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ABSTRACT

Structural Design of Transition Metal Compounds based

Electrocatalysts for Water Splitting

In-Kyoung Ahn
Department of Materials Science and Engineering
The Graduate School

Seoul National University

The earth-abundant transition metal based compounds have been intensively
investigated as one of the most promising electrode of electrochemical catalyst and
device systems, e.g., water splitting, carbon dioxide reduction, nitrogen reduction, Li air
batteries, and electrochemical capacitors, due to their low-cost and affordable
electrochemical performance, compared with noble metals. However, transition metal
compounds based electrocatalysts still require further improvement of their catalytic
performances for large-scale application. In particular, the oxygen evolution reaction
(OER) is the main key in water splitting system for hydrogen energy production,
although it is currently obstructed by the sluggish kinetic of OER compared with
hydrogen evolution reaction (HER). Limited charge transport of transition metal
compounds based electrocatalysts under water oxidation conditions leads to a relatively
inefficient OER performances. In addition, catalytic performance is highly dependent
on controlling the exposure or modification of the active sites.

The objective of this thesis is thermodynamically optimal transition metal compounds

based electrocatalysts of highly efficient water splitting and to provide guidelines for



electrocatalysts design with the respect to the precisely controlled phase and structure of
catalysts.

First, nanostructured designed nickel iron layered double hydroxide (NiFe LDH)
electrocatalysts for water oxidation were developed using hydrothermal method
followed by gaseous boronization for boron doping and by thermodynamically
programmed electrochemical oxidation to enhance OER performance. The purpose of
boron doping in NiFe LDH is catalytic activity to overcome the relatively poor charge
transfer and intrinsic conductivity of NiFe LDH that result in a low potential of
commercialization. Until now, the boronization about boron doping or formation of
borides has been limited to the high boiling point of boron, which has resulted in high
temperature for boronization. The gaseous boronization with boron source, boron
precursor not boron, make it easy to obtain the boron doped NiFe LDH at relatively low
temperature to could be reached high OER performance due to improved charge transfer
resistance. Furthermore, the activated boron doped NiFe LDH was successfully
synthesized through its electrochemical oxidation, which consisted of the surface of
boron doped NiFe LDH converted to oxyhydroxide. The boron doped NiFe LDH with
electrochemical oxidation brings the improvement of the active site due to the doped
boron species as the activation, electrochemical oxidation, step. The electrochemical
oxidized boron doped NiFe LDH required an excellent OER performance 229 mV to
reach 10 mA c¢cm of current density, which confirmed that it was approximately 140
mV lower than Ir, noble metal, and about 86 mV lower than pristine NiFe LDH under
the same conditions.

The second focus is to control the phase in cobalt sulfide, e.g., Co, CosSs, and CoSs,
and to develop hierarchically porous structure of electrocatalyst for efficient overall

water splitting, which contains evolution reaction in both electrodes, OER and HER.



While cobalt sulfides have various phase, it was successfully controlled cobalt sulfide
phase according to the sulfur ratio through predicted synthesis based on thermodynamic.
A highly porous CoS2 nanoparticles for exposure of active sites was directly synthesized
by controlling the ratio of sulfur and cobalt Prussian blue analogues (Cos[Co(CN)s]),
one of the metal organic frameworks (MOFs). The newly-designed MOF-driven CoS»
electrocatalysts show high catalytic activity in HER, OER, and overall water splitting
and the CoS; in this work shows a highly porous and uniform particle size. The
synthesized MOF-driven CoS; has approximately 30 nm with ~ 4 nm pores, resulting in
alarge surface area of 915.6 m? g'!. The synthesized catalysts achieved a catalytic current
density of 10 mA cm™ at overpotential as low as 300, -200 mV from OER, HER,
respectively. Furthermore, it has outstanding long-term stability at 10 mA cm™ despite
of vigorously evolved gas. These excellent activity leads to outstanding performance of
full-cell system of overall water splitting for a practical two-electrode system, which
exhibited an overpotential of 1.65 V at 10 mA cm™.

This study could provide useful information for understanding the methodology to
thermodynamically precisely control the phase and structure of transition metal
compound and suggested versatile design that how to enhance the performance of

transition metal compound based electrocatalysts for water splitting.

Keywords: water splitting, transition metal compounds, nickel iron layered
double hydroxides, metal-organic frameworks, cobalt sulfide, thermodynamic

calculation, phase control
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through hydrothermal.

Electrochemical characterization of sulfur vacancy induced MOF-
driven CoS, for water oxidation in 1.0 M KOH. The OER
polarization curves through LSV of different CO annealing

conditions with a scan rate 5.0 mV s™..
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CHAPTER1

Introduction

1.1. Materials for electrocatalysts of water splitting

With a growing demand of environmentally-friendly and sustainable energy sources,
developing highly active and stable non-precious catalysts materials has been strongly
urged [1-10]. Among alternative energy methodologies, hydrogen based energy source
is one of the most promising candidate due to its high energy conversion efficiency,
outstanding energy density, and environmental friendliness [1-10]. Though there are a
variety of technologies for production of hydrogen based energy, electrochemical water
splitting is the most promising technology in terms of commercial aspects and prospects
[11-16]. Furthermore, electrochemical water splitting using electrocatalysts can produce
solar-driven hydrogen through combination with a solar cell [17-19].

Figure 1.1(a) shows the schematic for conventional electrochemical cell that performs
the electrochemical water splitting under alkaline condition through electrocatalysts. At
an anode, oxygen is produced from water oxidation. This reaction is proceeded by
supplement of electron from external circuit, and by supplement of OH" from alkaline

electrolyte [2, 7, 20-23]. Meanwhile, at a cathode, water is reduced to hydrogen, energy
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source, which is the counter reaction of oxygen evolution reaction (OER) [24, 25]. Like
the OER, this hydrogen evolution reaction (HER) is also supplied from an external
circuit and electrolyte [9, 13, 26].

As shown in Figure 1.1(b), the solar photovoltatics-electrochemical water splitting
through electrocatalyst (PV-EC) shows the best energy efficiency among other
candidates, such as, photocatalysts, photocatalysts-electrolysis. However, PV-EC has
the disadvantage of high cost due to precious metals commonly used for
commercialization through electrocatalysts. It is necessary to reduce the cost of the
electrocatalysts.

(a) (b)

High

o
on of energy problems

Efciency

Photocatalyst-Electrolysis
hybeid process

s Antificial photosynthesis  PholOCatalyst
Mah Cost Low
Complex System ’

Figure 1.1 (a) Schematic for electrochemical cell that performs the electrochemical
water splitting under alkaline condition, whose anode and cathode occur OER and HER,
respectively. (b) Graph of cost and efficiency for various solar-driven hydrogen

production methods including electrocatalysts, photoelectrocatalysts.
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In Figure 1.2(a), the price of materials candidates of electrocatalysts for the water
splitting is displayed. Currently used precious metal based electrocatalysts are marked
inred and are highly expensive. Thus, recently, the earth-abundant transition metal based
electrocatalysts (marked in blue) have been previously reported [7, 21, 24, 27-34]. As
shown in Figure 1.2(b, c), rather, it has been reported that it shows better OER (Figure
1.2(b)) and HER (Figure 1.2(c)) catalytic activity than noble metals [35-40].
Nevertheless, for the commercialization of transition metal based electrocatalysts, it is
necessary to show better catalytic performance and to supplement for drawbacks, such

as charge transfer, active site, and intrinsic conductivity [41-43].
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As described above, the electrocatalysts candidates for water splitting can be roughly
divided into a precious metal and non-precious metal. Although non-precious metal
based electrocatalysts is continuously being reported, several problems must be solved
for application to mass production of hydrogen. The electrolyzer of electrochemical
water splitting consists of anode (OER), cathode (HER), external circuit, and electrolyte.
However, both electrodes are generally unbalanced in terms of overpotential [7, 9]. The
OER s relatively kinetically hindered reaction compared to HER, because the four
electrons are involved in the breaking and formation of bonding [7, 9]. In particular, as
shown in Figure 1.3, the OER is essentially accompanied by water splitting as well as a
counterpart reaction of various electrochemical reactions. The OER occurs as a
counterpart of an electrode where products of CO» reduction [44], N> reduction [45],
and metal-air batteries [46] are reacted. Thus, the total performance of electrocatalysts
could be changed depending on the efficiency of OER [7, 17]. Along with the
importance of the OER, studies on layer structure type oxides and transition metal
chalcogenides among earth-abundant electrocatalysts have been reported as promising
candidates [3, 6-8, 11, 24, 31, 47-52].

Furthermore, importance of bifunctional electrocatalysts is also emphasized due to
necessity of same electrolyte in one electrolytic cell for low-cost practical applications
[12]. Particularly, for bifunctional electrocatalysts, it should show excellent OER
performance with outstanding HER performance, and transition metal chalcogenides are

one of the representative materials.
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Chapter 1: Introduction

1.2. Charge transfer and phase issues in water splitting catalyst

1.2.1. NiFe LDH based electrocatalysts for water oxidation

Transition metal oxides are typically used as electrocatalysts for water oxidation,
however, its intrinsic conductivity is relatively poor. The transition metal oxides for
electrocatalysts of water oxidation have various type structures such as spinel,
perovskite type, etc [9]. Among them, the layer structure type, such as layered double
hydroxides (LDHs), is one of the most promising candidates for water oxidation (Figure
1.4(a)) [27]. The general layer structure type includes transition metal hydroxides
(M(OH)») and oxyhydroxides (M-OOH), which are categorized as LDHs [9]. As shown
in Figure 1.4(b), the crystal structure of LDHs consists of a layered structure such as
graphene and MoS;. The anion and hydroxide ligands are located between the interlayer
of LDHs [31]. Also, each layer of LDHs consists of edge sharing octahedral structure
(MOg), which is known to act as an active site of OER [53-55].

In transition metal oxides and LDHs, nickel is well-known to have one of the best
catalytic activity of water oxidation (Figure 1.4(c)) [27]. Additionally, as shown in
Figure 1.4(d), it has been reported through density functional theory (DFT) calculation
results that the OER activity is improved when nickel and other transition metals are
alloyed [27]. The alloying with various transition metal, such as, Fe, Mn, Cr, etc., affects

intrinsic conductivity of LDHs, which shows enhanced activity [24, 56].
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In particular, Fe is known to show a positive synergy in OER performance when NiFe
LDH in combination with Ni. Fe has the advantage that Ni and Fe are easily alloyed at
all Ni:Fe ratio, as shown in the Ni-Fe phase diagram of the Figure 1.5(a) [57]. Figure
1.5(b) shows the conductivity when Fe is alloyed with Ni [21]. When alloying with Ni
at the optimal ratio of Fe, it can be seen that conductivity is highly improved compared
to pristine Ni, and this change in conductivity also affects OER activity for water
oxidation. Figure 1.5(c) displays the OER activity according to the ratio of Fe. The blue
line shows the OER overpotential at a current density of 10 mA cm™, and the red line
shows the current density at a potential of 300 mV [58]. In this results, when the ratio of
Fe and Ni is between about 20 and 40 at%, the optimal OER performance is exhibited.

Nevertheless, better electrocatalytic activity is required for commercialization of
water splitting electrocatalysts through large-scale application. However, since metal
alloying beyond ternary is generally difficult, a novel methodology should be required
to improve active sites and to enhance charge transfer through improvement of
conductivity.

Therefore, in this work, it solved as heteroatoms, such as boron, were doped into NiFe
LDH. According to previous study, it was known that when boron was doped with Ni
metal, it had more effect on formation of NiOOH, which showed improved OER activity
(Figure 1.6(a)) [59]. In addition, in other studies on boron doping, boron doped Ni
showed improved conductivity, because charge transfer resistance was improved

(Figure 1.6(b)) [60].
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Figure 1.5 (a) The phase diagram of Ni-Fe [57]. (b) The conductivity data depending
on Ni:Fe ratio [21]. (c) The oxygen evolution activity under 0.1 M KOH depending on
Ni:Fe ratio [58].
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Figure 1.6 The effect of boron doping. (a) Results of boronized Ni on formation of
NiOOH [59]. (b) Effects of boronized Ni on charge transfer resistance and OER

performance [60].
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However, boron doping generally requires high temperature due to its high boiling
point and melting point, as indicated in Table 1.1. Thus, a new method of boronization
is required.

Additionally, the OER activity of boron doped NiFe LDH (B:NiFe LDH) prepared
through a new boronization method was further improved by electrochemical oxidation.
As shown in Figure 1.7(a), when the ratio of M-OOH increases, the electrocatalyst is
relatively activated, which positively affects the OER electrocatalysts [61]. For
activation step, the conditions of electrochemical oxidation were set through the
Pourbaix diagram of Ni in Figure 1.7(b) and the ratio of NiOOH was increased [62].

Therefore, boronization was conducted through a boron source instead of boron. As
shown in Figure 1.8, the improved OER electrocatalyst was proposed through the
advantages of boron doping and NiFe LDH. In addition, the activation of B:NiFe LDH
through the setting of the conditions of electrochemical oxidation based on the Pourbaix

diagram was suggested.

Table 1.1 Boiling point and melting point of boron and boric acid.

Materials Boiling point Melting point
Boron (B) 4,200 K 2,349 K
Boric acid (HsBOs) 573K 4439 K

11
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1.2.2. CoS:z based electrocatalysts for overall water splitting

In order to apply as a bifunctional electrocatalysts, it should show outstanding
performance in both OER and HER catalytic activity. The cost issue is one of the reasons
why the bifuctional electrocatalysts was proposed. Thus, bifuctional electrocatalysts
have been extensively reported for finding suitable materials through earth-abundant
transition metals like the OER in chapter 1.1 [7]. In the anode where OER occurs under
alkaline conditions, electrocatalysts, such as transition metal layered double hydroxides
[6, 8, 30, 31, 63], selenides [11, 64], and sulfides [65], have been reported to replace
precious metal, such as Ir, Ru. Meanwhile, transition metal phosphides [13], carbides
[66], and sulfides [14, 67] comparable to performance of Pt have been reported as HER
electrocatalysts under acidic condition. Among them, transition metal sulfides were
suggested as the most suitable candidates as bifunctional electrocatalysts, because
sulfides are relatively stable under alkaline conditions used in bifunctional
electrocatalysts, and has outstanding OER and HER catalytic activity [12, 16, 23].

Furthermore, in order to be applied to mass production of bifunctional electrocatalysts
for overall water splitting, the manufacturing method of the electrocatalysts should be
simple. As the composition of material increases, the synthesis method of catalysts
becomes inevitably complicated. For large scale applicable high efficiency
electrocatalyst, the methodology should be simple, and the essential factors such as high

activity, high conductivity, and large surface area must be satisfied.
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As shown in Figure 1.9, the metal-organic frameworks (MOFs) consist of metal ion
cluster and organic liner (Figure 1.9(a)), whose combination can produce a variety of
MOFs (Figure 1.9(b)) [68]. While MOF has the advantage of high porosity, it has the
disadvantage of low conductivity due to the organic linker. Based on these advantages
of MOFs, transition metal compounds synthesized using MOF as a template can be
outstanding electrocatalysts with a large surface area as exposure of active sites.

The cubic pyrite-phase transition metal dichalcogenides, such as FeS, [48, 70], NiS,
[65, 71], and CoS; [7, 65], have been proposed as bifunctional electrocatalysts in spite
of simple transition metal compounds due to high activity of OER and HER [23, 67, 70,
72]. In particular, CoS; exhibits high electrical conductivity compared to other cubic
pyrite-phase [48], and outstanding activity for both reactions [3, 67, 73]. Previous
studies on Co based MOFs were nearly synthesized by sulfurization through solution
process [67, 73]. Although MOF derived Co compounds through solution process can
synthesize hierarchical nanostructure, it is relatively difficult to form nanopores.

Furthermore, as shown in Figure 1.10, cobalt sulfide has a variety of phase, such as
CoS, Co3S4, Co9Ss, CoS,. The catalytic activity of OER and HER could be different
depending on phase, S/Co ratio, of cobalt sulfide. Therefore, precise fabrication of
mono-phase without impurity requires prediction of synthesis conditions by analysis
through thermodynamic calculation such as phase diagram. Additionally, gas phase
reaction with sulfur source through furnace was conducted because it is possible to

formation of nanopores and it can be more easily applied to mass production.
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In this work, as shown in Figure 1.11, the gaseous sulfurization was performed
through Prussian blue analogues (PBAs), one of the types of MOFs. In this procedure,
cobalt sulfide according to S/Co ratio was synthesized through thermodynamic

calculation, and their catalytic activity and porosity were compared.
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Figure 1.11 Schematic of the synthesis of MOF-driven CoS. through gas-solid

sulfurization with thermodynamic calculations.
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1.3. Objective of the thesis

The electrochemical water splitting is one of the optimal method of energy production
for next generation energy source due to their advantages, such as high efficiency,
outstanding energy density, and environmental friendliness. Compared with other
method for production of hydrogen, the electrochemical water splitting is most future-
oriented choices.

Considering the intrinsic conductivity, catalytic activity, and earth abundancy, NiFe
LDH and CoS; are selected as the anode for electrocatlaysts of water oxidation and both
electrodes for electrocatalysts of overall water splitting, including OER and HER,
repectively. However, selected electrocatalysts have some problems to be solved for
efficient water splitting, as described in the previous section. By solving the described
issues, it can be approached to large-scale application for commercialization.

To improve the electrochemical performance for water splitting, control of the
conductivity of transition metal based compounds was essential because the improved
conductivity affects facile charge transfer in electrocatalysts. In the same context,
control of active sites of electrocatalysts was also essential. The improved active sites
and exposure of active sites affects catalytic activity. However, previously reported
studies to solve this problem is a solution that is relatively difficult to apply a large-scale.
Moreover, most studies set experimental parameters through trial and error rather than
setting parameters through prediction.

The objective of this thesis is to provide the new direction of structural design of
electrocatalysts of transition metal compounds for electrochemical water splitting based
on a simple gas-solid reaction and thermodynamic calculation, and this methodology

affect enhanced electrochemical performances.
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The first focus is designing the electrochemical oxidized NiFe LDH with gaseous
boronization of hierarchical structure for electrochemical water oxidation. The nickel
iron layered double hydroxide was synthesized using the simple hydrothermal, which
method is simple and can exclude electrochemically inactive materials since it does not
require a polymer binder. Next, boron doped NiFe LDH (B:NiFe LDH) was fabricated
through boronization step, which was conducted through annealing of NiFe LDH and
boron source. In this procedure, a boron source other than original boron was used due
to high boiling point and melting point of boron. Furthermore, through the
thermochemical database program, we found a boron source capable of boron doping in
NiFe LDH without formation of NiFe boride. Finally, activation of B:NiFe LDH was
performed through electrochemical oxidation, which step improves performance of
water oxidation by increasing the ratio of oxyhydroxide (M-OOH) in LDH. Like the
second step, parameter of electrochemical oxidation was configured in this procedure
based on the thermodynamic database, such as Pourbaix diagram. As the
electrochemical oxidation method, galvanostatic oxidation was performed by applying
a constant current density, because electrochemical oxidation through cyclic
voltammetry can cause dissolution and precipitation during negative sweep. It was
verified that the galox-B:NiFe LDH designed in above procedures was successfully
doped and oxidized through various characterization. In particular, the electrochemical
performance, one of the most important indicators, of synthesized electrocatalyst was
shown to be superior to Ir, precious metal. The synthesized electrocatalyst achieved an
overpotential of 229 mV at 10 mA cm2, which confirmed that it was approximately 140
mV lower than Ir under the same conditions. In addition, it shows comparable excellent

performance when compared with previous studies.

18



Chapter 1: Introduction

The second focus is fabricating the highly porous CoS; electrocatalyst for overall
water splitting, including OER and HER, and controlling its phase and porosity. The
electrocatalyst of mono-phase to increase the performance and electrocatalyst to
increase the exposure of the active site were synthesized. The cobalt disulfides were
synthesized through three steps including the thermodynamic calculation, which was
used to implement precise phase control and to verify which phases are fabricated
according to loading amount. First, Co-PBAs (Cos[Co(CN)s]2), one of the MOFs, was
used as a starting material for synthesis of porous CoS,. The Co-PBAs was fabricated
through simple precipitation. Next, for sulfurization, the loading amounts of Co-PBAs
and sulfur were set by thermodynamic calculation. Oxygen was controlled through a
vacuum pump because Co-PBAs formed cobalt oxide more easily than sulfide. In
addition, when the amount of Co-PBAs is fixed, only the amount of sulfur is a parameter.
Thus, the amount of sulfur can be adjusted to predict the cobalt sulfide phase to be
synthesized. We demonstrated that highly porous structures were effective at enhancing
the OER and HER electrocatalytic activities of the CoS, nanoparticles. Tens of
nanometer size CoS, nanoparticles through PBAs, one of the MOFs categories, were
successfully synthesized through gas phase sulfurization using furnace. Synthesized
CoS; exhibited highly uniform particle size, high porosity, and crystallinity.

