 0 mV, (b) around —200 mV in the negative scan, and (c) around 0

mV in the positive scan (vs. RHE)

66



Chapter 3

From this in situ observation result, Hydrogen bubbles were generated on the (111)
microfacet in the negative scan, and the diameter of bubbles decreased as the potential
was swept positively. Bubble evolution seemed to occur at the relatively rough sites on
the Pt surface except for (111) microfacet. On the other hand, no hydrogen bubbles were
observed on the (111) microfacet region in the potential range from —200 mV to 600 mV
vs. RHE. The previous study indicated that (111) facet of Pt exhibits relatively lower HER
activity than that of other facets and surfaces [5, 6]. Furthermore, the roughness of
microfacet was small than other structures such as amorphous surfaces by the previous
studies [9, 13]. From these characteristics of (111) microfacet obtained from the previous
studies and the experimental results, it is suggested that the lower concentration of
dissolved H» caused by lower HER activity and the smaller nano-scale roughness of (111)
microfacet [3] influence the bubble nucleation process on the microfacet.

In order to further analyze the effect of the applied potential on the bubble
nucleation and growth behaviors on (111) microfacet, CV with the more negative
potential range was carried out by seeping the range from —400 mV to 600 mV vs. RHE.

The obtained cyclic voltammogram is shown in Figure 3.7.

Current / mA

_20 1 1 L L L L
-600 -400 -200 0 200 400 600 800

Potential / mV vs. RHE

Figure 3.7 Cyclic voltammogram of Pt (111) microfacet electrode in 0.1 mol dm™

H,SO04 solution (Potential range: —400 mV to 600 mV vs. RHE, Scan rate: 300 mV s!)

During the CV measurement, in situ observation of bubble behaviors on the electrode
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surface was also performed to analyze the effect of the microfacet on bubble behaviors.

The representative images of in situ observation are shown in Figure 3.8.

(a) (b)

Figure 3.8 The representative images of in sifu bubble observation on Pt (111)
microfacet electrodes: (a) around 0 mV, (b) around —200 mV, and (c) around —400 mV

in the positive scan (vs. RHE)

From Figure 3.7, the current increase derived from HER is observed
approximately at =50 mV vs. RHE, as same as Figure 3.5. From the corresponding in situ
observation result in Figure 3.8, it is observed that no bubble is generated on the (111)
microfacet as the potential is swept to —200 mV vs. RHE in the negative scan. However,
bubble generation is observed on (111) microfacet when the potential more negative than
—200 mV vs. RHE is applied, as shown in Figure 3.8 (¢). This observation result indicates
that bubble formation on (111) microfacet proceed due to increasing the concentration of
dissolved H: in the solution upon the microfacet by applying overpotential. Compared
with the results in the different potential ranges, it is suggested that not only the well-
defined structure but also lower HER activity derived from the crystalline facet affect the

bubble behaviors, especially bubble nucleation behaviors during the electrolysis.
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3.3.2. Analysis of the effect of (111) microfacet on bubble behaviors and the efficiency
of HER

In order to further analyze the effect of the existence of (111) microfacet on
bubble behaviors during HER, the galvanostatic electrolysis at—20 mA cm™ was carried
out using the (111) microfacet electrodes. In this analysis, two Pt (111) microfacet
electrodes were prepared: one is the Pt microelectrode with more than 4 microfacets on
the surface (named as Pt microelectrode with more microfacet), the other is the Pt
microelectrode with fewer than 3 microfacets on the surface (named as the Pt
microelectrode with less microfacet). These electrodes were selected to modify the
similar conditions of the microdot in chapter 2 that has the edge-like structures on the
random positions. Figure 3.9 shows the potential profile of Pt microelectrodes with more

and less microfacet.

o

—more
less

Potential / mV vs. RHE
bbb S L
O 01 O OO O O O O O
O O O O O O 0O O O O

0 500 1000 1500 2000
Duration/s

Figure 3.9 Potential profiles of Pt (111) microfacet electrodes with different number of

microfacet at —20 mA cm™

The in situ observation of bubble behaviors on the electrode surface was also carried out.
Figure 3.10 and 3.11 are the optical images of in situ observation results of a duration of

1200 s on the surface of Pt microelectrode with more microfacet and less microfacet.
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(a) (©) L (©)

Figure 3.10 Optical images of in sifu bubble behavior observation on Pt microfacet with

more microfacet at 1200 s: (a) 0's, (b) 0.50 s, (¢) 1.0's, (d) 1.5 s, (¢)2.0 s, and (f) 2.5 s

Figure 3.11 Optical images of in situ bubble behavior observation on Pt microfacet with

less microfacet at 1200 s: (a) 0's, (b) 0.50 s, (¢) 1.0s,(d) 1.5 s, ()2.0 s, and (f) 2.5 s
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In Figure 3.9, the potential on the Pt microelectrode with more microfacet proceeds stably.
On the other hand, the potential on the less microfacet electrode exhibits some
fluctuations during the electrolysis. The potential on the less microfacet electrode shows
a lower value than that of on the more microfacet electrode at the early stage of the
measurement. This trend indicates that (111) microfacet does not function as the reaction
sites for HER, which leads to the smaller electrochemically active surface area. As the
electrolysis proceeds, the evolved bubbles cover the surface of the less microfacet
electrode, and the potential increases. To consider the bubble behaviors’ effect, the bubble
behaviors on the surface were analyzed from the results in Figures 3.10 and 3.11. In
Figure 3.10, bubbles are mainly generated on the non-microfacet regions, whereas no
bubbles are generated on the (111) microfacet as same in Figure 3.6. This phenomenon
exhibits the trend that bubbles preferentially evolves around the (111) microfacet,
especially at the microfacet edge. The previous study indicated that the end of the (111)
microfacet had step-ledge structures [13], and the edge of the (111) microfacet had some
different structures from the (111) plane. These features suggested that these structures,
different from the (111) plane, positively influence bubble formation.

On the other hand, the different behavior is confirmed on the less microfacet
electrode. In Figure 3.12, bubbles are generated on the random sites on the Pt surface, and
larger bubbles appear on the surface. The potential profile in Figure 3.9 also shows that
the fluctuations derived from the bubble detachment occur. These results indicate that the
(111) microfacet introduces the sites that preferentially occur bubble nucleation process,
and the introduction of the sites for bubble nucleation can control the bubble nucleation
[14,15]. It 1s suggested that the control of the bubble nucleation process could improve
the HER efficiency by inhibiting the occupation of the reaction sites for HER by bubbles.

To analyze the effect of the potential on the bubble behaviors on the microfacet,
the galvanostatic electrolysis at -40 mA cm™ was carried out, as shown in Figure 3.12. In
situ bubble observations were also carried out during the electrolysis, as shown in Figures

3.13 and 3.14.
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Figure 3.12 Potential profiles of Pt (111) microfacet electrodes with different number of

microfacet at =40 mA cm™

Figure 3.13 Optical images of in situ bubble behavior observation on Pt microfacet with

more microfacet at 1200 s: (a) 0 s, (b) 0.50 s, (c) 1.0s,(d) 1.5s, (€)2.0 s, and (f) 2.5 s
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Figure 3.14 Optical images of in sifu bubble behavior observation on Pt microfacet with

less microfacet at 1200 s: (a) 0's, (b) 0.50 s, (c) 1.0's, (d) 1.5 s, (€)2.0 s, and (f) 2.5 s

From Figure 3.12, a similar tendency is observed at a higher current density. The potential
profile confirms that the reaction proceeds stably on the more microfacet electrode. On
the other hand, some large fluctuations appear in the profile of the less microfacet
electrode. By comparing bubble behaviors on the electrode surface from Figures 3.13 and
3.14, large bubbles are generated on the less microfacet electrode. Moreover, the potential
difference decreases at the early stage of the electrolysis. This observation indicates that
the (111) microfacet acts as the reaction site by applying more overpotential, as shown in
Figure 3.7. Figure 3.13 also demonstrated that bubbles preferentially evolve on the
microfacet edge, but some bubbles are generated on the (111) microfacet, as Figure 3.8
due to the higher overpotential.

To further compare the effect of introducing the (111) microfacet on bubble
behaviors, the bubble behaviors on Pt microelectrode with no microfacet were observed

by the in situ observation shown in Figure 3.15 and 3.16.
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Figure 3.15 Potential profile of Pt microelectrode with no microfacet during the

galvanostatic electrolysis at -20 mA cm™

Figure 3.16 Optical images of in situ bubble behavior observation on Pt microfacet with

no microfacet at 1200 s: (a) 0's, (b) 0.50 s, (c) 1.0s,(d) 1.5s,(€)2.0 s, and (f) 2.5 s
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From Figure 3.15, the gradual increase of the potential during the electrolysis is observed,
and the fluctuations by the rapid change of surface area by bubble detachment appear.
Bubble evolution occurs randomly, and bubbles tend to aggregate, especially the larger
bubbles tend to aggregate with the smaller bubbles around themselves in the in situ
observation. These results indicate that the large bubbles generated by the aggregation
cause a temporal decrease in the surface area. However, the detachment of bubbles caused
the Marangoni effect that enhances the conventions of the electrolyte near the surface
[16], which leads to a decrease in the overpotential. Compared with the bubble behaviors
on the microfacets, it is suggested that bubbles differently behaved on the surface without
the sites that are suitable for bubble nucleation [14].

