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Chapter 1

General introduction






Chapter 1 General Introduction

The United Nations adopted the 17 sustainable development goals (SDGs) in 2015 as a
universal call [1]. The SDGs highlight the sustainable global challenges in different fields, including
society, blue growth, peace, justice, climate change, and environmental degradation. So many solutions
have been already proposed to achieve these goals and to cope with a low-carbon society, attention is
being paid to developing eco-friendly energy conversion and storage systems. However, this
development needs to be done while maintaining the business development that has taken place to date.
Electrochemical energy conversion and storage systems, such as the electrochemical water splitting,
fuel cells, metal-air rechargeable batteries, and other related devices, have been considered to be
promising candidates due to the low emission of pollution, improvability of energy efficiency of
sustainable energies such as solar, wind and hydraulic power due to the higher energy density. In order
to realize these electrochemical energy conversion systems, it is necessary to research and develop
technologies for power grids, device control technology, and materials that make up the devices.
Typically, electrochemical energy conversion devices contain electrolytes and electrodes. The
electrode materials directly affect the electrochemical performance in these components because the
electrochemical reactions, which convert chemical energy to electrical energy, occur on the electrode
surface. Thus, electrode materials developments are critical to obtaining superior electrochemical

properties [2, 3].

Among the electrode materials, carbon materials primarily cover many applications because
of the earth-abundance, lightweight, higher electrical conductivity, relatively large surface areas,
chemical stability, and ease of processability [3-6]. Due to these advantages, for instance, carbon

materials are used in lithium-ion batteries [7-9], electrochemical capacitors [10-12], polymer



electrolyte fuel cells (PEMFC) [13-15], and zinc-air rechargeable batteries (ZAB), which is one of the
promising new-generation batteries because of the larger energy densities [16-19]. For such
applications, many types of carbon materials, such as carbon nanotubes [20, 21], graphene [22, 23],
carbon blacks [24, 25], and carbon nanofibers [26, 27], have attracted increased attention. However,
they are not necessarily stable in the operating environment of such electrochemical energy devices
due to the anodic corrosion, as speculated from the pH-potential diagram (Figure 1-1) [28, 29]. Hence,
to enhance the carbon materials’ lifetime as electrode materials, improvement of the corrosion
resistance is needed. This thesis study tried to tune the carbon materials’ corrosion resistance by
optimizing nanocarbon nanostructure. In this introduction part, firstly, the overview and fundamentals
of carbon materials are briefly introduced. Secondary, the detail of the usage of carbon materials in the
energy devices, especially ZAB, including the operation fundamental of the devices, is described. Then,
past studies on carbon materials’ corrosion in the energy devices and its measures are briefly reviewed.

Finally, the objectives of this thesis and the approaches of this thesis study are given.
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Fig. 1-1 Potential-pH equilibrium diagram for the carbon-water system at 25°C [28].



1-1 Overview of the carbon materials

The properties of carbon strongly depend on the nanostructure and the electronic state. For
example, diamond and graphite, allotropes of carbon, have opposite physicochemical properties from
the viewpoint of electrical conductivity, i.e., diamond is the insulator material, while graphite is the
conductive material. This difference comes from the electric state of carbon: — sp* carbon-rich or sp?
carbon-rich. Such electronic state also affects various properties, such as mechanical properties,
electronic properties, and color [30]. As the electrode materials, sp? rich carbon materials, i.e., the
graphite-based materials including carbon black, are often considered, and they are classified by the
sp’/sp? ratio, crystalline structure, stacking state of the graphene, surface area, and macro-structures
like fibers, particles, or tubes. Figure 1-2 shows the primary carbon materials. Such various structures
and properties provide the broader application of the carbon materials, and their corrosion resistance
as the electrode materials are entirely different. The corrosion behavior of a range of carbon materials

is discussed in the following sections in detail.
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Fig. 1-2 Major carbon materials and their structure.
The picture of fullerene is cited from https://commons.wikimedia.org/w/index.php?curid=350254 under the Creative
Commons Attribute-Share Alike 3.0 unported license.
The picture of the diamond is cited from https://www.flickr.com/photos/jurvetson/156830367 under the Creative Commons

Attribution 2.0 unported license.



1-2 Importance of aqueous zinc-air rechargeable batteries

Goal No. 9 of the SDGs, "Build resilient infrastructure, promote inclusive and sustainable
industrialization and foster innovation", emphasizes the need for not only durable and ubiquitous
infrastructure but also sustainable infrastructure technologies for energy use. To achieve this goal in
the traffic infrastructures, including buses and trucks, motorization using portable batteries is one of
the options because of the lower environmental load compared with the current petrol-type engines.
Such batteries are required the same level of energy densities as the current petrol engines [31, 32]. As
large energy densities batteries, many candidates are proposed nowadays, and zinc-air rechargeable
batteries (ZABs) are promising candidates because their relatively high theoretical energy density
exceeds 1000 W h kg™! [33-35]. This section describes the fundamentals and advantages of ZAB and
the technological problems to be solved. Then, the importance of carbon materials in ZAB will also

be discussed.

1-2-1 Fundamental and working mechanism

As mentioned above, rechargeable batteries with higher energy density and durability than
lithium-ion batteries are required to promote the electrification of vehicles. Such batteries realization
is desired for the motorization of vehicles and the higher performance information and communication
equipment, energy storage for the clean energies, and electrification of airplanes. Each application can
contribute to achieving the SDGs, and thus the development of such high-performance rechargeable
batteries is important [36]. As the candidates of such batteries, many types, including metal-sulfur,
fluoride-shuttle, Ni-MH, are proposed as candidate batteries. Among them, an alkaline-aqueous
electrolyte type ZAB has the following advantages: (1) high theoretical energy density, which is close
to the current internal combustion engine (Figure 1-3), (2) better safety than organic electrolyte type

one, (3) high ionic conductivity resulting in high power density.
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Fig. 1-3 Ragone plots comparing the performance of various batteries (energy density vs. output

density). This plot is described with reference [37, 38].
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Fig. 1-4 (a) The number of publications on zinc-air batteries in the past 11 years (data from Web of

Science) and (b) schematic illustration of a zinc-air rechargeable battery.



Due to these advantages, ZAB has been recently studied actively, and the number of papers
related to ZAB increases exponentially year by year (Figure 1-4a). The ZAB consists of a zinc anode
and an air cathode. The electrolyte to be used is typically a highly concentrated KOH aqueous solution
(over 4.0 mol dm>, pH > 14). The active cathode material is oxygen in the air; thus, we can form a
low-weight rechargeable battery. The schematic illustration of ZAB is shown in Figure 1-4b, and the

electrochemical reactions of the ZAB can be described as follows:

(Anode) Zn+20H 2 ZnO+H,0+2e°  E’=-1.25V vs. SHE (1-1)
(Cathode) 02+ 2H,0 + 4e” 2 40H" E’=0.40 V vs. SHE (1-2)
(Overall) Zn+ 0z 2 2Zn0O AE’=1.65V (1-3)

The standard electrode potentials of the anode and cathode are -1.25 V vs SHE and 0.40 V vs SHE at
pH = 14, respectively, and hence, the theoretical emf becomes 1.65 V. This value is enough higher than
the Ni-H system (1.20 V), and this large emf with low weight provides high theoretical energy density.
However, three main issues need to be addressed to commercialize such attractive ZABs [39].

(1) Degradation of the anode materials (dendrites deposition and morphology change)

(2) CO» poisoning (ionic conductivity degradation and carbonate salt formation)

(3) Large overpotentials of charge/discharge reactions on the air electrodes

(4) Degradation of the air electrode materials
Regarding issue (1), some researchers reported that organic additives in the electrolyte effectively
inhibit the growth of such dendrites [40]. Furthermore, for issue (2), Zhao ef al. demonstrated that the
hydrogel type electrolyte inhibits pH change and carbonate salt formation, resulting in the long-term
ZAB operation [33]. The recent studies on issues (3) and (4), including the air electrode’s function, are

discussed in the next section.



1-2-2 Air electrode

Normally, as an air electrode of ZAB, a gas-diffusion electrode, which can carry out a gas
supply from the backside of the electrode, is used. This electrode typically consists of the catalyst and
gas-diffusion layers and the current collector (Fig. 1-4b). The gas-diffusion layer prevents the
electrolyte leaking and enables the gas transfer during charge/discharge. Due to its porous structure,
the triple-phase boundaries, which consist of the liquid phase (electrolytes), gas phase (air), and solid
phase (electrocatalyst), can be established on the catalyst layer surface. As the diffusion layer, due to
these requirements, hydrophobic carbon cloths or sheets are mainly used. On the catalyst layer, the
charge/discharge reactions of the air electrode, i.e., the oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR), occur (Fig. 1-5). This electrode reaction is described as (1-4).

02 + 2H20 +4e” 2 40H E’=1.23VvsRHE (1-4)
The four-electron reaction pathway described in (1-4) results in a relatively large overpotential for both
OER and ORR [41]. In order to promote both OER and ORR in alkaline media, a reversible air

electrode with high durability is necessary for repeated charging/discharging.
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Fig. 1-5 Schematic illustrations of the catalyst layer of ZAB.

The state-of-the-art electrocatalysts for OER are typically composed of precious metals such
as RuO; and IrO; [42, 43], and Pt/C hybrids are used for ORR [44]. Such materials are expected to be
very rare and expensive; thus, they are not suitable for commercialization. Therefore, precious metal-

free bi-functional electrocatalysts are demanded to realize ZAB commercialization. Recently, many
7



researchers reported highly active electrocatalysts for OER, ORR, or both reactions in alkaline media.
Risch et al. reported that the perovskite Bag.sSrosCoo.sFe0 2035 shows high OER activity in alkaline
media [45]. Brownmillerite type metal oxide Ca;FeCoOs and Fe-doped CoOOH were reported as
active and stable electrocatalysts for OER in concentrated alkaline media by Habazaki et al. [46-48].
Moreover, Zahran et al. reported that the nickel sulfide nanowire hybrid with the carbon nitride shows
notable OER activity, i.e., the overpotential value under 50 mV [49]. Many ORR active materials have
been developed. Perovskites containing Mn or Co species have been widely reported to show excellent
ORR activity [50-54]. The carbon nanotubes and Co-based metal oxides hybrids also should be noted
because of their remarkable ORR activity in alkaline media [55-57]. It must be added that the bi-
functional electrocatalyst is better than the electrocatalyst that is active only one of them, to realize
ZAB; however, the bi-functional electrodes were still less reported compared with the mono-functional
OER or ORR catalysts because of the difference in the affinity of the intermediates for catalytic sites
[58, 59]. Therefore, the materials with good inherent activity for OER usually show poor activity

toward ORR and vice versa.

The common problem of these precious metal-group-free electrocatalysts is their not-enough
moderate charge transfer characteristics as electrode materials [16, 60-62]. Some electrocatalysts with
enough conductivity are already reported; however, their number is limited [62]. Thus, typically, these
materials are hybridized or mixed with conductive materials such as carbon [15-18, 61], CeO2 [63], Ni
[64, 65], and some electron-conductive metal oxides [66, 67]. Among such conductive additives,
carbon materials have advantages because of (1) co-catalysis for ORR, (2) good electrochemical
characteristics, (3) lightweight, and (4) earth abundance. The following sections deeply discuss these

advantages, weaknesses, and the detailed role of carbon materials.



1-2-3 Role of the carbon materials in the air-electrode

As described above, carbon materials are suitable conductive additives in ZABs. For instance,
Alegre et al. tried to optimize the electrocatalysts and carbon black combination to obtain stable and
high OER/ORR electrocatalysis [25, 68]. Moreover, the effect of carbon materials structure on ORR
electrocatalytic properties was examined using various carbon supports [15, 69]. These studies
revealed that carbon materials play vital roles in providing the conductive pathway and the ORR co-
catalyst function so that the “Synergistic” effect of carbon and electrocatalysts were often discussed
[16, 70-87]. Figure 1-6 compares the OER and ORR activities in 0.1 mol dm™ KOH electrolyte and
XANES spectra for Bao.sSrosCoo.sFe020;3-5 electrode with and without a carbon additive [70]. The
carbon addition increased the current and decreased the overpotential for ORR. In addition, OER
electrocatalytic activity was also enhanced (Fig. 1-6a). This behavior cannot be explained only by the

electronic conductivity enhancement.
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Fig. 1-6 (a) ORR and OER LSV curves of BSCF and BSCF/AB hybrid electrodes in Oz-saturated 0.1
mol dm KOH electrolyte. (b) XANES spectra at the Co edge for the BSCF and BSCF/AB electrodes.

Copyright 2017, Wiley-VCH [16].



The first factor that needs to be considered is the effect of the electronic state (Fig. 1-7a).
XANES spectra (Fig. 1-6b) after carbon addition clearly shows the reduced cobalt oxidation state.
Such a reduced electronic state can provide more favorable adsorption energy of the oxygenated
species, which may be responsible for the observed enhanced ORR/OER activities [16]. Similar

electronic state modifications were also reported elsewhere [70-74].

The second factor is the spill-over effect (Fig. 1-7b). For ORR, there are three routes of the
reaction ways, i.e., directly 4 electrons, 2 electrons, and 2+2-electrons transfer pathway [16];
(1) Direct 4e” pathway
02 + 2H20 +4e" — 40H" (1-5)

(2) (2+2) e pathway

02 + H,O + 2¢" — 2HO> + OH" (1-6)

HO> + H2O + 2¢” — 30H" (1-7)
(3) 2e” pathway

02 + H,0 + 2¢” — 2HO>™ + OH" (1-8)

2HO2” — Oz + 20H (1-9)

In general, carbon shows a low OER activity and moderate activity for the ORR in alkaline media [16,
88] because of easy molecular oxygen adsorption on the carbon surface. Additionally, the preferred
ORR pathways on the carbon materials are estimated as the 2e” pathway [88], i.e., reaction (1-6) and
(1-8). On the other hand, combinations with electrocatalyst like perovskite oxides accelerate the ORR
complete by the following mechanisms: (1) HO, products on the carbon materials spill over to the
perovskite oxide surface, and they are reduced or decomposed according to (1-7) or (1-9), and (2) the
rapid OH™ desorption from the carbon surface and adsorption to the perovskite oxide surface, because
of the more favorable adsorption of OH™ on the perovskite oxides [16, 70, 75-80]. These
adsorption/desorption events relax the ORR reaction barrier by releasing more active sites on the

10



carbon surface. This phenomenon is referred to as co-catalysis of carbon for ORR, and this concept
has been widely accepted. In addition to ORR, recently, some researchers proposed the existence of

such spill-over contribution for OER [77-81].

The third factor is forming a new phase at the interface (Fig. 1-7¢). This factor is often
discussed in the electrocatalyst/carbon materials hybrid [82-87]. For example, Zhao et al. reported that
the hybridization of Cu nanoparticles and carbon nanotubes decreased the work function of carbon
surfaces and improved the adsorption of hydroxyl ions onto the carbon surfaces, enhancing the
OER/ORR activity [82]. In addition to such electronic state modification [83,84], the interfacial phase
was reported to be developed and acted as the catalytic center for OER or ORR due to its adequate
adsorption/desorption energy [85-87]. Thus, the direct loading of the electrocatalyst on the carbon

surface is recently paid attention as the novel material design.

(a) Electronic state (b) Spillover (c) Interface effect

OER : 40H — O, + 2H,0 + 4e

Electro M-C bond,

catalysts New Phase

ORR : O, + 2H,0 + 4¢ — 40H
Fig. 1-7 Schematic illustrations of “Synergistic Effect” of electrocatalyst and carbon materials. These

illustrations are described based on reference [16].

In summary, carbon plays the conductive support and ORR co-catalyst role and provides the
synergistic effect with electrocatalysts. Such synergistic effect was not reported in the inorganic
conductive supports; therefore, the carbon materials are currently considered the best option to provide
a highly active OER/ORR bifunctional electrode. However, unfortunately, as shown in Figure 1-1, the
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narrow potential window of carbon materials in the potential-pH diagram can be found. Depending on
the (1-4), the air electrode undergoes the potential over 1.23 V vs RHE during the charging process.
Typically, the charging proceeds at high anodic potentials around 1.7 V vs RHE [34]. Carbon cannot
keep its elemental state in terms of the thermodynamics point of view under such high potentials in
the alkaline electrolyte (pH > 14). Many researchers reported the instability of carbon materials in the
ZAB environments [15-18, 61, 64-67, 89-91]. Due to this corrosion issue, the rechargeable ZAB
development was believed to be difficult at the end of the 20th century [34]. Thus, to realize the ZAB,
the development of corrosion-resistant carbon materials is required because carbon is the only material

to provide reasonable bifunctional electrocatalytic properties.

1-3 Carbon corrosion in energy devices

As mentioned in 1-2, ZAB is an attractive battery that can achieve SDGs and become post-
lithium-ion batteries due to its higher energy density. However, the carbon corrosion issue hinders the
realization of rechargeable ZAB. In this section, the fundamentals of carbon corrosion are firstly
discussed. Then, the carbon corrosion examples in energy devices and recent countermeasures are

reviewed.

1-3-1 Fundamentals of the carbon corrosion

As shown in Figure 1-1, carbon materials undergo anodic dissolution. The electrochemical
carbon oxidation reactions can be described as follows:

In acid or neutral condition

C + 2H,0 — CO, + 4H" + 4¢ (1-10)
C +2H,0 — CO + 2H" + 2¢° (1-11)
CO + 2H,0 —CO;, + 2H" + 2¢° (1-12)
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In alkaline condition

C + 40H — CO; + 2Ha0 + 4e° (1-13)
CO, + 20H" — COs> + H,0 (1-14)
C + 60H" —COs> + 3H,0 + 4e” (1-15)

Among them, the standard electrode potential of (1-10) is estimated as 0.207 V vs NHE [26].
Additionally, the standard electrode potential of (1-15) is -0.682 V vs a Hg/HgO reference electrode
(0.242 V vs RHE at pH 14) at 25°C in 0.1 mol dm™ COs* solution [92]. In addition to such direct
dissolution, carbon corrosion produces oxygen-containing functional groups on the surface. Some
researchers reported the suppression of carbon corrosion by such functional groups [93]. Whether the
subsequent oxidative dissolution proceeds or not depends on the corrosive environment, and there is
no unified view. It should be added that some researchers reported that such functional group formation

is not a predominant reaction in alkaline [29, 94].

Carbon corrosion is influenced by the temperature, pH, and electrode potential [94-98]. The
carbon structure also influences the corrosion resistance (Figure 1-8). For example, the crystallinity of
carbon material, i.e., graphitization degree, strongly influences corrosion resistance [99-102]. Ross et
al. studied this influence by electrochemical measurements combined with liquid/gas chromatography,
as well as mass spectrometry [99, 100]. It was demonstrated that highly graphitized carbon has a 10
times lower corrosion rate than carbon with a low graphitization degree. The number of defect sites
and the degree of edge planes exposure (Figure 1-8b) influences the corrosion rate because these sites
are the possible corrosion priority sites [99, 100, 104-106]. Imai observed that the carbon corrosion
proceeded from the edge sites of highly ordered pyrolytic graphite (HOPG) substrate in acidic media
in the potential range of 0.8-1.2 V vs RHE in 0.1 mol dm™ HCIO4 [106]. Ross et al. proposed the
relationship between the corrosion rate and edge sites number, estimated by the temperature-
programmed desorption [99, 100].
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The third factor is the metal/metal oxides species acceleration [95, 106-109]. Miyazaki et al.
reported that metal oxides or metal particles loaded carbon materials show severe corrosion, especially
around these particles, because of the catalytic action of nanoparticles on carbon corrosion [106].
Similar acceleration was reported for Pt/C, used in the PEMFC [95, 107, 108]. The detail of this

acceleration is described in the subsequent sections.

(a) Graphitization degree (b) Defect engineering
H,0, H,0, In-plane Basal
OH  CO, OH  CO, defects —x (— plane

Graphene
layer

— T ———

Ordered material shows Defects or edge easily undergo
better corrosion resistance corrosion than the basal plane

Edge
plane

(c) Oxidation catalysis by metal species

» —

Metal species or metal oxides including impurities (i.e., CVD catalyst) accelerate the corrosion

Graphene Metal

layer \ V/ fits oxides

Fig. 1-8 Main factors of carbon corrosion.