In particular, the OER performance, one of the most important indicators, of
synthesized electrocatalyst was shown to be superior to IrO, The synthesized
electrocatalyst achieved an overpotential of 298 mV at 10 mA c¢cm, which confirmed
that it was approximately 75 mV lower than commercial IrO, under the same conditions.
Additionally, the bifunctional electrocatalytic performance showed 1.65 V in a full cell

composed of two electrodes closest to the real system.

19



Chapter 1: Introduction

Nickel iron layered double

Material hydroxides Cobalt sulfide
Target Activated-#4, }‘%?( ©:
structure : g%
H,o
Water oxidation
Electrochemical oxidized MOF-driven CoS,
B:NiFe LDH
r + Ex-situ analysis » Thermodynamic approac
Majo Ex-situ analysi Thermodynami h
characteristics . |mprovement of activity - Exposure of active sites

Figure 1.12 Strategies of electrocatalysts for enhanced water splitting.
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1.4. Organization of the thesis

This thesis consists of eight chapters. In Chapter 2, the mechanisms of
electrochemical water splitting and evaluation of performance of electrocatalysts for
water splitting are reviewed. Chapter 3 describes the experimental procedures, including
the fabrication of electrocatalysts and the methods used for the various investigations,
such as electrochemical, morphological, chemical, and physical characterization. The
fabrication of electrochemical oxidized NiFe LDH with gaseous boronization is
described in Chapter 4. These procedures were discussed from boronization for boron
doping into NiFe LDH to galvanostatic oxidation for activation of boron doped NiFe
LDH. Also, characterizations for verification were discussed. In Chapter 5, the effects
of boron doping and galvanostatic oxidation on electrochemical performance were
described. Chapter 6 describes the design and fabrication of porous CoS; electrocatalysts.
In particular, Chapter 6 includes parameters setting through thermodynamic calculation.
In Chapter 7, the effects of nanopores and phase control of cobalt sulfide on
electrochemical performance were discussed. Finally, Chapter 8 summarizes this thesis
and suggests further study of sulfur vacancy of CoS, for efficient water oxidation and a

novel structure composed of nickel boride and oxyhydroxide for the water oxidation.
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CHAPTER 2

Theoretical Background

2.1. Fundamentals of electrochemical water splitting

The various factors are used to evaluate the performance of electrocatalysts of water
splitting, which are determined through factors of electrocatalytic Kinetics.

In this section and following subsections, it is described that how these factors are
used and how they are derived in electrochemistry. Furthermore, the fundamentals of
components, including thermodynamics, Kinetics parameters, of electrochemical water

splitting are reviewed.

2.1.1. Thermodynamics of water splitting reactions

Figure 2.1 depicts the electrochemical alkaline water splitting, which broadens the
range of electrocatalysts to earth-abundant materials compared with acidic water

electrolysis [74]. Two reactions in both electrodes of electrochemical water splitting

have been described.
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Figure 2.1 Schematic of the electrochemical alkaline water splitting [74].

In OER electrode, anode, side, as described above, the OER process consists of four
steps. In the typical known OER step occurs as four steps progress, each step occurs as
hydroxide anion (OH") is continuously bound to the active site. The OER mechanism is
briefly described as follows, and a more detailed mechanism is described in a later

section [9].

M+ OH — M-OH + ¢

M-OH + OH — M-O + H.O + ¢

M-O — M + 1/20; or M-O + OH" — M-OOH + &
M-OOH+OH - M +H,0+ O, + &

Oxygen is produced as a final product according to the steps described above. Firstly,
OH- is adsorbed to M, the active site of electrocatalyst, to form M-OH. Next, M-OH
again combines with OH" to form M-O, yielding H,O and e". After this formation of M-

O step, it is divided into two processes. In the first case, oxygen is generated directly
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from M-O. In the second case, M-OOH is formed by combination with M-O and OH,
which step releases an electron. Then, M-OOH recombines with OH" to return to active
site (M), producing water molecule and oxygen [75, 76]. In order to improve the overall
OER catalytic activity, it is necessary to understand in detail the interaction between the
active site of catalysts surface and the OER intermediate [77]. Through the Gibbs free
energy of each step, the rate determining step (RDS) of the entire OER reaction can be
identified, and if it is controlled, OER performance can be improved. Therefore, the
corresponding RDS is known as the reaction step with the highest free energy [78]. In
particular, recent advances in density functional theory (DFT) calculations have made it
relatively simple to model electrochemical reactions thermodynamically.

In HER, as described above, there is an advantage of alkaline electrolyte of water
splitting, but the activity of HER is relatively low, which have been reported that almost
~2-3 orders of magnitude lower than that in acidic media. Additionally, the HER is
relatively sensitive to surface structures of electrocatalysts [74]. For this reason, the
generally reported steps that occur in the HER change. According to the theoretical
studies revealed, HER activity is known to be related to hydrogen adsorption (Hag) in
acidic conditions, which was composed of VVolmer, Heyrovsky, Tafel step, as shown

below [79, 80].

Volmer step: H" + & — Hag
Heyrovsky step: H* + & + Hyg — Ho
Tafel step: 2H.q — Ho

It shows the behavior of VVolmer/Heyrovsky step or Volmer/Tafel step depending on

the electrocatalysts.
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However, in the water electrolysis of alkaline conditions, the Haq should be considered
as being converted to hydroxyl adsorption (OH.g). Accordingly, H* of the step described
above should be considered ad H2O [81, 82]. Thus, in the alkaline condition, the steps

should be changed as follows.

Volmer step: H,O + e — OH + Hyg
Heyrovsky step: H,O + e + Hyg — OH + H;
Tafel step: 2Hag — Ho

Therefore, it is most essential to break the strong covalent H-O-H bond in order to
proceed with efficient HER in alkaline electrolyte. That is, an electrocatalysts with the
ability to decompose water molecules and bond hydrogen is needed. It has been reported
that the four major factors might influence the alkaline HER performance. Based on the
reaction pathway involved in the Volmer and Heyrovsky steps, water adsorption on
active sites, water dissociation ability, hydrogen binding energy, and adsorption strength
of aqueous OH" [74]. Particularly, water adsorption, the first step in HER of alkaline
condition, is much weaker than HzO* adsorption, the first step in HER of acid condition.
Therefore, improving metal-H,O binding has a positive effect on the HER performance

that will occur after step.
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2.1.2. Electrocatalytic kinetics and related parameters

(*This section cited reference [166])

The electrocatalysts are a material that facilitates the electrochemical reaction, which
are oxidation and reduction reactions caused by charge transfer, such as egn (2.1). As
shown in Figure 2.2, it considers the simplest case of an electrochemical reaction, where
O and R are the materials that are oxidized and reduced, respectively. The electrocatalyst
could act as electrodes or act on the surface of electrodes. The electrocatalyst, such as
catalysts of water splitting, CO, reduction, fuel cell, used to adsorb reactant on the
surface of electrodes. Then, the facile charge transfer between the electrode and reactant

was performed through adsorbed intermediates [9].

O+ne <R (2.1

©
O + @ & R

Figure 2.2 Schematic of the simplest case of an electrochemical reaction.

There are many parameters related to kinetics for evaluating electrocatalysts [83].
Typically, these parameters include overpotential (), exchange current density (jo),

Tafel slope, and turnover frequency, etc., through which useful information can be
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obtained. Furthermore, the mechanism analysis related to electrochemistry can be
performed with the information obtained through these parameters, which will be
explained in more detail in the following.

First, overpotential () is the most representative and most commonly used
evaluation index of electrocatalysts, which is one of the most intuitive kinetics parameter.
As shown in the Figure 2.3, it is depicted that the real applied potential (E) and the
potential at equilibrium (Ecq) are different. In an ideal case, Eeq and applied potential
should be the same, but in most practical case, the applied potential is inevitably high
due to kinetic problems at the electrode and electrocatalyst. Particularly, it is also the
reason why the overpotential of the OER is generally greater than that of the HER, which
is why OER is called a kinetically hindered process. The overpotential (;7) as expressed
in eqgn (2.2), is a difference between the E and Eeq, where E is applied potential and Eeq
is equilibrium potential. The applied potential (E) is expressed as eqn (2.3) according to
the Nernst equation [167]. In the Nernst equation, E is applied potential. E° is standard
electrode potential, which is a figure that shows how well the redox reaction takes place
at a standard pressure of 25 °C and 1 atm. R, T, and F are gas constant, absolute
temperature, and Faradaic constant. The n is the number of electrons participating in the
electrochemical reaction, and Co and Crare the concentrations of oxidized and reduced

reagents, respectively.

n= E - Eeq (22)
RT C,
E=E'+—In— 2.3
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i ECEC, E2,, Ea
— . ,
Nc H r_ n (overpotential)
A - E— =
'__100 - E (V) vs. RHE
: Na
p Eucell >
ic

Figure 2.3 Polarization curves for OER in anode marked in red line and HER in cathode

marked in blue line.

Generally, the overpotential means the potential value at certain current density,
which is typically based on 10 mA cm. Therefore, the smaller the overpotential value,
the closer it is to the ideal case, which means that it is a better electrocatalysts.

Next, exchange current density (jo) is introduced. In commonly chemical reaction,
the forward and backward reaction are expressed as egn (2.4). In eqn (2.4), ks and k, are
forward reaction and backward reaction of reaction rate constant, which is related by

activated complex theory in egn (2.5) [166].

Vi = kaA, Vp = kbCB, Vnet = kaA - kbCB, Vret =0 (equilibrium) (2.4)
ki = Arexp(-AGH/RT), ko = Apexp(-AGw/RT) (2.5

In electrochemical reaction, such as eqn (2.1), if charge transfer step determines
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overall reaction rate, v, Vi, and inet is €xpressed as eqn (2.6). In egn (2.6), Co(0,t) and
Cr(0,t) are concentration of O and R on surface of electrode, because only O and R at
the surface of electrode participate in the charge transfer step. Thus, reaction rate
constant of forward and backward reaction in electrochemical reaction are expressed as
eqgn (2.7), where A, ko, and « are surface area, standard rate constant, and symmetry

factor.

Vi= kao(O,t) =iJ/nFA, vp = kbCR(O,t) = ia/NFA, Vnet = Vi - Vb = ine/NFA

(2.6)
inet = ic - ila = NFA[K:Co(0,t) - ksCr(0,1)]
ke = k° exp(-anF(E-E°)/RT), ko = k° exp((1-a)nF(E-E°)/RT) 2.7
Inet = ¢ - la
(2.8)

= nFAK’[Co(0,t) exp(-anF(E-E°)/RT) - Cr(0,t) exp((1-a)nF(E-E®)/RT)]

As shown in egn (2.8), the first term on the right refers to the reduction current and
the second term refers to the oxidation current. In equilibrium state, there are ine: = 0 and
ic = | ia | , which called exchange current, io. Thus, as shown in eqgn (2.9), exchange
current (i), io = ic, deduced from eqn (2.8), where E = E¢. Additionally, since the

concentration of surface and bulk is the same, eqn (2.10) is validated. Thus, egn (2.12)

is derived from egn (2.9).
io = ic = NFAK’Co" exp(-anF(Eeq-E%)/RT) (2.9)
Co(O,t) = Co*, CR(O,t) = CR* (210)
g, -+ Co 2.11
N (211)

Co'ICR" = exp(NF(Eeq-E°)/RT), (Co/CR") ™ = exp(-anF(Eeq-E°)/RT)
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o= I’]FAkOCo*(l' % CR*'Z (2.12)

Thus, exchange current is derived as egn (2.12), and exchange current density (jo) is
exchange current (io) divided by surface area (A). The magnitude of the jo means the
intrinsic bonding/charge transferring interaction between the electrocatlaysts and the
reactants. That is, high jo is usually corresponding to good electrocatalysts for the
electrochemical reaction. However, measurement of jo is difficult due to only acquisition
of overall current density in real data. Thus, the Tafel equation should be used to
calculate the exchange current density (jo) [9]. Additionally, k°, standard rate constant,
is intrinsic value of the electrochemical reaction regardless of potential, as shown in eqn
(2.5). If this k® value is large, 4Gois small. An electrocatalysts is used to further lower
AGo. However, even when an electrocatalysts is used, the magnitude of current can be
adjusted by changing the applied potential. From egn (2.8) and eqgn (2.12), it can be

expressed as egn (2.13) using overpotential (7 = E - E,).

inet = o[ (Co(0,8)/Co” exp(-anF(E-Eeq)/RT)
- Cr(0.1)/Cr" exp((1-a)NF (E-Eeq)/RT)] @19

The upper term refers to the reduction current of O, the lower term refers to the
oxidation current of R, the ratio of concentration means the mass transfer rate, and the
term expressed s an exponential function means the charge transfer rate. As mentioned
earlier, the contents related to charge transfer and mass transfer will be covered in the
next chapter.

As mentioned in the exchange current density (jo), the importance of the Tafel

equation is emphasized. The Butler-Volmer equation should be derived to drawn a
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Tafel plot through the Tafel equation. When the mass transfer rate is large in an
electrochemical reaction, the overall RDS becomes a charge transfer. In this case,
Co(0,t)/Co” = Cr(0,t)/Cr" = 1 is established at eqn (2.13), can be summarized as eqn
(2.14).

inet = lo[exp(-anF#n/RT) - exp((1-a)nFx/RT)] (2.14)

The eqgn (2.14) is called the Butler-Volmer equation, which shows the change in
current according to the applied potential when the charge transfer is RDS. When a
potential is applied as a negative value, the reduction current increases exponentially and
the oxidation current decreases exponentially, such as HER. As shown in Figure 2.4, it
is a schematic diagram of the Butler-Volmer equation. It can be seen that i = 0 in the
equilibrium state, and the reduction current or the oxidation current increases or

decreases depending on the applied potential.
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Figure 2.4 i,.,, as a function of potential determined by the Butler-Volmet equation.
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As shown in Figure 2.4, the inet measured in a region with a small overpotential in the
potential region that satisfies the Butler-Volmer equation is linearly proportional to the
potential. Thus, if absolute value of overpotential is under the approximately (118/n)
mV, eqgn (2.14) is converted to egn (2.16) due to egn (2.15). In egn (2.16), current and

overpotential are directly proportional.

eXp(X) =1+ X+ X2 +X/6+ .., exp(x)= 1 +x (2.15)
i = ionF(-)/RT (2.16)

Additionally, slope of Butler-Volmer equation in small overpotential region is
ionF/RT from egn (2.16). In this region, as indicated in egn (2.17), resistance is charge
transfer resistance because RDS is charge transfer. As shown in Figure 2.5, if Rt is large,
the slope decreases. As can be inferred from Figure 2.4, as the slope decreases, the
overpotential increases at a constant current. Thus, as Re increase, the overpotential

increases.
Ret = RT/ionF (2.16)
As shown in Figure 2.5, in the potential range that satisfies the Butler-Volmer
equation, i = i, or i = i; in a region where the overpotential is large. If # << 0, the Butler-

Volmer equation is changed to eqn (2.17), and eqn (2.18) is derived. In the opposite case,

eqn (2.19) is derived.
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Figure 2.5 i, change with overpotential in electrochemical reaction that satisfies the

Butler-Volmer equation.

ine[ = ic = iO eXp('aan’]/RT)
log | inet | =log io - anFy / 2.303RT
log | iret | =log io + (1-a)nFy / 2.303RT
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In Figure 2.6, the logarithm of the current is plotted against overpotential, which is
called Tafel plot. As inferred from eqn (2.18) and eqn (2.19), log | i | is linearly
proportional to the overpotential (), which is called the Tafel behavior. Also this region
is called a Tafel region. In the Tafel plot, ip can be calculated from the intercept.
Additionally, k%, Re: can be calculated from io. Furthermore, o can be obtained from the

slope.

log | iy |

Slope = (1-a)nF/2.3RT Slope = -anF72.3RT

/

log i,

+ (V) -

Figure 2.6 Tafel plot in electrochemical reaction.
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In an electrochemical reaction, Faraday efficiency (FE) is the efficiency of
electrochemical reaction for a specific product, such as oxygen, hydrogen, is expressed

in terms of electron transfer. The Faraday efficiency is expressed as egn (2.20).

FE (%) = ZnF/ Q (2.20)

The Z, n, F, and Q are number of electrons for 1 mol gas, number of moles, Faraday
constant (96,500 C mol™), and passed charge. In water splitting, since the following
chemical reaction formula is followed, Z is 4 in FE of oxygen and Z is 2 in FE of
hydrogen.

2H0 + 2e° — Hy + 20H

40H — 2H,0 + O, + 4¢

The turnover frequency (TOF) is generally a factor for evaluating the intrinsic
catalytic activity to each catalytic active site. The TOF is expressed as eqn (2.21), where
j is the current density at a certain overpotential, A is reaction area of electrocatalysts, n
is the number of the moles of the electrocatalysts. Although TOF cannot be accurate due
to the different catalytic activity for each atom corresponding to each electrocatalysts, it

is still one of the important evaluation factors [84].

TOF (s*) =jA/4Fn (2.20)
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2.1.3. Charge and mass transfer

(*This section cited reference [166])

The Butler-Volmer equation mentioned above describes the change in current with
potential when the charge transfer rate is slower than the mass transfer rate. That is, it
means that the overall reaction rate is determined due to the slow mass transfer rate. In
this conditions, as in eqn (2.14), the charge transfer rate (current) increases with the
exponential function of overpotential. However, in the actual electrochemical reaction,
the current does not increase indefinitely linearly as the overpotential increases. When
the charge transfer rate increases linearly till certain condition, the charge transfer rate
reaches a region that exceeds the mass transfer rate. Subsequently, mass transfer
determines the overall reaction rate. As shown in Figure 2.7, it shows the current change
according to the overpotential closer to the actual electrochemical reaction. If the mass
transfer rate is constant, in the region where the overpotential is small, the charge transfer
determines the overall reaction rate, and the current changes by the Butler-Volmer
equation, but in the ragion where the overpotential is large, the overall reaction rate and

current are determined by the mass transfer rate.
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i/i,

i14

Figure 2.7 Determine of current according to the mass transfer in large overpotential

condition.
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2.2. Electrochemical oxygen evolution reaction (OER)

The OER of water splitting was conducted in anode, which is oxidation electrode.
The oxidation of water is a counter reaction of HER of water splitting. In other words,
the OER is the half reaction of the water splitting. Unlike the other electrochemical
reactions, such as CO» reduction, N, reduction, the water splitting does not need to
consider competitive reactions because water splitting is only one product. Thus, in
water splitting, lowering the overpotential is one of the best ways to increase efficiency.
In particular, because OER is a kinetically hindered process, the overpotential is still
high. In addition, OER involving multiple steps is also effective in improving efficiency
by lowering the AG of each step. Thus, DFT calculation was introduced for lowering the
AG of each step.

As shown in Figure 2.8, this graph displays a basic OER performance curves in white
box. In ideal case, the electrochemical water splitting occurs at 1.23 V (vs. reversible
hydrogen electrode (RHE)), which is defined as E.,. Because of kinetics, the OER
generated at the anode should be applied with a potential greater than 1.23 V. If this is
replaced with the overpotential which is the performance factor of OER, it is # = E, -
E.;, and as previously mentioned, the overpotential at 10 mA cm is typically used.

In this section, the detailed mechanism and theory for the water oxidation are
reviewed. Furthermore, the trends and performances in electrocatalytic activity of OER

for water splitting according to the suggested descriptors are described.
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Figure 2.8 Polarization curves for water oxidation electrodes.
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2.2.1. Theory of electrochemical OER

In terms of a mechanistic analysis of the OER for water splitting, whose major
obstacle is the multiple steps involving the transfer of four electrons. In addition, as
briefly mentioned above, the mechanism of water splitting varies depending on the
conditions of the electrolyte, such as neutral, acidic, alkaline conditions.

Over the past few decades, many research groups have suggested possible mechanism
of OER for water oxidation in acidic or alkaline condition. The mechanism most likely
to proposed is the one shown in Figure 2.9 [9]. Under the both conditions, alkaline and
acidic conditions, MO, MOH, and MOOH are commonly produced as intermediates.

The egn (2.20) to egn (2.24) represent the mechanism in acidic conditions.