To further analyze the bubble growth on the Pt microfacet electrode, bubble size
on the electrode surface was compared between 0 min and 20 min from the start of the
galvanostatic electrolysis at —20 mA cm™. Figure 3. 17 shows the observation results of
bubble behavior on the surface with various microfacets. In Figures 3. 17(a) and (b),
bubbles are preferentially generated and grow on the microfacet edge, and the bubble size
before the detachment is changed slightly small from 0 min to 20 min of the electrolysis.
In contrast, on less microfacet electrode (Figures 3. 17(c) and (d)) and no microfacet
electrode (Figures 3. 17(e) and (f)), the bubble diameter before detaching from the surface
decrease as the duration proceeds (0 min — 20 min). One possible reason to decrease the
diameter of the bubble is thought to be the Marangoni effect that introduces the
convection of the electrolyte by bubble detachment. This effect leads to enhancing the
following bubble detachment from the surface [16]. The bubble nucleation and growth
on the surface of no and less microfacet electrodes is strongly influenced by the other
bubbles surrounding a single bubble. In contrast, Bubble nucleation and growth are rarely
affected by the other bubble around the microfacet on the microfacet surface, which
results that bubbles stably grow as the previous study [14] and the small decrease of the

surface region where HER proceeds.
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Figure 3. 17 Optical images of in situ bubble behavior observation on Pt microfacet
before the detachment of bubbles: (a) 0 min and (b) 20 min on more microfacet
electrode, (c) Omin and (d) 20 min on less microfacet electrode, (¢) Omin and (f) 20 min

on no microfacet electrode
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From these results obtained by the analyses using the Pt (111) microfacet
electrodes, the effect of introducing the well-defined facet such as the (111) microfacet
on the bubble behaviors is suggested as follows. On the surface of the electrode with the
sites suitable for bubble nucleation, bubbles tend to evolve on the fixed sites. This bubble
evolution can suppress the occupation of other areas by the bubbles and proceed the
following HER. Therefore, the introduction of the microfacet as the site for bubble
nucleation will improve the HER efficiency by controlling bubble nucleation differently

from the electrode without the microfacet.
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3.4. Conclusion

Chapter 3 aimed to analyze the bubble behaviors on the surface equipped with
the well-defined region. Moreover, the effect of the microfacet introduction on bubble
behaviors and HER efficiency was investigated. For these analyses, the Pt (111)
microfacet electrodes with a different number of (111) microfacet were prepared. Prior to
the analyses, the Pt (111) microfacet electrodes were fabricated by the Clavilier method
(hydrogen-oxygen annealing process). The electrochemical measurements revealed that
no bubble formation occurred on the (111) microfacet with relatively small overpotential.
This bubble behavior indicated that the lower HER activity and the smaller roughness of
the (111) microfacet would suppress the bubble formation on the (111) microfacet surface.
In situ bubble behavior observation also indicated that bubble nucleation preferentially
proceeded at the microfacet edge rather than the flat surface of the microfacet. Moreover,
the HER efficiency evaluated by the galvanostatic electrolysis indicated that the (111)
microfacet improved the efficiency by affecting the bubble nucleation behaviors at
relatively low current density conditions.

Based on these results, it is suggested that the introduction of the sites favorable
for bubble nucleation changes the bubble behaviors on the surface, especially influences
covering the surface by bubbles. It can be concluded that the existence of these specific

structures will improve HER efficiency.
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4.1. Introduction

Anion exchange membrane (AEM) water electrolysis process has been paid
attention to [1, 2]. AEM water electrolysis process has the advantages; It shows higher
efficiency due to the reduction of the resistance between the electrodes compared with
the alkaline solution water electrolysis, and the non-noble metal-based materials apply to
the catalytic electrodes due to the lower corrosion resistivity compared with the proton
exchange membrane (PEM) electrolysis process [3, 4]. Furthermore, the reaction
proceeded at the cathode is the same reaction as that of the alkaline solution water
electrolysis process. The materials of the alkane water electrolysis can be adaptable to the
electrodes. Therefore, this AEM water electrolysis process is a promising candidate for
the next-generation water electrolysis process.

Focusing on the cathode electrode directly producing hydrogen, the highly
efficient catalytic electrodes with lower-cost must be developed for the applications. The
conventional catalytic electrodes are categorized into two substrates: the catalyst coated
substrate (CCS) and the catalyst coated membrane (CCM). The previous studies indicated
that the CCM type catalytic electrode exhibited better performance than that of the CCS
type because of the improving the contact resistance between the polymer electrolyte and
the catalytic electrodes, and the mass transport of ions [5, 6]. The spray process has been
widely employed as the conventional fabrication process due to easy control of the
loading amount on AEM [7, 8]. However, the applications of the catalytic electrode have
been limited because of the lower durability of the electrode by weak adhesion and the
difficulty of controlling the surface microstructures [4, 6, 9]. Moreover, it also indicates
that the surface structures are essential to enhance the affinity to H>O for higher HER
performance. The microstructures on AEM should play a key role. To address these
problems, a new fabrication process is necessary to be developed. As described in
Chapters 2 and 3, controlling the surface nano/microstructure could improve HER
performance. Therefore, a new fabrication process must be necessary to be investigated.

Electroless deposition process is a powerful technique to fabricate functional thin

films by the concept of electrochemistry. This process can fabricate the functional thin
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film on the non-conducting substrate. It seems to be suitable for a new fabrication process.
Torikai et al. reported that the Pt-based catalytic electrodes were fabricated directly on
PEM for water electrolysis process [10, 11]. Nevertheless, there is no previous study that
reports the direct fabrication process on AEM using electroless deposition.

In this chapter, in order to achieve the direct fabrication of the electrodes on AEM,
the new fabrication process using electroless deposition was investigated, mainly focused
on the catalyzation process in the pretreatment process of the electroless deposition
process. In addition, the mechanism of the new fabrication process, especially the
catalyzation process, and the performance of the fabricated electrodes were also

investigated to establish this new process for electrode fabrication.
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4.2. Experimental

4.2.1. Electroless deposition processes of the catalytic electrodes on AEM

In this chapter, the substrate for electroless deposition was used the anion
exchange membrane (A-201, Tokuyama Corp.) The structure of AEM used in this chapter

is shown in Figure 4.1

\IL/ N/ \|/
+ OH- +NOH' = +NOH
| OH n O/ N
o AN TN
/N+\ Fa

Figure 4.1 Schematic structure of A-201 AEM [1] (Reprinted from Renewable and
Sustainable Energy Reviews, 81, 1. Vincent, D. Bessarabov, Low cost hydrogen
production by anion exchange membrane electrolysis: A review, 1695, Copyright (2018),

with permission from Elsevier)

The structure of A-201 consists of the hydrocarbon-based main chains and quaternary
ammonium groups as the functional group [1, 12].

Prior to applying the electroless deposition process, the pretreatment process was
carried out by the following procedure. AEM, a substrate of electroless deposition process,
was rinsed in a sulfuric acid solution (UGR grade, Kanto Chemical Co.) for 30 s, followed
by rinsing ultra-pure water for 15 s before the catalyzation process and the electroless
deposition process. In this study, two different catalyzation process were applied to
analyze the effect of the catalyzation process on the fabrication of the catalytic electrodes.
One was the conventional process using the Sn solution and the Pd solution, called the
sensitizing-activation process [ 13] (Sn+Pd process hereafter in this study). In this Sn+Pd
process, AEM was immersed into the Sn solution (SnCl:2H,O (UGR Grade, Kanto
Chemical Co.) + HCI solution (EL Grade, Kanto Chemical Co.) for 30 s, followed by
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rinsing ultra-pure water for 15 s (called the sensitization process hereafter in this study).
After this process, AEM was immersed into the Pd solution (containing PdCl> (UGR
Grade, Kanto Chemical) and HCI solution (EL Grade, Kanto Chemical Co.)) for 30 s,
followed by rinsing ultra-pure water for 15 s (called the catalyzation process hereafter in
this study). These processes were repeated three times in the Pd-Sn process. The

Conditions of the Sn and Pd solutions are shown in Table 3.1 and 3.2

Table 4.1 The composition of Sn solution

Chemicals Concentration /mmol dm™
SnCl,2H,0 44
HCI 120

Table 4.2 The composition of Pd solution

Chemicals Concentration /mmol dm™
PdCl, 10
HCI 30

After repeating this process three times, AEM was immersed in the solution containing
50 mmol dm™ dimethylamine borane (DMAB, Regent Grade, Tokyo Chemical Industry
co.). The other process was the Pd process. In this process, AEM after cleaned was
immersed in the Pd solution shown in Table 4.2 for 30 s, then rinsed by ultra-pure water
for 15 s. After this process, AEM was immersed into a 50 mmol dm™ DMAB solution, as
same as the Sn+Pd process.