1-3-2 Examples of carbon corrosion in the energy devices

As discussed above, carbon corrosion proceeds at high potentials and such potential range are
in the working environment of the energy devices. This section explains the corrosion examples in the

energy devices, including ZAB and PEMFC.

Firstly, the carbon corrosion in the PEMFC is briefly presented. The carbon corrosion in the
PEMEFC is better studied than in the ZAB cases and has many similarities in carbon corrosion in both
devices. Carbon corrosion has often been observed at the cathode of PEMFC. The potential of the
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cathode under PEMFC operation is negative than 1.23 V vs RHE, at which carbon corrosion is less
significant. However, the cathode is exposed to high potentials > 1.2 V vs RHE during the shutdown
or startup [110-112]. Such high potential during the startup/shutdown accelerates the carbon corrosion
in PEMFC. In addition, this corrosion of carbon is also promoted by the loading of catalysts such as
Pt [95, 107, 108]. Kinumoto et al. directly observed the carbon corrosion along the trajectory of Pt
particle migration and reported that carbon corrosion occurs even at 0.6 V vs RHE, where no corrosion
is observed on the Pt-free carbon [95]. Kinumoto also suggested that corrosion was accelerated by
H>O: species, one of the by-products of the oxygen reduction reaction. The carbon corrosion causes
the following problems: (1) detachments of the platinum catalyst and electrochemically active surface
area (ECSA) loss, (2) an increase of the surface hydrophilicity, which decreases gas permeability, and
(3) direct volume changes of the gas-diffusion layer (GDL) which is a result of carbon corrosion in
GDL [107]. For instance, Castanheira et al. observed the Pt detachment from the carbon support after
the durability test under fuel-cell air cathode operation by TEM [112]. TEM observation also revealed
the Pt catalyst agglomerations during the durability test. ECSA was also decreased, resulting in the
PEMFC performance degradation during the durability test. In addition to the electrocatalyst
degradation, carbon corrosion also produces oxygen-containing functional groups on the surface. Since
these functional groups are usually hydrophilic, the catalyst layer is covered with a liquid phase,
causing a decrease in gas permeability [113]. Morphological changes in the GDL due to carbon
corrosion have been reported to cause delamination of the GDL from the cathode catalyst layer and
reduction of water repellency in the GDE. These events eventually lead to performance degradation of

the PEMFC.

Comparing the carbon corrosion in ZAB and PEMFC (Fig.1-9), the ZAB environment is
considered a more severe condition than PEMFC for the following reasons. (1) only reverse current is
applied in PEMFC, but in ZAB, a high potential is always applied during charging, and OER occurs
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at the air electrode; (2) it is highly alkaline, which makes it difficult for functional groups to form on
the surface as a passivation film [94]. Furthermore, as with PEMFCs, some electrocatalysts can
promote carbon corrosion during air electrode operation. As mentioned above, the carbon material of
the air electrode is an important component of the ZAB. Therefore, understanding the behavior of

carbon materials in ZABs and improving their corrosion resistance is important to realize ZABs.

Carbon corrosion in PEMFC

0,

v" Corrosion in air-electrode

v' Cathodic polarization

v Low-pH environment (Acidic media)

v" Acceleration by the reverse current mechanism
v" Acceleration by electrocatalysts

0.0 Vvs SHE 1.23 V vs SHE

Carbon corrosion in ZAB

v" Corrosion in air-electrode

v Anodic polarization during charging, i.e., OER

v" Concentrated alkaline media — Difficulty of passivation
v" Electrocatalysts’ acceleration

e

-1.25 V vs SHE 0.40 V vs SHE

Fig. 1-9 Comparison of carbon corrosion in PEMFC and ZAB.

The carbon dissolution causes the degradation of OER/ORR electrocatalysis. Sugawara et al.
performed 2000 cycles polarization for carbon nanotube/Bao. sSro sCoo.sFeo203-5 electrode, in the range
of 1.2 V to 1.8 V vs RHE in1.0 mol dm~ KOH electrolyte [67]. After the durability test, they observed
the carbon nanotube dissolution by TEM (Fig. 1-10a). The OER activity also degraded after the
durability test, i.e., the OER overpotential increased from 0.37 V to 0.57 V. Alegre investigated the
degradation behavior of Pd/C electrode during charge/discharge condition of ZAB and demonstrated
the degradation of both OER and ORR after the durability test (Fig. 1-10b) [89]. The corrosion of
carbon produces CO», which is converted to COs* in alkaline media. Then, metal carbonates, such as

K>CO:s, precipitate on the electrode surface [90, 91]. Sumboja ef al. observed the carbonate deposition
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on the electrode surface after the durability test by SEM and XRD (Fig. 1-10c) and concluded that this
surface coverage was one of the degradation factors [90]. Surface hydrophilization proceeds as a result
of carbon corrosion. Like the PEMFC corrosion case, surface hydrophilization occurs due to the
development of the surface functional group. Wang and coworkers conducted the anodic polarization
of high-surface-area carbon black in 1.0 mol dm™ KOH electrolyte, and after the durability test, they
confirmed the hydrophilization of the electrode surface and formation of -OH, -C=0O, and -COOH
group by XPS [114]. Due to such hydrophilization, electrolyte leaking from GDE and gas permeability

loss occurred, causing the electrode degradation [90].
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Fig. 1-10 (a) TEM images of CNT before and after repeated potential cycles, Copyright 2021, Royal
Society of Chemistry [67], (b) polarization curves for the ORR and OER before (filled symbols) and
after (empty symbols) the stress test for the investigated catalysts, Copyright 2015, Wiley-VCH [89],
(c) surface SEM image and XRD pattern of the MnOx/carbon paper electrodes before and after the
durability test, Copyright 2016, Elsevier [90], and (d) water contact angles of carbon black before and
after the anodic polarization test, and High-resolution C1s XPS spectra for the carbon black after the
anodic polarization test, Copyright 2017, Royal Society of Chemistry [114].
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In summary, the carbon corrosion phenomena occur in the energy device operation
environment like PEMFC or ZAB. The carbon corrosion causes electrode performance loss and
influences the lifetime of the energy device. However, carbon has many advantages as an electrode
material. Thus, breaking down these corrosion problems is the only way to enhance the corrosion
resistance of carbon materials. In the next section, it is described the current ideas to enhance the

corrosion resistance of carbon materials.

1-3-3 Measures for the carbon corrosion

There is a growing body of literature that suggests ideas to improve the durability of the
carbon-contained electrode. Optimizing graphitization degree and low-defect structure are widely
accepted materials design concepts to suppress anodic corrosion [99, 115-120]. Ross et al.
demonstrated that highly graphitized carbon has a lower corrosion rate than a low graphitization degree
carbon due to its highly ordered stable structure [99]. Hung investigated the corrosion behavior of
carbon material and the influence of the graphitization degree by using EQCM. Their study visibly
showed the graphitized carbon's higher stability at a higher potential than carbon's lower graphitization
[116]. However, such graphitized carbon or defect-less carbon usually reduces the electrode activity
because (1) the lower surface area and (2) the lower number of defect sites; such sites are active sites
for electrocatalysis [118-121]. In contrast, Nishihara et al. proposed that the graphene mesosponge
with the higher surface area, synthesized by using Al>O3; nanoparticle template, shows the oxidation
resistance due to the lower defects and comparable properties the ORR electrode support with the
conventional carbon blacks [118-120]. They have not yet investigated the stability in the ZAB

environment; thus, further investigation is desired.

The second idea is the decreasing of the overpotential applying for carbon. Carbon corrosion

has been widely believed to be accelerated with ennobling electrode potential [96, 122]. Hence,
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decreasing overpotential should suppress carbon corrosion. Alegre et al. reported that the replacement
of the electrocatalyst to an OER active one successfully fell the applied overpotential for the electrodes.
As a result, this replacement suppressed carbon corrosion and enhanced the electrode's durability [25].
However, some catalysts enhanced the corrosion rate of the carbon materials even at relatively low
overpotentials [102-106]. It was also reported that the replacement of Pd to the perovskite-type oxide
electrocatalyst enhanced the durability, although the degradation occurred even after the replacement

after a prolonged durability test.

Fujigaya et al. challenged this corrosion problem issue from the polymer science view [123-
129]. They tried to wrap the carbon materials with the polybenzimidazole-based polymer to separate
carbon support from the corrosion environment [123]. Such polymer coating can separate carbon and
corrosion environments and enable the uniform electrocatalyst particle loading on the carbon support
surface [125]. They achieved the low overpotential for OER and ORR using Ni-Co spinel oxides
loaded MWCNT wrapped by the polybenzimidazole (PBI) and revealed the electrocatalysis stability
in 1.0 mol dm> KOH agq. [125]. To apply the ZAB environment, further improvement of the polymer
stability to the hydroxyl radicals, which is provided by the concentrated alkaline media, is required

[130].

In summary, recent countermeasures against carbon corrosion in the operating environment
of energy equipment are reviewed in this section. Each study successfully improved the carbon-based
electrode durability; however, as the conductive support for ZAB, there is still a lower number of
reports of the durable carbon conductive support because of the difficulty to overcome the concentrated
alkaline media. Thus, this thesis study tried a new approach to enhancing the corrosion resistance of
carbon materials which enables to apply the carbon materials for the ZAB environment keeping the
advantages of carbon materials as conductive supports.
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1-4 Aim of this thesis

In the above sections, the importance of the electrochemical energy storage/conversion
devices, the role of the carbon materials in these devices, and the durability problem of carbon
materials in the energy devices are briefly described. In particular, the corrosion issue of carbon
materials in rechargeable ZABs is serious because of the high anodic potentials in concentrated
alkaline media during charging. This thesis study focused on the tailoring of novel nanocarbon
materials exhibiting high resistance to carbon corrosion. The nanofiber structures are suitable for ZABs
and PEMFCs because they provide high gas permeability [27, 131, 132]. The carbon nanofibers are
typically synthesized by the chemical vapor deposition and classified into three types by their graphene
stacking structure, i.e., (a) platelet (pCNF), (b) herringbone / fishbone / stacked-cup (hCNF), and (c)
tubular / ribbon (tCNF), as shown in Figure 1-12 [27, 133]. Depending on the stacking structure, the
three types of carbon nanofibers show different physicochemical properties, such as electrocatalysis,
electronic conductivities, and surface area. This thesis study focused on the pCNFs because of their
wider applications as electrode materials and their stability [7, 13, 15, 27, 134-140]. In this section, the

fundamental properties of pCNFs are firstly explained, and the application examples of pCNF as the

electrode materials are also presented. Then, the aim of this study is shown.

(a) ~(b)

Fig.1-12 HRTEM images and schematic images of CNFs. (a) Platelet type, (b) Herringbone type and

(c) Tubular type. Copyright 1995, American Chemical Society [133].
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1-4-1 Platelet-type carbon nanofibers and their properties

Platelet-type carbon nanofibers (pCNFs) have graphene layers perpendicular to the fiber axis.
Because of this orientation, the fiber's sidewall and both ends of the fiber consist of the carbon edge
plane and basal plane, respectively. The edge plane on the sidewall usually contains dangling bonds
with larger electron densities. It can quickly release the electrons compared to the m-bonds on basal
atoms [27]. Therefore, this sidewall has many functions, i.e., ORR electrocatalysis [134, 135],
preferential sites for nanoparticle loading [13, 15], reasonable lithiation / delithiation properties as a
negative electrode in Li-ion batteries [7], and hydrocarbon conversions [136-138]. In addition to these
attractive functions, pCNFs show higher stability than other carbon materials because of their structure
[13, 135, 136]. The pCNFs consist mainly of sp?> carbon because of their planer structure. Such sp?
carbon has a much higher oxidation potential than sp> carbon [29, 123]. Thus, compared with other
carbon materials, pCNFs show better stability. This stability has often been reported as the PEMFC
electrode materials. For instance, Tamaki ef al. examined the durability of Pt/graphitized carbon black
(CB) hybrid and Pt/pCNF hybrid in the PEMFC operation condition [139]. The Pt/pCNF shows a
lower graphitization degree than the Pt/CB; however, the final durability of Pt/pCNF is higher than

Pt/CB. Similar reports were also reported elsewhere [13, 140].

Hence, this thesis study focused on the highly graphitized pCNFs that can be synthesized at
high temperatures [27, 141-145]. When pCNFs were heat-treated at >2000°C under an inert gas
atmosphere, it was reported that the exposed carbon edge sites on the sidewall of pCNFs formed bonds
with the other adjacent carbon atoms, resulting in a nano-looped structure. The looped carbon layers
should be formed to reduce surface energy. As mentioned in 1-3-1, faster carbon corrosion should
occur on the carbon edge plane than the basal plane due to their higher reactivity. Thus, the elimination
of such a carbon edge plane might enhance the corrosion resistance of pCNFs. Namely, heat-treated
pCNFs have three structural characteristics as the corrosion tolerance material; (1) platelet structure,
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(2) higher graphitization degree, and (3) uniformly eliminated graphene edge sites (Figure 1-13). These
features may suit electrocatalyst carbon supports with high corrosion resistance in the ZAB operation

environment.

>2000°C, Ar

v" Loop structure
Platelet carbon nanofiber (pCNF) — No exposed carbon edge plane
v" Highly graphitization degree

Fig. 1-13 The structural change of pCNF owing to the heat-treatment. Reproduced from [145].

Copyright 2007, Elsevier.

1-4-2 Objectives of this thesis

This thesis study investigated the possibility of pCNFs as corrosion-resistant carbon materials
for the positive electrode of rechargeable ZABs. In particular, high-temperature-treated pCNFs at
>2000°C possess a high graphitization degree and no exposure of the carbon edge plane because of the
formation of loped carbon layers at the sidewall. After detailed characterization of pCNFs heat-treated
at various temperatures, their corrosion behavior was examined and compared with other carbon
materials, including carbon blacks and multiwalled carbon nanotubes at high anodic potentials in a
concentrated KOH electrolyte. An identical location electron microscopy technique was introduced in
this study to examine the morphological change of the carbon materials directly and estimate the
corrosion rate quantitatively for the first time. A STEM/EELS analysis was also used to characterize
the surface of carbon, and then the corrosion-resistant mechanism was discussed. Furthermore,
OER/ORR electrodes were prepared by combining the pCNFs with electrocatalytically active oxide
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nanoparticles, and their OER/OER activity and durability were examined. Through such experimental
studies, this thesis tried to provide a new concept of corrosion-resistant carbon design to develop

durable electrochemical energy conversion devices, including rechargeable ZABs.

1-5 Outlines of this thesis

This thesis consists of six chapters and is organized as follows.

In Chapter 1, the general introduction and proposal of this study are described as well as the

science behind this study.

In Chapter 2, pCNFs were prepared using liquid-phase carbonization in a porous anodic alumina
template and characterized together with other nanocarbon materials. In particular, structural change

with heat treatment temperature of pCNFs was examined in detail.

The corrosion rates of pCNFs and other nanostructured carbon materials under an OER
environment in concentrated alkaline media were investigated in Chapter 3. An identical location
electron microscopy technique was introduced in this chapter to examine the morphological change of
the carbon materials directly and estimate the corrosion rate quantitatively. Additionally, a
STEM/EELS analysis was also used to characterize the surface of carbon, and then the corrosion-

resistant mechanism was discussed.

Furthermore, OER/ORR electrodes were prepared by combining the pCNFs with
electrocatalytically active oxide nanoparticles, and their OER/OER activity and durability were
examined in Chapter 4 and Chapter 5. In Chapter 4, the electrode conductive support properties and

durability of pCNFs for OER in 4.0 mol dm™ KOH electrolyte were demonstrated using Ca;FeCoOs,
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one of the novel OER catalysts [46]. In Chapter 5, pCNFs were hybridized with MnCo0,04 using
solvothermal synthesis [20] to enhance the OER/ORR activity of pCNF based electrodes. Their

electrode activity and durability were furtherly evaluated using the gas-diffusion electrode system.

Chapter 6 is the general conclusions of this thesis. This chapter also includes suggestions for

future work.
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Chapter 2  Characterizations of pCNFs

2-1 Introduction

As mentioned in the previous chapter, the structure/shape of carbon materials strongly affects
electrochemical behavior [1, 2]. Thus, structural characterization is required to understand the
electrochemical behavior of the electrodes. This thesis focuses the platelet-type carbon nanofibers
(pCNFs) as the novel electrode conductive supports with high oxidation resistance. The pCNFs have
been typically prepared by chemical vapor deposition [3]. However, this thesis study used a template-
assisted liquid phase carbonization method because of the formation of nanofibers with well-controlled
diameters [4]. The template used in this study was porous anodic alumina (AAO) (Fig. 2-1). The
platelet-type orientation remains unchanged regardless of heat treatment temperature, but the
graphitization degree is enhanced with heat treatment temperature [5]. In this chapter, the pCNFs
prepared by the template-assisted liquid-phase carbonization method using AAO template and
polyvinyl chloride carbon precursor were characterized by various techniques to understand better the

correlation between the corrosion behavior and structural characteristics.

PVC Powder

Thermal

Anodic decomposition

Anodizing Pore widening 5‘5 > alumina of PVC
nm
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0.3 moldm? C,H,0,, 5 Wt% HyPO,,

40V, 20°C, 2h 30°C, 30 min Ar, 300G
Template PCNF1100
Carbonization Dlssoll’utlon Annealing
PCNF1500
—) pCNF2000
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Fig. 2-1 The schematic image of the liquid-phase carbonization process using an AAO template.
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2-2 Experimental

2-2-1 Carbon materials used in this study

Three main types of nanocarbon materials were used in this thesis, as illustrated in Fig. 2-2.
Type 1 refers to a structure in which the graphene layer is aligned perpendicular to the fiber axis of the
nanofiber (pCNFs), type 2 is a structure with graphene layers parallel to the fiber axis of the nanofiber
(MWCNTs), and type 3 is a particle-like structure with randomly distributed graphene layers (carbon

blacks).

Basal Type 1 Type 2 Type 3

plane
Edge

plane pCNF MWCNT Carbon black

Graphene
layer

Z-axis
Z-axis

Fig. 2-2 Schematic illustrations of the carbon materials used in this thesis.

Hereafter, based on the heat-treatment temperature of pCNFs, pCNFs were denoted, for
instance, pCNF1500. The type 1 carbons used in this thesis were pCNF600, pCNF1100, pCNF1500,
pCNF2000, pCNF2400, pCNF3000, the type 2 was multi-walled carbon nanotubes supplied from
Sigma-Aldrich (MW), and the type 3 carbon materials were Denka Black (DB), DB annealed at
2400°C (DB2400), Toka Black 3800 (TB), and acetylene black (AB) (Type 3). The suppliers and

synthesis methods are summarized in Table 2-1.
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Table 2-1 Carbon materials used in this thesis.

Supplier Structure type ~ Synthesis method Remarks

pCNF600 Home-made 1

pCNF1100 Home-made 1 o Annealed at 1100°C
Liquid-Phase

pCNF1500 Home-made 1 o Annealed at 1500°C
Carbonization

pCNF2000 Home-made 1 Annealed at 2000°C

pCNF2400 Home-made 1 Annealed at 2400°C

pCNF3000 Sigma-Aldrich 1 CVD 799017-500MG

MW Sigma-Aldrich 2 CVD PR-25-XT-HHT

AB STREAM Chemicals 3 Acetylene method 06-0025, 100% compressed

TB Tokai Carbon 3 Furnace method TB#3800

DB Denka 3 Acetylene method DB Powder

DB2400 Denka 3 Acetylene method Annealed DB at 2400°C

2-2-2 Synthesis of pCNFs via liquid-phase carbonization using an AAQO template

According to previous reports [5, 6], the pCNFs were prepared by liquid-phase carbonization
in a porous anodic alumina (AAO) template. AAO template was prepared by anodizing 99.99 % pure
aluminum sheets (TOYO Aluminum, 10 x 10 cm?, thickness 0.1 mm) at 40 V in 0.3 mol dm > oxalic
acid aqueous solution at 20 °C for 2 h. The size of the nanopores in the anodic alumina layer was
controlled by subsequent pore widening treatment in 5 wt% H3PO4 for 30 min at 30 °C [7]. Under these
conditions, the thickness and pore size of the AAO template were controlled to approximately 16 pm
and 50 nm, respectively (Fig. 2-3). Polyvinyl chloride powder (PVC, SHIN-ETSU CHEMICAL Co.,
Ltd., TK-2500) was used as a carbon precursor. The AAO template and PVC powders were mixed and
heat-treated at 350 °C for 30 min with a temperature ramp of 400 K h™! in a stream of high-purity argon
(99.999 %) followed by heat treatment at 600 °C for 1h. During this heat treatment, PVC was
converted into a liquefied pitch-like intermediate at ~350°C [8-10], penetrating into the cylindrical
pores of the AAO template. Then, during further heat treatment at 600°C, carbonization of the pitch-
like intermediates proceeded [4, 5, 8-10]. After cooling, the template was dissolved in 20 % NaOH

solution under ultrasonication, and pCNF600 nanofibers were filtered. Further heat treatment was
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performed in an Ar atmosphere using the high-temperature furnace (Kurata-Giken, KVA-40/50). The
heat treatment temperatures chosen were 1100, 1500, 2000, and 2400°C. The temperature of 2400°C
was the highest temperature of the available furnace. To examine pCNFs with higher graphitization
degree, the commercial pCNF3000 (Carbon Nanochips, Sigma-Aldrich 799017-500MG) [11], which

was heat-treated at 3000°C, was also used in this study.