(220) M+ H;0 ~3 MOH +H* + ¢

(2.21) MOH + OH "3 MO +H,0 + ¢

(2.22) 2MO 5 2M + 0,0r MO + H,0 ~3 MOOH + H* + ¢
(2.23) MOOH + H,0 ~4 M+ 0, + H' +¢

AG
2.24) total reaction: 2H,0 —= O, + 4H* + 4e Ee? = 1.23 V
q

As shown in the blue line of Figure 2.9, first, when H,O molecule is absorbed at the
active site M of the surface, one MOH, an electron, and one proton are generated. The
formed MOH meets OH" to form MO, HO, and one electron. Next, it is divided into
two paths. In first case, MO directly generates O, and the MO back to M. In second
case, MO react with H,O to make one MOOH, electron, and proton, respectively.
Finally, MOOH meets H,O again and returns to M, generating O. and releasing one

proton and electron. Totally, water oxidation in acidic conditions produces oxygen from
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2H0.

The eqn (2.25) to egn (2.29) represent the mechanism in alkaline conditions.

(2.25) M + OH 4 MOH

(2.26) MOH + OH" "% MO + H,0

(2.27)2MO -5 2M + 0,0r MO + OH ~3 MOOH + ¢
(2.28) MOOH + OH- % M + 0, + H,0

AGyo
(2.29) total reaction: 40H % 02+ 2H,0 + 4 Ee?=-0.40V

Oxygen is produced as a final product according to the steps described above. Firstly,
OH- is adsorbed to M, the active site of electrocatalyst, to form MOH. Next, the formed
MOH again combines with OH" to form MO, yielding H,O and e". After this formation
of MO step, it is divided into two paths. In the first case, oxygen is generated directly
from MO. In the second case, MOOH is formed by combination with MO and OH,
which step releases an electron. Then, MOOH recombines with OH" to return to active
site (M), producing water molecule and oxygen [75, 76]. Totally, water oxidation in
alkaline conditions produces oxygen from 40H". In order to improve the overall OER
catalytic activity, it is necessary to understand in detail the interaction between the active
site of catalysts surface and the OER intermediate [77].

Where AG; is the Gibbs free energy of reaction step i. Each reaction step involves
the transfer of one electron implying that the change in free energy at each step depends

on the potential.
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M-OH

+OH-

+OH-

H+
+H 20 0 M 0 H*
Figure 2.9 Schematic of OER mechanism in acid (blue line) and alkaline (red line)
electrolyte. The black line shows that oxygen evolution involves the intermediates. The

green line shows another path in OER [9].
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Additionally, although each mechanism is described under both conditions, such as
acidic, alkaline conditions, of OER for water oxidation, thermodynamic or DFT
calculation is usually reported under acidic conditions due to the simplicity of proton.
However, these calculation methods are independent of pH because the free energy
estimated by changes in the same way as pH [85]. In this theoretical reaction step, the
Gibbs free energy of each elementary step, surface intermediates, are calculated as a
function of potential, such as Nernst equation. The reaction energy of each reaction step
was derived by the difference of AG; of intermediates before and after reaction [74, 86].
As shown in Figure 2.10, the schematic diagram of reaction free energy diagrams is
plotted for determine of thermodynamically spontaneous step [74]. The vertical axis
shows Gibbs free energy, and the horizontal axis indicates reaction species and
intermediates of OER, whose reaction coordinate moves from free water on the left to
free oxygen on the right. For a general electrocatalysts, the Gibbs free energy of each
reaction step could differ since there are irregular factors in the adsorption energy of
each intermediate species, such as M, MO, MOH, and MOOH [78]. Every related step
of OER must be thermodynamically unfavorable at below the reversible potential due
to E; - E° = 5 <0, with AG; > 0. If the applied potential is increased, the Gibbs free
energy of the intermediates shifts toward negative value. At the same time, the
corresponding reaction step is thermodynamically favorable reaction due to Ez3 - E° = 5
>0, with AG; <0. Additionally, the corresponding RDS, overall Gibbs free energy of
the OER, is known as the reaction step with the highest free energy, which is expressed

as eqn (2.30) [78].

AGogr = max [AGy, AG,, AGs, AG,] (2.30)
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In this context, the overpotential in terms of thermodynamics is an additional potential

applied by the rate determining step, which is expressed by eqn (2.31).

Noer = AGogpr 10-Eeq (2.30)
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+H* + e~

H,0 + OH

AG,

Real catalyst
Ideal catalyst

OOHyg O,+4H"+4e"
+3H* + 3e”
H20 + O(ad)
+2H* + 2e-

AG,

AG,

1AG

E:-E’=n<0

E2-E’=n=0

Es-E’=n>0

Figure 2.10 Plot of thermodynamically calculated Gibbs free energy of intermediates

during OER according to the reaction coordinate. Dashed line indicate the energetics at

the electrode potential where all the thermochemical barriers disappear [74, 78].
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2.2.2. Summary of OER electrocatalysts and performances

Over the past decades, many researches have been conducted from the kinetics and
mechanistic perspectives to overcome the limitation of kinetically hindered process,
OER. Various rational designed electrocatalysts have been reported, such as changing
the RDS by controlling the Gibbs free energy of each step introduced above. Despite
these efforts, accurate classification was difficult until DFT calculation was applied
through physicochemical property of descriptor. In particular, the volcano plot is one of
the most representative heterogeneous electrocatalysis categories [168]. As shown in
Figure 2.11, representative format of volcano plot is presented. The most successful
descriptors typically describe the interaction between the intermediate of the main
reaction and the surface of catalyst. In Figure 2.11, it represents the overpotential change
according to the descriptors. For most catalysts, including electrocatalysts, reactants and
products should not be too adsorbed or desorbed too well, because the catalyst fails to
activate the reactants or the products fail to dissociate. Thus, as depicted in Figure 2.11,
when there is proper interaction, it shows the best catalytic activity. The volcano plot
can be drawn through the difference of Gibbs free energy as shown in Figure 2.10. By
combining Gibbs free energy corresponding to descriptors of candidates of
heterogeneous electrocatalysts for OER of water splitting and overpotential
corresponding to activity, it is possible to fit a volcano plot capable of easily comparing

the water oxidation trends. Figure 2.12 is drawn through this method [32].
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Figure 2.11 Schematic of format of the simple volcano plot. The descriptor, such as

difference of Gibbs free energy between intermediates, versus the activity.
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The Figure 2.12 shows the volcano plot of candidates of the heterogeneous
electrocatalysts for water oxidation. The X-axis of graph is difference of the Gibbs free
energy of intermediates, which are MO and MOH. The Y-axis of graph is overpotential
of electrocatalysts. As shown in the descriptor of Figure 2.12, difference of Gibbs free
energy of intermediates is often used. Recently, this can be obtained through binding

energy calculation through DFT calculation.

1 Co,0, RuO
051 vy e
‘ MnO, R Nif
> -1.04 \ -
:_E i - lﬁo,
-1.5-
SnoO,
-2.0 4
-2.54 . . . v
-1 2 3 4
(AG.,-AG.,) / eV

Figure 2.12 The volcano plots for heterogeneous electrocatalysts for water oxidation

[32, 87].

49 A
-":r'\-\.ﬁ-! _'w.l..:l . 'I_-II '\-f.l.l_ ) I|
I . I



Chapter 2: Theoretical Background

To design the electrocatalysts of enhanced catalytic activity for water oxidation, it is
useful to compare their electrocatalytic performances, which have been widely studied
in the past. The Table 2.1 shows electrocatalytic performances in the alkaline condition,

1.0 M KOH or NaOH, of water oxidation for various materials [7].

Table 2.1 Comparison of OER catalytic activity with previous reports of transition metal

compounds.
Current
Catalyst Overpotential Tafel slopes Ref.
density
10 mA Current
MOF-driven CoS; 298 mv 94 mV dec?
cm? work [7]
Current
Galox-B:NiFe LDH 229 10 57
work
CoS; microboxes 308 10 414 [88]
Porous (NioggCOo,m)Sz 295 100 78 [23]
Pt-CoS; 300 10 58 [89]
Co@NC, (core-shell) 330 10 439 [90]
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Co-Mo-Nitride 294 10 57 [91]
NiCoP/C nanoboxes 330 10 96 [92]
Co/CoP 340 10 79.5 [93]

Au@CoSy,
345 10 138 [94]

(core-shell)
CoZn-Se 320 10 66 [95]

Co, N doped porous
350 10 83 [96]
carbon nanosheet
2D nonlayered NiSe 290 10 77.1 [97]
Co(So.71S€0.29)2 in carbon
307 10 67.5 [98]
fiber

CoS; in carbon fiber 386 10 81.4 [98]
NiFe LDH nanosheet 300 10 40 [55]
NiFeOOH 270 80 28 [99]
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NiFe LDH 280 30 50 [8]
NiFe LDH 224 10 53 [100]

NiFe LDH/CNT 247 10 31 [29]
EG/CoogsSe/NiFe LDH 270 150 57 [30]

NiFe LDH
210 10 52 [101]
nanosheet@DG10

NiFe LDH 300 10 36 [102]

NiFeCr LDH 225 25 69 [6]
NiFe-WO4-LDH (FNP) 290 10 41 [47]

Single atom-Au/NiFe

237 10 36 [63]

LDH
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2.3. Electrochemical hydrogen evolution reaction (HER)

The HER of water splitting was conducted in cathode, which is reduction electrode.
The reduction of water is a counter reaction of OER of water splitting. In other words,
the HER is the half reaction of the water splitting. Like the OER in the previous section,
the HER also does not need to consider competitive reactions because HER is only one
product, hydrogen. Thus, in water splitting, lowering the overpotential is one of the best
ways to increase efficiency. HER can also predict electrocatalysts activity by calculation
binding energy between catalyst surface and reactants through DFT calculation. The
HER is a relatively simple reaction with fewer steps compared to OER.

As shown in Figure 2.13, this graph displays a basic HER performance curves in
white box. Because of kinetics, the HER generated at the cathode should be applied with
a potential negatively greater than 0.0 V. If this is replaced with the overpotential which
is the performance factor of HER, it is # = E. - E.,, and as previously mentioned, the
overpotential at 10 mA ¢cm? is typically used.

In this section, the detailed mechanism and theory for the hydrogen evolution of water
splitting are reviewed. Furthermore, the trends and performances in electrocatalytic activity

of HER for water splitting according to the suggested descriptors are described.
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Figure 2.13 Polarization curves for hydrogen evolution in cathode.

2.3.1. Theory of electrochemical HER

In terms of a mechanistic analysis of the HER for water splitting, whose major
obstacle is the binding energy between surface and reactant, unlike OER. In addition, as

briefly mentioned above, the mechanism of water splitting varies depending on the

conditions of the electrolyte, such as neutral, acidic, alkaline conditions.

Over the past few decades, many research groups have suggested possible mechanism
of HER for water splitting in acidic or alkaline condition. The mechanism most likely
to proposed is the one shown in Figure 2.14 [103]. Under the both conditions, alkaline
and acidic conditions, M-H" is commonly produced as intermediates. The eqn (2.31) to

eqn (2.34) represent the mechanism in acidic conditions. It was described by adding M,

active sites on the surface electrode, to the aforementioned mechanism.

(2.31) Volmer step: H:O*+ M +e — M
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(2.32) Heyrovsky step: H* + e+ M-H" — H, + M
(2.33) Tafel step: 2M-H" — H, + 2M
(2.34) total reaction: 2H* + 26" — Hy Ee* = 0.0 V

As shown in the left of Figure 2.14, first, when H* from electrolyte and electron from
external circuit are absorbed at the active site M of the surface, one M-H"and one water
molecule are generated. Next, it is divided into two paths. In first case, the formed M-
H”™ meets H* and electron to form H. and return to M. In second case, hydrogen is
generated directly from 2M-H". Totally, HER in acidic medium produces hydrogen
from 2H".

The eqn (2.35) to egn (2.38) represent the mechanism in alkaline conditions.

(2.35) Volmer step: H,O + M +e — OH + M-H”

(2.36) Heyrovsky step: H;O + e + M-H" — H, + OH + M
(2.37) Tafel step: 2M-H" — H, + 2M

(2.38) total reaction: 2H,0 + 2e" — H; + 20H E¢f =-0.83 V

Hydrogen is produced as a final product according to the steps described above.
Firstly, H.O and electron are reacted with M, the active site of electrocatalyst, to form
OH- and M-H". Next, it is divided into two paths. In the first case, the formed M-H"
again combines with H-O and electron to generate hydrogen and form OH" and return
to M. In the second case, hydrogen is generated directly from 2M-H". Totally, HER in

alkaline medium produces hydrogen from H.O.
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Figure 2.14 Schematic of mechanism of hydrogen evolution in acidic (left) and alkaline

(right) electrolyte [103].

Each step of HER, VVolmer, Heyrovsky, and Tafel step, is also called electrochemical
hydrogen adsorption, electrochemical desorption, and chemical desorption [103]. In
addition, the Tafel slope can be calculated through the equation derived above for each

step in alkaline condition [104].

(2.39) Volmer step: 120 mV dec™*
(2.40) Heyrovsky step: 40 mV dec*
(2.41) Tafel step: 30 mV dec

Therefore, the Tafel plot can be plotted through the polarization curve of each
electrocatalyst, and the Tafel slope can be calculated to know the step when HER is in

progress.
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2.3.2. Summary of HER electrocatalysts and performances

Like the OER, many researches have been conducted from the kinetics and
mechanistic perspectives to overcome the limitation of HER. Various rational designed
electrocatalysts have been reported. Despite these efforts, accurate classification was
difficult until DFT calculation was applied through physicochemical property of
descriptor. The OER is a complex and slow because it is a kinetically hindered process,
whereas HER is relatively simple and has few descriptors. It is generally calculated
through the binding energy of hydrogen and active site (M) [28, 34, 105].

In particular, the volcano plot is one of the most representative heterogeneous
electrocatalysis categories [28]. As shown in Figure 2.15(a), representative format of
volcano plot in HER is presented. The most successful descriptors typically describe the
binding energy between the hydrogen and the surface of catalyst [28, 105]. In Figure
2.15(a), it represents the current density change according to the descriptors, binding
energy. Like the OER, for most catalysts, including electrocatalysts, reactants and
products should not be too adsorbed or desorbed too well, because the catalyst fails to
activate the reactants or the products fail to dissociate. By combining Gibbs free energy
corresponding to descriptors of candidates of heterogeneous electrocatalysts for HER of
water splitting and current density corresponding to activity, it is possible to fit a volcano
plot capable of easily comparing the HER trends. Figure 2.15(b) is drawn through this
method [28, 105].
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Figure 2.15 (a) Relationship between log j» and 4AGy+under the Langmuir adsorption
model [105]. (b) The volcano plots for heterogeneous electrocatalysts for HER of water

splitting [28].

To design the electrocatalysts of enhanced catalytic activity for HER, it is useful to
compare their electrocatalytic performances, which have been widely studied in the past.
The Table 2.2 shows electrocatalytic performances in the alkaline condition, 1.0 M

KOH or NaOH, of HER for various materials [7].

Table 2.2 Comparison of HER catalytic activity with previous reports of transition metal

compounds.
Current
Catalyst Overpotential Tafel slopes Ref.

density

Current
MOF-driven CoS; -196 mV -10mAcm? 113 mV dec?
work [7]
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Porous
-334 -100 127 [23]
(Nio.33C0067)S2
Co/CoP -253 -10 73.8 [93]
CoS,-TiO; -198 -10 55 [3]
Carbon tubes /
-190 -10 131 [106]
Cobalt sulfide
NiS; hollow
-219 -10 157 [107]
microsphere
Nio.7FeosS»
-155 -10 109 [108]
microflowers
2D nonlayered NiSe -177 -10 58.2 [97]
Co(So.71S€029)2 in
-122 -10 85.7 [98]
carbon fiber
CoS; in carbon fiber -233 -10 150.2 [98]
FeS,/C nanoparticles -202 -10 98 [70]
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2.4. Electrochemical oxidation methods

The electrochemical oxidation is a method of controlling oxidation number through
an electrochemical reaction, unlike heat treatment in an oxygen atmosphere. By setting
the potential through the Nernst equation mentioned above sections, it is possible to
confirm the change in the oxidation number and phase accordingly. For example, as
shown in the Figure 2.16, the Pourbaix diagram shows the phase change according to
the electrolyte conditions and applied potential [62, 169]. Since the electrochemical
oxidation is performed through an electrochemical reaction, the basic configuration is

the same as that of the electrochemical cell.
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Figure 2.16 The Pourbaix diagrams for (a) Mn, (b) Fe, (¢) HCoOy, (d) Ni, (e) Cu, (f) P,
(2) S, (h) Se, and (i) Te species under 298 K [62, 169].
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In general, there are two types of electrochemical oxidation methods, and depending

on the method of applying current or voltage, it can be divided into cyclic voltammetry

method and galvanostatic method.

2.4.1. Cyclic voltammetry method

As shown in Figure 2.17(a), diagram of cyclic voltammetry method, which is
conventionally used method [109-111]. This method is continuously repeating positive
and negative scans within a specified potential range. However, there are some demerits
in this method. The repeated negative sweeps can result in dissolution and precipitation,
resulting in loss of active materials [112, 113]. Additionally, thermodynamic prediction

through Pourbaix diagram is difficult.
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Figure 2.17 Schematic profiles of (a) cyclic voltammetry and (b) galvanostatic methods.
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2.4.2. Galvanostatic method

As shown in Figure 2.17(b), profile diagram of galvanostatic method, which is
oxidation or reduction dominant method. It is a reaction in which oxidation or reduction
occurs continuously. Thus, the loss of active materials is relatively negligible and the
maintenance of the electrocatalyst structure is relatively easy unlike cyclic voltammetry

method [114-116].
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2.5. Water splitting cell configuration

In the past few years, studies on large-area application for mass production of
electrochemical water splitting have been reported. In order to examine the activity of
the electrocatalysts, it is a priority that a laboratory scale should be conducted, but large-
scale, including membrane system, is also important, because when applied in a large
area, other issues may occur. As shown in Figure 2.18, full-cell of two-electrode, which
consists of cathode and anode, is a cell configuration that is the first step for large-scale
application [33]. In this part, the importance of the bifunctional electrocatalysts where
the two electrodes are the same is emphasized, and the comparison of recently reported
performance under alkaline condition, including 1.0 M KOH or NaOH, is shown in
Table 2.3.

As shown in Figure 2.19, it is schematic diagrams of large-scale application in
industry of water splitting system [74, 117]. These systems cover currents of at least
hundreds to thousands of mA. The Figure 2.19(a) is industrial alkaline electrochemical
water splitting, which is most basic large-scale applied water splitting. The Figure 2.19(b,
¢) are membrane electrode assembly (MEA) based electrochemical water splitting. The
Figure 2.19(b) is a proton exchange membrane (PEM) system where proton is a carrier
ion, and an acidic solution is used as the electrolyte. The Figure 2.19(c) is an anion
exchange membrane (AEM) system where anion, such as OH, is a carrier ion, and an

alkaline solution is used as the electrolyte.
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Figure 2.18 Image and schematic diagram of two-electrode full-cell system [33].
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Figure 2.19 Schematics of (a) industrial alkaline water electrolysis, (b) proton exchange

membrane (PEM), and (c) anion exchange membrane (AEM) electrolysis [74, 117].

Table 2.3 Comparison of overall water splitting performances with previous reports.

Current
Catalyst Voltage (V) Ref.
density
MOF-driven CoS; 165V 10 mA cm? Current work [7]
Porous (Nio,33COo,67)52 1.57 10 [23]
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Carbon tubes / Cobalt sulfide 1.743 10 [106]
Nio.7Feo.3S, microflowers 1.625 10 [108]
2D nonlayered NiSe 1.69 10 [97]
Co(So.715€0.20)2 in carbon fiber 1.63 10 [98]
FeS,/C nanoparticles 1.72 10 [70]
TiO,@CoqSs array 1.56 10 [118]
C09Sg array 1.71 10 [118]

Porous NiFe/NiC0,04 1.67 10 [119]
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CHAPTER 3

Experimental Procedures

3.1. Sample Preparation
3.1.1. Fabrication of NiFe LDH based electrocatalysts

The NiFe LDH was used as a starting material before boronization. This starting
material was synthesized using conventional hydrothermal. First, nickel, iron base
precursors were dissolved in DI water and vigorously stirred for 30 min. The molarity
of each precursor is 50 mM of nickel nitrate hexahydrate, 9 mM of iron sulfate
heptahydrate, 250 mM of ammonium fluoride, and 625 mM of urea, respectively. All
precursors for synthesis were bought by Sigma-Aldrich. The prepared solution with Ni
foam (Sigma-Aldrich) was sealed in a Teflon-lined stainless steel autoclave, which was
heated at 120 °C for 18 hours in dry oven. Second, boronization step was conducted
through annealing with boron source. The three pieces of NiFe LDH, synthesized
through hydrothermal, and 3 g of boric acid (Sigma-Aldrich) were loaded in a tube
furnace. Then, the furnace was thermally treated under 30 sccm Ar gas flow at 350 °C

for 3 hours at a ramp rate of 5 °C min!. Finally, the boronized NiFe LDH was
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electrochemically oxidized through galvanostatic method using potentiostat (ZIVE
MP2A, Wonatech, Korea). The galvanostatic oxidation at constant current density of 10
mA c¢m? for 12 hours was conducted through conventional three-electrode cell under
1.0 M KOH (Sigma-Aldrich). The three-clectrode cell consists of B:NiFe LDH of
working electrode, Pt foil of counter electrode, and standard calomel electrode (SCE) of

reference electrode, respectively. The total fabrication steps were indicated in Figure 3.1.