NiP electroless deposition process was selected as the model process in the
electroless deposition because NiP exhibits HER activity in alkaline conditions from the
previous study [14] and the NiP electroless deposition process is one of the conventional
processes. The electroless NiP deposition conditions [15] are shown in Table 4.3. For the
electroless deposition process, AEM after pretreatment was immersed in the solution for

180 s. After immersion into the electroless bath, AEM was rinsed by ultra-pure water for

30 s.
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Table 4.3 Electroless NiP deposition conditions

Chemicals Concentration / mol dm™
NiSQ,4-6H,0 0.1
CH;COONH;, 04

NaH,PO2-H,0O 0.1, 0.2, 05, 1.0
Conditions
pH 50~55
Temp. 50 C

The surface morphologies and the compositions of the NiP catalytic electrode on
AEM were observed by a scanning electron microscopy (SU-8240, Hitachi) with energy-

dispersive X-ray spectroscopy.

4.2.2. Theoretical analysis of the catalyzation mechanism using Pd solution in the

electroless deposition process

All the theoretical analyses were carried out by density functional theory (DFT)
using Gaussian 09 [16]. The exchange-correlation functional was B3LYP. The basis set
for H and C was6-31G** [17, 18], the basis set for N and CI was 6-31+G* [17, 18], and
the basis set for Sn and Pd was aug-cc-pvdz-pp ECP [19-23]. The solvation effect was
realized by a polarized continuum model (PCM) [24]. The model of AEM fragment was
considered from Figure 4.1, and the optimization and calculation of the Mulliken charge
population were carried out. Using the Mulliken population change, the interaction
among the surface and the Sn and Pd species was analyzed by calculating the interaction

energy.
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4.2.3. Evaluation of the catalytic electrodes on AEM fabricated by electroless

deposition process

In order to evaluate the performance of the catalytic electrode fabricated by
electroless deposition process, the electrochemical measurements were carried out. The
two-electrodes system with the prepared NiP coated AEM and Pt mesh as the working
and the counter electrode respectively was used for the measurement. The schematic
image of the electrochemical measurement cell is shown in Figure 4.2. The electrolyte
for the measurement was 1.0 mol dm™ K>COj3 solution as the anode side and ultra-pure
water as the cathode side. Prior to conducting the electrochemical measurements, the
K2COs solution and ultra-pure water were deaerated by N> gas for 20 min to remove the

dissolved oxygen in the electrolyte.

Conducting Cu film

GDL+ Anode catalyst Cathode catalyst
(Pt mesh) (Electroless NiP)

Figure 4.2 Schematic image of the electrochemical cell

All the electrochemical measurements were performed by an electrochemical analyzer
(HZ-7000, Hokuto Denko Corp.). LSV of the prepared NiP electrode on AEM was
measured by sweeping the voltage from rest to —2.5 V with 10 mV s!. The galvanostatic
electrolysis was also carried out with the current density at —3.5 mA cm™ to evaluate the
durability of the prepared NiP electrodes on AEM. The electrochemical measurement

conditions are shown in Table 4.4.
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Table 4.4 Electrochemical measurement conditions for Evaluating NiP electrode

W. E.

C. E.

Electrolyte

Temperature

Applied Current
(Galvanostatic electrolysis)

Voltage Range (LSV)
Scan Rate (LSV)

Prepared NiP
Pt

1 M K,CO; (Anode)
H,O (Cathode)

R.T. (24 °C)
-1.0 mA (-3.5mAcm32)

REST ~-2.5V
10 mVs'!
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4.3 Results & Discussion

4.3.1. fabrication of the catalytic electrodes on AEM using electroless deposition

process

In order to analyze the effect of the catalyzation process on the electroless
deposition process, two different catalyzing processes, the Sn+Pd process and the Pd
process, were applied to NiP electroless deposition using AEM as the substrate. Figure

4.3 shows the results of applying two different catalyzation processes.

(a)

I

10 mm

Figure 4.3 Optical images of AEM after the catalyzing and NiP electroless deposition
process: (a) Sn+Pd process, (b) Pd process, and (c¢) Pd process + electroless NiP

deposition

From Figure 4.3, the color of the AEM changed to brown-like, as shown in Figure 4.3(a).
Any change was not observed after the NiP electroless deposition process. on the other
hand, when the Pd process was applied as the catalyzation process, the color of AEM was
not dramatically changed, as shown in Figure 4.3(b). It is observed that electroless NiP
deposition proceeds and NiP layer is successfully prepared on AEM surface after Pd
process in Figure 4.3(c). SEM observation of fabricated electrodes was carried out, and

the obtained SEM image is shown in Figure 4.4.
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20pum

Figure 4.4 SEM images of NiP layer on AEM: (a) top view and (b) cross-sectional view
of NiP layer

From Figure 4.4, the electrode with particle-like surface morphologies is
fabricated directly on AEM. The SEM-EDS analysis also shows that both Ni and P are
detected. This result indicates that NiP layer is successfully prepared by the electroless
deposition with the Pd catalyzation process.

To further analyze the effect of the Sn process and Pd process in the catalyzation
process, the immersion duration of Sn solution and Pd Solution was varied, and NiP
electroless deposition was carried out. The results with different Sn and Pd immersion

durations are shown in Figure 4.5.

Sn 30 s +Pd 10s

Sn 10 s +Pd 30s

/,

5.0 mm

Figure 4.5 Optical images of NiP electroless deposition and Sn+Pd process with
different duration: after (a) catalyzation and (b) electroless deposition in Sn 30 s + Pd
10s and after (c) catalyzation and (d) electroless deposition process in Sn 30 s + Pd 10s
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From Figure 4.5, NiP layer is not formed on AEM by the Sn+Pd process regardless of the
duration of the immersion into the Sn solution. This result indicates that the NiP
electroless deposition on AEM can be inhibited by immersion into the Sn solution and the
interaction between Pd solution and Sn solution. To analyze the effect of the Sn immersion
process, the catalyzation process using only the Sn immersion process was applied to NiP
electroless deposition on AEM. The results with Sn catalyzation and NiP electroless

deposition are shown in Figure 4.6.

Figure 4.6 Optical images of NiP electroless deposition and Sn process:

After (a) catalyzation and (b) electroless deposition

From Figure 4.6, NiP electroless deposition is inhibited by the Sn process as the
catalyzation process. These results suggest that the Sn process can prevent NiP electroless
deposition on AEM by interacting with AEM and the Sn solution.

To further analyze the effect of the Pd process on NiP electroless deposition, the
catalyzation process with varying duration was applied to NiP electroless deposition on
AEM. Figures 4.7 and 4.8 show the optical images of AEM with NiP and SEM images of
the NiP layer on AEM with different Pd process duration.
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Figure 4.7 Optical images of electroless deposited NiP layer on AEM with different Pd

process duration: (a) 10 s and (b) 30 s

Figure 4.8 SEM images of electroless deposited NiP layer on AEM with different Pd

process duration (a) 10 s and (b) 30 s

Figure 4.7 confirms that the Pd process controls the NiP deposits. This result indicates
that the amount of Pd particle adsorption affects NiP electroless deposition. Moreover,
SEM images shown in Figure 4.8 confirms that particle-like morphologies are fabricated
regardless of the Pd process duration. The immersion process changes particle size and
aggregation of particles.

From these results, it is suggested that the new direct fabrication process of the
catalytic electrodes is developed by the electroless deposition with modifying the
catalyzation process, one of the pretreatment processes which introduces the catalyst

particle for electroless deposition.
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4.3.2. Theoretical analysis of the effect of the catalyzation process on electroless

deposition process

In 4.3.1, electroless deposition of NiP on AEM was achieved by the Pd process
as the catalyzation process. The results suggested that Sn immersion would inhibit the
following the electroless deposition process. In order to analyze the effect of the
catalyzation process (i.e., Sn+Pd process and Pd process) on the electroless deposition
process, the interaction between AEM and the chemical species in Pd solution and Sn
solution was analyzed by theoretical calculation using DFT with Gaussian 09. Prior to
analyzing the interaction on the AEM surface, the charge population around the
quaternary ammonium group was calculated by the optimization of the structures.
Previous studies indicated that the functional groups in the side chain play a significant
role in the interaction of AEM to the chemical species, and several studies employed the
calculation model of AEM was only composed of multiple functional groups [25, 26].
Furthermore, the detailed structures of the main chain and side chain of the polymer are
not supplied in Figure 4.1. Based on these previous studies, DFT calculation was carried
out by assuming that the carbon side chain was composed of a simple hydrocarbon chain.

The optimization result is shown in Figure 4.9.