Fig. 2-3 (a) Surface and (b) cross-sectional SEM images of anodic aluminum anodized in 0.3 mol

dm oxalic acid aqueous solution at 40 V, 20°C for 2 h.

2-2-3 Electron microscopy observations

The surface morphology was observed using a low-voltage scanning electron microscope
(Zeiss, Sigma-500) operated at 1.5 kV. The detailed structure was further evaluated using transmission
electron microscopy (TEM; JEOL, JEM-2000FX, JEM-2010 F, and JEM-ARM200 F), operated at

200 kV.

2-2-4 X-ray diffraction analysis

The phase purities and the graphitization degrees of the carbon materials used in this study

were examined by X-ray powder diffraction (XRD; Rigaku, Ultima IV) using Cu Ka radiation
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(A=0.15418 nm) operated at 40 kV and 20 mA. Typically, the XRD patterns of the carbon materials
showed the 002 diffraction peak around 26 = 26°. This 002 peak is often used to evaluate the
graphitization degree of the carbon materials [12]. Hence, to estimate the graphitization degree, the

interplanar spacing, doo2, was calculated according to the Bragg equation described as Eq. (2-1):

A
dooz = 2sinf (2-1)

2-2-5 Raman scattering spectroscopy

The graphitization degree was also examined by Raman spectroscopy (Horiba Scientific,
XploRA) using a 532 nm laser beam. The intensity of the laser beam was 2.5 mW. In the Raman spectra

! which could

of carbon materials, mainly three peaks were observed around 1350, 1580, and 1620 cm™
be assigned with A1 vibration of disordered carbon (D band), E», vibration mode of graphite (G band),
and E», vibration of the disordered carbon (D’ band), respectively. The area intensity ratio of the D and
G bands serves as an indicator for the graphitization degree [13] using the following formula:

Graphitization degree = In/lg (2-2)

where Ip and /G represent the peak area of the D band (1350 cm ') and G band (1580 cm™!), respectively.

2-2-6 Nitrogen adsorption/desorption analysis

Nitrogen gas adsorption/desorption isotherm measurements (Bel Japan, Belsorp-mini
instrument) were conducted at —196 °C to obtain the BET surface area of carbon materials. The

obtained isotherms were analyzed using the following equation [14]:

P 1 +c—1 P )3
V(P,—P) Vyc Vuc P (2-3)

where P, P, V] Vm, and c are adsorbate's saturation and equilibrium pressures (Nitrogen), the actual

and monolayer adsorption volume, and BET C-constant, respectively.
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2-3 Results and Discussion

2-3-1 SEM/TEM observations and temperature dependency of nanostructure

SEM surface images of the carbon materials used in this thesis are shown in Fig. 2-4. Carbon
black (CB) type materials, e.g., AB, DB, DB2400, and TB, have granular morphology with the size
around 40 - 150 nm. From the comparison between DB and DB2400, no morphological changes such
as agglomeration and particle shrinking were observed upon heat treatment. Platelet-type carbon
nanofibers, e.g., pCNF600, 1100, 1500, 2000, 2400, and 3000, have nano-rod-like morphology. Due
to this feature, it is obvious that pCNFs have a high aspect ratio. The diameters of homemade pCNFs,
are around 55 nm, which agrees with the pore size of the AAO template (Fig. 2-3a). These diameters
did not change with the heat treatment temperature. Hence, it is suggested that the diameter is
independent of heat treatment temperature up to 2400°C. The lengths of the pCNFs were less than 2
um, which were much shorter than the length of the cylindrical pore channel (16 pm) in the template.
Additionally, those lengths become shorter, from more than several micrometers to less than 1 pum,
with increasing heat treatment temperature. The formation of short nanofibers was associated with the
trapping of gaseous species generated during carbonization of the PVC precursor in the cylindrical
pores of the AAO template and the poor mechanical strength of platelet-type nanofibers [5, 15]. The
shortening of pCNF's during further heat treatment also should be associated with this poor mechanical
strength. The commercially available pCNF3000, prepared by CVD, have wider diameters of 80—300
nm and lengths distributions within 0.5-5 pm, respectively. The MW (Fig. 2-4k) has a fiber length in

the range of 0.5-10 um and a diameter of 50-200 nm.
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Fig. 2-4 SEM images of (a) AB, (b) DB, (c) DB2400, (d) TB, (e¢) pCNF600, (f) pCNF1100, (g)

pCNF1500, (h) pCNF2000, (i) pCNF2400, (j) pCNF3000, and (k) MW carbon materials.

The detailed carbon structure was further investigated by TEM (Fig. 2-5). Due to the low
graphitization degree, pPCNF600 shows a mosaic-like pattern of the amorphous phase, while pCNFs
heat-treated at >1100°C have platelet structures with graphene layers perpendicularly oriented to the
fiber axis of the nanofibers, regardless of the preparation method. Because of this feature, surfaces of
pCNFs consist of two types of surfaces: the carbon basal plane on both ends of the fiber and the carbon
edge plane on the sidewall. The well-developed (002) lattice fringes of these images look more evident
with the increase of heat treatment temperature. This fact suggests that the graphitization proceeds
with an elevation of heat treat temperature. Because of the platelet structure, the carbon edge sites are
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exposed at the sidewall for pPCNF1500 and 1100. It is noted that higher numbers of defect sites are
expected on such an edge plane than on the basal plane, which acts as hosts for molecules to adsorb,
especially for gas species altering the electrochemistry of the carbon [16, 17]. On the other hand,
pCNFs annealed at >2000°C shows looped graphene edges on the sidewall. Each loop contains 3-5
graphene layers; each stack comprises 6-10 graphene layers. The curvature of this part is high,
suggesting that this region contains the sp® like carbon atom compared to the bulk. The surface
reconstruction occurs at >2000°C, developing this loop structure, and as a result, the surface energy of
the sidewall is reduced because of the disappearance of the dangling bond or edge defects [3]. As
explained later, the presence of loops may cause the low graphitization degree estimated by the Raman

spectra.

0.340 nm

Fig. 2-5 HRTEM images of (a) AB, (b) DB, (c) DB2400, (d) TB, (e¢) pCNF600, (f) pCNF1100, (g)

pCNF1500, (h) pCNF2000, (i) pCNF2400, (j) pCNF3000, and (k) MW carbon materials.
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Fig. 2-5k shows the TEM image for the MW, in which the carbon layers are oriented parallel
to the fiber-axis of the nanotube. In this configuration, the carbon basal plane was predominantly
exposed at the sidewalls of the MWs. In the case of the type 3 structures studied, the carbon basal
plane was mainly exposed on the surface. The TEM image shows that TB clearly shows lattice fringes
while AB and DB show undeveloped fringes. These lattice fringes were incompletely developed even

for DB2400, and therefore, random regions were formed on the carbon particles.

Lattice spacing distances were measured to evaluate the graphitization degree from the TEM
images. Unclear fringes are observed in pCNF600 and pCNF1100, indicating a lower graphitization
degree. In contrast, other materials show clear lattice fringes. In particular, the lattice spacing distances
of heat-treated pCNFs over 2000°C were narrower than pCNF1500; 0.340 nm for pCNF2400 and
0.336 nm for pCNF300 while pCNF 1500 have the lattice spacing distance of 0.348 nm. These narrower
distances are close to TB (0.342 nm) and MW (0.340 nm). In addition, such narrowing due to the
graphitization degree enhancement during the heat treatment was not observed for DB and DB2400.
Thus, from TEM observation, the graphitization degrees are expected in the ordering to pCNF600,
pCNF1100 << AB, pCNF1500, DB, DB2400 < pCNF2000 < TB, pCNF2400, MWCNT, and

pCNF3000.

In summary, from TEM observations, this thesis study obtained the following results: the
carbon basal plane was predominantly exposed on the surface in the case of type 2 and type 3 carbon.
On the other hand, the surface of pCNFs annealed at lower than 2000°C consisted mainly of the carbon
edge plane. When pCNFs were annealed at >2000°C, the graphitization degree enhanced, and looped
carbon layers were developed on the sidewall. Therefore, the carbon basal plane was exposed on the
surface of heat-treated pCNFs. In these TEM observations, DB's enhanced graphitization degree was
not confirmed even after the heat-treatment at 2400°C.
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2-3-2 XRD study of graphitization degree

X-ray diffraction patterns of the carbon materials used in this study are shown in Fig. 2-6a.
All patterns show a strong peak around 26 = 26° and a relatively weaker diffraction peak around 26 =
42°, assigned as the 002 and 10 reflections, respectively. Peak widths, intensities, and shapes provide
information about the graphitization of these carbon materials. While pCNF600, pCNF1100, AB, and
DB show a weaker and broader 002 reflection peak, other carbon materials have an intense and narrow
002 reflection peak. Thus, pCNF600, pCNF1100, AB, and DB should have a relatively lower
graphitization degree than other carbon materials used in this thesis. In addition, the 10 reflection is
split into 100 and 101 reflections for pCNF2400, pCNF3000, and MW (Fig. 2-6b). It is noted that the
overlapping of 100 and 101 reflection peaks is brought by the insufficient development of graphite
structure for the z-axis direction [12]. In fact, the peak shape of the 10 reflection peak is asymmetric
and suggests the presence of a turbostratic region [5]. Hence, the narrower 002 reflection peak and
split of the 10 reflection peak suggest the higher graphitization of each carbon material. Therefore,
carbon materials used in this thesis can be classified into the following three classes: (a) The narrower
002 peak and the sufficient structural development for the z-axis direction (pCNF2400, pCNF3000,
MW); (b)The narrower 002 peak with a turbostratic region (TB, DB2400, pCNF2000); (c) The broader
002 peak with a turbostratic region (DB, AB, pCNF600, pCNF1100, pCNF1500). It should be noted
that the weak peak around 40.0° in the XRD profile for pCNF1500 is possibly assigned with Al,O3

from the AAO template.

The heat treatments for pCNFs provide reasonable graphitization development. The 002
reflection peak of pCNFs becomes intense and sharp with an increase in the heat treatment temperature.
Additionally, the peak position shifts towards higher angles with increasing heat treat temperature, i.e.,
from 25.2° for pCNF600 to 26.2° for pCNF2400 (Fig. 2-6¢), which is closer to the natural graphite
value (26.58°). These results are associated with the increased graphitization degree of heat-treated
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pCNFs. The 002 lattice spacing, doo2, of the carbon materials used in this study was calculated using
the Bragg equation and summarized in Table 2-2. The doo2 values of the pCNFs reduce with the heat
treatment temperature (Fig. 2-6d), approaching the graphite value (0.3354 nm). The doo2 values of TB
and MW are between pCNF2000 and pCNF3000, and AB has the highest value in carbon blacks
examined in this study. The influence of heat treatment for the graphitization degree is different in the
three types of carbon materials. While pCNF2400 shows the comparable graphitization with TB or
MW, DB2400 still has the relatively wider 002 lattice spacing and the turbostratic region, indicating
the asymmetric and single 10 reflection peak. Thus, DB-type carbon materials have difficulty

enhancing the graphitization degree compared with pCNF type carbon materials.
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Fig. 2-6 (a, b) XRD patterns of carbon materials used in this thesis, (c) relationship between the heat
treatment temperature and 002 peak position of pCNFs, and (d) relationship between the heat treatment

temperature and lattice spacings of pCNFs.



Table 2-2 Physicochemical properties of carbon materials used in this thesis.

Structure Peak position Lattice spacing  Graphitization FWHM of G BET surface

type of 002 / deg. doo2/ nm degree In/Ic/- band/cm”  area/m’g’

pCNF600 1 25.20 0.353 3.19 75.7 296
pCNF1100 1 25.34 0.351 2.02 70.6 46.0
pCNF1500 1 25.58 0.348 1.53 70.9 32.0
pCNF2000 1 25.98 0.343 1.71 47.1 27.0
pCNF2400 1 26.20 0.340 1.51 29.7 28.0
pCNF3000 1 26.50 0.336 0.725 27.8 40.3
MW 2 26.26 0.339 0.193 29.0 72.1
AB 3 25.30 0.352 1.04 84.9 78.0

TB 3 26.06 0.342 0.392 31.0 26.4

DB 3 25.78 0.346 0.938 70.2 59.4
DB2400 3 25.80 0.345 0.832 44.9 42.7

2-3-3 Raman study of carbon materials

The graphitization degree was also investigated using Raman spectroscopy (Fig. 2-7).
Graphite's Ey, vibration mode in the Raman spectra is attributed to the stretching vibration in the
aromatic layers and appears at a Raman shift of approximately 1580 cm™ [18]. Additional bands are
also found at approximately 1350 and 1620 cm'! for less ordered carbon materials. The 1350 cm™ band,
known as the defect band (D band), is typically assigned to the Az mode [19-21]. The Raman spectra
for the lower graphitization sample, i.e., pCNF600, 1100, 1500, AB, and DB, show two broad
overlapping bands located at ~1580 cm™! (G band) and ~1350 cm™' (D band). The additional signal,
which seems to be a weak shoulder peak, was found at ~1620 cm™ for higher graphitization carbon
materials, i.e., pCNF2000, 2400, 3000, MW, TB, and DB2400, corresponding to the D’ band. The
graphitized carbon materials, classified by TEM and XRD, show a narrow and intense G band peak
and D’ band peak. For the pCNFs, with the increase in the heat treatment temperature, both G and D
bands become narrower, their intensities increase, and the maxima move towards lower wavenumbers.

These changes are associated with the increased graphitization degree and reduced number of defects.
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Fig. 2-7 (a) Raman spectra of carbon materials used in this thesis and the changes in (b) Ip/Ig and (¢)

FWHM of G band with 002 lattice spacing.

The peak area ratio of Ip/Ig often used to evaluate the graphitization degree of the carbon
materials [13] is summarized in Table 2-2. The peak width of the G band is another parameter to be
used to evaluate the graphitization degree [13]. The correlations between the Ip/Ig and doo2 and the
peak width of the G band and doo> are plotted in Fig. 2-7b and 2-7c, respectively. There is a good

correlation between the Ip/Ig value and doo> for the heat-treated pCNFs system, but not for all the
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carbon materials used in this thesis. In contrast, a linear correlation is seen between the G band's width
and doo2 for all the carbon materials. Thus, the Ip/Ig value can discuss the graphitization degree of only
similar types of nanocarbon materials, whereas the peak width of the G band can be applied to the

graphitization degree of a wide range of carbon materials.

2-3-4 BET surface areas

Fig. 2-8a and b show nitrogen gas adsorption/desorption isotherms for the carbon materials.
Besides pCNF600, all isotherms shapes are similar to the IUPAC type III pattern, suggesting a limited
number of micropores. The pCNF600 shows the increment of adsorption in the lower pressure region
due to the presence of micropores. The BET surface areas are summarized in Table 2-2. All carbon
materials except pPCNF600 show similar BET surface areas of 25-80 m?g™!, typical carbon conductive
additives for electrode applications. Additionally, from the comparison of DB and DB2400, the
negligible influence on the surface area of DB, due to the heat treatment, indicated. For the pCNFs
heat-treated from 600 to 2400°C, the BET surface areas decrease with an increase in heat treatment
temperature up to 1500°C, above which the surface area becomes almost constant (~25 m? g™') (Fig. 2-
8c). Since the calculated specific surface area, assuming a density of 3.0 g cm ™ [5] and a length of 1.0
pm, for a carbon nanofiber of 55 nm in diameter without any porosity is also about 25 m? g!, the

carbon nanofiber heat-treated at high temperatures should have a negligible amount of pores.
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Fig. 2-8 (a, b) Nz adsorption/desorption isotherms, measured at -196°C, of the carbon materials used
in this thesis. (c) Change in BET specific surface area of pCNFs with heat treatment temperature.
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2-3-5 Discussion

In this chapter, pCNFs were successfully prepared using the liquid-phase carbonization using
the AAO template. The heat treatment of pCNFs at higher temperatures effectively enhanced their
graphitization degree. In contrast, DB did not show such graphitization degree enhancement after the
same heat treatment. Hence, in this section, the difference in graphitization behavior of pCNFs and
DB is explained. In addition, the structural change of pCNFs during the graphitization degree

enhancement is also given.

Some carbon materials have difficulty for graphitization because of the macro and
microstructure. It is often discussed that the difficulty of the graphitization degree depends on the
precursor of each carbon material; for instance, carbon materials synthesized from polyvinyl chloride
are graphitizable; however, polyimide (PI) is non-graphitizable [22-26]. This explanation is
insufficient because highly graphitized carbon can be obtained even from the PI precursor when the PI
film with enough orientation is carbonized [23-26]. Thus, carbon film from PI film was highly
graphitized at 2800°C [24]. Inagaki et al. proposed the basic structural unit (BSU) effect, i.e., a long-
range statistical orientation of small aromatic layer stacks or dicoronene [27-30]. This BSU is initially
developed during carbonization, i.e., the conversion of carbon precursors to carbon materials, and their
stacking/structure ordering is also decided simultaneously [27]. This BSU orientation affects the
graphitizability of carbon materials. In the case of the particle-type carbon materials, their BSUs
receive the constraint from their macrostructure, resulting in the non-graphitizability compared with
other nanostructured carbon materials [31-34]. Therefore, the non-graphitizability of DB might be
caused by (1) their small diameter and (2) the non-ordered BSU orientation coming from their

turbostratic structure.
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On the other hand, in the case of pCNFs synthesized using the template-assisted liquid-phase
carbonization, the intermediates produced from the thermal decomposition of polymer precursor can
interact with AAO templates and other intermediates [35-40]. This interaction enables the
intermediates to be arranged with ordering [35]. As a result, BSU ordering can be provided for pCNFs
because the intermediates ordering is kept during the carbonization. Due to this BSU ordering, pCNFs,
synthesized by the template-assisted liquid-phase carbonization, pCNFs are graphitizable at high
temperatures. Kiriu demonstrated the structural development of pCNF synthesized from

polyacrylamide precursor [40], which is one of the non-graphitizing carbon [22].