L7

amelchem.com

1 Ni foam
ourea O Ni2* OFe?*
Hydrothermal

Figure 3.1 Schematic illustration of the fabrication process, including the hydrothermal,

boronizatoin, and electrochemical oxidation, of NiFe LDH based electrocatalysts.
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3.1.2. Fabrication of CoS: based electrocatalysts

(*This section self-cites reference [7])

First, the cobalt Prussian blue analogues (Co-PBAS), one of the MOFs, was used as a
starting material before sulfurization. The Co-PBAs were synthesized through a simple
precipitation method. Two type solutions were prepared. All solutes were purchased by
Sigma-Aldrich. Type 1 solution consists of 30 mM cobalt acetate and 17 mM sodium
citrate in DI water. Potassium hexacyanocobaltate (111) was dissolved in DI water for
type 2 solution. Then, type 1 solution was dropwise added into type 2 solution through
syringe pump at 400 mL/hr and vigorous stirring for 10 minutes, and mixed solution
was aged for 18 hours at room temperature. The dispersed precipitate was filtered
through vacuum pump and washed with DI water several times to remove residues.
Subsequently, obtained powder, Co-PBAs, was dried in dry oven at 60 °C, 12 hours.

Second, the Co-PBAs were thermally treated with sulfur for fabrication of cobalt sulfide.
The 30 mg of Co-PBAs with thermodynamic calculated amounts of sulfur was loaded in 5
mL glass ampoule. The sealed ampoule after sulfurization was displayed in Figure 3.2.
According to the amounts of sulfur, the phase of synthesized cobalt sulfide was different.
After that, prepared ampoule was sealed through vacuum pump under 0.1 Torr for control
of oxygen. The sealed ampoule was thermally treated using tube furnace at a 500 °C, above
boiling point of sulfur, 2 hours and ramping rate of 5 °C min'. Finally, to investigate the
electrochemical performance of the fabricated cobalt sulfides, such as Co, CosSs, CoS,,
electrodes were prepared. The 4 mg of synthesized cobalt sulfide nanoparticles were
dispersed in a mixture of 800 uL of DI water, 200 uL of EtOH (Sigma-Aldrich), and 80
uL of Nafion (Sigma-Aldrich) and sonicating for 30 min. The 5 pL of mixed ink was

coated on Ni foam (Sigma-Aldrich) by drop casting using micropipette. The coated

68



Chapter 3: Experimental Procedures

electrodes were dried in dry oven at 60 °C, 12 hours. The total fabrication steps were

indicated in Figure 3.3.

1cm

Figure 3.2 Image of sealed glass ampoule. Co-PBAs and sulfur powder were inserted,

and the pressure inside was maintained 0.1 Torr.

Metal ion (cluster)
+

Organic linker

= -

Figure 3.3 Schematic illustration of the fabrication process, including the sulfurization,

of MOF-driven cobalt sulfide electrocatalysts.
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3.2. Thermodynamic calculation

In NiFe LDH based electrocatalysts, the binary phase diagram of nickel-boron system
was used as an indicator to determine boron doping and boron formation. Furthermore,
an appropriate boron sources was found through boronization with NiFe LDH according
to the boron source, such as boric acid, sodium borohydride. All databases were used
through thermochemical database program (Factsage™). In MOF-driven cobalt sulfide
electrocatalysts, the ternary phase diabram, and analysis graphs of expected products
depending on amounts of sulfur were drawn with Factsage™. In both cases, the used

database in this work was FACT pure substances database (FactPS).
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3.3. Electrochemical analysis

In NiFe LDH based electrocatalysts, the polarization curves of each electrode were
performed under same configuration as the electrochemical oxidation step. The potential
range of linear sweep voltammetry (LSV) was 1.1 to 1.8 V (vs. reversible hydrogen
electrode (RHE)) with a scan rate 1.0 mV s To examine the active surface area, the
ECSA was conducted through cyclic voltammetry (CV). The potential range of CV was
0.18 to 0.28 V (vs. RHE) at a scan rate of 5, 10, 25, 50, 100, 200, 400, 600, 800, and
1000 mV s, The linear slope and ECSA were calculated by plotting Ja-Jc at 0.23 V (vs.
RHE) depending on scan rates. To verify the charge transfer effect, potentiostat
electrochemical impedance spectroscopy (PEIS) was conducted within a frequency
range from 100,000 Hz to 0.01 Hz at a constant voltage. The evolved gas was analyzed
through gas chromatography (Micro GC Fusion gas analyzer, INFICON) during
stability test at constant current density.

In MOF-driven cobalt sulfide electrocatalysts, the polarization curves of each
electrode were performed under same configuration as the NiFe LDH based
electrocatalysts. The conditions of electrochemical analysis of MOF-driven cobalt
sulfides are the same as NiFe LDH based electrocatalysts, only LSV conditions are
different. The LSV was conducted in the potential range between 1.2 and 1.8 V (vs.
RHE) at a scan rate of 1.0 mV s-!in OER, between -0.4 and 0.0 V at a scan rate of 5.0
mV st in HER. In the case of overall water splitting, two-electrode system, both
electrodes were prepared electrodes using potential range between 0.0 and 2.0 V at a

scan rate of 5.0 mV s%.
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3.4. Morphological and Phase analysis

In both cases, to analyze phase of synthesized electrocatalyst, X-ray diffraction
analysis (XRD, New D8 Advances, Bruker) was performed through Cu Ka radiation.
The microstructure, including size and morphologies of synthesized electrocatalysts,
and energy dispersive X-ray spectrometry (EDS) were observed using a field-emission
scanning electron microscope (FE-SEM, SIGMA & MERLIN COMPACT, Carl Zeiss).
To further verify the microstructure analysis of both cases, transmission electron
microscope (TEM, JEM-2100F, JEOL Ltd.) analysis was performed. In TEM analysis,
the fast Fourier transformation (FFT), selected area electron diffraction (SAED) patterns

and EDS mapping images were obtained.

3.5. Physical and chemical analysis

The specific surface area was conducted using a Brunuauer-Emmett-Teller (BET)
analyzer with N, gas adsorption/desorption at a 77.3 K (ASAP 2420, Micromeritics
Instruments). The chemically spectra characterization was performed through Raman
spectroscopy (LabRAM HR Evolution, HORIBA), Fourier transformation infrared (FT-
IR, Nicolet 6700, Thermo Scientific), and X-ray photoelectron spectroscopy (XPS). The
source of ICP-AES (OPTIMA 8300, Perkin-Elmer, USA) was Ar plasma 6000 K. The

spectral range was 167 ~ 782 nm.
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CHAPTER 4

Fabrication of B doped NiFe LDH
with Galvanostatic Oxidation

4.1. Introduction

Recently, demand for hydrogen energy, which is eco-friendly and clean energy source,
is rapidly increasing, due to depletion of fossil fuels. In particular, hydrogen production
through electrochemical water splitting, which is called green hydrogen, is one of the
promising solutions to solve this problem. The OER is one of the two electrodes that
make up electrochemical water splitting [24, 25]. However, the OER has some issues
mentioned in the previous chapter [7, 9]. Solving these issues could increase the overall
efficiency of water splitting [7, 17].

The objective of Chapter 4 of this thesis is to enhance the oxygen evolution
electrocatalytic performance through heteroatom doping and activation. For
investigation of thermally driven heteroatom doping and activation of electrocatalysts,
a variety of characterization were performed. In this study, structural design of

electrocatalysts is conducted to facilitate charge transfer.
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4.2. Fabrication of boron doped NiFe LDH

To perform the OER for effective electrochemical water oxidation, structural design
of the electrocatalysts and controlling its intrinsic conductivity and charge transfer is
essential. Thus, in this section, the process of heteroatom doping for effective OER

catalyst synthesis and process for improving active site are discussed.

4.2.1. Optimization of boron sources for boronization

To increase the OER performance of LDHs in lately previous studies, the active sites
of LDHs have been improved to affect partial charge transfer through various transition
metal combinations, such as Ni, Fe, Mn, V, Cr, etc. in LDHs [6, 47, 120-124]. Another
strategy is heterogeneous element doping in LDH to adjust the electronic structure for
conductivity or improved charge transfer resistance and improved active sites of
electrocatalysts [43, 125, 126].

In general, heteroatom doping through boron has been reported to have a positive
effect on OER performance. When boron is doped into Ni metal, activation occurs
relatively compared to pristine Ni metal that does not have boron doping after OER
operation, which can be confirmed by an increase in NiOOH after OER [59].
Additionally, due to boron doping, intrinsic conductivity changes and charge transfer is
affected [60].

However, the boiling point and melting point of boron are high, about 3,000 °C,
2,000 °C, respectively. The previously reported, above-mentioned, boronization process
for boron doping requires a high temperature of about 800 °C, although it is not

necessary to the temperature as much as the boiling and melting point [59, 60]. The
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doping heteroatoms such as boron, sulfur, nitrogen, is a necessary step to improve OER
electrocatalytic activity, but this high temperature can be problems for large-scale
applications for future mass production. Thus, it is needed to find a more efficient
heteroatom doping method and a boron source that can replace the original boron.
Herein, efficient OER electrocatalyst of hierarchically designed structure to facilitate
charge transfer is suggested using gas-solid boronization and electrochemical oxidation.
The strategy for designing the efficient water oxidation electrocatalysts is depicted in
Figure 4.1. First, nickel iron LDH (NiFe LDH) was synthesized using the simple
hydrothermal method. Second, boron doped NiFe LDH (B:NiFe LDH) was fabricated
through boronization step, which was conducted through annealing of NiFe LDH and
boron source. The boronization should be easy to synthesize, in order to applying to
mass production. The boronization was performed more simply through boron source

with a relatively low boiling point.
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NiFe LDH Boron gas
P .'

Figure 4.1 Schematic of synthesis of first step, boronization except for gray box, of

electrocatalysts for efficient water oxidation.
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The starting material for synthesis of electrocatalysts is NiFe LDH. As mentioned
above, it is one of the attractive materials as a water oxidation electrocatalysts. To
synthesized NiFe LDH on nickel foam, it was fabricated through a simple hydrothermal
method. The hydrothermal is a simple process that can produce a continuous
nanostructure on various substrate or non-substrate. Depending on substrate types, it is
beneficial of securing the charge transfer of electron, which is effect on electrocatalysts
performance. Additionally, hydrothermal is a simple process that does not require a
binder to attach the synthesized nanostructure to the substrate and can be applied to a
large area. Particularly, the advantage of not having a binder is that an electrochemically
inactive material is not added, so that an active material can be added as much as the
inactive material does not enter. Also, the reason why nickel foam is used as a substrate
is that it is a highly porous substrate, so the surface area of the electrode can be large and
conductivity is high, which is advantageous for charge transfer.

The hydrothermal process for fabrication of NiFe LDH based electrocatalysts is as
follows. First, each precursor was dissolved in DI water (50 mL) and stirred for 30
minutes. The mole concentration of nickel nitrate hexahydrate (Ni(NOs), 6H>0), iron
sulfate heptahydrate (FeSO4 7H,0), ammonium fluoride (NH4F), and urea (NH>CONH>)
was 50 mM, 9 mM, 250 mM, and 625 mM, respectively. The prepared solution with
nickel foam was sealed in a Teflon-lined stainless steel autoclave. Then, the autoclave
was heated at 120 °C for 18 hours using dry oven.

Next, before proceeding with boronization, it is necessary to find a suitable boron
sources to replace boron. The precursor containing boron is the candidate groups, such
as boric acid (H3BOs3), sodium borohydride (NaBHy), triphenylborane ((CsHs)sB).
Among them, boric acid has relatively low boiling point and melting point compared

with other boron based precursor, which are approximately 300 °C and 170.9 °C,
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respectively. Therefore, boric acid can be considered as one of the best boron precursors
for doping boron in NiFe LDH at relatively low temperatures.

Additionally, in order to be able to do boron doping, it is necessary to find a condition
that does not form a transition metal compound, that is, transition metal boride, with Ni
and Fe, transition metals, of NiFe LDH [13].

As shown in Figure 4.2, in the phase diagram of nickel and boron system, the reaction
in the area of nickel boride should not proceed for boron doping [170]. When the
reaction proceeds under the conditions of the corresponding area, nickel boride is
formed. The extrinsic heteroatom doping can be made when boronization is performed
through heat treatment in a condition in which transition metal boride is not formed [127,
128].

Thus, boronization was performed at a temperature higher than the boiling point of
the selected boron source, boric acid, but much lower than the temperature at which
general boronization proceeds. In this work, boronization was conducted at a relatively
low temperature of approximately 350 °C, resulting in successful boron doping in NiFe

LDH, which is called B:NiFe LDH in this work.
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4.3. Electrochemical oxidation of boron doped NiFe LDH

To perform the OER for effective electrochemical water oxidation, structural design
of the electrocatalysts and controlling its active sites are essential. If heteroatom doping
was performed for the intrinsic conductivity and facile charge transfer in the previous
section 4.2, after that step, electrochemical oxidation was conducted to improve the
active site and activate electrocatalysts. Thus, in this section, the process of
electrochemical oxidation for effective OER catalyst for improving active site are

discussed.

4.3.1. Optimization of electrochemical oxidation

To increase the OER performance of LDHs in lately previous studies, the active sites
of LDHs have been improved through electrochemically oxidize using activation step.
In particular, it has been reported that when boron doping, active site changes occur and
this phenomenon has a positive effect on OER catalytic performance [53-55, 129]. In
addition, it is important to increase the ratio of oxyhydroxide because transition metal
oxyhydroxide has a higher OER activity than hydroxide constituting LDH [61]. The
related electrochemical performance changes will be discussed in the next chapter, and
the optimization process of electrochemical oxidation are discussed.

In this context, it has been reported about activation of transition metal compounds,
including oxides, carbides, sulfides, oxyhydroxides, in OER, anodic, conditions or
conversion of transition metal compounds to oxyhydroxides, so-called pre-catalysts [62].
In particular, elements used for heteroatom doping such as metallic, non-metallic, and

metalloid, may be electrochemically unstable in an aqueous electrolyte [130, 169].

80 -



Chapter 4: Fabrication of B doped NiFe LDH with Galvanostatic Oxidation

According to the researches related to this, when irreversible in-situ electrochemical
conversion under oxidation conditions was performed [131, 132], the properties of OER
electrocatalysts were reported to be superior to non-activated LDH [133, 134].

Herein, efficient OER electrocatalyst of hierarchically designed structure to enhance
the active sites is suggested using electrochemical oxidation of boron doped NiFe LDH.
The strategy for designing the efficient water oxidation electrocatalysts is depicted in
Figure 4.3. After the boronization, formation of B:NiFe LDH, electrochemical oxidation
is conducted for improvement of active sites, which is applicable to large-scale because
in-situ conversion with all electrochemical cell configurations in the same state. The
boron doped NiFe LDH with electrochemical oxidation confirmed that oxyhydroxides
were formed on the surface, which showed better OER electrocatalytic performance
than directly synthesized NiFe LDH due to facile charge transfer structure and improved

active sites of B:NiFe LDH and pristine NiFe LDH.
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Galvanostatic
oxidation

Figure 4.3 Schematic of synthesis of second step, electrochemical oxidation except for

gray box, of electrocatalysts for efficient water oxidation.
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The starting material for electrochemical oxidation of electrocatalysts is B:NiFe LDH.
As mentioned above, although boron doped NiFe LDH is one of the attractive materials
as a water oxidation electrocatalysts, activation through electrochemical oxidation can
change the active sites and improve it with more efficient water oxidation
electrocatalysts. The electrochemical oxidation is one of the methods that can control
the oxidation number or the phase control without heat treatment. In particular, this
oxidation method is advantageous because it can be converted to in-situ in an
electrochemical cell configuration. Additionally, by controlling the OER conditions, the
target material of the working electrode can be oxidized to MO, MOH, MOOH, MO,,
etc [135].

As described previous chapter, there are two types of electrochemical oxidation. The
first type is a method of oxidizing by applying alternating positive scan and negative
scan by cyclic voltammetry. The second type is a galvanostatic or potentiostatic method
that applies a constant current or constant voltage. This method can continuously
maintain an oxidizing or reducing atmosphere [115].

The electrochemical oxidation process for increasing ratio of oxyhydroxide is as
follows. The electrochemical oxidation of B:NiFe LDH is conducted by galvanostatic
method at constant current density 0.1 mA cm? for 12 hours using general
electrochemical analyzer through conventional three-electrode electrochemical cell
system under 1.0 M KOH. To set the parameter of galvanostatic oxidation to 0.1 mA
cm?, the following process was performed. First, the position of the target phase is
confirmed through the Pourbaix diagram in Figure 4.4, and the appropriate conditions
were found. The current density corresponding to the appropriate potential is found

under the alkaline conditions, the electrolyte [62].
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Galvanostatic oxidation, electrochemical oxidation using galvanostatic method, was
compared by electrochemical oxidation through two current density conditions. As
shown in Figure 4.5, the potential profiles at 0.1 and 1.0 mA cm™? were plotted to
compare the tendency of oxidation.

The reaction step according to oxidation will be explained in the next section. To
compare only the profile tendency, there is a difference in the time when the potential
stabilizes after oxidation. It was confirmed that B:NiFe LDH with a current density of

1.0 mA cm? stabilized in a faster time than B:NiFe LDH with 0.1 mA cm?.
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4.3.2. Reaction step of electrochemical oxidation

In Figure 4.5, the potential profiles of galvanostatic oxidation of B:NiFe LDH was
depicted. As shown in the potential profile, two plateaus can be identified regardless of
the current density, 0.1, 1.0 mA ¢cm™. The orange line and the green line are 0.1 and 1.0
mA cm?, respectively. Although plateaus are detected at different times, the overall
shape is similar. The graph on the right in Figure 4.5 is an enlarged potential profile of
current density 1.0 mA cm™. The plateau region in the chronopotentiometry curve,
which shows the potential change through galvanostatic oxidation, means that an
electrochemical reaction occurs [115]. In other words, the potential profile in Figure 4.5
means that two electrochemical reaction occur. With the application of a positive
potential according to the positive current density, the electrochemical reaction
occurring in this reaction can be regarded as oxidation. The electrochemical oxidation
reaction in each plateau is equal to eqn (4.1) and eqn (4.2) [136]. In Figure 4.5, A is the

eqn (4.1) reaction and B is the eqn (4.2) reaction.

A:M* S M+ e 4.1
B: M** + 2H,0 + 30H — MOOH + 3H,0 (4.2

Therefore, even if the current density is different, in the Pourbaix diagram of Figure
44, if the corresponding conditions are within the same area, the same electrochemical
reaction is shown. As can be seen from these results of potential profile, the difference
in current density can be seen as the difference in the rate related kinetics of
electrochemical reaction. The potential profile shows the oxidation of the two plateaus

to oxyhydroxide at the top of the Pourbaix diagram of Figure 4.4. Characterization to
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analyze this will be discussed in the next section.

Additionally, J. Masa et al. reported that following electrochemical oxidation in
alkaline solution when B,Oj3 of transition metal boride showed the following behavior
[137]. According to the pH of aqueous solution, boron based species are reacted. First,
B»0O:s reacts with water to form boric acid as eqn (4.3). Second, B>Os reacts with KOH
or NaOH in alkaline solution to form metaborates or polyborates as eqn (4.4) and eqn

(4.5), respectively.

B203 + H,0 « ZB(OH)3 (43)
B,Os; + 6KOH — 2K3(BsOe) + 3H,0 (4.4)
2B(OH); + 2B(OH)s — B4Os(OH)4 + 5H,0 (4.5)

Similarly, BOx by boron doping in NiFe LDH undergoes an electrochemical oxidation

to form B»Os like eqn (4.6), and metaborate through eqn (4.3) and eqn (4.4).