93



Chapter 4

é,
%

Figure 4.9 Optimized Structure of the fragment of polymer in AEM
(Gray: C, Blue: N, and White: H)

T =z 0O
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From Figure 4.9, the Mulliken charge population was calculated. The Mulliken charge of
the CH3 group is +0.407, and that of the N atom is —0.664. This result indicates that the
N(CH3)3 region is positively charged in AEM structures. These Mullilen charge values
were employed to analyze the interaction among Sn, Pd species, and AEM surface.

In order to analyze the interaction among the Sn, Pd species, and AEM surface,
the model of AEM surface, should be maintained. The previous study proposed that the
side chains containing the functional groups randomly exist on the surface and inside of
the polymer electrolyte membrane, and the structure surrounded by the multiple
functional groups were supposed to be formed [27]. Based on this model, it was assumed
that the side chains containing N(CH3)3 groups were randomly located to surround the
chemical species. Thus, the calculation model of AEM surface constructed as only
multiple N(CH3)3 groups assumed to come from the branches around the chemical species.
Using this simple AEM surface model, the interaction between the N(CH3)3; functional
group and the Sn and Pd species in the solutions were analyzed by DFT calculations, and

the optimized structures were considered.
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Figure 4.10 Optimized structures of the interaction between Pd species and N(CH3)3
functional groups on AEM surface

(Gray: C, Blue: N, green: Cl, dark green: Pd, and White: H)

In the Pd process, the Pd species were considered to exist as [PdCls]*>" complex. The
optimized structures of the interaction between [PdCls]> and AEM surface are shown in
Figure 4.10. In Figure 4.10, the negatively charged Cl atom interacts with the CHs group
in N(CHs);3 functional group by the electrostatic interaction. The energy of the interaction
was calculated from the optimized structures. The value of the interaction energy is
—20.67 kJ mol™!. This value indicates that the interaction between [PdCls]*>" and AEM
surface is favorable. The Pd species are supposed to stably exist on the AEM surface and
function as the catalyst nuclei of electroless deposition.

In the Sn+Pd process, the reaction is shown in equation (4.1) was proceeded, and

SnO;% species were mainly produced [28].

Sn(IT) + Pd**—Sn(IV) + Pd (0) (4.1)

The interaction between SnOs* as the main Sn species and AEM surface was calculated.

95



Chapter 4

The optimized structures are shown in Figure 4.11.

Figure 4.11 Optimized structures of the interaction between Sn species and N(CH3)3

functional groups on AEM surface

(Gray: C, Blue: N, Red: O, Light gray: Sn, and White: H)

From Figure 4.11, the negatively charged O atoms in SnOs* interact with the CH3 group
in N(CH3)3 functional group by the electrostatic interaction as similar as the interaction
between Pd species and AEM in Figure 4.10. The energy of the interaction between
Sn03* and AEM surface was calculated from the optimized structures in Figure 4.11. The
value of the interaction energy is —55.37 kJ mol™!. This value indicates that SnOs* also
stays on AEM surface stably. By comparing the interaction energies in the Pd process and
the Sn+Pd process, the interaction between SnOs* and AEM is much stronger than that
of with AEM surface. This trend suggests that strongly interacted SnO3*" exists on AEM
surface after the Sn+Pd process. These interaction energies are quite smaller than the
bonding energy of C-H, indicating that the interaction of C-H is much stronger than that
of AEM to chemical species. This weaker interaction can play a key role in forming Pd
nuclei for electroless deposition. The previous study revealed that SnOs* in the Sn
solution inhibited the formation of Pd catalyst nuclei after immersion into the Pd solution

in the Sn+Pd catalyzation process.
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From these results obtained by DFT calculations, it may be concluded that
forming SnOs? species by immersion in Sn solution on AEM inhibits the formation of Pd
catalyst nuclei on AEM surface, which results in no formation of NiP layer on AEM. In
contrast, negatively charged Cl atoms could supply the stable interaction between Pd and
AEM as [PdCl4]%, resulting in the formation of Pd catalyst particles for the following
electroless deposition. These results suggest that control of the interaction among the
chemical species and AEM surface is the key factor for the electroless deposition on the
AEM surface to form the catalyst nuclei.

From the DFT calculations, the interaction of [PdC14]*" to the functional group
enables the following electroless deposition. This study focuses on the quaternary
ammonium group, which is commonly used as the positively charged functional group in
AEM [29, 30]. In addition to this quaternary ammonium group, AEMs with different
functional groups, such as P atom-based functional groups, have been developed [30].
The interaction between the CI ion, as the counterion, and the functional group in AEM
may be one indicator that determines whether the electroless deposition process proceeds
[29, 31]. For example, when the interaction of CI” ion to the functional group is weaker,
it may be difficult to form the Pd nuclei on AEM, and the Pd precursor should be replaced

based on the interaction to the functional group in AEM.

4.3.3. Evaluation of the catalytic performance of the electroless deposited NiP

catalytic electrodes on AEM

In order to evaluate NiP catalytic electrode on AEM by electroless deposition
process in 4.3.1, the electrochemical measurements were conducted to confirm that NiP
catalyst layer functioned as HER cathode in AEM water electrolysis process.

Prior to evaluating the catalytic performance of electroless deposited NiP
electrode on AEM, NiP catalytic electrodes with different morphologies were fabricated
by controlling the concentration of NiSO4-6H>0, the precursor of Ni in the electroless

deposition bath shown in Table 4.3. The concentration of NiSO4:6H>O varied from 0.030,
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0.10, and 0.20 mol dm™. The optical images and SEM images of prepared NiP catalytic

electrodes are shown in Figures 4.12 and 4.13.

10 mm

Figure 4.12 Optical images of electroless deposited NiP layer on AEM with different
NiSO4-6H>0 concentration: (a) 0.030, (b) 0.10, and (c) 0.20 mol dm™

Figure 4.13 SEM images of electroless deposited NiP layer on AEM with different
NiSO4-6H>0 concentration: (a) 0.030, (b) 0.10, and (c) 0.20 mol dm™

From Figure 4.12, uniform NiP catalytic electrodes are fabricated on AEM surface
regardless of the concentration of the Ni precursor. SEM images in Figure 4.13 also
confirmes that AEM surface is covered with NiP catalytic electrodes, and the particle-like
morphologies are generated. To analyze the composition of NiP electrodes, SEM-EDS

analysis was carried out, and the obtained composition is shown in Table 4.5.
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Table 4.5 Atomic ratio of NiP catalytic electrode
with different NiSO4-6H>0O concentration

CoTc;Se?:r.a?i:aO/ M Atomic ratio of Nito P
0.03 75.7:24.3
0.1 82.1:17.9
0.2 87.4:12.6

The SEM-EDS analysis reveals that the ratio of P increases as the concentration of Ni

precursor decreased [32].

In order to evaluate the catalytic electrodes on AEM fabricated by electroless

deposition process, the electrochemical measurements were carried out. First, to evaluate

the HER activity of electroless deposited NiP, LSV measurements were carried out, as

shown in Figure 4.14.
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Figure 4.14 LSV of prepared NiP catalytic electrodes on AEM with different

composition (Inserted graph is an enlarged view of the potential from —1800 to —2500

mV)
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From LSV in Figure 4.14, an increase in the current density derived from HER is
confirmed. The onset potential is almost similar in this range of P composition. On the
other hand, the current density at —2500 mV is larger on NiP with higher P composition
than other compositions. The previous study indicated that a negatively charged P that
draws from metal ions could behave to trap proton during HER [33]. Based on that, NiP
with high P composition exhibits higher HER activity among these NiP catalytic
electrodes in Figure 4.14. To further analyze the effect of surface morphologies on HER
performance, the resistance between the electrodes was measured by iR measurement at
—2500 mV. The values of the resistance between the electrodes were 12.9 Q at 12.6 at%,
14.5Q at 17.9 at%, and 11.7 Q 24.3 at%, respectively. This result indicates that particle-
like morphologies would not be favorable to bubble desorption. From these results, it is
confirmed that NiP catalytic electrodes fabricated by electroless deposition function as
the cathode in AEM water electrolysis process, and this electroless deposition process can
control the surface morphologies of the catalytic electrode on AEM.

To evaluate the durability of NiP catalytic electrodes, the galvanostatic
electrolysis at =3.5 mA cm™ for 30 min was carried out. The voltage profile is shown in

Figure 4.15.
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Figure 4.15 Voltage profile during the galvanostatic electrolysis at —3.5 mA cm™ with

different NiP composition

From the voltage profile, no drastic voltage change is not confirmed, regardless of the
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composition. This result indicates that the compact deposits on AEM enhance the
adhesion of NiP catalytic electrode to AEM. These results suggest that the NiP catalytic
electrode with controllable composition, morphology, and durability is achieved by the

electroless deposition process.
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4.4. Conclusion

In chapter 4, a new direct fabrication process of the catalytic electrodes on AEM
was investigated using electroless deposition. Electroless deposition process is
advantageous to form the functional thin films on the non-conducting substrate such as
polymer electrolyte in this study. First, focusing on the catalyzation process, the effect of
the catalyzing process on electroless deposition process was analyzed. The obtained
results confirmed that the electroless deposited layer on AEM was successfully fabricated
by the Pd process as the catalyzation process. The DFT analysis indicated that SnOs*
species formed in the catalyzation process inhibited the deposition of NiP on the AEM
because stronger interaction between SnO3>” and AEM surface inhibited the formation of
Pd nuclei on AEM surface. Moreover, SEM analysis confirms that a uniform layer is
successfully prepared by this electroless deposition process. The electrochemical
measurements demonstrated that the catalytic electrode on AEM functioned as the
cathode of AEM water electrolysis process.