In addition to the graphitization, pCNFs show the looped carbon edge structure on their
sidewalls after heat treatment over 2000°C. As shown in the Raman spectra, heat-treated pCNFs show
a relatively intense D band peak while the similar doo2 value carbon materials, i.e., TB and MW, show
a little D band peak. D band peak is often assigned to the defect on the graphene plane or graphene
edges and the sp’ like carbon [41]. Hence, a relatively intense D band peak of heat-treated pCNFs
suggests the existence of a not-covered edge plane by the looped carbons or sp® type carbon in the
pCNFs. As the later species, looped edge structure is a possible candidate because this looped region
contains seven- or five-membered rings [3]. It is often discussed that these loop structure formations
occur because of the high reactivity of the dangling bond on the edge plane on the sidewall of pCNF
[6, 42-45]. Loop formation decreases the number of such dangling bonds and provides
thermodynamical stability due to the surface energy reduction [3]. Such reactive edge sites have often
been discussed as oxidation priority sites [46]. In the case of heat-treated pCNFs, such edge sites are
entirely covered by the loop edge structure. Hence, it is expected a higher oxidation resistance for the

electrochemical environment.
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2-4 Conclusions
In summary, in this chapter, pCNFs were prepared by the liquid-phase carbonization using an
AAO template and compared their properties with other nanostructured carbon materials and the

commercially available pCNF3000. The following conclusions are drawn:

(1) While commercially available pCNF3000 shows broader diameters and lengths distributions,
pCNFs prepared from the template have well-controlled diameters of 55 nm and micro-meter-
order lengths. This controlled diameter is one of the characteristics of pCNFs synthesized using
template-assisted liquid-phase carbonization. The macrostructure of pCNFs is a fiber structure
with a higher aspect ratio. Due to the low graphitization degree, pCNF600 shows a mosaic-like
pattern of the amorphous phase. At the same time, pCNFs heat-treated at >1100°C have platelet
structures with graphene layers perpendicularly oriented to the fiber axis of the nanofibers,
regardless of the preparation method. Because of this feature, surfaces of pCNFs consist of two
types of surfaces: the carbon basal plane on both ends of the fiber and the carbon edge plane on
the sidewall. Even with such an amorphous structure of pCNF600, the basic structural unit was
developed during the liquid-phase carbonization. As a result, graphitization developments
proceeded during the further heat-treatment. Thus, pCNFs via liquid-phase carbonization can be
classified as graphitizing carbon. The loop structure covers the edge sites dangling bonds during
this heat treatment due to the surface energy reduction. This graphitization degree development
was furtherly confirmed by the Raman spectroscopy and X-ray diffraction analysis. However,
because loop regions are Raman active species as the disordered carbon, the Ip//g value of pCNFs

shows a higher value than the expectation from the lattice-spacing value.
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(2) The carbon black type materials (CB) have a granular morphology around 40-150 nm. TEM

observation revealed the carbon basal plane exposure on their surface for these types of materials.
Raman spectroscopy and X-ray diffraction analysis results suggest that CB has various range
graphitization degrees. According to the comparison of DB and DB2400, CB-type material has
difficulty graphitization development compared with pCNFs. This relatively non-graphitizability

might come from their small diameters and the existence of the turbostratic region.

(3) MWCNT has a nanostructure in which the carbon layers are oriented parallel to the fiber-axis of

the nanotube. Their lengths and diameters are in the range of 0.5-10 pm and 50-200 nm,
respectively. Their graphitization degree is well developed and comparable with heat-treated

pCNEF. On their surfaces, the carbon basal plane is exposed.
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Chapter 3 Corrosion of pCNFs at

high potentials in alkaline electrolyte

3-1 Introduction

Recently, the high oxidation resistance of pCNFs was reported as the electrode materials for
PEMFC [1-3]. In Chapter 2, pCNFs were prepared at several heat-treatment temperatures. The pCNFs
annealed at >2000°C show a high graphitization degree, and they developed looped carbon layers on
the carbon edge plane. Thus, no carbon edge plane is exposed to the surface. Such pCNFs are possibly
highly durable in more harsh oxidative environments such as ZAB operation environment. Hence, in
this chapter, the corrosion behavior of carbon materials under an oxygen evolution reaction condition
in 4.0 mol dm™ KOH electrolyte, i.e., ZAB charging condition, is investigated using identical-location
scanning electron microscopy (ILSEM) observations to examine the oxidation rate quantitatively.
Additionally, the carbon surface was characterized to elucidate the corrosion process through
spectroscopic studies using X-ray photoelectron spectroscopy (XPS), Raman scattering spectroscopy,
and Electron Energy Loss Spectroscopy (EELS) at high anodic potentials in the concentrated alkaline

electrolyte.

3-2 Experimental

3-2-1 ILSEM study

In this chapter, highly graphitized pCNFs (pCNF2000, pCNF2400, pCNF3000), TB and AB
were used. These materials were served to the electrochemical measurements. In order to investigate
the corrosion rate of each carbon material and the crystalline plane dependency of corrosion, the
ILSEM technique was used [4-7]. This method is typically employed for fuel cell research, and gold
mesh-type grids were used as a substrate [4, 6, 7]. It is necessary to apply a high potential in

concentrated alkaline media; therefore, the gold mesh electrode is suitable for working electrode
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support because of its high chemical stability [8]. There is a high risk of particle detachment induced
by the generation of oxygen bubbles during the anodic polarization. For suppressing the detachment
of carbon powders, the surface of the gold mesh was roughened in this study [9-11]. Fabrication of
roughness surface on the gold grids was achieved by the anodizing of gold mesh [12, 13]. Gold mesh
grid (Alliance Biosystems, SlimBar Index Grids Gold, 2290G-XA) was anodized in 0.3 mol dm™
oxalic acid aqueous solution at 273 K. Platinum foil and Ag/AgCl/Saturated KCI electrodes were used
as counter and reference electrodes, respectively. The potential was firstly ramped from the open circuit
potential to 2.4 V vs SHE at a potential sweeping rate of 10 mV s, then kept at 2.4 V for 12 min. The

anodizing curve and comparison of surface morphology before and after the anodizing were shown in

Fig. 3-1.
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Fig. 3-1 (a) Typical anodizing curve of an Au grid in 0.3 mol dm™ oxalic acid solution at 2.4 V, (b, c)

surface SEM images of the Au grid (b) before and (c) after the anodizing for 960 s.

After the anodizing, the grid was irradiated with oxygen plasma for 5 minutes using a Harrick
Plasma PDC-32G air plasma cleaner to remove a contaminant hydrocarbon surface layer [14]. Then,
the carbon materials were loaded on the gold grid by immersing it into the ethanol solution containing
10 mg mL™! carbon and 5% Nafion. Finally, the carbon-loaded Au grid was dried in the incubator

(Yamato, DKN302) at 250°C.
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The carbon-loaded grid was firstly observed by a low-acceleration voltage SEM (Zeiss,
Sigma-500) operated at 1.5 kV. Then, the grid was anodically polarized at 1.8 V vs RHE in 4.0 mol

dm

KOH aqueous electrolyte for selected periods at room temperature, followed by SEM
observations to estimate the corrosion rate from the outer shape changes (Fig. 3-2). The
electrochemical measurements were conducted using a potentiostat (Princeton Applied Research
VersaSTAT3) controlled by the computer. Platinum foil and Hg/HgO/4 mol dm= KOH electrodes were
used as counter and reference electrodes, respectively. The electrode potential was converted from the
Hg/HgO/4 mol dm KOH reference scale to the RHE using the following equation [15]:
E vs RHE = E vs Hg/HgO/4 mol dm~ KOH + 0.9260 (3-1)

The anodized specimens were also examined by the image-aberration-corrected scanning transmission
electron microscopy (STEM, Titan G2 60-300, 300 kV, FEI) and the electron energy-loss spectroscopy

(EELS) attached with STEM.

Electrode potential
1.8 Vvs RHE

Carbon materials loading L/‘

RE
l Hg/HgO/4MKOH agq. \

SEM observation _
l Working electrode

/

Carbon loaded Au grids

Chronoamperometry Electrolytes
4.0 mol dms KOH =

Fig. 3-2 The procedure and electrochemical cell of ILSEM study.
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3-2-2 XPS and Raman measurements

The carbon samples before and after anodic polarization were characterized by XPS and
Raman spectroscopy. For these characterizations, the samples were prepared as shown in Fig. 3-3.
Carbon-dispersed ethanol solution, free from Nafion, was dropped onto the Ni plate (ASONE, 99.9 %)
until the loading carbon mass reached 5.0 mg cm™. Then, the carbon layer is sandwiched between the
Ni plate and PTFE filter paper (ADVANTEC, HO10A047A, pore size = 0.1 um), tightened by the O-
ring and PTFE tube parts. Platinum wire and Hg/HgO/4 mol dm= KOH electrodes were used as counter
and reference electrodes, respectively. The anodic polarization of carbon materials was conducted in a
4 mol dm> KOH aqueous solution at 1.8 V vs RHE for 24 h at room temperature (~25°C). The
chemical state of the elements in the anodized carbon was examined using a JEOL JPS-9200 X-ray
photoelectron spectrometer with Mg Ka excitation (hv =1253.6 eV). The spectra were obtained under
vacuum better than 1 x 1077 Pa, and the analyzer pass energy was set to 10 eV. The graphitization
degree was also examined by Raman spectroscopy (Horiba Scientific, XploRA) using a 532 nm laser

beam at 2.5 mW.

(a)

O ring

Carbon
(5.0 mg cm)

PTFE
filter

B Refe,'rsenlc-;elelectrode

Ni foil

Fig. 3-3 (a) The schematic illustration of the Ni-Carbon-PTFE sandwich electrode, (b) typical surface
photograph of the electrode, and (c) the picture of the electrochemical cell for the bulk material

electrolysis.
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3-2-3 Wettability measurements

Carbon materials loaded on a glassy carbon electrode (GC, Pine, AFED050P040GC, ¢ = 5
mm) with flat surfaces were used to evaluate the wettability of carbon materials before and after
polarization. Before the carbon layer preparation, GC surfaces were polished using polishing pads and
0.3 um diameter alumina particles. The carbon layer on GC was prepared using the carbon -Nafion
mixture solution pipetting on the GC. This carbon-Nafion mixture was prepared by the following
method; selected carbon powders (10 mg) were dispersed ultrasonically in a mixture of 0.2 mL of 5
wt% Na'-exchanged Nafion solution and 4.8 mL of ethanol. Then, the carbon dispersion was loaded
onto GC with the loading amount of 1.0 mg cm 2. Prior to the electrochemical treatment, the carbon-
loaded GC was dried in air at room temperature overnight. After drying, each carbon electrode was
subjected to anodic polarization in Ar-saturated 4.0 mol dm™ KOH electrolyte at 1.8 V vs RHE for 2
h. Before the chronoamperometry, cyclic voltammetry (CV) was carried out until achieving stable CV
curves. CV was conducted in the range of 0.4 — 1.1 V vs RHE with the potential sweep rate of 300 mV
s, and typically repeated for 30 cycles. Change in the water contact angle of each carbon material by
anodic polarization was measured by an optical contact angle meter (Kyowa Interface Science, DM-
CE1). The static water contact angle was measured using a Milli-Q water droplet of 1 pL. In addition,
the surface roughness of each electrode was estimated using a laser scanning microscope (Keyence,

VK-8700) and a VK-H1A1 analyzer software (Keyence).

3-3 Results and Discussion

3-3-1 ILSEM and TEM studies

Firstly, to estimate the corrosion rates of the carbon materials at 1.8 V vs RHE in 4.0 mol dm"

3 KOH electrolyte, identical locations of the electrodes before and after anodic polarization were
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observed by SEM (ILSEM technique). Examples of ILSEM study for TB and AB nanoparticles are

shown in Fig. 3-4.
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Fig. 3-4 (a-c) ILSEM observation images of TB loaded electrode (a) before and (b) after polarization
at 1.8 V vs RHE for 24 h and (c) for 48 h. (d, ) ILSEM observation images of AB loaded electrode
(a) before and (b) after polarization at 1.8 V vs RHE for 24 h, and (f) change in the size of nanoparticles

with polarization time.

The TB particle size reduces with the polarization time without significantly changing the
shape of the particles, suggesting the uniform oxidation of TB nanoparticles. The diameter decrement

was measured for more than 10 nanoparticles and plotted as a function of polarization time (Fig. 3-4f).
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The diameter of the TB reduces linearly with time at an average rate of 0.46 nm h!. A higher oxidation
rate was found for the AB nanoparticles, which have a lower graphitization degree than the TB
nanoparticles. From Fig. 3-4d and 4e; the diameter decrement was 17.5 &= 7.6 nm after polarization for
24 h, corresponding to the diameter reduction rate of 0.73 nm h™!. More prolonged polarization for the
AB was conducted, but the diameter decrement was not successfully measured because of the

significant detachment of the nanoparticles (Fig. 3-4g).

Fig. 3-5 shows the ILSEM results of pCNFs. The lengths of the pCNFs decreased during
polarization at 1.8 V vs RHE. For pCNF2400, the fiber length decrements are 10.9 + 6.4 nm, 20.2 +
9.9 nm after 24 h and 48 h polarization, respectively. Thus, assuming the linear length reduction with
polarization time, the length reduction rate was estimated to be 0.42 nm h™!. This value was reduced
by increasing the heat treatment temperature of pCNFs from 0.62 nm h™' for pPCNF2000 to 0.34 nm h-
! for pCNF3000. The carbon oxidation rate of the carbon blacks and pCNFs was estimated from the
diameter and length decrement rate and plotted as a function of doo2 (Fig. 3-5k). An approximately
linear relationship is seen, indicating that the carbon oxidation is controlled by the graphitization
degree. The outer surface of carbon blacks and the end surface of nanofibers consist of the carbon
basal plane. The results of Fig. 3-5k indicate that the basal plane's carbon oxidation resistance improves

with the graphitization degree.

The most striking results are found in the carbon oxidation rate of the sidewall of pCNFs. The
nanofiber diameter, estimated from the corrosion rates of the length change of the pCNFs, should
become roughly half after polarization for 48 h, but the actual change in the nanofiber diameter is
negligible, especially between 24 and 48 h for all the pCNFs (Fig. 3-5a-1). The markedly reduced
oxidation rate of the pCNFs sidewall is obvious in Fig. 3-5j, so that it can be concluded that the sidewall
of pCNFs, comprising the carbon edge plane, is much more resistant than the highly graphitized carbon
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basal plane. The diameter reduction of the pCNF2000 and pCNF2400 was 5 nm within the initial 24
h, decreasing to 2 nm or less in the next 24 h. The slightly higher oxidation rate within the initial 24 h

will be discussed later.
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Fig. 3-5 ILSEM images of pCNF loaded electrodes for (a-c) pCNF2000, (d-f) pCNF2400, and (g-1)
pCNF3000. Each electrode was observed (a, d, g) before and (b, e, h) after polarization at 1.8 V vs
RHE for 24h, and (c, f, 1) for 48 h. (j) The relationship between the amount of diameter and length
changes of pCNF2400 and the duration time calculated from Fig. 3-4 (d-f). (k) The relationship

between the interplanar spacing of 002 and basal plane corrosion rates.
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The carbon structural change by corrosion was further examined by TEM. Fig. 3-6 shows the
TEM images of AB before and after polarization for 24 and 48 h. The 002 lattice fringes, observed in
the pristine AB, become obscure after polarization, suggesting the decrease in the graphitization degree.
In addition, some particles are hollow after polarization, being developed by preferential oxidation of
carbon at the inner core regions. The inner core regions of the pristine AB appear to have a lower

graphitization degree, leading to the faster corrosion loss of carbon.

Before 1.8V vsRHE, 24 h 1.8V vsRHE, 48 h

R 4. 3

Fig. 3-6 TEM images of AB (a, d) before and after the polarization at 1.8 V vs RHE in 4.0 mol dm™

KOH agq. electrolyte for (b, ) 24 h and (c, f) 48 h.
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A similar morphological change is observed for the TB (Fig. 3-7). In contrast to the AB, the
002 lattice fringes of TB remain unchanged even after polarization for 48 h; thus, the oxidation of TB
proceeds without degradation of high graphitization degree. The thickness of the well-developed
graphene layers from the outer surface is 14.3 + 5.5 nm in the pristine TB, being reduced to ~7.2 and
~4.3 nm after polarization for 24 h and 48 h. The oxidative removal of TB appears to proceed by

consuming the graphene layer uniformly from the outer surface.

Before 1.8V vsRHE, 24 h 1.8V vs RHE, 48 h

Fig. 3-7 TEM images of TB (a, d) before and after the polarization at 1.8 V vs RHE in 4.0 mol dm™

KOH agq. electrolyte for (b, ) 24 h and (c, f) 48 h.
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Changes in the carbon edge plane by exposing pCNFs to the electrolyte at the high potential
were examined, and an example of pCNF2400 was shown in Fig. 3-8. The TEM images of pCNF2000
and pCNF3000 are shown in Fig. 3-9 and 3-10, respectively. In all pCNFs, the loops developed at the
sidewall of the nanofibers disappeared, and the carbon edge plane was directly exposed to electrolyte
after polarization for 24 and 48 h. The thickness of the looped carbon layer is ~2 nm, so that the
oxidative removal of the loops leads to the diameter reduction pCNFs of ~4 nm, corresponding to the

actual diameter reduction within 24 h (Fig. 3-5j).

Before 1.8V VvsRHE, 24 h 1.8V vsRHE, 48 h

Fig. 3-8 TEM images of pCNF2400 (a, d) before and after the polarization at 1.8 V vs RHE in 4.0 mol

dm KOH aq. electrolyte for (b, €) 24 h and (c, f) 48 h.

64



Before 1.8V vsRHE, 24 h 1.8 VvsRHE, 48 h

50 nm

Fig. 3-9 TEM images of pCNF3000 (a, d) before and after the polarization at 1.8 V vs RHE in 4.0 mol
dm KOH aq. electrolyte for (b, €) 24 h and (c, ) 48 h.

Before 1.8V vsRHE, 24 h 1.8V vsRHE, 48 h

Fig. 3-10 TEM images of pCNF2000 (a, d) before and after the polarization at 1.8 V vs RHE in 4.0

mol dm KOH aq. electrolyte for (b, €) 24 h and (c, f) 48 h.
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Thus, it can be concluded that the diameter reduction of the pCNFs within 24 h is mainly due
to the oxidation of looped carbon, and the carbon corrosion becomes negligible after exposure of the
carbon edge plane to the electrolyte. The carbon corrosion rates at the sidewall of the pCNFs were
almost independent of the heat treatment temperature, despite the reduced corrosion rate of the carbon
basal plane with increasing the graphitization degree (Fig. 3-5k). The graphitization degree influences

the corrosion of the basal plane but less significantly that of the edge plane.

3-3-2 Characterization of anodized carbon materials by XPS and Raman

The graphitization degree and chemical state of each carbon material after the anodic
oxidation were examined by the XPS as well as the Raman spectroscopy. Fig. 3-11 shows the Raman
spectra of each carbon material before and after the 24 h polarization in 4.0 mol dm™ KOH electrolyte
at 1.8 V vs RHE. After the polarization, the Raman spectra of pCNFs show the enhanced G band (~
1580 cm™) peak and reduced D band peak (~ 1380 cm™). Additionally, because of the reduction of the
peak width of the G band, the peak splitting of the G band and D’ band (~ 1620 cm™) is clearer than
that before polarization. Changes in the peak widths and the intensity ratio of G band and D band peaks
(Ip/lG) before and after the polarization are summarized in Table 3-1. The intense and narrower G band
peak after the polarization suggests the increase of the graphitization degree. TEM observation results
suggest the lattice spacing values did not change even after the polarization. Additionally, the reduction
of the D band peak was observed after the polarization. Therefore, this increment of the graphitization
degree should come from the removal of the lower graphitized region. As the lower graphitized region,
the looped carbon, which is observed on the sidewall of heat-treated pCNFs, is the considerable region.
Such region contains seven- or five-membered rings, i.e., sp® like carbon, which is also Raman active
species as the disordering carbon [2, 16-18]. These looped carbons were removed during the

polarization in 4.0 mol dm~ KOH aq., as shown in the TEM observation.
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Fig. 3-11 Raman spectra of five different carbon materials (a) pCNF2000, (b) pCNF2400, (c)
pCNF3000, (d) TB, (e) AB before and after the polarization at 1.8 V vs RHE in 4.0 mol dm™ KOH aq.

for 24 h.

Table 3-1 The Iv/lc and G band peak width obtained from Raman spectra of five different carbon

materials before and after the polarization at 1.8 V vs RHE in 4.0 mol dm KOH aq. for 24 h.

Polarization
pCNF2000 pCNF2400 pCNF3000 AB TB
time/h
0 In/ls/ - 1.71 1.51 0.73 1.04 0.39
FWHM of G band / cm™ 47.1 29.7 27.8 84.9 31.0
" In/lg/ - 1.17 0.92 0.62 1.09 0.46
FWHM of G band / cm™ 41.2 25.4 24.2 85.6 35.0




On the other hand, the Raman spectra of carbon black type carbons show the opposite change
after the polarization: reducing the graphitization degree (the increased I/l value and the increased
G band peak width). TEM observations of carbon blacks also suggested the reduced graphitization
degree because of oxidative consumption. Thus, polarization influences different ways depending on

the type of carbon materials.