BOy + 20H" < H,0 + B,03 (4.6)

Also, B-OH in B:NiFe LDH can form polyborates through eqn (4.5).

The contents of improvement of active sites related to these results will be further

discussed in connection with the electrochemical analysis in the next chapter.

87 -



Chapter 4: Fabrication of B doped NiFe LDH with Galvanostatic Oxidation

4.4. Characterization of NiFe LDH based electrocatalysts

The synthesis results of NiFe LDH through hydrothermal were confirmed. In addition,
the results of boron doping in NiFe LDH through boronization were examined, and
various characterizations were performed to analyze the results after electrochemical
oxidation.

First, the morphology of as-prepared NiFe LDH based electrocatalysts was observed
in Figure 4.6. The field emission-scanning electron microscopy (FE-SEM) analysis
displays nanoplates from in all samples. Even if boronization and galvanostatic
oxidation, which is one of the electrochemical oxidation through galvanostatic method,
were conducted, the nanoplate structures did not any collapse, such as delamination,
destruction, breaking. However, it was observed that the thickness of the nanoplates

were relatively thin after heat treatment for boronization.

Figure 4.6 Field-emission scanning electron microscopy (FE-SEM) images of NiFe

LDH based electrocatalyst under each condition.
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Second, to verify the successful boron doping in NiFe LDH, energy dispersive X-ray
spectrometry (EDS) analysis was conducted. As shown in Figure 4.7, EDS analysis
confirmed the distribution of boron on the surface of NiFe LDH. The intensity of boron
peak was highly increased in EDS spectrum of B:NiFe LDH compared with pristine
NiFe LDH (Figure 4.7(a)). In Figure 4.7(a), the blue region is B:NiFe LDH, and the red
region is pristine NiFe LDH. It can be confirmed that the peak is detected in the vicinity
of 0.2 keV, which is the energy adjacent to carbon. It can be seen that the intensity of the
B:NiFe LDH, boron-doped sample, is high. Furthermore, the chemical composition of
B:NiFe LDH was uniformly distributed over the entire surface of the Ni foam in EDS
mapping results (Figure 4.7(b-f)). In Figure 4.7(b-f), each image is a scanning image for
mapping B:NiFe LDH, and mapping images for Ni, Fe, B, and O, respectively. In
particular, when mapping images for each element (Figure 4.7(c-f)) are compared with
scanning image (Figure 4.7(b)), it can be seen that contours appear according to the
structure of the NiFe LDH. In addition, it can be seen that the boron is also distributed

as a whole, and thus successfully doped with NiFe LDH.
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Figure 4.7 Morphological characterization of B:NiFe LDH. (a) Energy dispersive X-

ray spectrometry (EDS) spectrum. (b) EDS scanning image. (c-f) EDS elemental

mapping images of B:NiFe LDH. (c) Ni. (d) Fe. (e) B, and (f) O.
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To further verify the morphology and microstructure characterization, transmission
electron microscopy (TEM) analysis was conducted. Figure 4.8 and Figure 4.11 show
the results of microstructural characterization of NiFe LDH based electrocatalysts
through TEM analysis, where the selected area electron diffraction (SAED) pattern and
EDS mapping were obtained. As in the previous SEM results (Figure 4.6), no significant
change in morphology was observed even when boronization and electrochemical
oxidation were performed (Figure 4.8). The SAED after boronization and
electrochemical oxidation was examined to pattern what is corresponding to each d-
spacing. The SAED result of pristine NiFe LDH accorded with dot pattern for (101),
(110), (202), (212), (033), and (220) plane of NiFe LDH. Similarly, the B:NiFe LDH,
after boronization, was corresponding to pattern for same plane with pristine NiFe LDH.
In both cases, hexagonal based space group was observed. Furthermore, the B:NiFe
LDH after OER sweep and galox-B:NiFe LDH, B;NiFe LDH after electrochemical
oxidation, showed similar SAED patterns. As a result of Figure 4.8, even if boronization
was progressed, it was confirmed that LDH was maintained without changing the lattice.
Additionally, when OER sweep and electrochemical oxidation of B:NiFe LDH were
conducted, it was confirmed that (oxy)hydroxides was formed. The d-spacing results of
high resolution-TEM (HR-TEM) and corresponding fast Fourier transformation (FFT)
of each NiFe LDH based electrocatalysts are shown in Figure 4.9. As a result of obtaing
d-spacing through FFT of HR-TEM, it was confirmed that d-spacing corresponding to
NiFe LDH was obtained as in SAED of Figure 4.8.
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Figure 4.8 Morphological characterization of boron doped NiFe LDH (B:NiFe LDH)
and B:NiFe LDH with galvanostatic oxidation (galox-B:NiFe LDH) electrocatalyst.
Transmission electron microscopy (TEM) analysis (top of each row) and selected area
electron diffraction (SAED) pattern (bottom of each row) of NiFe LDH based

electrocatalysts under each condition.
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Figure 4.9 High resolution-transmission electron microscopy (HR-TEM) and fast
Fourier transformation (FFT) analysis (inset) of (a) NiFe LDH, (b) B:NiFe LDH, (c)
B:NiFe LDH after OER test, and (d) galox-B:NiFe LDH.

Furthermore, to verify the successful boron doping in NiFe LDH, TEM EDS through
scanning TEM (STEM) analysis was conducted. As shown in Figure 4.10 and Figure
4.11, EDS analysis confirmed the distribution of boron of NiFe LDH. The STEM image
and mixed EDS image of STEM image were shown in Figure 4.10(a) and (b),
respectively. From the mixed EDS image, it can be seen that Ni, Fe, B, and O
constituting B:NiFe LDH are distributed as a whole. The corresponding EDS mapping
image (Figure 4.11) was shown that the Ni (green), Fe (yellow), B (red), and O (blue)
of B:NiFe LDH were uniformly distributed.
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500nm (b)

Figure 4.10 EDS of TEM through STEM analysis of B:NiFe LDH. (a) STEM image.
(b) Mixed EDS image of STEM, Ni (green), Fe (yellow), B (red), and O (blue) chemical

composition.

Figure 4.11 EDS of TEM through STEM analysis of B:NiFe LDH. EDS mapping of

TEM images of the B:NiFe LDH composition (Ni: green, Fe: yellow, B: red, O: blue).
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To further verify the structural and bonding nature characterization of galox-B:NiFe
LDH, boron doped NiFe LDH with electrochemical oxidation, compared with before
boronization and electrochemical oxidation were investigated through X-ray diffraction
(XRD), Raman analysis, and Fourier transformation infrared (FT-IR) (Figure 4.12).

The Figure 4.12(a) displays the phase analysis of prepared NiFe LDH based
electrocatalysts after the different conditions. The red, blue, and orange line are pristine
NiFe LDH, after hydrothermal, B:NiFe LDH, after boronization, galox-B:NiFe LDH,
after electrochemical oxidation, respectively. The XRD pattern of pristine NiFe LDH
was agreement with the reference PDF card (00-040-0215) which is NiFe LDH [43]. In
the case of the B:NiFe LDH, galox-B:NiFe LDH, although the peaks except for main
peak are difficult to distinguish, the main peak of LDH around 11 degrees are clear [31,
43, 55].

In order to confirm the existence of LDH in more detail, an analysis through bonding
vibration was performed using Raman spectroscopy. Figure 4.12(b) shows the Raman
spectroscopy of the NiFe LDH based electrocatalysts before and after boronization and
electrochemical oxidation. In this Raman analysis results, the pristine nickel foam,
which was not synthesized at all, was not detected any peaks. The peaks of the pristine
NiFe LDH (red line) appeared at 300, 457, 531, and 650 cm™! which are corresponding
to the vibrations of NiFe-O [17]. Additionally, B:NiFe LDH and galox-B:NiFe LDH
were similar Raman results compared with pristine NiFe LDH. The peak was detected
at 477, 566 cm’', which is the peak corresponding to typical §(Ni**-O), v(Ni**-O)
vibrations of y-NiOOH [59, 60, 63].
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Figure 4.12 Phase characterization and chemical spectra analysis to confirm
boronization and electrochemical oxidation inducement. (a) X-ray diffraction (XRD)
analysis for confirmation of boronizaiton and electrochemical oxidation. (b) Raman
spectroscopy analysis for the NiFe LDH based electrocatalysts. (c) Fourier
transformation infrared (FT-IR) analysis to confirm boron doping in NiFe LDH (top of

(c): enlargement of FT-IR result).

As shown in the peak of vibration of crystal, the Raman results confirmed that the
NiFe-O remain after gas-solid boronization and electrochemical oxidation. In other
words, considering the results of the previous morphological, structural, and chemical
characterization, it was confirmed that the boron was distributed through EDS, and the
structure of the LDH did not collapse, confirming that the boron was successfully doped.
In more detail, FT-IR analysis was performed to confirm the change in bonding by boron
doping (Figure 4.12(c)).

In the full range FT-IR spectra (bottom of Figure 4.12(c)), several peaks were
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commonly detected below approximately 2500 cm™ in NiFe LDH based electrocatalysts.
The band spectra 1620 cm™ is agreement with the vibration of water molecules (3(H-0))
[138]. As shown in band spectra between 1400 and 600 cm!, the vibration peak of CO5*
appeared in 1360, 1000, and 680 cm™!, which are agreement with the asymmetrical
bending (v3), the symmetrical stretching (vi), and the asymmetrical bending (va)
vibration, respectively [31, 102]. Additionally, the wavelength of 2700, 2360 ¢cm™ is
corresponding to HyO-CO;*, CO», respectively in all NiFe LDH based electrocatalysts,
including even nickel foam [47, 139]. Meanwhile, in all NiFe LDH based
electrocatalysts except nickel foam, a broad peak represented by OH", hydroxide ion,
was detected between 3500 and 3000 cm™!, which is broad absorption spectra (top of
Figure 4.12(c)). This broad spectra range is O-H stretching vibrations of the hydroxyl
groups in the hydrotalcite layers and interlayer water molecules [17, 140]. Particularly,
boron doped NiFe LDH detects new peaks that are not detected in other NiFe LDH
based electrocatalysts. A 3201 cm™! peak was detected, which is a B-OH stretching mode,
according to another reference [141]. Therefore, it can be seen that the heteroatom,

which is boron in this work, is successfully doped with NiFe LDH.
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To further verify the quantitative analysis and X-ray adsorption analysis of galox-
B:NiFe LDH, boron doped NiFe LDH with electrochemical oxidation, compared with
before boronization and -electrochemical oxidation were investigated through
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and X-ray
absorption fine structure (XAFS).

As shown in Table 4.1, nickel and boron ratio through ICP-AES of pristine NiFe LDH
and B:NiFe LDH were indicated. The source of ICP-AES (OPTIMA 8300, Perkin-
Elmer, USA) was Ar plasma 6000 K. The spectral range was 167 ~ 782 nm.

Table 4.1 ICP-AES analysis for verification of chemical composition of pristine NiFe

LDH and B:NiFe LDH.
Sample Ni (ppm) B (ppm) Ni : B ratio
NiFe LDH 7.5x10° 0.1 1:0
B:NiFe LDH 79x103 19x10 1:0.013

According to the ICP-AES results, almost negligible amount of boron was detected
in pristine NiFe LDH, and approximately 1.3 at% boron was detected in B:NiFe LDH
compated to nickel. The amount of nickel was measured slightly differently by the nickel
foam as a substrate.

Figure 4.13 shows the XAFS results of boronization and electrochemical oxidation.
Figure 4.13(a) shows the X-ray absorption near-edge structure (XANES) spectra of

boronization and electrochemical oxidation. Although the XANES shape has a
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difference in intensity, there is no significant difference even if the peak shift does not
occur and boronization step. Additionally, Figure 4.13(b) shows the extended X-ray
absorption fine structure (EXAFS) spectra of boronization and electrochemical
oxidation. Prof. W. Schuhmann group reported that Ni-B bonding in NixB was observed
at approximately 2 A of EXAFS [61]. Accordingly, Ni-B bonding was confirmed by
boron doping in B:NiFe LDH.
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Figure 4.13 X-ray absorption fine structure (XAFS) results of NiFe LDH based
electrocatalysts. (a) X-ray absorption near-edge structure (XANES) and (b) Extended

X-ray absorption fine structure (EXAFS).
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4.5. Summary

The boron doped nickel iron layered double hydroxide with electrochemical
oxidation was fabricated through the simple hydrothermal method, gaseous
boronization, and followed thermodynamically predictive electrochemical oxidation
using Pourbaix diagram. The hydrothermal process is conducted by quantifying the

atomic ratio of nickel and iron precursor to 4:1 to improve the catalytic performance.

Then, in order to enhance the intrinsic conductivity of NiFe LDH and facilitate the
charge transfer, heteroatom, boron, was doped into NiFe LDH. As-prepared NiFe LDH
through hydrothermal was thermally treated with boron source, which contains boron
and has a low melting and boiling point. Therefore, boronization was performed at a
much lower temperature than the previously reported boron doping mehods, and
successful boron doping was conducted. To demonstrate successful boron doping in
NiFe LDH, analytical methods such as morphological, structural, phase, and chemical
characterization were performed. We discovered the simple boronization method with
low temperature using boron source.

Electrochemical oxidation was performed by applying a galvanostatic method to
B:NiFe LDH. Successfully converted to oxyhydroxide through activation under the
conditions in the Pourbaix diagram. In addition, the difference according to the applied
current density during galvanostatic oxidation was confirmed through the potential
profile. Also, a reaction scheme was suggested during electrochemical oxidation when
boron was doped in NiFe LDH. In this chapter, an efficient NiFe LDH based

electrocatalyst was prepared through above steps, and was proved by characterizations.
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CHAPTER5

Electrochemical Performance of
NiFe LDH catalysts

5.1. Introduction

In Chapter 4, we have successfully fabricated heteroatom doped NiFe LDH, which is
expected to be crucial for the enhanced water oxidation. Additionally, the hierarchical
structure to adopt boron doped NiFe LDH to the anode of water splitting, which consists
of electrochemical oxidized boron doped NiFe LDH is developed to improve the
electrocatalytic OER performance. This is due to an increase in the proportion of
oxyhydroxide through electrochemical oxidation and a change in the active site caused
by doped boron.

The purpose of this chapter is analyze the effect of boron doping in NiFe LDH on the
charge transfer, as well as the effect of activation through galvanostatic oxidation on the
active site of NiFe LDH. In this chapter, ex-situ analysis, including electrochemical

analysis to explain this effect, will be discussed.
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5.2. Electrochemical performances

The electrochemical performance of the NiFe LDH based electrocatalysts was
investigated under alkaline electrolyte of 1.0 M KOH. As shown in Figure 5.1, to
examine the oxygen evolution electrocatalytic activity of galox-B:NiFe LDH, linear
sweep voltammetry (LSV) was conducted for each electrode. The oxygen evolution
polarization curves, LSV of each electrode, were performed with a conventional three-
electrode system in pH 14 electrolyte. The potential range of linear sweep measurements
for OER was from 1.1 to 1.8 V (vs. reversible hydrogen electrode (RHE)) at a scan rate
of 1.0 mV s™!. As a result of polarization curves, the OER electrocatalytic activity of the
NiFe LDH based electrocatalysts was measured as the overpotential at a current density
of 10 mA cm?, which is typically used as a reference to evaluate electrocatalyst [7, 142].
In order to confirm the superiority of galox-B:NiFe LDH, it was compared with Ir foil,
a noble metal most frequently used as an OER electrocatalyst. The galox-B:NiFe LDH
electrocatalyst required an overpotential of 229 mV to reach 10 mA cm™, which is the
lowest overpotential among this work. However, compared with other electrocatalysts,
the overpotential of the nickel foam, which is only substrate without LDH, Ir foil, NiFe
LDH, and B:NiFe LDH were 465, 371, 315, and 281 mV, respectively under the same
measurement condition (top of Figure 5.2).

In particular, it was confirmed that overpotential was further improved as
boronization and electrochemical oxidation through galvanostatic method of NiFe LDH
and B:NiFe LDH, respectively. As shown in bottom of Figure 5.2, it shows plot of the
current density at overpotential of 250 mV, which relates the solar driven hydrogen
production. In order to use OER electrocatalysts with solar driven hydrogen production,

an overpotential of at least 250 mV is required [114]. Thus, the current density at 250
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mV of galox-B:NiFe LDH was 15.0 mA cm?, while the others show 0.1, 0.1, 1.9, and
4.6 mA cm, respectively (nickel foam, Ir foil, NiFe LDH, and B:NiFe LDH).
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Figure 5.1 Electrochemical characterization of the electrodes of NiFe LDH based
electrocatalyst for water oxidation in 1.0 M KOH. The OER polarization curves through

linear sweep voltammetry (LSV) of different electrodes with a scan rate 1.0 mV s\,
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Figure 5.2 Electrochemical characterization of electrodes of NiFe LDH based
electrocatalyst for OER in 1.0 M KOH. Top: overpotential of each electrode at 10 mA
cm? current density. Bottom: current density of each electrode at overpotential of 250

mV.
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Next, as shown in Figure 5.3, the Tafel plot was displayed for calculation of Tafel
slope and to analyze the electrocatalyst reaction kinetics, which was plotted based on
the potential against log (J). The galox-B:NiFe LDH shows a low Tafel slope, which is
57 mV dec’!, while the others were calculated for 104, 91, 80, and 73 mV dec’,
respectively (nickel foam, Ir foil, NiFe LDH, and B:NiFe LDH). In this context, reaction
kinetics of the galox-B:NiFe LDH are fastest among the measured electrocatalysts,
which may mean improved charge transfer through boron doped NiFe LDH and
changed active sites through electrochemical oxidation.

Furthermore, as shown in Figure 5.4, the number of electron transfer steps are
calculated through Butler-Volmer equation, which is described above. As a result of
calculating ‘n’ to consider the rate determining step, the change in ‘»’ in NiFe LDH and
galox-B:NiFe LDH occurs from 0.23 to 0.54, but the RDS does not changes. Therefore,
it was confirmed that the kinetics change occurred, but the RDS did not change. To
examine the durability of the NiFe LDH based electrocatalysts, including pristine NiFe
LDH, B:NiFe LDH, galox-B:NiFe LDH, a long-term durability test was conducted
through the galvanostatic method, which is chronopotentiometric method in Figure 5.5,
5.6. At a constant current density of 10 mA cm™, the galox-B:NiFe LDH electrocatalyst
delivered a stable overpotential of approximately 230 mV over 100 hours (Figure 5.5).
Similarly, as shown in Figure 5.6, the pristine NiFe LDH and B:NiFe LDH, boron doped
NiFe LDH, delivered a stable overpotential of about 320, 280 mV at 10 mA cm?,

respectively (Figure 5.7).
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Figure 5.3 Electrochemical characterization of the electrodes of NiFe LDH based
electrocatalyst for water oxidation in 1.0 M KOH. The Tafel plot for calculation of Tafel

slope of each electrode corresponding to the OER polarization curves.

106



Chapter 5: Electrochemical Performance of NiFe LDH catalysts

Butler-Volmer equation

) ) a,nF acnF
LzAX“"[exP( RT ”)*ex”(f RT “)]

At room temperature, Tafel slope = (59 mV dec?) / (n" + a)

n’: number of single electron transfer step prior to the determining step

a: symmetry / transfer coefficient (typically 0.5)

OER mechanism step
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Figure 5.4 OER mechanism step through calculation of Tafel slope in typical transition
metal LDH.
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Figure 5.5 Electrochemical characterization of the electrodes of galox-B:NiFe LDH
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electrocatalyst for water oxidation in 1.0 M KOH. Chronopotentiometric durability test
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Figure 5.6 Electrochemical characterization of the electrodes of NiFe LDH, B:NiFe
LDH electrocatalyst for water oxidation in 1.0 M KOH. Chronopotentiometric

durability test at 10 mA cm™.
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Next, it was analyzed by gas chromatography to verify the ratio and Faradaic
efficiency of gas generated during the electrochemical water splitting at a constant
current density. As shown in Figure 5.7, Faradaic efficiency and amount of evolved gas
(02, Hy), which is product of water splitting, during stability test at 10 mA ¢cm™ about
the galox-B:NiFe LDH electrocatalyst. The gas generated through gas chromatography
in Figure 5.8 was analyzed, and as a result, only O, and H, were generated. In addition,
the Faradaic efficiency was calculated through eqn (5.1). The number of electrons
required to generate oxygen was set to 4 according to eqn (5.2), and the number of
electrons required to generate hydrogen was set to 2 according to eqn (5.3). The y-axis
on the left in Figure 5.7, is the Faradaic efficiency of the gas generated, and the y-axis
on the right is the amount of gas generated. Faradaic efficiency confirmed that the gas
generated at both electrodes was maintained at 100% during the stability test at 10 mA
cm?, which means that electrochemical water splitting was performed stably without
reverse reactions or side reactions. In addition, when calculating the amount of gas, it
was confirmed that the ratio of H, and O, was fixed to 2:1, respectively, at both

electrodes consistent with the reaction formulas according to eqn (5.2), (5.3), and (5.4).