The collective results have suggested that the new fabrication process is achieved
by controlling the catalyzation process of electroless deposition process. To the best of
our knowledge, this investigation is the first-time study that electrode layer is fabricated

on AEM surface using the electroless deposition process without any ionomers.
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5.1. Introduction

As described in Chapter 4, one of the significant advantages of AEM water
electrolysis process is that non-noble metal-based material is available to the catalyst
materials [1, 2]. Pavel et al. demonstrated that CeO»-La>Os/carbon support catalyst was
applied to the catalytic electrode for HER [3]. Transition metal catalyst materials such as
Ni-based materials [4-6] have been proposed as the cathode materials in AEM. Moreover,
the materials applied in the alkaline solution water electrolysis can also be available [7].
However, carbon-supported Pt is one of the most common electrode materials for AEM
water electrolysis [8,9]. The spray process has been widely employed as the conventional
process for preparing Pt/C on polymer electrolyte membrane [10]. However, Pt/C catalyst
exhibited lower durability and dissolved into the solution under alkaline conditions due
to carbon support instability [7, 8, 11].

Based on this background, the new fabrication process using electroless
deposition process was developed in Chapter 4. This process is also able to control the
surface microstructures that may play a key role in improving the interaction to H>O and
H: in Chapters 2 and 3, fabricated on AEM.

Therefore, this chapter analyzed the HER performance of electroless deposited
electrodes on AEM by comparing the conventional Pt/C catalyst sprayed on AEM. It also
investigated the effect of microstructures and composition of the catalytic electrodes on
HER and the interfacial processes. For these objectives, Pt and NiCoP [12, 13] were

selected as the electrode materials.
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5.2. Experimental

5.2.1. Fabrication of electroless deposited catalytic electrodes

In this chapter, AEM (A-201, Tokuyama Corp.) was used as the substrate for the
electroless deposition to fabricate the CCM type catalytic electrode. The characteristics
of AEM is described in 4.2.1. Before the electroless deposition process, AEM substrate
was rinsed with a sulfuric acid solution (UGR grade, Kanto Chemical Co.) for 30 s,
followed by rinsing ultra-pure water for 15 s as the cleaning of the substrate. After that,
the catalyzation process was applied to fabricate the catalyst nuclei. The Pd solution
composition is shown in Table 5.1. In the catalyzation process, an AEM was immersed
into Pd solution for 30 s, after that rinsed by ultra-pure water for 15 s as described in

chapter 4.

Table 5.1 Solution composition of Pd process

Chemicals Concentration /mmol dm™
PdCl, 10
HCI 30

After the catalyzation process, the electroless deposition of Pt and NiCoP was carried out.
In Pt electroless deposition process, Pt was electrolessly deposited from the electrolyte
summarized in Table 5.2, based on the previous studies [14]. The bath temperature was
50 °C, and the bath's pH was adjusted to 7.0 by a diluted NaOH solution (UGR grade,

Kanto Chemical Co.). The electroless deposition duration was 120 min.
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Table 5.2 Bath compositions and electroless deposition conditions of Pt

Chemicals Concentration / mol dm™
H»[PtClg]* 6H20 0.0026
EDTA 0.034
HCOOH 1.19
NaCl 1.94
NaH:PO4 0.69
Bath Temperature 50 C
pH 7 (adjusted by NaOH)

In Electroless deposition of NiCoP, NiCoP was electrolessly deposited from the
electroless deposition bath summarized in Table 5.3, based on the previous study [15, 16].
The deposition bath was 50 °C, and the pH of the electrolyte was adjusted to 8.6 by
NH4OH solution (UGR grade, Kanto Chemical Co.). The concentration of Co was
changed from 5.0 to 200 mmol dm™ in order to obtain the NiCoP with a different Ni/Co

ratio.

Table 5.3 Bath composition and electroless composition of NiCoP

Chemicals Concentration / mmol dm™

NiSO4-6H,0 15
CoS04-7H,0 20-5
(NH4)2S0O4 250
NaH,PO,-H,0 200
pH 8.6 adjusted by NH,OH
Bath temperature 50 °C

The morphologies of the fabricated electrodes were observed by a scanning
electron microscope (SU-8240, Hitach). The composition of the electrodes was analyzed

by SEM-EDS (SU-8240, Hitachi).
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5.2.2. Analysis of the effect of surface morphologies on the catalyst performance
For evaluating HER performance of prepared catalytic electrodes, the
electrochemical measurements were performed. All the electrochemical measurements
were performed utilizing an electrochemical analyzer (VSP-300, Bio-Logic Sciences
Instruments); prepared Pt or NiCoP on AEM and Ni foam (10 mm X 10 mm, Nagamine
Manufacturing Co. Ltd.) were used as the working and the counter electrodes. For the
measurements, the electrochemical cell designed by Yokohama National University was
employed. The electrode area was defined as 10 mm x 10 mm, and the detailed setup of

the cell is shown in Figure 5.1.

_ reference
(a) Anode side electrodes

System for pressurized electrolysis Cathode side

(b)

Figure 5.1 Electrochemical measurement cell for AEM water electrolysis:

(a) cell setup, (b) inside of the cathode cell, and (c) inside of the anode cell

For the water electrolysis measurements, the electrolyte was 1.0 mol dm K>COj3 solution.
The 1.0 mol dm™ K>COjs solution was prepared by dissolving K2CO3 (UGR grade, Kanto

Chemical Co.) into ultra-pure water. Before the measurements, the KoCOs3 electrolyte was
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deaerated by N> gas for 20 min to remove the dissolved oxygen. The electrolyte flow was
introduced by a smooth-flow pump (Q-100-TT-P-S, Takumima Co.) to only the anode
side from the inlet at the bottom of the cell to the outlet at the upper, based on the previous
study [8]. The flow rate was 5.0 mL min™!. The detailed setup conditions of the

electrochemical measurement cell are shown in Table 5.4.

Table 5.4 Cell setup and operating conditions of the measurement cell

W. E. Prepared catalysts
C.E Ni foam
BTL Carbon paper (Cathode )
Ni foam (Anode)
Temperature R.T.(24 °C)
Flow rate 5 mL min-’

To evaluate the HER performance of the electrodes, linear sweep voltammetry
was performed by sweeping the voltage range from the open circuit voltage (OCV) to
—2500 mV with a scan rate of 50 mV s™!. The galvanostatic electrolysis at =500 mA cm™
was also carried out for the evaluation of the HER performance. Electrochemical
impedance spectroscopy (EIS) of the membrane-electrode assembly (MEA) was carried
out by an electrochemical analyzer (VSP-300, Bio-Logic Sciences Instruments). The
alternating current was superimposed at a frequency ranging from 1MHz to 100 Hz at Al
= +100 pA cm 2 at rest potential. Measurements points were 40 points/decades. Curve
fittings of the obtained impedance data to equivalent circuits were conducted using
software (ZView, Scribner Associates).

In order to compare the HER performance of Pt/C on AEM prepared by the
ordinary process, Pt/C spray-coated CCM was prepared. The fabrication process for this
Pt/C CCM was supplied by Prof. Ito in the National Institute of Advanced Industrial
Science and Technology (AIST) based on his previous research [8, 17]. The prepared Pt/C
sprayed CCM is shown in Figure 5.2. the loading amount of Pt/C was 3.0 mg cm™.
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50 mm

(AEM: 50 mm %350 mm, catalyst region 10 mm %10 mm)
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5.3. Results & Discussion

5.3.1. Fabrication of the catalytic electrode on AEM

In order to prepare the Pt electrode on AEM, the electroless deposition of Pt on

AEM was carried out for 120 min with the conditions shown in Table 5.2.

30 mm

Figure 5.3 Prepared Pt catalytic electrode on AEM
(AEM: 30 mm %30 mm, catalyst region 10 mm x10 mm)

As shown in Figure 5.3, a 10 mm x10 mm size Pt catalytic electrode was directly

fabricated on the AEM surface. SEM observation was carried out to observe the

morphology and thickness of the deposited Pt layer. Results are shown in Figure 5.4.
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L . |
Figure 5.4 SEM images of Pt catalytic electrodes on AEM; (a) top view, (b) enlarged

top view, (c) cross-sectional view, and (d) enlarged cross-sectional view of Pt electrode

Figure 5.4 shows that the uniform deposition is observed on the entire surface, and the
morphologies are elongated, as reported by the previous paper [18]. SEM images also
reveal that the compact layer is formed on the AEM surface and the thickness of the Pt
electrode is approximately 2.0 pm. From this value, the calculated loading amount of Pt
electrode on AEM was approximately 3.0 mg cm™. These results demonstrate that the
compact Pt electrode layer is successfully fabricated by the electroless deposition process
described in Chapter 4.