The chemical state of each carbon material after the polarization was examined using XPS.
Fig. 3-12 shows the O 1s photoelectron spectra of each carbon material before and after the polarization.
All carbon materials after the polarization show broad and asymmetric peaks around 532 eV. There are
only a few oxygen-containing functional groups with this energy value. Hence, these Ols peaks after
polarization can be assigned to the overlapping peak of O=C (531.5 eV) and HO-C (533 eV) (Table 3-
2) [19-24]. Therefore, after the polarization, O=C groups and HO-C groups were produced on each

carbon material surface.
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Fig. 3-12 XPS spectra of O 1s photoelectrons for (a) pCNF2000, (b) pCNF2400, (c) pCNF3000, (d)
AB, (e) TB before and after the polarization at 1.8 V vs RHE in 4.0 mol dm> KOH aq. for 24 h.
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Table 3-2 O 1s photoelectron peak list of functional groups of carbon materials.

Ref. 0=C/eV -C-0-C-/eV -C-OH / eV -COOH / eV
[19] 5314 5334 5334

[20] 531.8-532.6 533.3-533.9 533.3-533.9

[21] 531.0-532.1 533.5-534.0 533.5-534.0

[22] 530.4 - 530.8 532.4-533.1 532.4-533.1

[23] 532.8-533.6 533.6 533.6-534.4 534.9
[24] 533.3 532.3 5333 534.2

The Cls photoelectron spectra in Fig. 3-13 provide additional information on the carbon
material surface after polarization. After polarization, three peaks can be found and are assigned to C
Is main peak (~284.6 eV), K 2p3/2 (~293.7 eV), and K 2p1/2 (~296.5 eV), respectively. The peak
position of each K2p peak is agreed with the monovalent K* [25]. Therefore, the O=C peak shown in
Fig. 3-12 was possibly reflected by the carbon surface functional group and surface carbonates, like
K>COs. We also can find the shoulder C 1s main peak, located around 286 eV, after polarization.
Typically, this energy peak is assigned to the C-OH group on the carbon material surface (Table 3-3)
[21-24, 26, 27]. Such -OH group on the carbon surface was also confirmed in the O s spectra.
Therefore, after the polarization at 1.8 V vs RHE in 4.0 mol dm= KOH aq., the -OH group is produced

on the carbon surface.
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Fig. 3-13 XPS spectra of O 1s photoelectrons for (a) pCNF2000, (b) pCNF2400, (¢) pCNF3000, (d)

AB, (e) TB before and after the polarization at 1.8 V vs RHE in 4.0 mol dm™ KOH agq. for 24 h.

Table 3-3 C 1s photoelectron peak list of functional groups of carbon materials.

Ref. Alkyl, Aryl/eV -C-OH/eV Ether/eV Keto / eV -C=0/eV -COOR/eV -COOH/eV

[21] 284.6 286.1 286.1 287.6 290.1

[22] 284.6-285.1 286.3-287.0 287.6-288.1 289.3-290

[23] 288.6 287.6 289

[24] 284.6 286.1 286.4 287.6 288.1

[26] 285-287 285-287 288 289.5
[27] 284.6 286.3 287.6 288.8
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3-3-3 Electron-energy loss spectroscopy analysis

Electron energy-loss spectroscopy (EELS) provides information on the electronic structure of
a local area. Fig. 3-14 shows the TEM images of TB and pCNF2400 after 24 h anodic polarization at
1.8 V vs RHE and their low-loss region EELS spectra. Area analysis was conducted for three regions:
bulk area, edge plane surface, and basal plane surface. In the low-loss region spectra of carbon
materials, the broader peak appears around 26 eV and is identified as the combination of m and ¢
electronic excitations [28-30]. The spectra of the bulk region for TB and pCNF2400 shows n+c peak

around 26 eV, which energy agrees with the pure graphene one.

(c)

5 TB basal

3 pCNF edge

Intensity / a.u.

2 pCNF basal
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1 pCNF bulk
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Fig. 3-14 TEM/EELS area analysis results for pCNF2400 and TB after the polarization at 1.8 V vs
RHE in 4.0 mol dm™ KOH aq. for 24 h. (a, b) TEM image of pCNF2400 (a) and TB (b). The analysis
area is shown as the colored box. (c) EEL spectra around low-energy loss electrons for each analysis

arca.

On the other hand, the n+c peak of the basal plane surface and the edge plane surface shifted
around 16-20 eV. Mkhoyan et al. reported that this plasmon peak tends to shift to a lower energy
direction when sp? type carbon or oxygen is incorporated into graphitic carbon, i.e., amorphous carbon
or graphene oxide [28]. Hence, this shift probably means the incorporation of oxygen species on the
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surface after the anodic polarization. Additionally, the peak shift of the edge plane surface is lower
than the basal plane one. This difference probably reflects the incorporation degree of oxygen on the
edge plane surface and basal plane surface, i.e., oxygen should be more enriched on the edge plane
surface.

The detailed chemical state of the edge plane surface was examined by the EELS point
analysis. Fig. 3-15 is the carbon K-edge EELS spectra of pCNF2400 and TB after 24 h anodic
polarization at 1.8 V vs RHE in 4.0 mol dm™ KOH aq. The point analysis (¢ < 1.0 nm) was conducted
for the edge plane surface, basal plane surface, and bulk region. All spectra show the peak around
285.5 eV, corresponding to the m* electronic transition of sp? type carbon [29-34]. Only edge surface
spectra of TB and pCNF2400 show the shoulder for the higher energy region around 286 eV. This
region is assigned to the C—OH bond of a hydroxyl group (Table 3-4) [29-33]. Therefore, these EELS
results reveal the existence of hydroxyl group on the edge plane surface after the anodic oxidation at
1.8 V vs RHE in 4.0 mol dm> KOH aq. As mentioned above, the ILSEM study and TEM observation
demonstrate that the carbon corrosion for the edge plane direction is negligibly slower than the
corrosion for the basal plane direction. Thus, these edge sites hydroxyl groups can suppress the
proceeding of the anodic oxidation from edge sites. This functional group formation is one of the
reasons why the carbon edge sites are not the priority corrosion site under the OER environment in 4.0

mol dm™ KOH aq.
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Fig. 3-15 TEM/EELS point analysis (¢ < 1 nm) results for pPCNF2400 and TB after the polarization at
1.8 V vs RHE in 4.0 mol dm™ KOH aq. for 24 h. (a, ¢c) TEM image of (a) pCNF2400 and (c) TB. (b,

d) C-K edge of core-loss EEL spectra for each analysis points of (b) pCNF2400 and (d) TB.

Table 3-4 EELS peak list of functional groups of carbon materials.

Energy / eV Functional group
285 Aromatic C-C
Ketone O=C
286.0 —286.8 Nitrile N=C
Phenol HO-C
286.6 Ether C-O-C
287.2-288.3 Aliphatic C-C
288.5 -288.7 Carboxyl O=CO-
290.3 Carbonate CO3*

3-3-4 Wettability of anodized carbon materials

Static contact angles of a Milli-Q water droplet of 1 pL for each carbon material were
evaluated to reveal the existence of the edge plane phenol species. Fig. 3-16 shows contact angles of
Mili-Q water on each carbon material before and after the anodic oxidation using GC in 4.0 mol dm™
KOH for 2 h. It is noted that longer time polarization on the glassy-carbon electrode causes the peeling
of the coated carbon layer from GC so that this shorter polarization time was utilized here. It should

also be noted that even with a shorter polarization time, the looped carbon disappearance of pCNF2400

73



was confirmed by TEM observation (Fig. 3-17). All electrodes show a similar contact angle around
110° before the anodic polarization. After the anodic polarization, every electrode reduces contact
angle, and that decrement range depends on the carbon materials. In the case of carbon black type
materials, i.e., TB and AB, the contact angles after the anodic oxidation were around 70°, while pCNF

type materials show relatively lower contact angles of around 25° after the anodic polarization.

The water contact angle is dependent on the surface roughness in addition to the surface
chemistry. Thus, the surface roughness of the carbon materials was also examined from the laser
scanning microscope observation. Fig. 3-18 shows the laser-scanning micrographs of carbon materials
after the anodic polarization. It is known that the surface roughness enhances the wettability of the
surface, i.e., surface roughening of a hydrophilic surface reduces the water contact angle [35]. The
water contact angles of all carbon materials are similar before anodic polarization. This similarity of
the water contact angle, also supported from Fig. 3-18, suggested similar roughness of the carbon
materials on the GC electrode. The hydrophilization is induced by the oxygen-containing functional
group, which is formed due to the electrochemical carbon oxidation, on the carbon surface after
electrochemical oxidation [36]. In this thesis, the hydrophilization for all carbon materials was
observed after electrochemical oxidation, and the degree of hydrophilization was more significant for
the pCNF type materials. As discussed above, the major of the pCNF surface is carbon edge planes,
and the -OH group is preferentially formed on such edge plane after the anodic polarization in 4.0 mol
dm™ KOH aq. Hence, the higher hydrophilization should occur on the pCNF surface rather than the
carbon black type materials. Thus, the higher hydrophilization on the pCNF surface is evidence of -

OH group formation on the edge plane surface.
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Fig. 3-16 Contact angles for the static Mili-Q water on the carbon electrodes before and after the anodic

oxidation at 1.8 V vs RHE in 4.0 mol dm~ KOH for 2 h.

107

Fig. 3-17 The HRTEM image of the sidewall of pPCNF2400 after 2 h anodization in 4.0 mol dm= KOH

aq. at 1.8 V vs RHE.
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Fig. 3-18 Laser scanning micrographs of carbon materials after the anodic polarization at 1.8 V vs

RHE in 4.0 mol dm~ KOH for 2 h.

3-3-5 Mechanism of the slow degradation of pCNFs

In this chapter, the corrosion behavior of platelet-type carbon nanofibers was investigated
using an identical location observation technique, as well as spectroscopic studies. ILSEM studies
indicate that the carbon oxidation proceeds almost linearly with time on the carbon basal plane of
carbon blacks and pCNFs at 1.8 V vs RHE in 4 mol dm> KOH electrolyte (Fig. 3-4). The carbon
oxidation rate on the basal plane decreases as the graphitization degree of the carbon materials
enhances. The increase in the peak width of the G band in Raman spectra and doo> lattice spacing value
calculated from XRD profiles of graphitic carbon materials is associated with the structural disorder.
The disordered carbon atoms may be preferential sites of carbon corrosion so that the carbon materials

with the lower disorder show lower carbon oxidation rates on the basal plane.

In contrast, the carbon oxidation of the edge plane of pCNFs is extremely slow, regardless
of the graphitization degree (Fig. 3-5). The carbon loops present in the pristine pCNFs disappear within
2 h anodic polarization. The looped carbon may corrode at a similar rate with the carbon basal plane,

but the corrosion rate becomes extremely slow after the exposure of the carbon edges. As shown in
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Chapter 2, the platelet structure was developed at the heat treatment temperature of 2000°C, although
the disorder appears to be present from the TEM image. Findings suggest that the carbon oxidation on
the edge plane is not influenced by the graphitization degree or disorder structure when the carbon
edge plane is uniformly exposed to the alkaline electrolyte. A passive surface appears to be developed

on the carbon edge plane to suppress the carbon corrosion to a negligible level.

The present STEM/EELS study indicates that the carbon edge plane of pCNFs is covered
with the hydroxyl species, which appear to passivate the surface to electrochemical corrosion. Lin et
al. proposed the two-step forming process of hydroxyl species via active radicals based on the density
functional theory calculations [37]. They also reported that hydroxyl-adsorbed zigzag carbon edges
become an active site for oxygen evolution reaction (OER). During OER, the hydroxy species is
converted to C-O and C-OOH intermediates, but no C-O bond cleavage occurs, probably leading to
the suppression of carbon corrosion. The hydroxyl group does not form on the carbon basal plane at
the high density, which is evident from the low oxygen concentration in the STEM/EELS analysis.
Thus, sufficient passivation cannot occur, and electrochemical corrosion of carbon proceeds
continuously on the basal plane of carbon blacks and pCNFs. This insufficient passivation on the basal
plane probably comes from the hydroxyl group stability on the basal plane. Fig. 3-19 is the average
binding energy (Ev) calculation results for hydroxyl groups on the edge plane and basal plane surface.
Ey is calculated by the DFT method referring to the reports by Han ef al. [38]. In this calculation, the
lower Ep value mentions the stronger bond strength of the functional group. The hydroxyl group on
the edge plane surface shows a lower Ey (-3.59 eV) than the basal plane one (1.16 eV), because of the
strong planer direction binding energy, which is due to the aromatic ring and effects on the basal plane
direction. Therefore, the hydroxyl group tends to more likely be generated on the edge plane surface
than on the basal plane surface. Han ef al. also reported that the hydroxyl group on the carbon edge
sites provides the electronic stability due to (1) the low Fermi level, (2) the electron serving from
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oxygen atoms to the higher energy level orbital, and (3) lower average binding energy of -5.32 eV than

the binding energy of hydrogen termination case of -5.14 eV [38] (Fig. 3-20). Therefore, the surface

hydroxyl group formation on the pCNF edge plane possibly enhances the corrosion resistance like a

passivation film.
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Fig. 3-19 DFT structural optimization results for -OH group addition on the graphene surface.
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Elsevier.
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Changes in the edge and basal planes of pCNFs during anodic polarization are illustrated in
Fig. 3-21. The sidewall of pCNFs is initially covered with the looped carbon layers, which are oxidized
relatively readily during anodic polarization, and carbon edges are exposed. Then, the hydroxyl species
cover the edge surface at high density, causing passivation of the sidewall of pCNFs. After anodic
polarization at 1.8 V vs RHE for 2 h, the water contact angle was reduced to as low as 28.5 = 8.0°.
Such a low water contact angle suggests the presence of a high density of hydroxyl species on the
sidewall of pCNFs. In contrast, the coverage of the carbon basal plane at both ends of pCNFs and
carbon black surface is relatively low, making the passivation insufficient. Thus, continuous oxidation
of carbon proceeds on the basal plane with the oxidation rate depending on the graphitization degree.
The present findings disclosed that the uniform exposure of the carbon edge plane to the alkaline
electrolyte is of great importance to suppress carbon corrosion at high anodic potentials. Such surface
can be passivated by covering the carbon edge plane with the high density of hydroxyl species. The

highly graphitized pCNFs are promising carbon materials with high resistance to carbon corrosion.
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Fig. 3-21 Schematic illustration of the proposed corrosion mechanism of carbon materials under

oxygen evolution reaction in 4.0 mol dm™ KOH aq. at 1.8 V vs RHE.
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3-4 Conclusions

In this chapter, the corrosion behavior of platelet-type carbon nanofibers and the carbon blacks
under oxygen evolution reaction in alkaline media, i.e., 1.8 V vs RHE in 4.0 mol dm™ KOH aq., were
examined using the ILSEM studies and spectroscopic studies. Based on the experimental findings, the

following conclusions were drawn.

(1) ILSEM study reveals that the carbon corrosion from surface edge sites is significantly slower than
the corrosion from the basal plane. The corrosion rate of the basal plane is strongly influenced by

the graphitization degree.

(2) TEM observations reveal that the carbon edge plane of pCNFs exposes during the anodic oxidation
because of the oxidation removal of the looped carbon layer. The pCNFs with exposed carbon
edge planes reveal an extremely slow corrosion rate. The hydroxyl species cover the carbon edge

plane and passivate the pCNFs.

(3) According to (1) and (2), high graphitization degree (chemical stability) and edge exposure

(Functional group formation) provide corrosion-tolerant carbon materials. This new carbon design

concept will be helpful to realize new generation carbon electrode materials.
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Chapter 4 OER activity and durability of
pCNF/CFCO hybrid electrode

4-1 Introduction

As described in Chapter 1, carbon materials are an essential component for the air-electrode
of ZABs as the electron conductive support [1-3]. Carbon materials are suitable electron conductive
supports and cause the synergistic effect with the electrocatalyst for OER and ORR [1]. Additionally,
some researchers reported that the anodic corrosion of the carbon materials in the air electrode caused
the degradation of the air electrode in ZAB [1, 4, 5]. Thus, the type of carbon materials used in the air-
electrode is expected to strongly affect the air-electrode performance, such as the electrode activity
and lifetime. pCNFs were durable carbon materials for carbon corrosion [6-8]. In addition, it was found
in Chapter 3 that pCNFs show an extremely low corrosion rate under OER in a concentrated KOH
electrolyte due to passivation on their surface, being promising as durable conductive support of the
air electrode in rechargeable ZABs. In this chapter, the electron-conductive support properties of
pCNFs were examined by mixing with Brown-millerite type CaxFeCoOs (CFCO), which was recently
reported as the highly active electrocatalyst for OER [9]. The long-term durability test of the
pCNFs/CFCO electrode expending to one month was examined in this chapter to see the lifetime of

pCNFs under the actual OER environment.

4-2 Experimental

4-2-1 Metal-oxide electrocatalyst preparation

CFCO was synthesized according to a procedure described elsewhere [9-11]. Following
reagents were used as precursors: Ca(NO3)2-4H,O (Kanto Chemical), Fe(NO3)3-9H,O (Kanto

Chemical) and Co(NOs)2-6H>0 (Kanto Chemical). Appropriate amounts of these reagents and citric
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acid (CA; Kanto Chemical, 98%) were dissolved in Milli-Q water (Ca:Co:Fe:CA molar ratio = 2:1:1:
4). The citrate solution was stirred and heated at 60°C for 3 h to promote polymerization. The

gelatinous product was annealed in air at 450°C for 1 h and then fired at 600°C for 12 h.

4-2-2 Flectrocatalytic activity evaluation by the rotating-disk electrode (RDE) system

In this chapter, the following carbon materials were used as conductive supports: pCNF1100,
pCNF1500, pCNF2400, Denka black (DB), Denka black heat-treated at 2400°C (DB2400) and
multiwalled carbon nanotubes (MW). Details of the preparation methods and physical characteristics
of these carbon materials were described in Chapter 2. The electrocatalytic activity was evaluated by
a rotating disk electrode (RDE; Pine Instrument Co. Ltd.) system using the catalyst-loaded glassy
carbon disk electrodes (1.0 mgea cm2). Catalyst inks were prepared as follows. Ten milligrams of
selected carbon material and 50 mg of CFCO were dispersed ultrasonically in a mixture of 0.2 mL of
5 wt% Na'-exchanged Nafion solution and 4.8 mL of ethanol. Nafion was added as a binder and
neutralized before dispersion to prevent CFCO from acidic dissolution due to the lower pH of the
Nafion-dispersed solution [12]. The electrochemical measurements were carried out in a three-
electrode system using a potentiostat (Hokuto Denko, HZ-7000) and RDE system. PTFE-coated
carbon sheet (ElectroChem, Inc., EC-TP1-060T) and Hg/HgO/4 mol dm~ KOH were used as counter
and reference electrodes, respectively. All measurements were carried out at room temperature (~25°C)
in a 4 mol dm™ KOH aqueous solution (pH = 14). The electrocatalytic activity was evaluated using
linear sweep voltammetry (LSV) with a potential sweep rate of 1 mV s™'. The electrolytes were
saturated by Ar and O, for OER and ORR evaluation, respectively. The potential was converted from
the Hg/HgO/4 mol dm > KOH reference scale to the RHE using the following equation:

E vs RHE = E vs Hg/HgO/4 mol dm~ KOH + 0.9260 (4-1)[9]
The suitability of this potential conversion was confirmed from the direct potential measurements
using a commercial reversible hydrogen electrode (ET070 HydroFlex, Gaskatel). Electrochemical
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impedance spectroscopy (EIS) measurements were also conducted at a constant potential of 1.6 V vs
RHE in 4 mol dm KOH electrolyte with the amplitude of the AC perturbation signal of 10 mV in the

frequency range from 10° Hz to 10 Hz.