ZnF

Faradaic efficiency (FE, %) = T
(5.2)

Z: number of electrons for 1 mol gas, n: number of moles
F: Faraday constant, 96,500 C mol~, Q: passed charge

4H,0 + 4" — 2H, + 40H" (5.2
40H — 2H,0 + O, + 4e (5.3)
2H,0 — 2H, + O; (54)
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Figure 5.7 Electrochemical characterization of the electrodes of galox-B:NiFe LDH
electrocatalyst for water oxidation in 1.0 M KOH. Faradaic efficiency and amount of

oxygen and hydrogen during stability test of water splitting at 10 mA cm?.
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Figure 5.8 Images of equipment, gas chromatography, of evolved gas analysis during

stability test of water splitting.
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5.2.1. Effects of boron doping in NiFe LDH

The impedance measurements were performed to demonstrate the tendency of
electrochemical characterization identified in the previous section. To further clarify the
effect of the boron doped NiFe LDH for facile charge transfer during reaction steps for
water oxidation, an anlysis through electrochemical impedance spectroscopy (EIS) was
performed in the frequency from 100,000 to 0.01 Hz at constant overpotential of 350
mV. In order to compare the charge transfer in the reaction step for oxygen evolution,
EIS was measured while applying 350 mV to create a condition in which sufficient onset
of each electrode had progressed. In order to quantitatively compare the charge transfer,
the charge transfer resistance (Re) term of EIS was used. Figure 5.9 displays the
Nyquists plot of the each electrocatlayst depending on the applied overpotential. The
resistance term of plotted EIS consist of electrolyte resistance (R.) and charge transfer
resistance (R«) in Figure 5.9. Since the configuration of the electrochemical cells for
measuring each electrode is all the same, the components of the EIS all the same. First,
Re refers to the position of the starting point of the semicircle in the Nyquists plot [143,
144]. The Re is also a resistance term that occurs in an electrochemical cell, and since
the components are all the same, there is no significant difference for each electrode. In
the Nyquists plot, the R is the value corresponding to the diameter of the semicircle
[143, 144]. However, it can be seen that R increases in the order of galox-B:NiFe LDH,
B:NiFe LDH, and NiFe LDH regardless of the applied overpotential. The tendency of
the R of electrodes mentioned above is consistent, although the each R value decreases
when the overpotential is strongly applied. Additionally, in order to measure under the
same conditions, it was measured under open circuit potential (OCP), as shown in Figure

5.9(d), because the current density are different under the certain applied overpotential
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despite of all conditions after oxygen generation. Also in this case (OCP condition), as
in the previous results, it was confirmed that the tendency of R« was consistent. The R
of B:NiFe LDH electrocatalyst was lower than pristine NiFe LDH. It can be seen as a
decrease in charge transfer resistance of NiFe LDH by boron doping in the B:NiFe LDH.
Also, the R of galox-B:NiFe LDH electrocatalyst was the lowest compared to the other.
The effects of activation through electrochemical oxidation will be discussed in the next
section.

Thus, it can be expressed as shown in Figure 5.10 by representing it through an
equivalent circuit according to the Nyquists plot of Figure 5.9. Due to the decrease in R«
constituting the equivalent circuit, charge transfer is facile performed in the boron doped

region as shown in the schematic diagram on the right of Figure 5.10.
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Figure 5.9 Electrochemical characterization of the electrodes of NiFe LDH based
electrocatalyst for water oxidation in 1.0 M KOH. Nyquist plots through EIS at (a) 350
mV (vs. RHE) (b) 400 mV (c) 450 mV, and (d) OCP state (inset: magnification of low

area) for different electrode.

B doped

Figure 5.10 Equivalent circuit model and schematic diagram of the possibility of charge

transfer in B doped NiFe LDH.
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5.2.2. Effects of electrochemical oxidation

As shown in EIS results of Figure 5.9, the R of galox-B:NiFe LDH electrocatalyst
was the lowest compared to the other. This result can be seen as a change in active sites
of B:NiFe LDH by electrochemical oxidation. This result means that facile charge
transfer is possible as a result of forming activated oxyhydroxide on the B doped NiFe
LDH through galvanostatic oxidation, which increased ratio of oxyhydroxide in NiFe
LDH. According to a paper reported by D. G. Nocera group and Z. Zhu group, structural
change occurs due to NiB; formed in anodic condition. In this step, the Jahn-Teller
distorted Ni (II1) center is activated as a bis-oxo/bridged Ni center, which affects OER
performance [54, 129].

In Figure 5.11, the characterization of surface composition was performed for
confirmation of improved OER performance. The X-ray photoelectron spectroscopy
(XPS) analysis was performed to confirm the increase in the ratio of oxyhydroxide in
B:NiFe LDH by activation through electrochemical oxidation. Figure 5.11(a) shows the
O 1s XPS result for NiFe LDH after different synthetic process. It can be confirmed that
the O 1s of B:NiFE LDH shifted toward high energy compared to NiFe LDH due to O-
B bonding by boron doping [145]. On the other hand, it appears that O 1s of the galox-
B:NiFe LDH shifted toward low energy again, due to formation of oxyhydroxide by
activation through galvanostatic oxidation. Furthermore, there is also an effect of lattice
oxygen (O?) and absorbed molecular water on this shift [114]. In addition, it can be seen
that the overall intensity of O 1s for XPS of galox-B:NiFe LDH is relatively increased
compared to the intensity of B:NiFe LDH and NiFe LDH, because of increase of

oxyhydroxide ratio.
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Figure 5.11 Chemical composition characterization for verification of enhanced OER

electrocatalytic activity. The X-ray photoelectron spectroscopy (XPS) analysis for

observation of chemical composition. (a) O 1s, (b) B 1s, (c) Ni 2p, and (d) Fe 2p of NiFe

LDH based electrocatalysts under each condition.
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In Figure 5.11(b), the B 1s of XPS analysis for NiFe LDH was not detected since it
did not react with the boron source, before boronization. However, the B 1s analysis for
B:NiFe LDH and galox-B:NiFe LDH demonstrated the formation of boron peak. In
particular, B 1s of XPS for B:NiFe LDH shows 188 eV, 193 eV which are corresponding
to metal-boron (M-B) peak and surface oxidized B (B-O) peak, respectively [142]. The
M-B peak (188 eV) decreases relatively when exposed to air and aqueous based
electrolyte during electrochemical oxidation form XPS of the galox-B:NiFe LDH [61].
As in the O 1s trend in Figure 5.11(a), the B-O peak shifted toward low energy.

Next, the XPS results of Ni 2p were confirmed to clarify the formation of
oxyhydroxide. In Figure 5.11(c), XPS analysis for Ni 2p exhibited the Ni 2ps (855.5
(Ni?*) and 856.8 eV (Ni**)) and Ni 2p1 (873.0 (Ni?*) and 874.8 eV (Ni*")). The intensity
of Ni®* peaks of the galox-B:NiFe LDH compared with NiFe LDH, B:NiFe LDH was
increased due to formation of oxyhydroxide through electrochemical oxidation using
galvanostatic method [17]. The XPS analysis for Fe 2p exhibited the Fe 2ps;, (710.2
(Fe?*) and 714.7 eV (Fe*")) and Fe 2p1» (722.9 (Fe*") and 726.8 eV (Fe*")) in Figure
5.11(d). Similar to Ni 2p trends, the intensity of Fe3* peaks of galox-B:NiFe LDH also

increased in Fe 2p.
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To further verify the physically analyzed surface area characterization in the NiFe
LDH, B:NiFe LDH, and galox-B:NiFe LDH, Brunauer-Emmett-Teller (BET) analysis
was conducted (Figure 5.12), where the N, adsorption and desorption plot (Figure
5.12(a)), BET specific surface area (Figure 5.12(b)), and pore distribution (Figure
5.12(c)) were obtained. In the case of galox-B:NiFe LDH, the BET specific surface area
in Figure 5.12(a), (b) was 2.54 m? g, compared with 0.02, 0.72, and 0.85 m? g* for
nickel foam, pristine NiFe LDH, and B:NiFe LDH, respectively. These BET analysis
results have a similar tendency to electrochemical surface area (ECSA) in Figure 5.13,
Table 5.1. To calculate ECSA, cyclic voltammetry (CV) was measured for each scan
rate as shown in Figure 5.14. The ECSA was calculated as a result of plotting the
difference in current density according to the scan rate. The CV was conducted in the
voltage range between 0.18 and 0.28 V (vs. RHE). The linear slope was calculated by
plotting 4J at 0.23 V (vs. RHE) depending on scan rates. The linear slope is two-fold of
the double-layer capacitance (Ca) [7, 144, 146, 147]. 43, Cq4, and ECSA can be
calculated following egn (5.5), (5.6), (5.7) [5, 66, 147].

A =Ja-Je (5.5)
Cai = 1/2 x d(43)/dV (5.6)
ECSA =Cq/Cs (5.7

Cs is the capacitance of atomically smooth planar surface in 1.0 M KOH electrolyte

ranges between 20 to 60 puF cm2. For calculation, Cs was configured at 40 uF cm [66].
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Figure 5.14 Cyclic voltammogram for measurement of ECSA of (a) NiFe LDH and (b)

galox-B:NiFe LDH.

Table 5.1 Calculation of ECSA of NiFe LDH and galox-B:NiFe LDH.

Electrocatalysts Slope

Cal ECSA

NiFe LDH on Ni foam 0.9 mF cm2

0.45 mF cm2 11.25 cm? gcsa

Galox-B:NiFe LDH on Ni foam 1.3 mF cm

0.65 mF cm2 16.25 cm? ecsa
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After carrying out the water oxidation stability test, post-analysis, such as XRD and
FE-SEM, was conducted (Figure 5.15). As shown in Figure 5.15(a), the XRD pattern of
galox-B:NiFe LDH had hardly changed after OER. In XRD pattern, NiFe LDH and
KOH, electrolyte in this work, were detected. Additionally, although oxygen gas was
vigorously generated during OER in surface of galox-B:NiFe LDH electrocatalyst, the
galox-B:NiFe LDH well-retained on the Ni foam in SEM images (Figure 5.15(b)). In
SEM results, morphology of KOH was also detected since it is the electrolyte during

OER for water splitting.

(a) Galox-B:NiFe LDH after durability test (b) Galox-B:NiFe LDH after durability test
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Figure 5.15 Structural and morphological characterization of galox-B:NiFe LDH
electrode after OER durability test. (a) XRD analysis of galox-B:NiFe LDH after 100
hours durability test. (b) FE-SEM image of low magnification (top) and high
magnification (bottom) of the galox-B:NiFe LDH electrode.
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5.3. Summary

In summary, the boron doped nickel iron layered double hydroxide with
electrochemical oxidation was fabricated by predictive synthesis based on
thermodynamic database and kinetics considerations, such as Pourbaix diagram and
current density conditions. The hierarchical structure that consists of boron doped NiFe
LDH, and increased ratio of oxyhydroxide on surface of boron doped NiFe LDH
through electrochemical oxidation is developed to the OER electrocatalysts for water
splitting, Therefore, the electrocatalyst of designed structure achieved an overpotential
of 229 mV at 10 mA cm™, which confirmed that it was approximately 140 mV lower
than Ir under the same conditions.

The boron doping in NiFe LDH is essential for facile charge transfer of efficient
oxygen evolution electrocatalysts. The change in intrinsic conductivity due to boron
doping and the change in charge transfer due to this conductivity change were confirmed
through electrochemical characterization.

The galvanostatic oxidation for activation is essential for improved active sites of
oxygen evolution electrocatalysts. It was confirmed that the OER performance was
improved due to the increase in the ratio of oxyhydroxide in LDH and the improved
active site induced by Jahn-Teller distorted Ni (III) due to NiB; formation in anodic
condition.

While presenting a relatively simple and low temperature boron doping method, it
suggested the possibility of mass production of LDH based on enhanced OER

performance.
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CHAPTERG6

Design and Fabrication of
Porous CoS; electrocatalysts

(*This chapter self-cites reference [7])

6.1. Introduction

Recently, demand for hydrogen energy, which is eco-friendly and clean energy source,
is rapidly increasing, due to depletion of fossil fuels. In particular, hydrogen production
through electrochemical water splitting, which is called green hydrogen, is one of the
promising solutions to solve this problem. The OER is one of the two electrodes that
make up electrochemical water splitting [24, 25]. However, the OER has some issues
mentioned in the previous chapter [7, 9]. Solving these issues could increase the overall
efficiency of water splitting [7, 17].

The objective of Chapter 6 of this thesis is to enhance the oxygen evolution
electrocatalytic performance through phase control and highly porous structure of
electrocatalysts. For investigation of gaseous sulfurization and nanopore embedded
structure of electrocatalysts, a variety of characterization were performed. In this study,

structural design of electrocatalysts is conducted for high exposure of active sites.
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6.2. Fabrication of MOF-driven CoSz nanoparticles

To perform the HER, OER for effective electrochemical water splitting, structural
design of the electrocatalysts and controlling its phase and porosity is essential. Thus, in
this section, the process of nanopore embedded electrocatalysts for effective OER
catalyst synthesis and process for controlling phase of electrocatalyst are discussed.

In order to apply the mass production of hydrogen, several problems must be solved.
First, except for the noble metal electrocatalysts such as Pt in HER, Ir and Ru based
materials in OER, the overpotential associated with catalytic activity is very large.
Second, while a water electrolysis cell consists of an anode and a cathode in one cell,
both electrodes are not balanced. In other words, while HER at cathode is relatively
facile and fast, OER at anode is comparatively complex, as described above chapter [7,
9]. Third, although bifunctional electrocatalysts for overall water splitting are in great

demant due to simplicity and cost effectiveness, performance is insufficient [12].

6.2.1. Thermodynamic calculation

In order to be applied to mass production, the manufacturing method of the
electrocatalysts material should be simple. As the composition of material increases, the
synthesis method of electrocatalysts becomes inevitably complicated. For large scale
application high efficiency electrocatalysts, the methodology should be simple, and the
essential factors such as high activity, high conductivity, and large surface area must be
satisfied.

Since metal-organic frameworks (MOFs) are generally known as a porous structure,

it or its derived structure can expose many active sites due to large specific surface area
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[1, 148]. In particular, Prussian blue analogues (PBAs), category of the MOFs, have a
large lattice parameter, about 10 A, which is advantageous for facile diffusion and high
exposure of active site [149]. Additionally, in simple transition metal compounds, the
cobalt disulfide (CoS.), one of the pyrite-type, has high conductivity in transition metal
sulfides [3, 150, 151]. Also, it has been reported to exhibit high activity as a OER, HER,
or overall water splitting electrocatalysts [3, 48, 72, 152]. Therefore, it is important to
synthesize mono-phase CoS,. However, since cobalt sulfide has various phases such as
CoS, Co9Ss, Co3S4, and CoS,, precise phase control is required. Additionally, since water
splitting involves hydrogen and oxygen gas evolution reactions, porosity in the
electrocatalysts is very important for improving their performance by facilitating gas
emission and exposing active sites. Thus, to further increase the catalytic activity of CoS,,
it is necessary to synthesize porous CoS; with nanometer scale pores.

Here, we fabricated highly porous mono-phase CoS; as bifunctional water splitting
electrocatalysts. Cobalt-based MOFs, namely a cobalt Prussian blue analogue (Co-
PBAs, Co3[Co(CN)¢l2), were used as a starting material. The Co-PBA was then
sulfurized in thermodynamically controlled conditions to remove the organic linker in
the Co-PBAs, resulting in pure and mono-phase CoS,. The synthetic process was
predicted based on thermodynamics because cobalt sulfide has been reported in various
phase [153], where the phase depends on the S/Co ratio, such as CoS [154], CoeSg [155],
and CoS; [51, 67]. Thermodynamic calculations control the sulfur vapor pressure
depending on the amount of cobalt-based starting materials before sulfurization.

For thermodynamically controlled sulfurization of Co-PBAs, components of the
material and process parameters should be determined before the experiment. As a
cobalt based starting materials, a Co-PBA was selected, and sulfur powder was used as

a sulfur source. To control the sulfur vapor pressure for phase control of cobalt sulfide,
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a closed system was used, which was in a fully vaporized state for the thermodynamic
calculations about loaded solid sulfur source. To prevent the formation of cobalt oxide,
the inside of the closed system was maintained at 0.1 Torr by rotary pump to control
oxygen.

As shown in Figure 6.1, the thermodynamic predictive conditions were indicated. The
thermodynamic database for thermodynamics calculation is based on the Factsage™, a
thermochemical calculation program. In Figure 6.1(a), the Co-S-O ternary phase
diagram at 500 °C, which is higher than the boiling point of sulfur (445 °C), was used
to find the mole fraction of cobalt and oxygen for the sulfurization of the Co-PBAs, and
the determined value was set as the sulfur amount. Since C and N in Co-PBAs are
vaporized to CN at 500 °C, the ternary phase diagram consists of Co-S-O components
(Figure 6.1(c)). As the amount of sulfur component is increased, a cobalt sulfide phase
with an increased S/Co ratio is synthesized, such as Co, CooSs, CoS,. To set the exact
sulfur amount, the ratio of each element, including Co and O, was calculated. The moles
of Co and O were fixed to the certain amount of Co-PBAs in 0.1 Torr in a closed system,
illustrated as the dotted line in the phase diagram. Then, the amount of sulfur was the
only parameter. Three experimental conditions for sulfur content were selected: 0, 0.1,
and 0.5 weight ratios of sulfur/Co-PBAs, as marked in ternary phase diagram as a circle,
triangle, and star, respectively. In this thermodynamic calculation, the weight of Co-
PBAs was fixed at 30 mg, and the weight of sulfur according to the ratio of S/Co-PBAs
was 0, 3, and 15 mg, respectively. The amount of reaction products at 500 °C according
to the sulfur loading was calculated and is illustrated on the Figure 6.1(b). As the sulfur
content increased in the Figure 6.1(b), CooSs was produced at first, and then the amount
of CoS; increased. For a sulfur content with a ratio of more than 0.5, which is 15 mg in

this calculated system, a mono-phase CoS; can be obtained. However, when the sulfur
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exceeded 0.9, which is 27 mg in this system, the liquid sulfur phase remained.

As shown in Figure 6.1(c), it can be seen that as reacting with sulfur, the chemical
composition constituting the organic linker of Co-PBA is vaporized into the gas phase.
Therefore, the position of the chemical composition forms nanopore due to their

vaporization.
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Figure 6.1 Thermodynamics calculations in certain condition. (a) Ternary phase
diagram at 500 °C for predicting the required composition to form the target phase. (b)
The expected products depending on the amount of sulfur through thermodynamic
calculated condition. (c) Sulfurization of Co-PBA related gaseous decomposition
products at 500 °C. Other products were completely vaporized except for the cobalt

sulfide.
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6.2.2. Design of the sulfurization

For thermodynamically controlled sulfurization of Co-PBAs, components of the
material and process parameters should be determined before the sulfurization. The
synthesis of MOF-driven CoS; is schematically shown in Figure 6.2. As a cobalt
precursor, a Co-PBA was selected, and sulfur powder was used as a sulfur source. A
closed system, comprising a sealed glass ampoule (Figure 6.3), was used to ensure the
loaded solid sulfur source was in a fully vaporized state for the thermodynamic
conditions. The sulfur and Co-PBA were inserted into the glass ampoule, and the
ampoule was fused to create a seal while the pressure inside was maintained at 0.1 Torr.
As described in the previous section, it was maintained at 0.1 Torr to suppress the
formation of coble oxide. Next, to fabricate the cobalt sulfide through gas-solid reaction
between sulfur gas and Co-PBA, the reaction temperature was 500 °C, which is higher
than the boiling point of sulfur (445 °C). The sulfur inside was completely vaporized,
and a reaction between the solid Co-PBA and gaseous sulfur took place. Accordingly,
sulfurization was performed at 500 °C for 2 hours to control S/Co according to the
amount of sulfur to synthesize cobalt sulfide corresponding to each condition.
Considering Co-S-O in the ternary phase diagram of the thermodynamic calculation of
previous section, O was maintained at 0.1 Torr and Co-PBAs was set to 30 mg.
Accordingly, the weight ratio of S/Co-PBA was set to 0, 0.1, and 0.5, and the weight of
sulfur was set to 0, 3, and 15 mg, respectively, which loaded into the ampoule.