In order to evaluate the HER performance of the prepared Pt electroless
deposition electrode, LSV measurement was performed. Figure 5.5 shows the LSV of the
Pt electrode and Pt/C catalyst on AEM by sweeping from 0 mV to —2500 mV with a scan
rate of 50 mV sl
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Figure 5.5 Linear sweep voltammograms of electroless Pt electrode on AEM and Pt/C

catalyst on AEM

Figure 5.5 shows that the current density is increased around —1800 mV on the electroless

Pt electrode, and the gas evolution by HER is confirmed, indicating that the electroless

Pt functions as the HER catalytic electrode. On the other hand, the three broad peaks

appear in the LSV on the Pt/C electrode. A. Zadick et al. reported that Pt/C catalyst suffers

from the dissolution into the electrolyte in alkaline conditions [11, 19].
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Figure 5.6 Pourbaix diagram of carbon in 298 K [20] (J. R. Varcoe, P. Atanassov, D. R.

Dekel, A. M. Herring, M. A. Hickner, Paul. A. Kohl, A. R. Kucernak, W. E. Mustain, K.

Nijmeijer, K. Scott, T. Xu and L. Zhuang, Energy Environ. Sci., 2014, 7, 3135-
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The Pourbaix diagram shown in Figure 5.6 also indicates that in high pH conditions, C
stably exists as CH3OH under the negative potential. From this point, the Pt/C catalyst
can be detached from the AEM surface due to dissolving and decomposing C support,
and the loading amount decreases. The reaction assumed from the Pourbaix diagram is

shown as Equation (5.1).

C+ HxO +2¢” — CH;0H (5.1

The multiple peaks derived from the decomposition of C appears in LSV. Although the
exact mechanism for these multiple peaks is not understood, one possibility is that several
species exhibiting different oxidation states are produced. The peaks are suggested that
these species are reduced to CH3OH. From these results, it is indicated that the electroless
deposition process improves the stability of MEA. Furthermore, comparing the current
densities at -2.5 V indicates that electroless Pt on AEM electrode has the almost same
HER performance as the conventional Pt/C catalyst coated AEM.

To further analyze the HER performance, the galvanostatic electrolysis at =500
mA cm? for 10 min was carried out. Figure 5.7 shows the voltage profile of the

galvanostatic electrolysis at =500 mA cm™.

-500

—Electroless Pt
-1000

1500 | —Pt/C (spray method)

-2000

Cell voltage / mV

-2500

_3000 1 1 1 1 1 1
0 100 200 300 400 500 600 700

Duration / s
Figure 5.7 The voltage profile of the galvanostatic electrolysis
at -500 mA cm™ for 10 min

From Figure 5.7, the voltage slightly increases, and HER stably proceeds on the
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electroless Pt electrode. On the other hand, the reaction stably proceeds after a sudden
drop of the voltage in the early stage on the Pt/C electrode. By comparing the voltage
profile of the electroless Pt electrode and Pt/C coated electrode, the voltage of electroless
Pt is smaller than that of Pt/C at the start of the electrolysis. However, this trend is in
reverse after 100 s from the start of the electrolysis. The previous study revealed that Pt/C
catalyst exhibited higher porosity to obtain the larger surface area [17]. On the other hand,
the electroless Pt electrode had compact structures, and Pt was directly attached to AEM
in Figure 5.4. Although the exact reason is not completely understood, it is considered
that more H>O molecules, the reactant of HER, are transported from the anode side as the
reaction proceed, the required voltage for HER are decreased on large Pt/C surface.
Comparing the LSV result and the voltage profile in Figures 5.5 and 5.7,
electroless Pt catalytic electrode possesses the almost same HER performance as the Pt/C
CCM from the onset voltage and the current density at —2.5 V in the LSV result. On the
other hand, the potential profile exhibits that the Pt/C has a lower overpotential than the
electroless Pt catalytic electrodes. From the previous studies, the sprayed Pt/C catalysts
possess porous structures that realize the larger electrochemically active surface area
inside the Pt/C catalyst layer [21]. In contrast, the electroless Pt catalytic electrode layer
had compact and dense structures on the AEM surfaces, as shown in Figure 5.4. The
electrode structures of the electroless Pt exhibits the rough elongated shape that can
provide the pathways to escape the reduced H> molecules from the AEM-electrode
interface. However, this compact and dense Pt electrode layer provide the pathways for
H> gas insufficiently, which may cause trapping H> gas on the interface between AEM
and the electrode layer or/and covering the active surface by hydrogen gas. These factors
may contribute to increasing the excess overpotential for following HER in the
galvanostatic electrolysis. Thus, the different behaviors are suggested to be observed in
Figure 5.7. On the other hand, the amount of generated H> gas during the measurement is
much smaller in LSV measurements than in the galvanostatic measurement. This
difference can suppress trapping and covering hydrogen bubbles in the interface.
Moreover, the contact area of the Pt electrode layer to AEM seems to be larger in the
electroless Pt electrode than in the Pt/C cathode due to the compositional difference

between electroless Pt and Pt/C. A detailed analysis is necessary to address the different
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behaviors in LSV and CP. Nevertheless, this mechanism mentioned above is one of the
possible reasons to explain the different performance in LSV and CP measurements.
From these collective results, it is suggested that the electroless Pt electrode
exhibits higher durability because the carbon-free Pt electrode suppresses the dissolution
of Pt/C. It is also suggested that both the surface structures and the inside structures of
the catalytic electrode influence the H>O and H> behaviors during the reaction. It is
necessary to analyze the effect of these structural factors on the HER performance in

AEM water electrolysis.

5.3.2. Analysis of the effect of surface morphologies on HER performance

To further analyze the effect of surface morphologies on HER, NiCoP catalytic
electrodes on AEM were fabricated by the electroless deposition process. In order to
control the surface morphologies of deposited NiCoP electrodes, the concentration of Co
precursor in the electroless deposition bath was varied from 1.0 mmol dm™ to 20 mmol
dm™. Figure 5.8 shows the SEM images of prepared NiCoP electrodes with different Co
precursor concentration. From Figure 5.8, at lower Co concentration in the electroless
deposition bath, the particle-like structures are formed, which are similar to the
morphology of NiP, as shown in Figure 4.4. As the Co concentration increases, the
particle-like structures are transformed into elongated and angular shapes, which are
similar to electroless Pt and may be preferable to H» gas pathway discussed in 5.3.1. The
compositional difference of NiCoP electrode from the different Co concentration bath

shown in Figure 5.8 was analyzed by SEM-EDS analysis in Table 5.5.
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Figure 5.8 SEM images of NiCoP electrodes with different Co precursor concentration:
(a) 0 mmol dm?, (b) 1 mmol dm™, (¢) 5 mmol dm>, (d) 10 mmol dm,

(e) 15 mmol dm?, and (f) 20 mmol dm

Table 5.5 Composition of NiCoP electrode with different NiCoP precursor concentration

Co concentration
3 Ni/ at% Co/at% P/at% O/at%

/ mmol dm"
1 68.8 14.2 8.07 8.88
5 61.6 20.9 7.40 10.1
10 47.8 38.6 4.53 9.04
15 43.9 46.5 3.50 6.04
20 43.7 47.6 2.80 584

Table 5.5 shows that the composition of Co increases and that of Ni decreases as the Co
concentration in the bath increases. The composition of P decreases as the Co
concentration increases. On the other hand, the oxygen composition exhibits no trend in
the Co concentration range from 1 mmol to 20 mmol dm™. This could be because the
surface of NiCoP may be uniformly oxidized under the ambient condition partially

oxidized layer would form before measurement. From these results, the NiCoP electrodes
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with different surface morphologies are prepared by the control of Co precursor
concentration in the electroless deposition bath.

In order to investigate the effect of surface morphologies on HER performance,
electrochemical measurements were carried out. First, to evaluate the effect of the
compositional changes on the HER performance, LSV by sweeping from REST to —2500
mV with a scan rate of 50 mV was performed. Figure 5.9 shows the linear sweep

voltammograms of different compositional NiCoP electrodes.
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Figure 5.9 Linear sweep voltammograms of different compositional NiCoP electrodes

(Inserted figure: Enlarged LSV around —1500 mV to —2300 mV)

From this LSV, the onset voltage around —1900 mV is shifted to the negative
values as the Co concentration decreases. As shown in Table 5.5, lower P content affects
the higher HER performance from the composition. J. J. Podestra et al. demonstrated that
the amorphous alloy of Ni-Co-P with lower P content exhibited higher HER performance
under strong alkaline conditions such as 6.0 mol dm™ KOH solution in the alkaline water
electrolysis [21]. The tendency of the onset potential is coincident with this trend.
Moreover, Ni to Co ratio is another factor that affects the shift of the onset potential.