4-2-3 Durability test

The durability tests were continuously carried out for each carbon/CFCO electrode for a
maximum of 1 month, in which cycles of 2 h chronopotentiometry at +40 mA cm™ and subsequent 15
min at open-circuit potential (OCP) were repeated in a 4 mol dm™ KOH electrolyte. The carbon/CFCO
electrodes are prepared by immersing PTFE-coated carbon sheets (ElectroChem, Inc., EC-TP1-060T)
in the catalyst ink, the same as the RDE evaluation. The total catalyst mass loaded on each electrode
was 1.0 mg cm™. The schematic illustration of the electrode is shown in Fig. 4-1a. The electrochemical
measurements were carried out in a three-electrode system using a Princeton Applied Research
VersaSTAT3 potentiostat. A carbon sheet and Hg/HgO/4 mol dm™ KOH with N, saturation were used
as counter and reference electrodes, respectively. Fig. 4-1b shows the schematic illustration of the

electrochemical cell for the durability test.
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Fig. 4-1 The schematic illustrations of the experimental setup or the durability test.

(a) The carbon-paper electrode and (b) the electrochemical cell.
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4-2-4 Characterization techniques

The electrode surface was observed using a low-voltage scanning electron microscope (Zeiss,
Sigma-500) operated at 1.5 kV. Additional detailed structure observations were carried out using
transmission electron microscopy (TEM; JEOL, JEM-2000FX, JEM-2010F, and JEM-ARM200F)
operated at 200 kV. The BET surface area of the CFCO was determined by N> gas
adsorption/desorption isotherm measurements (Bel Japan, Belsorp-mini instrument) at -196°C. The
phase purity of the CFCO was examined by the X-ray powder diffraction (XRD; Rigaku, Ultima IV)

using Cu Ka radiation (A = 0.15418 nm).

4-3 Results and Discussion

4-3-1 Characterizations of metal-oxides used in this study

The brownmillerite-type (BM) structure (Fig. 4-2a) is one of the oxygen-deficiency-ordered
perovskites containing a layered arrangement of tetrahedral (T4) BO4 and octahedral (On) BOs [9].
Due to this layered structure, the oxides of this type have many stable oxygen vacancy sites and are
well-studied as the oxygen storage material and solid-oxides fuel cell electrodes [ 13, 14]. Such vacancy
sites are also suitable for OER. CFCO shows an OER current of 5.0 mA per oxide-catalyst surface area
at 1.6 V vs RHE, which is an order of magnitude larger than the corresponding value for RuO2[9, 10].
The XRD pattern of CFCO is shown in Fig. 4-2b, in which all peaks are assigned to a BM structure,
confirming the formation of single-phase CFCO at 600°C. The morphology of the CFCO particles was
observed by SEM (Fig. 4-2c). The CFCO consists of nanoparticles with an average diameter of 40 nm.
TEM image (Fig. 4-2d) reveals well-developed lattice fringes corresponding to the (141) plane of the
BM structure. The surface areas of CFCO were estimated by the N> gas adsorption/desorption isotherm
measurements. Fig. 4-2e is the N, gas adsorption/desorption isotherms of CFCO at -196°C. The
isotherms suggested the presence of a limited amount of micropores and mesopores on the CFCO

surface. The BET surface area of CFCO was estimated to 21.0 m* g\,
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Fig. 4-2 Characterization results of CFCO; (a) Crystal structure of brownmillerite-type CaFeCoOs
(CFCO) [9]; (b) XRD pattern of CFCO; (¢) SEM image of CFCO; (d) HRTEM image of CFCO; (e)

Nz adsorption/desorption isotherms of CFCO at -196°C.

4-3-2 OER activity of carbon/CFCO electrodes

OER electrocatalysis of carbon/CFCO electrodes was examined using the linear sweep
voltammetry (LSV) in 4 mol dm™ KOH (Fig. 4-3). For comparison, LSV of the cabon-free CFCO
electrode is also shown. The onset potential (Eorr), defined as the potential at 1.5 mA cm™ gisk, equals
1.50 V vs RHE for the carbon-free CFCO. The addition of carbon conductive support to CFCO shifts
the onset potential to 1.47 V vs RHE, independent of the type of carbon materials mixed with CFCO

(Table 4-1). CFCO has a relatively low conductivity [14], so the addition of conductive support is
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necessary to obtain the intrinsic OER activity of CFCO. The overpotential at high current densities
was reduced in the following order: DB2400/CFCO = DB/CFCO < pCNF1500/CFCO <
pCNF2400/CFCO < MW/CFCO < pCNF1100/CFCO < pristine-CFCO. The relatively larger
overpotential for the pCNF1100/CFCO electrode is possibly related to the lower electrode conductivity
coming from the not-enough graphitization degree of pCNF1100. Such relatively larger overpotentials
were also observed in the case of highly graphitized samples, i.e., pPCNF2400 and MW. The possible
explanation for the shift is the insufficient dispersion of carbon material within the electrocatalyst
matrix. Fig. 4-4 shows SEM-Backscattered-Electron (BSE) images for DB/CFCO and
pCNF2400/CFCO, where the carbon materials and CFCO appear as dark and bright domains,
respectively, due to the atomic number contrast. In the case of pCNF2400/CFCO, the agglomeration
of pCNF2400 is visible as the large darker region. The better carbon dispersion is apparent in the
DB/CFCO composite. It is worth noting that the better distribution of carbon material within the

composite matrix facilitates electron transfer for the electrocatalyst.
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Fig. 4-3 Linear sweep voltammograms of the carbon/CFCO electrodes for OER in 4 mol dm > KOH

aqueous solution. The current density was normalized by the geometric surface area of the disk

electrode.
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Table 4-1 The OER parameters of each carbon/CFCO electrodes.

Eorr/V vs RHE Current density @ 1.65V / mA cm

pCNF1100/CFCO 1.47 61.1
pCNF1500/CFCO 1.47 103
pCNF2400/CFCO 1.47 88.0
DB/CFCO 1.47 111
DB2400/CFCO 1.47 142
MW/CFCO 1.47 77.2
CFCO only 1.50 16.8

Fig. 4-4 SEM-BSE images of (b) DB/CFCO and (c) pCNF2400/CFCO electrodes on a GC substrate.
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The electrochemical characteristics of the catalyst under OER conditions were investigated
using EIS measurements at a constant potential of 1.6 V vs RHE in 4 mol dm~ KOH electrolyte (Fig.
4-5). The Nyquist plots for DB/CFCO and pCNF2400/CFCO catalysts deposited on GC electrodes are
shown for comparison. The impedance spectrum for pCNF2400/CFCO consists of two semicircles;
the high-frequency arc is associated with the resistance and capacitance of the catalyst layer (Rox and
Cox), whereas the low-frequency arc corresponds to a charge transfer resistance and a double layer
capacitance(R¢t and C¢) . Two-component impedance spectra, with one component associated with a
metal oxide catalyst and the second corresponding to a charge transfer reaction, are typically observed
for many other carbon/metal oxide catalysts [15, 16]. In contrast, the Nyquist plot of DB/CFCO is
characterized by almost one semicircle, which suggests the disappearance of either impedance
component. This disappearance component should be assigned with the resistance of the CFCO and
caused by the moderate carbon additive dispersion in the CFCO matrix. It is evident from Fig. 4-4 that
the DB/CFCO electrode with better carbon dispersion shows a more negligible charge transfer

resistance than the pCNF2400/CFCO electrode with agglomerated carbon.
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Fig. 4-5 EIS Nyquist plots of DB/CFCO and pCNF2400/CFCO electrodes at 1.6 V vs RHE.

In summary, pCNF2400, suggested as the corrosion tolerance carbon material in Chapter 3,
shows conductive support properties for CFCO electrocatalyst. This property can be comparable with
the commercially available DB. However, the agglomeration of pCNF provides a negative effect on
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the OER activity of the pCNF2400/CFCO electrode. Thus, to furtherly enhance the OER activity of
pCNF2400/CFCO, mixing process optimization or direct catalyst loading are probably needed. The
pCNF3000/CFCO electrode shows improved OER activity than the pCNF2400/CFCO electrode (Fig.
4-6 a). This improvement came from the sufficient dispersion of pCNF3000 in the CFCO matrix (Fig.
4-6 b). Fig. 4-6b shows SEM-BSE images for pCNF3000/CFCO. While pCNF2400/CFCO electrode
showed the agglomeration of pCNF2400, pCNF3000 revealed the improved dispersion in the CFCO
matrix. Hence, the improved dispersion of pCNF3000 in the electrocatalysts matrix possibly enhances

the electrocatalysis activity of the pCNF3000 based electrode.
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Fig. 4-6 (a) Linear sweep voltammograms of the pPCNF3000/CFCO electrodes for OER in 4 mol dm™
KOH aqueous solution. The current density was normalized by the geometric surface area of the disk

electrode. (b) SEM-BSE images of pCNF3000/CFCO electrodes on a GC substrate.

4-3-3 ORR activity of carbon/CFCO electrodes

The ORR activity of carbon/CFCO electrodes was also examined in oxygen-saturated 4.0 mol
dm™ KOH agq. Fig. 4-7 shows the cathodic LSVs for each carbon/CFCO electrode measured by using

a rotating-disk electrode system with a rotation speed of 1600 rpm. For comparison, LSVs of carbon-
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free CFCO electrode, GC electrode, and Pt/C are also shown. All CFCO electrodes showed larger
overpotentials for ORR than Pt/C electrodes (Table 4-2). This inferior ORR activity comes from the
insufficient ORR activity of CFCO [17]. Because of the insufficient ORR activity of CFCO, the ORR
activity of carbon/CFCO electrodes depends on the carbon materials (Table 4-2). The onset potential
(Eorr), defined as the potential at -50 pA cm?gisk, was reduced in the following order:
pCNF1100/CFCO > pCNF1500/CFCO > DB/CFCO > DB2400/CFCO > pCNF2400/CFCO =
MWCNT/CFCO > pristine-CFCO. This ordering might be reflected the ORR electrocatalysis activity
of each carbon material. As mentioned in Chapter 2, pPCNF1100 and pCNF1500 have exposed a carbon
edge plane on the sidewall. The heat treatment at >2000°C eliminates these edges due to the loop
formation on the sidewall. In addition, such edge sites are widely accepted as the ORR electrocatalysis
center in the alkaline media [18]. Thus, CFCO electrodes containing pCNF1100 or pCNF1500 show
better ORR electrocatalysis activity than pCNF2400 or MWCNT, which have a limited number of

carbon edge sites.
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Fig. 4-7 Linear sweep voltammograms of the carbon/CFCO electrodes for ORR in O2 saturated 4 mol
dm KOH aqueous solution. The current density was normalized by the geometric surface area of the

disk electrode. Scanning rates were 1.0 mV s
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Table.4-2 The ORR parameters of carbon/CFCO electrodes.

Eorr/V vs RHE Current density @ 0.60 V / mA cm?
pCNF1100/CFCO 0.870 -0.722
pCNF1500/CFCO 0.855 -0.541
pCNF2400/CFCO 0.810 -0.541
DB/CFCO 0.823 -0.693
DB2400/CFCO 0.811 -0.584
MWCNT/CFCO 0.790 -0.515
CFCO only 0.713 -0.150
Pt/C 1.02 -1.04

4-3-5 Durability of carbon/CFCO electrodes

The long-term durability of carbon/CFCO electrodes under OER conditions was
investigated by polarization at +40 mA cm™ in 4 mol dm™ KOH. For this study, pPCNF1100 was
excluded because of its insufficient electric conductivity and graphitization degree. The anodic LSV
curves for the carbon/CFCO electrodes before and after durability tests are shown in Fig. 4-8. The
electrocatalytic activity of DB/CFCO, DB2400/CFCO, and pCNF1500/CFCO towards OER was
significantly reduced, with the current density at 1.7 V vs RHE dropping to 53%, 54%, and 67% of the
original value (Fig. 4-8f), respectively. The deactivation of the catalyst is possibly caused by oxidative
decomposition of the carbon support and, therefore, the deficiency of electron-conducting path to
CFCO. A similar decrease in the OER current for perovskite oxide/carbon electrodes, related to carbon
corrosion, was reported elsewhere [19]. The MWCNT/CFCO electrode showed deactivation towards
OER, with the current density dropping to 87% at 1.7 V vs RHE. However, this performance decrease
was slightly smaller than that of other carbon materials due to this sample having the highest
graphitization degree and better oxidation resistance. The electrocatalytic activity of pCNF2400/CFCO

towards OER essentially remained unchanged under the same conditions for one month.
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Fig. 4-8 Linear sweep voltammograms of carbon/CFCO electrodes for OER in 4 mol dm > KOH
aqueous solution before and after the durability tests. The current density was normalized by the

geometric surface area of the carbon paper electrode.

Fig. 4-9 shows the cathodic LSV curves for the carbon/CFCO electrodes under a long-term
durability test in oxygen-saturated 4 mol dm= KOH. The voltammograms were obtained by running
the LSV experiment while the durability test cycles were rest mode. While DB/CFCO electrode shows
the degradation of ORR current during the durability test, it is found that the ORR current of
pCNF2400/CFCO gradually increases during the durability test. It is generally accepted that the ORR
electrocatalytic activity of carbon/perovskites is linked to a synergistic effect between carbon and metal
oxide [1]. Therefore, the degradation of ORR for DB/CFCO electrode is probably related to the carbon
disappearance due to the carbon corrosion. The enhancement of catalytic activity for the oxidized
carbon material has been observed by other researchers [20-22]. Herein, the enhancement of the ORR

activity of pCNF2400/CFCO is most likely related to the partial oxidation of pCNF2400, without any
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significant effect on the OER activity. One of the possible explanations for the change in the ORR
activity could be the stronger affinity of the oxygen molecules to adsorb on the edge sites compared
with the plane sites [18, 23]. Density functional theory (DFT) calculations have shown that dangling
bonds at the edge sites of graphene have a strong ability for O» adsorption [23]. The slow ORR kinetics
for pristine pCNF2400 would be linked to the presence of looped carbon layers, which hinder the
exposure of the carbon edge plane. Therefore, as observed in Chapter 3, the looped carbon layers on
the sidewall of pCNF disappear during the long-term durability test, and the carbon edge site exposure

should enhance the ORR kinetics as O, adsorption on the edge plane becomes more favorable.
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Fig. 4-9 Linear sweep voltammograms of carbon/CFCO electrodes for ORR in oxygen-saturated 4 mol
dm > KOH aqueous solution before and after the durability tests. The current density was normalized

by the geometric surface area of the carbon paper electrode.
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4-3-6 Characterization of carbon/CFCO electrodes after the durability tests

After a two-week durability test, the morphological changes of carbon, associated with carbon
corrosion were observed by SEM-BSE observations (Fig. 4-10). After the durability test, the dark
particles are absent for the pCNF1500/CFCO and DB/CFCO electrodes; only the substrate and/or
Nafion binder film is visible due to the loss of carbon caused by the oxidative decomposition. Upon
polarization of the specimen, the morphology of CFCO particles changes from a particle-like shape
into a plate-like shape. This effect may be related to the in situ chemical change of CFCO to
oxyhydroxide, described in elsewhere [10, 11]. DB2400 shows a similar tendency regarding surface
morphology. In contrast, no morphological changes were observed for the pCNF2400/CFCO
electrodes under the durability test. The pCNF nanofibers sustained their geometrical shape, and no

exposed Nafion binders were observed, indicating that pCNF2400 is durable under OER conditions.
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Fig. 4-10 SEM-BSE images of carbon/CFCO electrodes before and after the durability test for 2 weeks.
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Fig. 4-11 shows TEM images before and after the two-week durability test for
MWCNT/CFCO. After the durability test, the MWCNT is partially corroded, with a reduced tube
diameter. The TEM observations suggest that the oxidation proceeds locally and perpendicularly to the
fiber axis of MWCNTs, with a pit-like morphology. In other words, the corrosion of MWCNTs occurs
from the basal plane of carbon. The localized attack of graphitic carbon has been reported previously
[24-26]. The local oxidation may be associated with the presence of some structural defects in the basal

planes, as reported previously [26].

(a) MWCNT (b) MWCNT (c) MWCNT - ,
Before - WAVEELG ' 2 weeks

B

Fig. 4-11 High-resolution TEM images of MWCNT (a) before and (b, c) after the durability test.

98



4-3-7 TEM observation of pCNF after the durability tests

TEM images of pCNF2400 before and after the durability test (Fig. 4-12) reveal that the
nanofiber diameters of pCNF2400 remained almost unchanged even after the durability test for one
month. However, high-magnification images (Fig. 4-12¢, f) reveal the change in the sidewall structure
of pCNF2400. Before the durability test, the specimen is characterized by the presence of loops
consisting of 3-5 graphene layers at the sidewalls of pCNF2400. After two weeks of polarization, those
loops are entirely opened. Therefore, in the case of pCNF2400, this loop edge structure can be
considered the priority site for corrosion. The similar diameter of pCNF2400 nanofibers after the
durability test for two weeks and one month and the similar carbon edge structure at the sidewalls
indicate that the oxidation of pCNF2400 at the exposed carbon edge planes is extremely slow,

contributing to the high durability of pCNF2400 under OER conditions.

(a) Before |8 I (b) 2 weeks

(f) 1 month &

Fig. 4-12 TEM images of pCNF2400 (a, d) before and (b, c, e, f) after the durability tests of the
pCNF2400/CFCO electrode for (b, €) 2 weeks and (c, f) 1 month.
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4-3-8 Discussion

In Chapter 3, the high corrosion resistance of highly graphitized pCNFs was demonstrated at
1.8 V vs RHE in a KOH electrolyte due to the slow corrosion at the carbon edge plane. This result
expects the sufficient durability of pCNF as the conductive support for OER electrodes. Hence, in this
chapter, the durability and the conductive support properties of pCNF2400 mixed with CFCO that is
highly active for OER were investigated. Based on the results obtained in this chapter, the carbon

corrosion under OER in concentrated alkaline media with OER catalyst is discussed.

Firstly, the effect of the structural factor for carbon corrosion is briefly reviewed. In this
chapter, the pCNF2400/CFCO electrode shows the highest durability. The diameter of pCNF2400
remained almost unchanged even after the durability test at 40 mA cm™ for one month. Because of the
high OER activity of CFCO, the electrode potential during the durability test was ~1.8 V vs RHE,
which was less noble than the potential used in Chapter 3. pCNFs have a structure in which the
graphene layer is aligned perpendicular to the fiber axis of the nanofiber. In addition, pCNFs have a
high-aspect-ratio macrostructure. Thus, only the head and tail of pCNFs consist of the basal plane, and
mainly their surfaces consist of the edge plane. The basal plane and edge plane surface ratio are
calculated as 1:40 (Fig. 4-13). As described in Chapter 3, the sidewall of pCNFs shows higher
corrosion resistance due to the preferent hydroxyl group formation on the edge plane surface. This
aspect ratio and preferent hydroxyl group formation expect the durability of pCNF2400. On the other
hand, although the edge exposed structure and platelet structure, pCNF1500 shows inferior durability
because of the lower graphitization degree. Thus, in addition to the platelet structure, the graphitization

degree is an important parameter to obtain the excellent durability of carbon for the OER environment.
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Chapter 3
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Fig. 4-13 Schematic illustration of pCNFs and the relationship of this chapter and Chapter 3.

According to the LSV curves obtained prior to the durability test, the electrode potential
during the durability test is almost similar or lower level as Chapter 3, i.e., between 1.7 Vto 1.8 V vs
RHE. Hence, the corrosion rate of the basal plane of pCNF2400 is expected to be the same or lower
than 0.21 nm h™'. This value expects that pCNF2400 should be disappeared 21 days in the case the
length of pCNF2400 is 210 nm. However, pCNF2400 seems to remain even after a one-month
durability test. For the edge plane direction, i.e., the fiber diameter direction, the proceeds of carbon
corrosion are suppressed by the hydroxyl group formation on their sidewall. In addition, the remain of
pCNF2400 suggests corrosion suppression for the basal plane direction. It is often discussed that some
electrocatalysts accelerate carbon corrosion under the energy device operation [27, 28]. However, this

result suggests that CaxFeCoOs did not enhance carbon corrosion in the investigated condition. Even
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with such softer corrosion conditions, carbon materials except pCNF2400 show oxidative consumption
during the durability test. Therefore, pCNF with a higher graphitization degree is most likely to show

the corrosion tolerance under OER in 4.0 mol dm™ KOH aq.