Characterization of the synthesized MOF-driven cobalt sulfide will be discussed in

the next section.

129 -



Chapter 6: Design and Fabrication of Porous CoS: electrocatalysts
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Figure 6.2 Schematic diagram of the fabrication of MOF-driven porous CoS..
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1cm

Figure 6.3 Image of sealed glass ampoule. Co-PBA and sulfur powder were inserted.

The pressure of ampoule was maintained 0.1 Torr.
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6.3. Characterization of MOF-driven CoSz nanoparticles

Before sulfurization, the morphology of the synthesized Co-PBAs was confirmed
through field-emission scanning electron microscopy (FE-SEM) and transmission
electron microscopy (TEM) images, as shown in Figure 6.4. The Co-PBAs were
fabricated through simple precipitation method. It was confirmed that most of the
synthesized nanoparticles remain in angular shape from Co-PBAs in TEM images. This
angular shape was typically confirmed in PBAs, which size distribution is usually from
tens of nanometers to micrometers scale. The reason for the uniform and angular shape
are as follows. In synthesis of PBAs step, sodium citrate is involved in uniformity of
PBAs particle size. Citrate in the solution suppressed nucleation of PBAs, and when
citrate exceeded further added, second nucleation is avoided [156]. In the mixed solution
of cobalt acetate (Co(CH;COO), 4H,0) and sodium citrate (Na;C¢HsO; 2H,0), Co**
ion was surrounded by citrate, and reducing the free Co*" ions. Additionally, the XRD
pattern of Co-PBA was agreement with the reference PDF card (04-012-6179) which is

Prussian blue analogues in Figure 6.5.
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Figure 6.4 Characterization of Co-PBA nanoparticles. (a) FE-SEM and (b) TEM images

after synthesis of Co-based MOF using simple precipitation method.
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Figure 6.5 Characterization of Co-PBA nanoparticles. XRD analysis for verification of

Co-PBA.
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Figure 6.6 shows the phase analysis of annealed Co-PBAs after the different sulfur
loading mass conditions. Each condition corresponds to the circle, triangle, and star
indicated in the phase diagram in the previous section. XRD was conducted for phase
analysis after each thermodynamically controlled condition was held for 2 hours. When
a 15 mg (0.5 ratio of S/Co-PBA) of sulfur was loaded with mono-phase CoS, the target
phase was synthesized, while a 0 mg (0 ratio of S/Co-PBA) of sulfur synthesized the Co
single phase and a 3 mg (0.1 ratio of S/Co-PBA) of sulfur synthesized the CosSs phase.
As a result of the XRD analysis, it was determined that annealing Co-PBAs without
sulfur corresponds to the Co reference PDF card (00-015-0806) in Figure 6.6(a), and
sulfurization of the Co-PBAs in the condition represented by a triangle corresponds to
the CooSg reference PDF card (04-004-4525) in Figure 6.6(b). The XRD analysis in
Figure 6.6(c) clarified that CoS; is mono-phase. In addition, to compare the activity of
sulfide and oxide, Co-PBA and air were thermally treated under the same temperature
conditions to synthesize Co30O4. As shown in Figure 6.7, it was confirmed that Co3O4
was synthesized through Co-PBA. Therefore, it can be seen that it is not limited to cobalt
sulfide and is a platform capable of synthesizing various porous transition metal

compounds according to reactants, such as oxygen, sulfur, phosphorus.

134



Chapter 6: Design and Fabrication of Porous CoS: electrocatalysts

(a) (b) (©)
o Co A Co,S, * (200) (311) Cos,
(111) ‘ (440)’ ‘
- - - 220) |
3 (200) (220) 3 (311) “ 3 (21&)"() . (321)
« | © i =] | { [ (232)
; i ; t ; (111) | ‘ @2)
2 I 2 A 2 I | u
@ Mok ] b bl T Pianiban o o e il Y WA
g ‘ PDF-00-015-0806 ;g 10904-0044525 % ‘ PDF-00-041-1471
| ! I fag o L I e |
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 (degree) 20 (degree) 20 (degree)

Figure 6.6 Structural characterization for phase analysis of sulfurized Co-PBAs. (a)
Annealing for only Co-PBAs, (b) sulfurization of Co-PBAs with 3 mg sulfur, and (c)

sulfurization of Co-PBAs with 15 mg sulfur.
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Figure 6.7 XRD analysis of annealed Co-PBAs in 500 °C, air.
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To further verify the quantitative analysis of MOF-driven cobalt compound, such as
Co, CooSs, and CoS», compared with S/Co ratio was investigated through inductively
coupled plasma-atomic emission spectroscopy (ICP-AES).

As shown in Table 6.1, cobalt and sulfur ratio through ICP-AES of MOF-driven Co,
MOF-driven CooSs, and MOF-driven CoS, were indicated. The source of ICP-AES
(OPTIMA 8300, Perkin-Elmer, USA) was Ar plasma 6000 K. The spectral range was

167 ~ 782 nm.

Table 6.1 ICP-AES analysis for verification of chemical composition of MOF-driven

cobalt compound.

Sample Co (ppm) S (ppm) Co: Sratio
6.7 x 10° 0 1:0
MOF-driven CogSs 5.8x10° 19x10° 1:06
MOF-driven CoS; 3.6x10° 39x10° 1:2

The ratio of Co and CoS; corresponds to the ICP-AES result, while the ratio of CosSg
differs slightly. As shown in Figure 6.1(c), part of the loaded sulfur is used to decompose
the organic linker of MOF. In particular, compared to CoS; (S/Co-PBAs weight ratio:
0.5), a small amount of sulfur is loaded for the fabrication of Co¢Ss (S/Co-PBAs: 0.1).
In CooSs case, it means that a relatively large ratio of sulfur in total reactant is used for
decomposition. For this reason, in CooSsg case, sulfur ratio could be detected relatively

low. However, we confirmed that phase of 0.1 ratio of Co/PBAs corresponds with CooSg
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through XRD in Figure6.6(b).

The Figure 6.8-6.10 show the results of microstructural analyses to characterize
MOF-driven cobalt sulfide nanoparticles. First, microstructural characterization of
MOF-driven Co, CosSg (0, 0.1 ratio of sulfur/Co-PBA), and commercial CoS, were
displayed in Figure 6.8. The FE-SEM (Figure 6.8(a-c)) and TEM (Figure 6.8(d-f)) were
shown. Furthermore, the FE-SEM (Figure 6.9(a)) and TEM (Figure 6.10) images after
sulfurization show that the MOF-driven porous CoS, had uniform particle sizes of
approximately 25 nm. It is confirmed that the higher S/Co ratio, the smaller the particle
size. As can be seen from Figure 6.1(c) of the thermodynamic consideration section, the
gas product generated increases as the reaction amount of sulfur increases.

The scanning TEM (STEM) results of MOF-driven CoS, are shown in Figure 6.9(b).
From the STEM, and EDS mapping images, it can be seen that Co and S constituting
MOF-driven CoS; are distributed as overall nanoparticles. The corresponding EDS
mapping image (Figure 6.9(b)) was shown that the Co (red) and S(green) of MOF-
driven CoS; were uniformly distributed.

In Figure 6.10(a), there are bright parts in the TEM image that are highlighted with
dotted yellow circles [157-160]. As shown in the TEM image, the size of the bright area
was approximately 3 to 4 nm, which is shown as nanopore embedded in MOF-driven
CoS,. Through high-resolution TEM (HR-TEM), as shown in Figure 6.10(b), it was
confirmed that the MOF-driven CoS; had uniform crystallinity for each nanoparticle
with a d-spacing of 0.28 nm, which corresponds to the (002) planes. In the inset of Figure
6.10(b), the fast Fourier Transform (FFT) pattern was obtained.

Furthermore, the electron energy loss spectroscopy (EELS) was conducted depending
to different sulfurization conditions, such as 0, 0.1, and 0.5 weight ratio of S/Co-PBAs

(Figure 6.11). Verification of charge distribution of MOF-driven cobalt compounds was
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verified through EELS results. As shown in Figure 6.11, the shift of energy of the Co
L»3 edge was confirmed according to different sulfurization conditions. The chemical
shift of Co L3 edge to higher energy was observed depending on higher S/Co ratio of
cobalt sulfide [52].

Figure 6.8 Microstructural characterizations, including SEM and TEM, of sulfurized
Co-PBAs (MOF-driven Co, CosSs) and commercial CoS,. (a-c) FE-SEM images and
(d-f) TEM images of each cobalt compound, (a), (d) MOF-driven Co, (b), (¢) MOF-

driven CooSs, and (¢), (f) commercial CoS.
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Figure 6.9 Microstructural characterizations, including SEM and STEM, of MOF-
driven CoS,. (a) FE-SEM image. (b) STEM image and EDS elemental mapping images

(Co: red, S: green in inset).

(b)

' d(002) = 0.28 nm

Figure 6.10 Microstructural characterization of MOF-driven CoS; nanoparticles. (a)

TEM image and (b) HR-TEM image and FFT analysis (inset).
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Figure 6.11 The electron energy loss spectroscopy (EELS) spectrum analysis of Co L3
edge for verification of sulfurization from MOF-driven Co, CosSs, and CoS, (S/Co-
PBAs weight ratio: 0, 0.1, and 0.5).
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The X-ray photoelectron spectroscopy (XPS) was performed to investigate the
chemical and electronic states of MOF-driven CoS; as shown in Figure 6.12. The broad
scan, total range scan, in Figure 6.12(a) showed peaks at binding energy of
approximately 163, 286, 400, 530, and 780 eV, which were indexed to S 2p, C 1s, N 1s,
O s, and Co 2p, respectively. In Figure 6.12(b), O 1s for XPS of MOF-driven CoS;
showed almost negligible peak intensity due to successful fabrication of mono-phase
porous CoS,. In Figure 6.12(c), the Co 2p for XPS of MOF-driven CoS;, consists of
peaks at 794 and 779 eV, which are agreement with Co 2p1» and Co 2psp, respectively.
Each peak can split into three sub-peaks, which are located at 796.7, 795.1 and 793.7 eV
for the Co 2p1» peak and 781, 779.7 and 778.5 eV for the Co2ps,; result. As indicated in
Figure 6.12(c), the sub-peaks are known as satellites corresponding to Co?* and Co** [12,
16, 50, 73, 161, 162]. The S 2p spectrum shown in Figure 6.12(d) can typically be split
two sub-parts with peaks at 168 and 163 eV. The 163 eV peak generally indicated the ‘-
1’ valence state of sulfur, with sub-peaks indexed as 2pi» (163.6 eV) and 2ps» (162.5
eV). The peak at 168 eV is typically indexed as a sulfur oxide [72, 152]. In this results,
the sulfur oxide peak has a negligibly low intensity compared with other previous reports
that describe CoS, through hydrothermally sulfurized synthesis. The results of the
physical and chemical property analysis through XRD, HR-TEM, and XPS show that

the synthesized MOF-driven porous CoS; had high purity.
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Figure 6.12 Chemical characterization of MOF-driven CoS, nanoparticles. (a) The

broad scan of MOF-driven CoS; nanoparticles. (b) O 1s for XPS. (¢) Co 2p spectrum.

(d) S 2p spectrum of MOF-driven CoS;.
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6.4. Summary

The metal-organic framework-driven cobalt sulfides was fabricated through the
simple precipitation method, and followed thermodynamically programmed
sulfurization process. The metal-organic framework is used as a template to create a
porous structure. Then, we controlled the sulfurization condition in closed system of
annealing of cobalt based metal-organic framework due to controlling the phase of the
cobalt sulfide. In a closed system, only sulfur was used as a parameter, and the phase
could be predicted through sulfur vapor pressure control.

Therefore, highly porous structures including nanoscale pores were fabricated. The
structural characterization of the synthesized metal-organic framework-driven cobalt
disulfide confirmed the uniformity and porous structure compared with commercial
cobalt disulfide. Furthermore, according to the amount of sulfur loaded in closed system,
it was confirmed that not only cobalt disulfide but also other cobalt sulfide can be

synthesized.
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CHAPTER 7

Electrochemical Performance of
Porous CoS; electrocatalysts

(*This chapter self-cites reference [7])

7.1. Introduction

In Chapter 6, we have successfully fabricated metal-organic framework-driven cobalt
disulfide, which is expected to be crucial for the enhanced overall water splitting.
Additionally, the hierarchical porous structure to adopt metal-organic framework-driven
cobalt disulfide to the both electrodes, including cathode and anode, of water splitting, which
consists of porous active materials is developed to improve the electrocatalytic HER, OER
performance. This is due to an increase in the nanopores through sulfurized cobalt based
metal-organic framework and high exposure of active site.

The purpose of this chapter is analyze the effect of nanopores in the electrocatalysts, as
well as the effect of controlling the phase of electrocatalysts. In this chapter, ex-situ analysis,
including electrochemical, physical adsorption analysis to explain this effect, will be

discussed.
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7.2. Electrochemical performances

The electrochemical performance of the MOF-driven cobalt sulfide OER and HER
electrocatalysts was investigated under alkaline electrolyte of 1.0 M KOH. To examine
the bifunctional electrocatalytic activity of the MOF-driven porous CoS; nanoparticles
on the nickel foam electrode, linear sweep voltammetry (LSV) was conducted for the
bare nickel foam, IrOz, Pt electrode, commercial CoSz, and MOF-driven cobalt
compound, such as Co, CoySs, C0304, and CoS,. The OER and HER were performed
with a conventional three-electrode system in 1.0 Mm KOH. The polarization curves
were conducted in the potential range between 1.2 and 1.7 V (vs. reversible hydrogen
electrode (RHE)) for the OER at a scan rate 1.0 mV s and between -0.4 and 0.0 V (vs.
RHE) for the HER at a scan rate of 5.0 mV s™. First, the OER activity of the
electrocatalysts was measured as the overpotential at a current density of 10 mA cm?,
which is typically used as a reference to evaluate electrocatalyst [7, 142] and the Tafel
slope. As shown in Figure 7.1, displays the polarization curves of the OER range. In
order to confirm the superiority of MOF-driven CoS; electrode, it was compared with
IrO-, a noble metal oxide most frequently used as an OER electrocatalyst. The MOF-
driven CoS; electrocatalyst electrode shows a low overpotential requirement of 298 mV
at 10 mA cm, while the others show a higher overpotential. The overpotential of the
MOF-driven Co, MOF-driven CosSs, commercial CoS;, IrO», and MOF-driven Coz04
were 411, 362, 379, 374, and 359 mV, respectively. Additionally, the LSVs of Ir foil, Pt
electrode, and nickel foam were conducted (Figure 7.3). The activity of MOF-driven
Co304 was investigated for comparison with MOF-driven CoS,. Co304 is known as the
most efficient OER electrocatalyst among the cobalt oxide phases, but does not reach

the efficiency of MOF-driven CoS; electrocatalyst. Additionally, the oxidation peak in
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the polarization curves was confirmed to be from the Co (I11) to Co (IV) transition [90].
The MOF-driven CoS; shows a larger oxidation peak in this location than that in
previously reported studies. The larger the specific surface area, the greater the intensity
of the redox peak. Analysis of the specific surface area associated with this will be

discussed in the next section.
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Figure 7.1 Electrochemical characterization of each electrode for water oxidation in 1.0
M KOH. The OER polarization curves through linear sweep voltammetry (LSV) of

different electrode with a scan rate 1.0 mV s™.
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Next, as shown in Figure 7.2, the Tafel plot was displayed for calculation of Tafel
slope and to analyze the electrocatalyst reaction Kinetics, which was plotted based on
the potential against log (J). The tendency of the Tafel slope and overpotential were
similar. The synthesized MOF-driven CoS; electrode, which had the lowest
overpotential in the polarization curves, showed a low Tafel slope value (94 mV dec™).
In this context, reaction kinetics of the MOF-driven CoS, are fastest among the
measured electrocatalysts, which may mean high exposure of active site with nanopore
embedded structure and phase control through sulfur vapor pressure in closed system.

To verify the stability of the MOF-driven porous CoS; nanoparticles, a long-term
durability test was performed using the chronoamperometric method (Figure 7.4). Ata
constant voltage of 1.53 V (vs. RHE, 300 mV), the synthesized MOF-driven CoS;
electrode delivered a relatively stable current density of 12 mA cm over 20 hours. As
oxygen evolution occurs during the stability test, fluctuations were observed due to gas

bubbling.
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Potential (V) versus RHE

2.0

1.9

1.8

y o 4

1.6

1.5

14

1.3

0.0

05 1.0
Log | J | (mA cm?)

1.5

2.

0 25

Figure 7.2 Electrochemical characterization of each electrode for water oxidation in 1.0
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Figure 7.4 Electrochemical characterization of MOF-driven CoS, electrode. The

stability test through chronoamperometric method of fabricated MOF-driven CoS; at

constant voltage.
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Next, HER electrocatalytic activity was assessed as the overpotential at a current
density of 10 mA c¢cm? and the Tafel slope. As shown in Figure 7.5, displays the
polarization curves of the HER range. In order to confirm the superiority of MOF-driven
CoS; electrode, it was compared commercial CoS;, which is simple particle without
pore. The MOF-driven CoS; electrocatalyst electrode shows a low overpotential
requirement of -196 mV at 10 mA cm?, while the commercial CoS; electrocatalysts
shows a large overpotential. The overpotential of the MOF-driven Co, MOF-driven
CoySg, IrO,, and Pt electrode were -214, -213, -198, and -67 mV, respectively.
Additionally, the LSVs of Ir foil and nickel foam were conducted (Figure 7.7). The
synthesized MOF-driven CoS; electrode also shows high activity in the HER despite the
presence of a strong alkaline electrolyte.

As shown in Figure 7.6, the Tafel slope was calculated based on the HER polarization
curves, as in the OER results. Under the overpotential results, Pt and synthesized MOF-
driven CoS; electrodes exhibited Tafel slopes of 38 and 113 mV dec™, respectively.
Therefore, the synthesized CoS; electrode shows the Volmer-Heyrovsky mechanism
behavior [104].

To verify the HER stability of the MOF-driven porous CoS; nanoparticles, a long-
term durability test was performed using the chronoamperometry (Figure 7.8). At a
constant voltage of -0.2 V (vs. RHE), the synthesized MOF-driven CoS; electrode
delivered a relatively stable current density of -11 mA cm? over 20 hours. As hydrogen

evolution occurs during the stability test, fluctuations were observed due to gas bubbling.
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Figure 7.5 Electrochemical characterization of MOF-driven porous CoS; nanoparticles

in 1.0 M KOH. HER polarization curves of electrode with a scan rate 5 mV s™.
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Figure 7.6 Electrochemical characterization of MOF-driven porous CoS; nanoparticles

in 1.0 M KOH. Tafel slopes of polarization curves in HER.
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Figure 7.8 Electrochemical characterization of MOF-driven CoS, electrode. The

stability test through chronoamperometry of fabricated CoS; at constant voltage.
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Figure 7.9 shows the performance of bifunctional electrocatalytic activity, which was
performed through a full-cell test of electrochemical water splitting for a practical two-
electrode system in 1.0 M KOH. Both electrodes, anode for OER and cathode for HER,
were assembled from the same electrode material, which was MOF-driven CoS; on Ni
foam in this work. The potential range was from 0.0 to 2.0 V with a scan 5.0 mV s, As
shown in Figure 7.9, the assembled full-cell exhibited an overpotential of 1.65 V at 10
mA cm?,

As shown in Figure 7.10, the stability test was also conducted for symmetric full-cell.
At a constant voltage of 1.7 V, the synthesized MOF-driven CoS; electrode delivered a
relatively stable current density of 11 mA cm over 20 hours. As shown above, it was
verified with structural characterization, chemical characterization and morphological
characterization that the synthesized MOF-driven CoS; had a highly porous structure,
including nanoscale pores. According to these results, the MOF-driven CoS;
nanoparticles provided facile diffusion kinetics as well as enough active sites. For this
reason, the fabricated MOF-driven CoS; electrode had a high OER and HER catalytic

activities despite no additional treatment.
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Figure 7.9 Overall water splitting performance of MOF-driven CoS; nanoparticles

through polarization curve using symmetric full-cell.
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Figure 7.10 Overall water splitting performance of MOF-driven CoS, nanoparticles

through chronoamperometric durability test of symmetric full-cell.
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7.2.1. Effects of nanopores in electrocatalysts

The electrochemical and physical adsorption characterizations were performed to
demonstrate the tendency of electrochemical performance identified in the previous
section. To further verify the formation of porous structure in the MOF-driven cobalt
sulfide, an analysis through Brunauer-Emmett-Teller (BET) was performed through N>
adsorption/desorption, where BET specific surface area and pore diameter were
obtained. In the case of MOF-driven CoS;, the BET specific surface area in Figure 7.11
was 915.6 m? g1, compared with 6.1, 46.0, and 60.1 m? g for commercial CoS,, MOF-
driven Co, and CosSs, respectively. Additionally, BET specific surface area of MOF-
driven CosQy in Figure 7.12 was 43.2 m? g*. This result implies that MOF-driven CoS;
had 150 times higher porosity than that of commercial CoS,. Furthermore, the Barrett-
Joyner-Halenda (BJH) desorption was measured to quantitatively express the pore
diameter shown in Figure 7.13. Two main peaks were observed in the BJH results, and
the peaks appeared at approximately 3.5 nm in MOF-driven CoS; and at ~ 20 nm,
gradually increasing from 6 nm, which includes the surface of nanoparticles because
there is no selectivity of pore and surface for the adsorption/desorption of N2 during BET
specific surface area measurements. Additionally, the peak of MOF-driven Co and
CoySg were also detected at approximately 3.5 nm. However, it was relatively low
intensity compared with MOF-driven CoS,. The pore size and distribution could be
related sulfur vapor pressure, since as can be seen from Figure 6.1(c) of the thermodynamic
consideration section, the gas product generated increases as the reaction amount of sulfur
increases. In contrast, the pore size and distribution were not nearly detected in the

commercial CoS;.
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Figure 7.11 Physical adsorption characterization of MOF-driven cobalt compound and
commercial CoS; electrocatalysts. BET analysis of isothermal plot with N

adsorption/desorption.
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Figure 7.12 Physical adsorption characterization of MOF-driven Co3O4 electrocatalysts.