Increasing the ratio of Ni to Co would influence the shift of the onset potential. In Figure
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5.9, the current density tends to increase as the Co concentration increases. One possible
reason to induce the different HER performance seems to come from the compositional
effect. The lower P content improved HER performance as described above. Another
possibility is the morphological effect. From Figure 5.8, the morphology of NiCoP
changed from particle-like round shape to elongated and angular shape. Carefully
focusing on Figure 5.8 (c) and (d), the surface morphology significantly changed to an
elongated and angular shape. The compositional change in Table 5.5 also exhibits that the
composition of Co rapidly increased when the Co concentration changed from 5 mmol
dm? to 10 mmol dm™. This tendency indicates that not only the composition but also the
surface structures affect HER performance. Further analysis of the effect of morphology
is necessary.

To analyze the effect of structural changes on HER, the galvanostatic electrolysis

at =500 mA cm™ for 10 min was carried out.
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Figure 5.10 Voltage profiles of NiCoP electrodes during the galvanostatic electrolysis at
—500 mA cm™ for 10 min (Inserted: Enlarged view around —2.5 V to —3.0 V)

Figure 5.10 shows the voltage profiles of different compositional NiCoP electrodes during
the galvanostatic electrolysis at =500 mA cm™. The trend of the value of the voltage was

similar to that observed in LSV in Figure 5.9. The value was reduced when the Co

121



Chapter 5

concentration increased. This trend indicates that elongated and angular morphology
influenced HER performance. These structures are assumed to increase the roughness of
the electrode surface from the results in 5.3.1, which results in an increase in the active
surface area and maintaining the pathway for H,O and H,.

To analyze the effect of the morphologies on the resistances of the MEA, the
electrochemical impedance spectroscopy (EIS) was measured on the membrane-NiCoP

electrode assembly at REST voltage.

* Co 1mM
e Co5mM
e Co 10 mM
* Co15mM
e Co 20mM

0 0.5 1 15 2 25 3
ReZ /Q

Figure 5.11 Nyquist plots measured for different compositional NiCoP electrodes in

AEM electrolysis conditions

Figure 5.11 shows the Nyquist plots obtained at the frequency range from 1 MHz to100
Hz. The Nyquist plots shown in Figure 5.11 exhibited typical capacitive semicircle that
corresponded to the information of the resistance of charge transfer between the electrode
and electrolyte [22, 23]. At the low-frequency region, the linear response that
corresponded to the information of the ion migration into the membrane [24, 25] was
confirmed. These Warburg features were confirmed in the previous study as the ion

migration inside the polymer membrane [24, 25]. The shape and size of the capacitive
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circles could be influenced by the composition of the NiCoP electrodes, possibly because
of their different compositions. Thus, it was difficult to quantitatively analyze the
obtained result. The point of —Im Z=0 corresponded to the total resistance of the cell and
MEA [24]. This information contains the effect of surface structures of NiCoP electrodes
on the resistance of the MEA. This behavior was coincident with the trend shown in
Figure 5.10. From Figure 5.11, higher Co composition electrodes, the resistance tended
to be smaller, suggesting that the elongated and angular shape may influence the
interaction to H2O.

Nevertheless, it is difficult to quantitatively perform the fitting of the obtained
Nyquist plots because there is a lack of the understanding of the capacitive semicircles
derived from the various compositions of NiCoP and the Warburg impedance that may
correspond to ion migration in AEM based on the characteristics of AEM. To compare
the resistances derived from the structures of NiCoP electrodes, fitting was conducted
with the frequency range from 1 MHz to 100 Hz based on the equivalent circuit shown in

Figure 5.12.

R1 R2 Ws1
—_
CPE1
S—

Figure 5.12 Equivalent circuit composed of L1, R1, R2, CPE, and Ws1

CPE was employed instead of the capacitor to consider the different compositions of
NiCoP electrodes. Based on this equivalent circuit, the R1, R2, and Ws1 correspond to
the internal resistance, charge transfer resistance, and Warburg impedance. To consider
the internal resistance, R1 was calculated. The value of R1 in each Co concentration is

shown in Table 5.6.
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Table 5.6 Value of R1 with different Co concentration

Sample R1/Q
Co1mM 0.411
Co5mM 0.434
Co 10 mM 0.239
Co 15 mM 0.153
Co 20 mM 0.238

From the calculated results, assuming that the resistance derived from the cell was the
same, it could be suggested that the elongated and angular shape influence the resistance
of MEA.

From the collective results, the catalytic electrodes on AEM fabricated by the
new process successfully function as the cathode of AEM water electrolysis. It is also
suggested that the morphological change of prepared electrode influences HER
performance during the electrolysis by interaction to H>O, which could be analogous to
surface wettability in Chapters 2 and 3. Considering the optimized structures of the
electrode on AEM, a future study may achieve a high-performance electrode fabricated
by this electroless deposition process by controlling the porous morphologies with the

elongated and angular structures that may be suitable for the supply of H2O.

5.3.3. Cost analysis of the AEM water electrolysis process fabricated by electroless

deposition process

As described in the previous chapters, water electrolysis process is one of the
key processes to realize the large-scale energy storage system using hydrogen as the
energy carrier. AEM electrolysis process is expected as the next-generation water
electrolysis process because of the availability of non-precious material as the catalyst
and high efficiency of the process [1,7]. The new fabrication process for the catalytic
electrode, as described in chapter 4, and this chapter will contribute to establishing the

AEM water electrolysis process. Simultaneously, the cost of the process is one of the
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critical issues to widely utilize this process. Therefore, this section describes the material
cost analysis of the AEM water electrolysis process using the new electrode fabrication
process described in Chapter 4, and a comparison with PEM electrolysis process [10], the
most conventional process, was carried out.

Prior to analyzing the cost of AEM water electrolyzers employing the new
fabrication process, based on the PEM electrolysis system [26], the process components

were assumed, as shown in Figure 5. 13.

Power
Supply
<+ —b >
Separator Heat Cell stack Separator H,
(Water/ Oy) Exchanger (Water/ Hy) tank

Figure 5.13 Schematic of the electrolysis system

Based on this schematic, the cost analysis was carried out. The electrolysis system was
divided into two parts; the cell stack part and the balance-of-plant. The former part mainly
consists of the cell stack containing the membrane-electrode assembly. The later part
mainly consists of the other systems which are necessary for the process, such as power
supply and gas-liquid separator. In this material cost analysis, the size of the system is
assumed as the 100 kW electrolyzer system. This cost analysis mainly focused on the cost
of the cell stack, including the MEA.

The material cost analysis was carried out when the new fabrication process was
carried out. The cost analysis result and the parameters for calculation are shown in Table
5.6 and 5.7. Prior to analyzing the cost, the cost of the cell stack of the PEM electrolyzer
was calculated. The assumption cost of the PEM electrolyzer in 100 kM was 5368.5 USD
per cell stack. From Table 5.6, the cost of the catalyst was decreased from 73.6 USD
(PEM electrolysis) to 58.3 USD (AEM electrolysis) per the cell stack. Moreover, the
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materials of the plate could be changed from Ti or Au coated stainless steel (316L). The
cost was decreased from 1048.4 USD (in the case of Au coating) to 260.0 USD. These
results indicate that not only the material cost of the cathode catalyst but also the material
of the cell itself can be lowered. The material cost per 1kW, one of the indicators for cost
analysis of the electrolyzer, was calculated in both PEM and AEM cases. The PEM was
53.69 USD kW, and the AEM was 45.64 USD kW', These results suggested that NiCoP
electrodes fabricated by the electroless deposition process were considered as one of the
promising materials for the low-cost AEM electrolyzer system.

Moreover, the effect of this fabrication process on the cost of balance-of-plant
was analyzed. From the previous study, the balance-of-plant cost was 76633 USD per
100kW electrolyzer [26]. By applying the AEM electrolyzer, the material of piping and
tubing can be changed to conventional stainless-steel materials due to the lower corrosion
environment [27]. The cost of piping and tubing occupies approximately 10 % of all
balance-of-plant costs. It was indicated that the introduction of the new AEM cathode
fabrication process influenced the balance of plant cost by changing the materials of tubes

and pipes of the water electrolysis process Shown in Figure 5.13.