Secondary, the ORR current behavior is discussed. As shown in Fig. 4-9, the ORR current of
pCNF2400/CFCO electrodes increased after the durability test, while those of DB/CFCO electrodes
decreased. It is generally accepted that the ORR electrocatalytic activity of carbon and metal oxide
hybrids is brought by the synergistic effect of carbon and metal oxide [1]. Therefore, the degradation
of ORR for DB/CFCO electrode is probably related to the carbon disappearance due to the carbon
corrosion. In Chapter 3, it is discussed the hydroxyl group formation on the edge plane during the
anodic oxidation of pCNF under OER in concentrated alkaline media. Such hydroxyl group shows the
improved ORR activity in alkaline media than the bare carbon surface [29]. In addition, density
functional theory (DFT) calculations have shown that the edge sites of graphene have a strong ability
for O, adsorption [23]. Thus, the loop structure disappearance and following hydroxyl group formation
during the anodic oxidation of pCNF enable improvement of the ORR activity of pCNFs. After the
durability test, this structural reconstruction possibly enhanced the ORR current of the

pCNF2400/CFCO electrode.
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4-4 Conclusions

In this chapter, the OER/ORR activity and OER durability of various carbon nanomaterials
combined with a state-of-the-art brownmillerite CFCO electrocatalyst for OER/ORR were studied in

a 4 mol dm ™ KOH electrolyte. Following findings were obtained.

(1) pCNF2400 works as a conductive support of CFCO for OER/ORR electrocatalysts. However,
insufficient dispersion of pCNF2400 in the electrode results in increased overpotential at the high
current region of OER. The agglomeration of pCNFs should be avoided to provide a sufficient

conductive path to CFCO.

(2) The pCNF2400/CFCO electrode shows lower ORR activity compared with the carbon
blacks/CFCO electrodes because of the poor co-catalysis effect of pCNF2400, which is associated with
the almost absence of the exposed carbon edge sites. However, the ORR activity is improved during
the durability test because of the oxidative removal of the looped carbon layers and subsequent carbon

edge exposure.

(3) The CFCO electrode with pCNF2400 exhibits the highest durability in the OER durability test; no
OER activity degradation occurs during the durability test for one month. SEM observations disclose
the complete consumption of DB, DB2400, and pCNF1500 within two weeks, whereas pCNF2400
remains unchanged even after one month. The anodic corrosion of carbon results in the loss of the
conducting path, causing the reduction of OER activity in carbon/CFCO electrodes. After the durability
test, the carbon edge sites exposure on the sidewall were observed in pCNF2400; thus, as suggested in
Chapter 3, corrosion resistance of pCNF2400 mainly originated from the slow kinetics carbon

corrosion at the carbon edge sites.
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Chapter 5 Air electrode performance of

gas-diffusion electrodes using pCNFs

5-1 Introduction

As previous chapters described, highly graphitized pCNFs are promising conductive supports
for ZAB air electrodes because of their high durability under OER in alkaline media. In contrast,
conventional carbon materials, such as carbon blacks, were consumed within a week. The pCNFs
exhibit excellent stability in OER environments, but when physically mixed with an oxide
electrocatalyst, the enhancement of ORR activity of the oxide by the carbon is limited. This limitation
1s owing to the poor co-catalytic properties of pCNFs. For ORR in alkaline media, carbon co-catalysis
for ORR is an essential factor, and carbon edge and defect sites are commonly regarded as catalytic
sites for ORR [1, 2]. In the previous chapter, the high durability of the pCNF24000/CFCO electrode
was demonstrated, but its ORR activity was not high enough for the rechargeable metal-air batteries.
Direct loading of electrocatalyst nanoparticles onto the carbon surface is an effective strategy in
enhancing ORR activities by modifying the electronic state of the electrocatalyst [1,3-6]. Moreover, it
is often discussed that the interface between carbon material and metal oxide catalyst provides
reasonable electrocatalytic centers for OER and ORR [1, 7, 8]. Therefore, it is supposed that the
construction of the hybrids of oxide electrocatalyst and pCNF can improve the ORR electrocatalysis

of pCNF.
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This chapter tried to prepare a hybrid of electroactive oxide nanoparticles uniformly dispersed
on highly graphitized pCNFs for highly active bifunctional electrodes for ORR and OER in an alkaline
environment (Fig. 5-1). Spinel-type MnCo0204 (MCO) nanoparticles, which are promising as a catalyst
for OER and ORR [4], were supported on the pCNF via solvothermal synthesis, and their ORR and
OER activities were examined by rotation disk electrodes (RDE). Additionally, pCNF/MCO hybrids
were used to evaluate the durability of pCNFs under a more realistic ZAB operation environment. A

half-cell using a gas-diffusion electrode (GDE) was used to evaluate the air electrode performance [9].

Utilize the interface of metal-oxide
and carbon as the catalytic center

—

v Solvothermal synthesis (ST) ; Provides highly crystalline nanoparticles and
critical state of solvent

v" MnCo,0,(MCO); Provides relatively lower overpotentials for OER/ORR

Fig. 5-1 Concept of this chapter to improve the OER/ORR activity of pCNF based electrodes.

5-2 Experimental

5-2-1 Hybridization of metal-oxides and pCNF via solvothermal synthesis

pCNF3000 (Commercially available pCNF; Sigma-Aldrich, 799017-500MG) was used in this
chapter. DB (Denka, Denka Black Powder) was also used for comparison. Each carbon support was
treated in a concentrated HNOj3 aqueous solution at 110°C for the surface activation [4]. Although this
nitric acid treatment improved the adhesion of the oxide nanoparticles, the morphology of the DB and

pCNF3000 remained unchanged, as shown in Fig. 5-2. MCO nanoparticles were loaded on each carbon
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support by a solvothermal synthesis method based on the previous report [3]. pCNF3000 or DB (100
mg) was dispersed in ethanol (50 mL) ultrasonically for 30 min. After the addition of an aqueous
solution (2.0 mL) containing 0.2 mol dm > manganese(II) acetate and 0.4 mol dm™ cobalt(Il) acetate,
the amount of which corresponded to desired MCO content of 50 wt% in products, the mixture was
stirred for 45 min at room temperature. Then, 0.75 mL of ultrapure water and 1.25 mL of 30% aqueous
ammonia solution were added. After mixing all precursors, the mixture was refluxed at 80°C with
stirring for 20 h. The mixture was transferred to a 100 mL autoclave, and the container was heated at
150°C for 3 h. The products were filtered and dried in a vacuum at 80°C for 1 h. Carbon-free MCO
nanoparticles were also prepared through the same procedure without adding carbon materials.
Hereafter, MCO-loaded DB and pCNF3000 hybrids synthesized by the solvothermal method are

designated as DB/MCO and pCNF/MCO, respectively.

Fig. 5-2 SEM images of (a, c¢) before and (b, d) after the acid treatment; (a, b) DB and (c, d) pCNF3000.
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Fig. 5-3 Scheme of the solvothermal treatment to load MCO nanoparticles on the carbon materials.

5-2-2 Electrocatalytic activity evaluation by the rotating ring-disk electrode system

The electrocatalytic activity was evaluated by the rotating ring-disk electrode (RRDE; Pine
Instrument Co. Ltd.) system using the catalyst-loaded glassy carbon disk electrodes (1.0 mgea cm™)
and a Pt ring electrode. For the preparation of catalyst inks, 50 mg of carbon/MCO hybrids, pristine
carbon, or physical mixtures of the pristine MCO and carbon materials with a 1:1 mass ratio were
dispersed ultrasonically in a mixture of 0.2 mL of 5 wt% Na"-exchanged Nafion solution and 4.8 mL
of ethanol. Nafion was added as a binder and neutralized before dispersion to prevent MCO from
undergoing acidic dissolution due to the lower pH of the Nafion binder [ 10]. Physically mixed samples
of carbon materials and MCO were designated as DB+MCO and pCNF+MCO. The electrochemical
measurements were carried out in a four-electrode system using a potentiostat (Hokuto Denko, HZ-
7000) and an RRDE system. A carbon sheet and Hg/HgO/4 mol dm KOH were used as counter and

reference electrodes, respectively. The Pt ring electrode was chosen to detect a peroxide byproduct.
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Cyclic voltammetry (CV) was performed to investigate the electrochemical capacitance and
redox reaction of the prepared electrode by applying 30 potential cycles between 1.1 and 0.4 V vs.
RHE with a sweep rate of 50 mV s, prior to electrocatalysis evaluation. The 30" cycle of the CV
curve was adopted as the result. The electrode capacitances C were calculated from this cyclic

voltammogram area by using the following equation [11]:

_2[IdE

VAE -1

where [/ is the current, E is the potential, and v is the potential sweep rate. Linear sweep voltammetry
(LSV) at 1600 rpm with a potential sweep rate of 1 mV s~! was conducted at room temperature in a 4
mol dm—> KOH aqueous solution with O saturation. The potential was converted from the Hg/HgO/4
mol dm™ KOH reference scale to the RHE using the following equation:
E vs RHE = E vs Hg/HgO/4 mol dm~ KOH + 0.9260 (5-2) [13]
The electron transfer number during ORR was evaluated by the RRDE method under the ring
electrode potential of 1.4 V vs RHE [12], and estimated by the following equation [12];

1
n= 4 disk ) 5_3
< Idisk + lrlng) ( )

a

where, Lgisk and Iing are the disk current and ring current, respectively. The collection efficiency a was
experimentally verified with the Fe(II)(CN)s*/Fe(III)(CN)s>~ redox couple in a potentiostatic

experiment and was determined to be 0.178.

5-2-3 GDE study

The long-term durability of carbon/MCO hybrids under the ZAB operation environment was
evaluated using the gas-diffusion electrode (GDE), which consisted of the hydrophobic gas-diffusion
layer (GDL), carbon/MCO catalyst layer, and Ni meshes current collector (Niraco). The GDE
experiments were conducted based on the previous reports [13, 14]. GDL was prepared by rolling a

mixture of 70 wt% carbon black (TOKAI CARBON, #3855) and 30 wt% PTFE, and the resultant
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sheets were around 0.3 mm thin. Catalyst layers on the GDL were prepared by applying the catalyst
ink, which was a mixture of carbon/MCO hybrids, Triton X-100 (Kishida Chemical Co. Ltd.), and 6.0
wt% PTFE dispersion (D-210C, Daikin Industries, Ltd.). The ratio of catalyst to PTFE was controlled
to be 83/17 in wt% in the resultant catalyst layer. The catalyst ink was assembled with the GDL with
the loading amount of 20 mg cm™ and then heated at 334°C for 1 h under N> flow, followed by pressing

on to the nickel mesh (Niraco, 100 mesh) current collector.

The electrochemical cell for the GDE test consisted of a Pt wire, a Hg/HgO electrode, and an
8.0 mol dm > KOH aqueous solution as a counter electrode, a reference electrode, and an electrolyte
solution, respectively. The charge-discharge tests were conducted at 40°C in the incubator (Espec, SU-
221). The air electrode was exposed to ambient air without forced flow. Charge and discharge curves
were obtained by monitoring the potential of the air electrode after applying each current density for
3 min using a galvanostat (Biologic, VSP). A charge-discharge cycle test was conducted by applying

20 mA cm 2 for 1 h for each step. The experimental setup of GDE is shown in Fig. 5-4.
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Fig. 5-4 Electrochemical cell used in this study; (a) overall of the electrochemical cell setup, (b) gas-

i

diffusion electrode used in this study, and (c) schematic image of the gas-diffusion electrode.
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5-2-4 Characterization

The field-emission scanning electron microscope (SEM; ZEISS, Sigma-500) operated at 1.5
kV, and transmission electron microscopes (TEM; JEOL, JEM-2000FX, and JEM-2010F) operated at
200 kV were used to evaluate the morphology and structure. The chemical composition was estimated
by the energy-dispersive X-ray spectroscopy (EDS, Bruker Nano GmbH, XFlash Detector 630)
facilities attached to the SEM. The BET surface areas of the carbon materials, pristine MCO, and
carbon/MCO hybrids were determined by N> gas adsorption isotherm measurements (for carbon
materials; Bel Japan, Belsorp-mini instrument and for MCO and its hybrid; Yuasa Ionics, Autosorb
6AG) at -196°C. The loading amounts of MCO on the carbon materials were evaluated by a
thermogravimetric analyzer system (TGA; Netzsch, STA 2500 Regulus) in the air at a heating rate of
10 K min™!. The phase purity and the graphitization degree of the carbon materials were examined by
Raman spectroscopy (Horiba Scientific, XploRA) using a 532 nm laser beam and X-ray powder
diffraction (XRD; Rigaku, Ultima IV) using Cu Ka radiation (A = 0.15418 nm). The crystallite size

was estimated from XRD patterns using the following Scherrer equation:

KA
Len = fcosf

(5-3) [15]

where A, K, and B are the X-ray wavelength (0.15418 nm), the shape factor, and FWHM of the
reflection used, respectively. The K value was 0.9 [15]. A cross-section polisher (JEOL, SM-09010)
was used to prepare cross-sections of the GDE. A Kyowa Interface Science DM-CE1 optical contact

meter was used to measure the static contact angle of a Milli-Q water droplet of 2 pL.

5-3 Results and discussion

5-3-1 Characterization of carbon/metal oxide hybrids

Fig. 5-5a shows the Raman spectra of carbon/MCO hybrid and carbon-free MCO samples.

1

All samples showed peaks at around 473 and 609 cm ™, assigned to vibration of E; mode and F2; mode
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of MCO, respectively [16, 17]. In addition to peaks derived from MCO, the carbon/MCO hybrid
samples showed peaks at around 1320 and 1580 cm™!, corresponding to the carbon D and G bands,
respectively. It is noted that the carbon/MCO hybrid samples showed similar relative intensities of the
peaks for G and D bands to those of pristine carbon materials. This result suggests that graphitization
degrees of carbon materials after the solvothermal synthesis were not changed. Further investigation
for the crystalline of MCO was carried out by XRD. Fig. 5-5b shows XRD patterns of carbon/MCO
hybrids and carbon-free MCO samples. The carbon-free MCO sample showed the XRD pattern of
spinel-type MnCo204, which is similar to previous reports [3, 16, 17]. The carbon/MCO hybrids also
showed the pattern of MCO in addition to diffraction peaks around 25 and 40°, assignable to 002 and
10 reflections of carbon, respectively. Nanoparticle crystalline sizes were estimated by using the MCO
311 diffraction peak (Table 5-1). The crystalline sizes of each sample are almost the same, regardless

of the presence and type of carbon.
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Fig. 5-5 (a) Raman spectra and (b) XRD patterns of carbon/MCO hybrids and pristine MCO

nanoparticles.
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Table 5-1 Physicochemical properties of MCO nanoparticles with and without carbon

MCO content / BET surface Calculated surface Mn/Co atomic
L3 / nm

wt% area/m’ g’ area/m’g'  ratio from EDS
pCNF/MCO 4.56 49.5 118 113 0.46
DB/MCO 3.99 453 115 118 0.48
MCO 4.76 100 189 0.48

The loading amount of MCO nanoparticles and oxidation resistance of these hybrids were
examined by the TGA analysis. Fig. 5-6 shows the TG curves of each carbon/MCO hybrid measured
under airflow. For comparison, the TG curve of bare DB is also shown. Each carbon/MCO hybrid
shows mass reduction to around 50 wt% above 550°C, in agreement with the target content of metal
resources applied for synthesis. All TG curves show the significant weight losses, which started at
around 330, 400, and 640°C for DB/MCO, pCNF/MCO, and DB, respectively. These weight losses
are derived from the thermal oxidation of carbon materials. In other words, the thermal oxidation starts
at a lower temperature after the MCO loading via solvothermal synthesis. The thermal oxidation of
carbon materials is typically catalyzed by the metal oxides, including Mn oxides, and this catalysis
mechanism is called the Mars and Van Krevelen (MVK) mechanism [18-20]. Thus, MCO loading is a
harsher oxidation condition than before loading, and the oxidation temperatures of carbon/MCO
hybrids were lower than the pristine carbon. Additionally, the weight loss of pCNF/MCO is slower
than that of DB/MCO, indicating the higher oxidation resistance of pCNF3000 compared with DB also
in the air at elevated temperatures. The pCNF3000 has the following two structural properties related
to oxidation resistance; (1) few-numbers sp® carbon, which is the oxidation priority species [21] due
to the platelet structure, and (2) well-graphitized structure, which gives the improved chemical stability
[22]. Tt is often discussed that the thermal oxidation resistance is related to the durability of the
electrode materials [21, 22]. Thus, this oxidation tendency expects the tolerance of pCNF/MCO under

the electrochemical oxidation condition.
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Fig. 5-6 (a) TGA curves of the three materials in the air and (b) the carbon weight loss calculated from

Fig. 5-6(a). All measurements are conducted with the temperature elevation speed of 10 K min™".

The BET surface areas of the carbon/MCO hybrid and MCO were determined from the N»
gas adsorption isotherm measurements. The results are summarized in Table 5-1. Both carbon/MCO
hybrids showed almost identical BET surface area, similar to the physically mixed samples
(pCNF+MCO: 113 m?g™!, DB+MCO: 118 m?g™). The results suggest that the size of MCO and carbon

materials for the carbon/MCO hybrids were similar to that for the respective pristine ones.

The distribution of MCO nanoparticles on the carbon materials was evaluated from SEM and
TEM observations (Fig. 5-7). Fig. 5-7a and 6e show the scanning electron micrographs of pCNF/MCO
and DB/MCO, respectively. The MCO nanoparticles uniformly wrap each carbon material after the
solvothermal synthesis. Fig. 5-7 b-c and f-g show transmission electron micrographs of the
carbon/MCO hybrids. MCO nanoparticles with an average size around 5 nm were uniformly deposited
on both carbon materials, as illustrated in Fig. 5-7d and h. High-resolution TEM observations (Fig. 5-
7c and g) reveal the formation of well-crystallized MCO nanoparticles on the carbon surfaces. The

EDS analysis confirmed the Mn/Co ratio of 1/2 in both the hybrids (Table 5-1). Even after the
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solvothermal synthesis, concentric loops remain at the sidewall of pCNF3000, on which MCO
nanoparticles are supported. Yamada et al. reported that exposed carbon edge planes were the preferred
nucleation sites of oxide nanoparticles, and Co3Os nanoparticles were uniformly dispersed on
pCNF1100 that had exposed carbon edge planes at the sidewall [11]. They also found the difficulty of
uniform dispersion of Co0304 nanoparticles on multiwalled carbon nanotubes by a conventional
supporting method. However, this thesis study demonstrates that solvothermal synthesis enables to
obtain uniformly dispersed carbon/MCO hybrids even though the basal plane of carbon is exposed to

the surface in pCNF and DB.

Fig. 5-7 SEM images, TEM images, and the schematic illustrations of (a-d) pCNF/MCO and (e-h)

DB/MCO.

5-3-2 Improved OER/ORR activity by carbon/metal oxide hybridization

These carbon/MCO hybrids and MCO were served for the electrocatalysis evaluation. CV
measurements were performed in Ar-saturated 4.0 mol dm > KOH electrolyte (Fig. 5-8). Both pristine
pCNF and DB carbon materials, as well as physically mixed carbon and MCO (pCNF+MCO and
DB+MCO), exhibit rather low CV areas. On the other hand, solvothermally prepared carbon/MCO

hybrids show a relatively high CV area with a redox couple between 0.8-0.9 V vs RHE. This redox is
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associated with the Co(II)/Co(III) redox in MCO [3]. The capacitance of each electrode was estimated
from the cyclic voltammograms, and the results are summarized in Table 5-2. Despite almost identical
BET surface area of the carbon/MCO hybrids and physically mixed electrodes, a significant difference
of capacitance suggests that the MCO nanoparticles physically mixed with carbon may not be

effectively used electrochemically compared to those in the carbon/MCO hybrids.