BET analysis of isothermal plot with N, adsorption/desorption.
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Figure 7.13 Physical adsorption characterization of MOF-driven cobalt compound and
commercial CoS; electrocatalysts. Pore diameter distribution of MOF-driven Co, Co9Ss,

CoS; and commercial CoS; (inset: magnification of the small pore diameter area).

The porous structures were also observed in the TEM image in Figure 6.10(a), which
confirmed the BET analysis. As shown in the TEM image, the size of the bright area
was approximately 3 to 4nm. Additionally, the results of electrochemical surface area
(ECSA) were shown in Figure 7.14 and Table 7.1. The linear slopes of commercial CoS;
on nickel foam electrode and MOF-driven CoS; on nickel foam electrode are 0.7 and

1.5 mF cm?, respectively, confirmed that the ECSA difference was about 2.1-fold.

159

|

I

U



Chapter 7: Electrochemical Performance of Porous CoS? electrocatalysts

Additionally, the ECSA of MOF-driven Co and CoySs showed 0.7 and 1.1 mF cm?,

respectively. The ECSA of each electrode was calculated in Table 7.1.

1.5

1.2

0.9

0.6

0.3

AJ (mA cm™)

0.0

0

MOF-driven Co
MOF-driven Co_S

MOF-driven CoS,
Commercial CoS,

1.5 mF em™

200 400

600

800 1000

Scan rate (mV s™)

Figure 7.14 ECSA of commercial CoS,, MOF-driven Co, CosSs, and CoS, (S/Co-

PBAs weight ratio: 0, 0.1, and 0.5). The linear slope is related to the double layer capa

citance.

As described previous Chapter 5, the CV was conducted in the voltage range between

0.18 and 0.28 V (vs. RHE). The linear slope was calculated by plotting 4J at 0.23 V (vs.

RHE) depending on scan rates. The linear slope is two-fold of the double-layer

capacitance (Cqy) [7, 114, 146, 147]. 43, Ca, and ECSA can be calculated following egn

(7.1), (7.2), (7.3) [5, 66, 147].
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A3=Ja- e (7.1)
Ca = /2 x d(43)/dV (7.2)
ECSA =Ca/ Cs (7.3)

Cs is the capacitance of atomically smooth planar surface in 1.0 M KOH electrolyte

ranges between 20 to 60 puF cm2. For calculation, Cs was configured at 40 uF cm? [66].

Table 7.1 Calculation of ECSA of commercial CoS,, MOF-driven Co, CosSs, and CoS;.

Electrocatalysts Slope Cal ECSA
0.7mFcm?  0.35mFcm?  8.75cm? ecsa
MOF-driven CosSg/Ni foam ~ 1.1mFcm?  055mFcm?  13.75cm? gcsa
MOF-driven CoS,/Ni foam 15mFem?  0.75mFcm? 1875 cm? ecsa
Commercial CoS,/Ni foam 0.7mFem?  0.35mFcm?  8.75cm? ecsa
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7.2.2. Effects of phase control in cobalt sulfide

The impedance measurements were performed to demonstrate the tendency of
electrochemical characterization depending on the cobalt sulfide phases identified in the
previous section. To further clarify the effect of the porous CoS; electrocatalysts for
facile charge transfer during reaction steps for water oxidation, an analysis through
electrochemical impedance spectroscopy (EIS) was performed in the frequency from
100,000 to 0.01 Hz at constant overpotential of 300 mV. In order to compare the charge
transfer in the reaction step for oxygen evolution, EIS was measured while applying 300
mV to create a condition in which sufficient onset of each electrode had progressed. In
order to quantitatively compare the charge transfer caused by porous structure due to
nanopore embedded structure, the charge transfer resistance (Rc) term of EIS was used.

The resistance term of plotted EIS consist of electrolyte resistance (R) and charge
transfer resistance (Re) in Figure 7.15. Since the configuration of the electrochemical
cells for measuring each electrode is all the same, the components of the EIS all the
same. First, R. refers to the position of the starting point of the semicircle in the Nyquists
plot [143, 144]. The Re is also a resistance term that occurs in an electrochemical cell,
and since the components are all the same, there is no significant difference for each
electrode. In the Nyquists plot, the R is the value corresponding to the diameter of the
semicircle [143, 144]. It can be seen that R.: increases in the order of MOF-driven CoS,,
commercial CoS,, MOF-driven CosSg, and MOF-driven Co. The R of MOF-driven
CoS; was lower than commercial CoS,. It can be seen as a decrease in charge transfer
resistance of porous CoS, by nanopore embedded in electrocatalysts. Also, the R of
CoS; group, including MOF-driven CoS; and commercial CoS,, was the lowest

compared to the other cobalt compound, such as MOF-driven Co, and CosSs. Regardless
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of porosity of electrocatalyst, it can be seen that CoS; is one of the most suitable OER

electrocatalysts in terms of charge transfer.

Thus, it can be expressed as shown in inset of Figure 7.15 by representing it through

an equivalent circuit according to the Nyquists plot of Figure 7.15.

100 kHz ~ 0.01 Hz, n = 300 mV

600
i A MOF-driven Co (S/Co-PBAs: 0)
500 F /' =—CO—MOF-driven Co,S, (S/Co-PBAS: 0.1)
I /" =0—MOF-driven CoS, (S/Co-PBAs: 0.5)
4{"] N —C—Commercial CoS,
C 300}
: ¥i
N 200 ¢ El'll'
o oM~ R« o
8]
1005 000 %0, R, 1
u A c
0 10 200 300 400 500 00
Z'(Q)

Figure 7.15 Nyquist plots at 300 mV (vs. RHE) for commercial CoS,, MOF-driven Co,

Co9Ss, and CoS; (S/Co-PBAs weight ratio: 0, 0.1, and 0.5) electrodes. Inset is equivalent

circuit model.
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In Figure 7.16, to further investigate the change of MOF-driven CoS, upon
electrochemical characterization, such as OER, HER durability test, morphological,
structural and chemical characterization was performed after OER and HER durability
test. As shown in Figure 7.16(b) and (f), the MOF-driven CoS, nanoparticles well-
retained on the nickel foam compared with Figure 7.16(a), although slight change of
morphology was shown in FE-SEM images after OER and HER durability test. This
slight change phenomenon is inevitable, because oxygen and hydrogen gas were
vigorously generated during OER and HER stability test, respectively [16, 163].
Additionally, the XRD pattern of MOF-driven CoS; on nickel foam electrode had hardly
changed after HER (Figure 7.17). On the other hand, peak of CoOOH was slightly
detected in the electrode after OER durability test (Figure 7.17). This detection of
CoOOH can also be confirmed in TEM and XPS, and is known as a reaction product
generated when the Co based electrocatalyst undergoes the OER [23].

As shown in Figure 7.16(c-e), TEM, including HR-TEM, analysis after OER stability
was conducted. The lattice fringes and FFT corresponding to CoS; (Figure 7.16(d)) and
CoOOH (Figure 7.16(¢)) were observed. However, these lattice fringes featured low
crystallinity, due to the crystalline to amorphous transition in electrocatalysts of
transition metal compound [12]. The EDS mapping after OER durability test of MOF-
driven CoS; electrode was conducted (Figure 7.18(a)). The signal of sulfur was
relatively weak due to formation of surface CoOOH [23], although the cobalt and
oxygen of MOF-driven CoS, after OER stability test were uniformly distributed. XPS
analysis was performed (Figure 7.18(b-d)). The peak of CoOOH in 783 eV was
observed in Co 2p spectrum [23, 64]. In S 2p spectrum, only S-O peaks were featured

[12, 164]. The intensity of total O 1s after OER stability test was relatively increased
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compared to O 1s before test in Figure 6.12(b). Furthermore, additional peak was also
detected at 529.9 eV corresponding to the cobalt oxide [90].

After carrying out the HER stability test, TEM analysis, including HR-TEM, was also
performed (Figure 7.16(g), (h)). The lattice fringe of low crystalline CoS, was observed
as OER part. EDS mapping and XPS analysis after HER stability test were displayed in
Figure 7.19. In EDS mapping (Figure 7.19(a)), relatively weak signal of oxygen and
sulfur was detected due to formation of transition chalcogenide hydrides during HER
[16, 165]. In XPS analysis (Figure 7.19(b-d)), the peak of intensity at 781 eV
corresponding to Co 2p3» was increased, which this phenomenon was also reported in

previous work [12].
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Figure 7.16 Morphological characterization of MOF-driven CoS, electrode after
stability test. (a) FE-SEM image of the bare nickel foam. (b) FE-SEM (inset: low
magnification), (c) TEM, and (d,e) HR-TEM (inset: FFT analysis) image of MOF-
driven CoS; electrode after OER stability at 1.53 V (vs. RHE). (f) FE-SEM (inset: low
magnification), (g) TEM, and (h) HR-TEM (inset: FFT analysis) image of MOF-driven

CoS; electrode after HER stability at -0.2 V (vs. RHE).
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Figure 7.17 XRD analysis for observation of phase change of MOF-driven CoS; after

20 hours OER and HER stability test.
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Figure 7.18 Chemical composition and electronic state change of MOF-driven CoS»
after 20 hours OER stability test at 1.53 V (vs. RHE). (a) STEM image and EDS
elemental mapping images in inset (cobalt: red, oxygen: yellow, sulfur: green). XPS
analysis of MOF-driven CoS; after OER stability test. (b) Cobalt 2p, (c) sulfur 2p, and

(d) oxygen 1s spectrum, respectively.
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Figure 7.19 Chemical composition and electronic state change of MOF-driven CoS»
after 20 hours HER stability test at -0.2 V (vs. RHE). (a) STEM image and EDS
elemental mapping images in inset (cobalt: red, oxygen: yellow, sulfur: green). XPS
analysis of MOF-driven CoS; after HER stability test. (b) Cobalt 2p, (c) sulfur 2p, and

(d) oxygen 1s spectrum, respectively.
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7.3. Summary

In summary, the metal-organic framework-driven cobalt disulfide was fabricated by
predicted synthesis based on thermodynamic consideration, such as phase diagram and
calculation of Gibbs free energy depending on sulfur vapor pressure. The hierarchical
nanopore embedded and phase controlled structure that consists of MOF-driven porous
CoS; nanoparticles is developed to the bifunctional electrocatalysts for electrochemical
water splitting Therefore, the electrocatalysts of designed structure achieved an
overpotential of 298 mV and -198 mV at 10 and -10 mA c¢cm? in OER and HER
conditions, respectively. Furthermore, in practical full-cell system, in which both
electrodes consist of the same electrodes, the MOF-driven CoS; electrocatalyst achieved
a1.65V at 10 mA cm?

The nanopore embedded porous CoS: is essential for high exposure of active sites for
bifunctional electrocatalysts. The nanopore and porous structure caused by
decomposition and sulfurization of metal-organic framework were confirmed through
electrochemical and physical adsorption characterization.

The controlling the phase is essential for enhanced oxygen and hydrogen evolution
catalytic performance since catalytic performance differs to depending on the phase
when various phases of the transition metal compound exist.

From the investigation of the electrochemical characterization of the MOF-driven
CoS; electrode, the electrocatalytic performance of water splitting was high due to the
kinetically favorable porous structure. Furthermore, the possibility of bifunctional

electrocatalyst was confirmed with a full-cell system.
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CHAPTER 8

Conclusion

8.1. Summary of results

The aim of this study is to develop a methodology that can be simply doped and
precisely control the phase of transition metal compounds through thermodynamic
consideration, which is used as the electrodes for the electrochemical water splitting.
First, Doping the heteroatom in transition metal compounds is critical to the
performance of the water oxidation electrocatalysts because it controls the intrinsic
conductivity of electrocatalysts, which corresponds to the charge transfer and catalytic
activity. However, heteroatom, especially boron, required a high temperature to dope
transition metal compounds. Second, controlling the phase of transition metal
compounds is critical to the performance of most water splitting electrocatalysts since
catalytic activity differs depending on the its phase.

First, for the fabrication of boron doped nickel iron layered double hydroxide with
electrochemical oxidation electrocatalyst for water oxidation, hydrothermal condition is
optimized to enhanced catalytic performance through atomic ratio of nickel and iron. By

adding an appropriate proportion of iron precursor, an electrocatalyst with improved
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performance compared to only nickel precursor was synthesized according to the
previous reports. After the hydrothermal step, the simple boronization was conducted.
Efficient OER electrocatalyst of hierarchically designed structure to facilitate charge transfer
is suggested using gaseous boronization. It was conducted through annealing of NiFe LDH
and boron source. The boronization should be easy to synthesize, in order to applying to
mass production. The boronization was performed more simply through boron source with
a relatively low boiling point. Next, after the boronization, formation of boron doped NiFe
LDH, electrochemical oxidation is performed for improvement of active sites, which is
applicable to large-scale because in-situ conversion with all electrochemical cell
configurations in the same state. The boron doped NiFe LDH with electrochemical
oxidation confirmed that oxyhydroxides were formed on the surface. This electrochemical
oxidation step was designed by thermodynamic consideration through Pourbaix diagram.
In additions, the kinetics change of electrochemical oxidation according to the difference in
current density was verified. The hierarchical structure that consists of boron doped NiFe
LDH with electrochemical oxidation is developed to the OER electrocatalysts for water
splitting. Therefore, the electrocatalyst of designed structure achieved an overpotential of
229 mV at 10 mA cm?, which confirmed that it was approximately 140 and 85 mV lower
than Ir and pristine NiFe LDH under the same conditions, respectively.

Second, for the fabrication of metal-organic framework-driven cobalt disulfide for
efficient bifunctional electrocatalyst, the porous structure, such as nanopores, and
controlling the phase are effectively formed by the sulfur vapor pressure controlled
sulfurization. The performance of the synthesized transition metal sulfide electrocatalyst
was confirmed to be high by maximizing the exposure of the active sites without
addition of other materials. The synthesized catalyst showed extremely porous structure,

which for improve performance by facilitating gas emission. Furthermore, calculation
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based on thermodynamics was applied to reduce trial & error, which is unique approach
unlike conventional catalyst synthesis. It is possible to find the synthetic condition for
fabricating the target phase that are predicted to have the most suitable electrocatalytic
activity. In this work, metal-organic framework was used for extremely porous CoS;
synthesis. By annealing the MOF with sulfur at predictive condition, organic linkers
were removed and mono-phase CoS; was synthesized. Not only that, this methodology
is variously applicable to all types of MOFs. Our synthesized material shows highly
open structure and one of the most excellent catalytic performance among mono-phase
CoS; electrocatalysts, whose overpotentials of the oxygen evolution, hydrogen
evolution, and overall water splitting under the operating conditions were 298 mV, -196
mV, and 1.65 V, reapectively at 10 mA cm™2,

It is confident that the simple doping, structural, and phase controlled methodology
in this work will give a new direction for water splitting system, which has the advantage
of possible to apply variously as well. Therefore, it is expected that this work has the
potential as an advanced research tool exploring the group of materials exhibiting

potential for achieving performance enhancement.
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8.2. Future works and suggested research

First, for the electrocatalysts of water oxidation, the transition metal borides have been
reported. The transition metal borides are known to have a high intrinsic conductivity,
and accordingly, charge transfer resistance is reported to be relatively lower than other
transition metal compounds including oxide. However, fabrication of transition metal
boride requires a higher temperature than boron doping, and is generally difficult.
Therefore, it is necessary to find suitable boron based precursor and relative low
temperature process conditions by design through thermodynamic calculation.

Here, we have currently developed the NiB; fabrication at low temperatures, and
process parameters are being optimized. The structure for proposing the optimum water
oxidation catalyst performance through combination with transition metal boride and
electrochemical oxidation is under development. Furthermore, it will be proved by
density function theory (DFT).

Second, for the electrocatalysts of water oxidation, the sulfur vacancy-induced cobalt
disulfide is being studied. In order to develop an efficient water oxidation electrocatalyst,
as mentioned continuously in this work, it should be accompanied by intrinsic
conductivity. By artificially creating sulfur vacancy, it is possible to improve the
intrinsic conductivity of cobalt disulfide. The overall summary of this concept is shown
in Figure 8.1. After synthesizing the MOF-driven CoS; used in this work as shown in
top of Figure 8.1, sulfur vacancy can be formed through CO gas having high reactivity

in bottom of Figure 8.1.
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Structure control of CoS, through metal-organic frameworks (MOFs)

Metal ion (cluster)

tg

Organic linker

Figure 8.1 Schematic diagram of sulfur vacancy induced cobalt disulfide.

CO combines with sulfur to form COS gas, which leads to vacancies in the sulfur
sites. Reduction annealing through a gas with high reduction reactivity such as CO, H;
has already been confirmed through MoS; in our group, and could be applicable to oxide
and chalcogenide groups as a whole. In addition, this CO annealing is applicable not
only to particles, but also to various structures such as nanowire, nanoplate, and film.

According to the initial results, it was confirmed that COS is formed by CO regardless
of nanoparticles and nanoplates, and this lead to phase transition or sulfur vacancy. As
shown in the XRD results of Figure 8.2, sulfur extraction in MOF-driven CoS; occurs
according to time, CO concentration, and temperature. Furthermore, similar results are
seen in the form of nanoplates for reaction time in Figure 8.3. The FE-SEM and XRD

results of the nanoplates are shown in Figure 8.4.
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Figure 8.2 XRD analysis of sulfur vacancy induced MOF-driven CoS, depending on

the reaction temperature, CO concentration, and time.
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Figure 8.3 XRD analysis of sulfur vacancy induced CoS, nanoplates, sulfurized cobalt

based nanostructure, depending on the reaction time.
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Figure 8.4 FE-SEM and XRD analysis of CoS; nanoplates. The CoS, nanoplates from

thermally sulfurized cobalt hydroxycarbonates through hydrothermal.
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Figure 8.5 Electrochemical characterization of sulfur vacancy induced MOF-driven

CoS; for water oxidation in 1.0 M KOH. The OER polarization curves through LSV of

different CO annealing conditions with a scan rate 5.0 mV s™.
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Although it is still an initial result that requires optimization, the associated OER
performance of sulfur vacancy induced MOF-driven CoS; is shown in Figure 8.5. MOF-
driven CoS,, which is estimated to have induced sulfur vacancy, showed the best OER
catalyst performance.

Finally, one of the ultimate goal is to apply a membrane electrode assembly (MEA)
system for electrochemical water splitting that can be applied in a large-scale than a
conventional three-electrode electrochemical cell. As mentioned in Chapter 2, MEA will
be implemented through the anion exchange membrane (AEM) system using alkaline
electrolyte among MEA cells. The cathode in charge of HER will use MOF-driven CoS;
with high efficiency in alkaline media, and the anode in charge of OER can use
bifunctional electrocatalyst through MOF-driven CoS; like cathode. Alternatively,
galox-B:NiFe LDH, which has more OER efficiency, can be used. It is expected that the
setup of MEA system will show the possibility of mass production of electrochemical

water splitting system.
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