Table 5.6 Material cost analysis of the cell stack of AEM electrolyzer

Part Assumptions Cost Cost / USD
Membrane Anion exchange membrane (AEM) 500 USD/m? 2440.4
Cathode : NiCoP, Anode: Pt 58.3
CCM Cathode Electroless deposition 2.1
mg/cm2 Pt: 1500 USD/tr.oz 128.8

Anode Pt 0.7 mg/'cm2
Anode: Ni foam (from Nagamine)  Anode: 120USD/m?

i Cathode: Carbon paper(TGP-H-90) Cathode: 350 USDIm? "
Frame PPS-40GF or PEEK thermoplastics 15.40 USD/kg 15.4
Plates Stamped Stalnless.. steel 316L 5 5 USD 260.0
mm thick
Total 4564.8 USD
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Table 5. 7 Assumption parameters for the cell stack cost analysis

Parameter name value Unit
Stack power 100 kW
Gross system power 110 kW
Average Hz production rate 15 Nm>/hr
Average Hz production rate 80 kg/day
Turndown rate 0-100 %
Operating pressure 1 ber
total plate area 957 cm?
CCM coated area 748 em?
single cell active area 680 cm?
gross cell inactive area 9 %
single cell amps 1156 A
current density 1.7 Alom?>
reference voltage 1.7 \Y
power density 2.89  Wicm?
cell per system 51 cells
stack per system 1 stacks
cells per stack 51 cells
water pump 5 kW
other parameter loads 7.5 kW
parastic loss 10 kW

The collective analysis data suggested that the introduction of the new
fabrication method has an impact on the material cost of the AEM water electrolysis
process, and this cost-effectiveness would contribute to the widespread water electrolysis

process as the energy storage system using hydrogen as the energy carrier.

127



Chapter 5

5.4. Conclusion

In this chapter, Pt and NiCoP electrodes on AEM were fabricated by electroless
deposition process, and the effect of surface morphology on HER was analyzed. To
analyze the effect of the fabrication process on HER, HER performance of electrodes Pt
electrode and conventional Pt/C electrode was analyzed. The result indicated that
electroless Pt electrode exhibited higher durability by suppressing the degradation of Pt
catalyst derived from the dissolution of the carbon support. In addition, The elongated
structures of the electrode could contribute to stronger interaction of H>O similar to
hydrophobicity. NiCoP electrodes with different surface morphology were also fabricated
prior to analyzing the effect of surface structures. The electrochemical measurements
indicated that a higher rough surface with the elongated structures would improve HER
performance. From these collective results, it was suggested that control the surface
structures to improve the interaction to H>O will enhance the HER performance in AEM

water electrolysis process.
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Hydrogen production by water electrolysis using renewable energy is of extreme
importance for utilizing hydrogen as an energy carrier. Especially alkaline and (AEM)
water electrolysis have been paid attention to as the large-scale process with low-cost and
the small-scale high-performance process, respectively. Despite the potential of these
processes in hydrogen production, their applications are limited. The main issue lies in
the lower efficiency of the entire process. Focusing on the catalytic electrode for HER, a
crucial reaction for hydrogen generation, highly efficient electrodes in both alkaline and
AEM water electrolysis processes are required. One of the main factors for improving the
efficiency of the electrode is the surface structure of the electrodes. The objective of this
thesis was to propose a strategy for highly efficient surface structures of the electrode for
both alkaline and AEM water electrolysis processes.

In the case of the electrodes in the alkaline electrolysis process, many researchers
have reported that the bubble behavior on the electrode surface influences the HER
performance, and the surface nano/microstructures govern the bubble behavior. However,
the effect of the surface nano/microstructures on the bubble behavior is still unclear. Thus,
in Chapters 2 and 3, the effect of surface microstructures on bubble behavior was analyzed
using Ni micropatterned electrodes and Pt microfacet electrodes as surface-modified
electrodes.

In the case of electrodes in the AEM water electrolysis process, the control of
surface structures by the conventional fabrication process is challenging. In Chapter 4, a
new fabrication process that can modify the surface structures was investigated using the
electroless deposition process. In Chapter 5, the effects of the electrodes fabricated by the
new process and the surface structures on the HER performance were analyzed.

In this chapter, the results obtained in this thesis are briefly summarized, and the
possibility of highly efficient catalytic electrodes for the HER in alkaline and AEM water

electrolysis processes is discussed.

In Chapter 2, the bubble nucleation and growth on the electrode surface were
analyzed using Ni micropatterned electrodes in alkaline water electrolysis, and the effects
of the microstructures and surface wettability modified by these structures on the bubble

nucleation and growth were elucidated. The N1 micropatterned electrodes were selected
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as the model electrode surface because they can systematically control their own
structures and wettability.

From the in situ bubble behavior observations on the electrode surface under
different conditions, the effect of the Ni micropatterned structures (in terms of parameters
such as diameter and height) on bubble behavior during HER was investigated. At the
microscopic level, lower surface wettability enhanced bubble growth on the electrode
surface because of the stabilizing effect derived from the larger interface between bubbles
and electrodes. Moreover, the height and intervals of microstructures strongly influenced
bubble nucleation; bubble nucleation preferentially occurred on the sidewall region in the
intervals, whose structures were similar to defect structures. These structures may behave

as nucleation sites for bubbles.

In Chapter 3, the effect of introducing a well-defined region on bubble nucleation
and growth was investigated by in situ bubble behavior analysis. The well-defined surface,
such as the microfacet, is one of the critical factors that consist of the surface
characteristics of the single microdot. For the analysis of bubble behavior, Pt (111)
microfacet electrodes were employed as the model electrodes, and the bubble behavior
on the (111) microfacet was intensively analyzed.

From the in situ observation, bubble nucleation was suppressed on the (111)
microfacet under smaller overpotentials. This result indicated that both low HER activity
on the (111) surface and smooth surface morphology of the microfacet influenced bubble
nucleation on the microfacet. Moreover, bubble generation preferentially proceeded on
the edge rather than the center of the microfacet, indicating that the step-edge sites
behaved as bubble nucleation sites because of the introduction of the microfacet on the
electrode surface. This introduction of the microfacet suppressed the overpotential
increase during electrolysis, suggesting that the existence of the step-edge as the bubble
nucleation sites due to microfacet introduction could inhibit the site's occupation of

evolved bubbles, leading to the suppression of the overpotential increase.

From the discussion in Chapters 2 and 3, the guideline for the suggested efficient

surface microstructures is shown in Figure 6.1.
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For early bubble detachment from the surface, the decrease in the area of the
interface between the bubble and microstructures is important to destabilize bubble
adsorption on the surface. For the bubble nucleation sites, the defect-like structures such
as the sidewall of the microdot in Figure 6.1 facilitate early bubble formation and

detachment, which suppresses the occupation of the reaction sites by bubbles.

10 pm Hydrogen Electrolyte
bubble

Microstructure

Figure 6.1 Bubble behavior on the microstructure surface.

In Chapter 4, a new direct fabrication process for the electrode used in AEM
water electrolysis by utilizing an electroless deposition process is proposed.

The catalytic electrode was directly electrolessly deposited on the AEM surface
without using any ionomers, which was achieved by controlling the catalyzation process
that introduced the catalyst particle on the AEM surface. Compared with the conventional
process using Sn and Pd solutions (i.e., the sensitizing—activation process), the subsequent
electroless deposition proceeded on the AEM when AEM was immersed into the Pd
solution as the catalyzing process. DFT analysis indicated that the SnOs* species formed
during the catalyzation process inhibited the electroless deposition process because of the
stronger interaction with AEM by suppressing the formation of Pd catalyst particles on
AEM. SEM observation also confirmed that the catalytic electrode was uniformly
fabricated on AEM by this electroless deposition process. To the best of our knowledge,
this 1s the first report that achieved the fabrication of the electrode directly on an AEM

without using any ionomers.

In Chapter 5, to analyze the performance of the catalytic electrodes fabricated by
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the electroless deposition process described in Chapter 4 and the effect of surface
structures on HER performance, electroless Pt catalytic electrodes, one of the benchmark
electrodes, and NiCoP catalytic electrodes were fabricated for the analyses.
Electrochemical measurements revealed that the electroless Pt electrode
exhibited higher durability than the conventional Pt/C catalyst prepared by spraying,
indicating that the degradation of Pt/C derived from the dissolution of the carbon support
was suppressed on the electroless-deposited Pt electrodes because of the lack of carbon-
based materials. Moreover, the NiCoP electrodes with different surface morphologies
were successfully fabricated by this electroless deposition process. The electrochemical
measurements indicated that a larger rough surface would improve the HER because of
the increase in the affinity to H2O molecules, which might be similar to the effect of

wettability.

From the results in Chapters 4 and 5, the importance of improving the HER
efficiency of the electrode in the AEM process is discussed as follows.

The electrode fabricated by the proposed electroless deposition method exhibits
improved durability for water electrolysis because of the strong adhesion to the AEM
surface in the absence of an ionomer. The surface structures that supply the pathway for
H>O and H», such as the elongated microstructures, are the key factor for HER

performance.

This thesis focused on the effect of surface structures on HER performance in
alkaline and AEM water electrolysis processes and the guidelines for designing highly
efficient surface structures on the basis of the analyses of the effect of surface structures
on the interfacial processes. The guidelines suggest that the efficiency of the alkaline
water electrolysis process could be further improved by suppressing the bubble effect,
thereby becoming acceptable for other processes that involve gas bubble evolution, such
as the OER. The guideline for the electrode in AEM process could contribute to the
development of new catalytic electrodes with improved durability and surface structures.
Both improved processes for these analyses could enable a wider utilization of H»

produced using renewable energy.
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