The ORR activities were examined from LSV measurements in O,-saturated 4.0 mol dm
KOH solution (Fig. 5-9). The pristine pCNF3000 showed a lower onset potential, defined as the
potential at -50 pA cm 2 gisk, than the pristine DB due to no exposed carbon edge structure [23]. Since
MCO nanoparticles worked as the efficient ORR catalyst, physically mixed samples showed higher
activities than the pristine carbon materials. The activities of the pPCNF+MCO sample were much lower
than those of DB+MCO. This activity difference possibly reflected the co-catalyst effects of the carbon
materials for ORR. The carbon/MCO hybrids showed higher activities than the physically mixed
samples, indicating that the higher dispersion of MCO nanoparticles on both carbon materials
contributed to the enhancement of ORR activities. It is worth noting that the pCNF/MCO exhibited
similar activities to the DB/MCO, unlike physically mixed samples. Many reports suggest that the
interfaces between carbon materials and metal oxides play an important role for ORR electrocatalysis
as the alternative of the carbon edge plane active sites [1, 7, 8]. As clarified by TEM observation, the
carbon/MCO hybrids have a uniform and strong connection between the MCO and carbons. Therefore,
ORR activities of the carbon/MCO hybrids were primarily affected by such interfaces. It is also
confirmed that the carbon/MCO hybrids showed high electron transfer numbers (n = 3.9). The results
indicate that the construction of the interfaces between pCNF and metal oxides could significantly
enhance the ORR activities for the pCNF even without an exposed carbon edge structure. It was
reported that the MCO hybrids with N-doped nanocarbon, such as N-doped carbon nanotubes and N-

doped reduced graphene oxide, are best in terms of ORR activity [3]. Even without N doping in carbon,
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the present study exhibits rather high ORR activity of pCNF/MCO hybrid. Thus, the fabricated hybrid
in this study can be positioned as one of the promising electrocatalysts for ORR in highly concentrated

alkaline media.
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Fig. 5-8 Cyclic voltammograms in Ar saturated 4 mol dm > KOH recorded at 50 mV s\,

Table 5-2 Electrochemical properties of MCO electrodes.

C/mF Eoer/Vvs RHE  i16sv/ mAcem?  Eorr/V vs RHE ioev/ mA cm™

pCNF+MCO 2.4 1.56 26.8 0.89 -0.84
pCNF/MCO 21.3 1.52 72.1 0.95 -0.87
DB+MCO 2.8 1.55 36.5 0.92 -1.05
DB/MCO 21.2 1.53 73.4 0.95 -0.87
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Fig. 5-10 shows the anodic polarization curves of pristine carbons, physically mixed samples,
and carbon/MCO hybrids for OER. Pristine pCNF and DB carbon materials show deficient activities
for OER, indicating that OER activities of carbon materials without MCO were negligible. Physically
mixed samples showed OER activities originated from MCO nanoparticles. The carbon/MCO hybrids
showed higher activities than those of physically mixed samples. The results indicate that higher
dispersion of MCO on carbon in the carbon/MCO hybrids led to more appropriated electronic
conductivity. The solvothermal synthesis also enabled the improvement of OER activities as well as
ORR activities. Therefore, it could be considered that the carbon/MCO interface plays the catalytic
center for OER like ORR. The onset potential defined at a current density of 10 mA cm 2 is higher
than the Ca,FeCoOs+carbon electrode, which is one of the state-of-art OER electrodes in 4.0 mol dm"
3 KOH electrolyte (Table 5-3); however, the current density at 1.7 V vs RHE was over 100 mA cm’
Z4isk, and this can be comparable with CaFeCoOs+carbon electrode [13]. The overpotential of

pCNF/MCO at 100 mA cm 2 is comparable to the well-known RuO, OER active electrocatalyst (Table

5-3).
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Fig. 5-10 LSV curves for OER on pCNF and DB samples in O saturated 4 mol dm > KOH aqueous

solution recorded at 1.0 mV s~ .

120



The ORR and OER activities of the carbon/MCO hybrids are compared with those of recently
reported bifunctional electrocatalysts (Table 5-3). The bifunctional activity has often been evaluated
by AE, which is the difference between the OER potential at 10 mA cm™ (E1o) and the half-wave
potential for ORR (E1) [24]. The 4E value of the pCNF/MCO is as small as 0.68 V, being comparable
to the state-of-the-art bifunctional electrocatalysts. To sum up, it was achieved to prepare the bi-
functional electrode, which is comparable with other state-of-arts electrode materials, using the
hybridization of carbon and MCO using the solvothermal synthesis. In particular, as mentioned in the
previous chapters, the pCNF is the unprecedented corrosion-resistant carbon material under OER in
such media due to its structural characters. Thus, the pPCNF/MCO hybrid can be considered a candidate

for durable air electrode materials with reasonable electrocatalysis properties.

Table 5-3 Comparison of the half-wave potentials for ORR (E1,2), the potentials at OER current density
of 10 mA cm 2 (E10), and differences of E1» and E1o (AE) of the state-of-the-art electrocatalysts in
alkaline media. Each data was obtained by rotating-disk electrode system using catalyst-loaded glassy

carbon electrodes. % means results obtained in this thesis.

KOH concentration Ei12/V vsRHE Ei10/V vsRHE AE |V Ref

CayFeCoOs + Carbon 4.0M — 1.50 — 13
Carbon + RuO; 4.0M — 1.52 — 13
Lag.7S10.3Mno9Nio.;O3-5 + Carbon 4.0M 0.91 — — 25
Pt/C 4.0M 0.95 — — 25
CuCoOy/FeOOH 1.0M 0.78 1.5 0.72 26
NiO/CoO TINWs 1.OM 0.82 1.48 0.66 27
Ex-FeN-MC 0.1M 0.84 1.48 0.64 28
Co304/CNT 1.OM/0.1M 0.83 (0.1 M) 1.55 (1.0 M) 0.72 29
MCO/CB 1.OM 0.75 — — 3
MCO/N-mGO 1.OM 0.87 1.55 0.68 3
pCNE/MCO 4.0M 0.89 1.57 0.68 *
DB/MCO 4.0M 0.91 1.57 0.66 *

121



5-3-3 Electrocatalysis evaluation by the gas-diffusion electrode tests

The electrode catalysis performance and durability were further investigated using the gas-
diffusion electrode system. Fig. 5-11a shows the charge-discharge performances of carbon/MCO
hybrids air electrodes in 8.0 mol dm > KOH aqueous electrolyte at 40°C. The OER activity is in the
following order: DB/MCO > pCNF/MCO > pCNF+MCO, the same as in Fig. 5-11a. While the OER
activity difference of the three electrocatalysts is relatively small, the ORR electrocatalysis activities
of the carbon/MCO hybrids were markedly higher than those of the pPCNF+MCO physical mixture
electrode. Thus, the strong carbon-MCO interaction is an important factor in enhancing the OER and
ORR activities, and this effect is more significant for ORR than OER in the gas-diffusion air electrode.
As mentioned above, direct loading of MCO on the carbon surface possibly provides a new catalytic
center, i.e., the interface between the carbon materials and MCO, and this is why both OER and ORR
electrocatalysis improved by the hybridization [1]. However, as shown in Fig. 5-11a, the activity
enhancement degree is different for OER and ORR, and this difference in activity enhancement is
originated from the role of carbon materials [30]. For OER, since the activity of carbon materials was
negligible, MCO and the interface between MCO and carbon materials work as the catalytic site. On
the other hand, carbon materials work as catalysts for ORR and especially promote peroxide
production through the 2e¢- ORR pathway. It was reported that metal oxides catalyze the
electrochemical reduction of peroxide species as well as 4e- ORR [1, 25, 30-34]. Hence, the
hybridization of carbon materials and metal oxide possibly accelerates ORR through the pseudo-4e
ORR mechanism, which combines the 2e ORR on the carbon surface and further reduces peroxide
species on the metal oxide surface. In this mechanism, the diffusion distance of peroxide species
produced on the carbon surface is important for the ORR kinetics, and direct loading of MCO on the
carbon surface possibly enables to shorten the diffusion distance. Thus, the carbon material strongly

affects the ORR, and the hybridization effectively improves the ORR kinetics.
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The charge-discharge cycle performance was examined at 20 mA cm™ and plotted in Fig. 5-

11b. Stable charge and discharge potentials continue up to 10 cycles for pPCNF/MCO and DB/MCO

hybrids. The potential difference between charging and discharging is less than 0.7 V. The difference

of the onset potential for OER and the half-wave potential for ORR is also as small as 0.68 V for the

pCNF/MCO (Table 5-3). The value suggests that the present pCNF/MCO hybrid is the top-class

bifunctional electrocatalyst in a range of electrocatalysts reported [24].
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Fig. 5-11 Electrochemical performances of gas-diffusion electrodes with catalyst layers have the

carbon/MCO hybrids synthesized in this thesis: (a) charge-discharge performance at 313K in 8.0 mol

dm™ KOH aqueous solution under the ambient atmosphere and (b) charge-discharge cycle

performance at 20 mA cm™ and 313K in 8.0 mol dm > KOH aqueous solution under the ambient

atmosphere.
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However, a decrease in activities was observed for both electrodes (Fig. 5-12). Fig. 5-12
shows the electrode potential changes during cycling for >200 h. The overpotential increase of
DB/MCO is faster than the pCNF/MCO, i.e., after 155 h operation, total overpotential, between the
OER and ORR, of pCNF/MCO and DB/MCO is 0.84 V and 1.20 V, respectively. Therefore, the
pCNF/MCO electrode shows better durability than the DB/MCO. This tendency agreed with the trend
of TG analysis, i.e., higher durability of pPCNF/MCO than DB/MCO. However, after 170 h operation,
pCNF/MCO electrode shows similar total overpotential increase and reached the durability test limits
after 220 h operation. Namely, the durability enhancement due to the carbon material's replacement in
the catalyst layer is limited compared with the excellent oxidation resistance under the present OER

condition.
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Fig. 5-12 Charge-discharge performances of gas-diffusion electrodes with catalyst layers containing
pCNF/MCO and DB/MCO at 20 mA cm™ and 40 °C in 8.0 mol dm™ KOH aqueous solution under the

ambient atmosphere.
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5-3-4 Characterization of the gas-diffusion electrode after the durability tests

In order to understand the minimal improvement of the durability of pCNF/MCO, the catalyst
layer was characterized. The GDE surface SEM images before and after the durability test are shown
in Fig. 5-13. After the durability test, the electrode surface was covered with flake-like materials
derived from MCO. Table 5-4 and Fig. 5-13¢ are the EDS chemical composition and Raman spectra
of the carbon/MCO electrode, respectively. Before the durability test, the chemical compositions of
both electrodes are almost similar; however, after the durability test, these compositions are
dramatically changed. The Mn/Co ratios are almost 1:2 for both carbon/MCO before the durability test,
and these values are changed 4:7 and 3:4 for pCNF/MCO and DB/MCO, respectively, indicating the
Mn enrichment at the surface. The Raman spectroscopy discloses the phase change from spinel to a
(CoMn)OOH phase. Before and after the durability test, the Raman spectra have two peaks around
490 and 600 cm™' assigned with the MnCo,03 phase [16, 17]. Additional strong peak around 555 cm™!
was confirmed after the durability test for DB/MCO electrode and pCNF/MCO electrode. This
additional peak may be assigned to a (CoMn)OOH phase [35-38]. The flake-like morphology,
observed by SEM, is a characteristic of oxyhydroxides, including CoOOH and MnOOH. Thus, it is
suggested that after the durability test, the MCO changed to (CoMn)OOH on the surface. Such
transition from metal-oxides to oxyhydroxide during electrochemical polarization in alkaline media
was reported by many researchers [39-44]. They reported a positive effect, i.e., electrocatalysis
activation or surface area enhancement. However, manganese-based oxyhydroxides and hydroxides
typically have poor electrocatalysis for OER and ORR in alkaline media [45, 46], compared with the
original spinel-type metal oxides. Therefore, this phase transition may be one of the reasons for the
degradation of the air electrode. The carbon contents of electrode surfaces were also analyzed using
EDS (Table 5-4). The carbon content for the DB/MCO electrode was markedly reduced after the
durability test, and the reduction was associated with carbon corrosion. In contrast, the carbon content

reduction during the durability test was limited for the pPCNF/MCO electrode because of the high
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resistance of pCNF3000 for anodic corrosion. The loss of carbon by anodic corrosion in the catalyst

layer loses the electron-conducting path from the current collector to the electrocatalyst, resulting in

the faster degradation of DB//MCO than the pCNF/MCO.

O MnCo,0; %
* MnOOH
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Fig. 5-13 (a-d) The GDE surface SEM images of (a, ¢) before and (b, d) after the durability tests. (a,
b) and (¢, d) correspond to pCNF/MCO and DB/MCO, respectively. (¢) Raman spectra of gas-diffusion

electrodes before and after the durability tests.

Table 5-4 The surface composition estimated by EDS analysis

pCNF/MCO DB/MCO
Before / at% After / at% Before / at% After / at%
C 68.2+2.9 50.7+3.9 72.3+1.7 36.3+0.9
0 8.6+1.0 19.7+7.9 11.8+0.6 32.4+0.5
F 17.5+3.1 15.3+7.7 7.3+1.3 11.9+0.4
K 0.00 3.1+0.8 0.00 5.3+0.2
Mn 1.8+0.3 3.9+0.7 2.7+0.1 5.8+0.2
Co 4.0£0.4 7.1+0.7 5.8+0.3 8.3+0.4
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The wettability of the electrode is another critical factor to provide triple phase boundaries.
The water contact angle of the electrode surface was measured before and after the durability test (Fig.
5-14). The water contact angle was >90° before the durability test; the surface is hydrophobic. The
surface changed to hydrophilic after the durability test. In particular, the water contact angle on the
pCNF/MCO was as low as ~25°, being smaller than that on the DB/MCO. The wetting of the gas-
diffusion electrode reduces the number of triple-phase boundaries, causing reduced ORR activity. Thus,

the transformation of the hydrophobic electrocatalyst layer to hydrophilic is detrimental, at least for

the ORR activity.
Water contact angles of electrode surface Water contact angles of electrode surface
before the durability test after the durability test
w
pCNF/MCO pCNF/MCO
Before 105 cycle
110.9 = 7.6 deg. 25.5 * 6.4 deg.
(n=5) (n=5)
DB/MCO DB/MCO
Before 75 cycle
127.9 = 7.3 deg. 58.3 = 7.2 deg.
(n=5) (n=5)

Fig. 5-14 Water contact angles of each electrode before and after the durability test. The volume of

water droplet was 2.0 pL.
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Fig. 5-15 shows the cross-sectional images before and after the durability test. The
pCNF/MCO layer thicknesses before and after the durability test were 60 and 120 pm, respectively,
and the 141-pm-thick DB/MCO layer reduced to 131 um. The thickness variation may be associated
with the non-uniformity of the catalyst layer. After the durability test, the cross-section of DB/MCO
shows increased porosity. In contrast, the pPCNF/MCO shows little change in the porosity during the
durability test. The DB/MCO undergoes carbon dissolution, increasing the porosity. This carbon
disappearance is a reason for the fast electrocatalysis degradation of DB/MCO electrodes. However,
the pCNF/MCO electrode also shows similar degradation of electrocatalysis even with no carbon
support dissolution. Therefore, electrode degradation is controlled by other factors. Table 5-5
summarizes the Mn/Co ratio at the three different depths. Before the durability test, both electrodes
have a similar Mn: Co ratio of 1:2 regardless of depth. After the durability test, the ratio changed to
4.7 and 3:4 for pCNF/MCO and DB/MCO, respectively, at the surface region. Thus, an Mn enriched
phase is formed. The Mn ratios are decreased for both electrodes after the durability test on the middle
and bottom regions of the catalyst layer. Therefore, the Mn enrichment is probably caused by the Mn

dissolution on the bottom and middle region and redeposition on the surface.
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Fig. 5-15 Cross-sectional in-lens SE images of catalyst layer; (a) as-prepared pCNF/MCO, (b, c)
pCNF/MCO after the durability test, (d) as-prepared DB/MCO, (e, f) DB/MCO after the durability test.

The red circle means the EDS analysis area which results are shown in Table 5-5.
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Table 5-5 The Mn/Co ratio calculated from EDS analysis for the cross-sectional direction.

pCNF/MCO DB/MCO
Before/ - After /- Before/ - After /-
Top 0.46+0.01 0.47+0.02 0.46+0.00 0.51+0.03
Middle 0.45+0.00 0.42+0.03 0.46+0.01 0.44+0.03
Bottom 0.46+0.00 0.42+0.03 0.48+0.01 0.42+0.01

In summary, the catalyst layer of carbon/MCO electrodes causes the following changes during
the durability test: 1) a phase transformation of ORR/OER active MnCo0204 to poorly active
(CoMn)OOH, ii) the change from the hydrophobic surface to hydrophilic, reducing the number of
triple phase boundaries, and ii1) carbon corrosion in the DB/MCO electrode. These changes cause the
reduction of OER/ORR activity during charge/discharge cycling, and slightly faster degradation of the
DB/MCO may be associated with the faster carbon corrosion of DB. Thus, the actual electrode

degradation is not controlled by carbon corrosion only.

The gas-diffusion layer (GDL) was also characterized by the cross-sectional SEM observation
and contact angle measurements to evaluate their hydrophobicity. Fig. 5-16 shows the cross-sectional
SEM images of GDL made of TB3855 carbon; (a) as-prepared sample, (b) after the durability test with
DB/MCO layer, and (c) after the durability test with pPCNF/MCO layer. All SEM images were obtained
in the GDL near the catalyst layer, i.e., depth in 10 pm from the surface. Before the durability test, the
cross-section of GDL shows a relatively dense structure with carbon nanoparticles, with the diameter
being around 100 nm. Undergoing the durability test, the GDL shows the increased porosity, and the
diameter of carbon nanoparticles in the GDL decreased to around 50-20 nm. Moreover, the film-like
material (Arrow in Fig. 5-14), probably the PTFE binder, is visible due to the carbon consumption.
Thus, during the GDE operation, the GDL carbon layer undergoes carbon corrosion due to the anodic
potentials. As a result, the GDL carbon particles dissolve together with the DB in the catalyst layer. It

should be noted that no such corrosion was observed at depths deeper than 50 pm from the surface.
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Since carbon corrosion influences wettability [47-49], the GDL wettability was examined
before and after the durability tests (Fig. 5-17). The GDL wettability was evaluated on the surface of
GDL, which was prepared by peeling off the catalyst layer using double-coated adhesive tape. Before
the durability test, the GDL shows a contact angle of 130.7 £+ 1.5 deg. These hydrophobic properties
are lost after the durability test; for the pPCNF/MCO electrode and DB/MCO electrode, the contact
angles are changed to 94.5 £ 12.2 deg. and 98.1 £ 5.7 deg., respectively. For the gas-diffusion layer, it
is essential to keep the suitable hydrophobicity to achieve rapid gas transportation and avoid water
leaking. However, the hydrophobicity of GDL was lost during the durability test due to the carbon
corrosion in GDL. These wettability degradations finally cause sluggish mass transportation and
electrolyte leakage. Thus, the carbon corrosion in the GDL also has a high possibility to affect the

degradation of GDE properties.

Fig. 5-16 Cross-sectional SEM images of the gas-diffusion layer; (a) as-prepared, (b) after the

durability test with pCNF/MCO layer and (c) after the durability test with DB/MCO layer.
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Fig. 5-17 Water contact angles of the gas-diffusion layers before and after the durability test. The

volume of water droplet was 2.0 pL.

In summary, the carbon corrosion in the GDL also affected the degradation of the GDE. The
catalyst layer becomes hydrophilic during the charging/discharging cycles (Fig. 5-14), causing
electrolyte penetration to the GDL and carbon corrosion in GDL. The carbon material in GDL is
exposed at high potentials in an alkaline environment. It is requested that corrosion-resistant carbon
materials be used for GDL. Thus, different carbon materials were examined in this chapter for GDL to
investigate the influence of the type of carbon on durability. Two types of carbon blacks, i.e., TB3800
and TB3855 were used here in addition to pCNF3000. Both TB3800 and TB3855 nanoparticles have
a similar diameter of ~ 150 nm, but the former possesses a higher graphitization degree: the 002 lattice
spacings of TB3855 and TB3800 are 0.345 nm and 0.342 nm, respectively. Fig. 5-17 compares the
lifetime of carbon/MCO electrodes using TB3855 GDL and TB3800 GDL. Because of the large
particle size of TB3800, the initial electrode overpotentials were larger than the TB3855 case. However,
the TB3800 GDL electrode shows a looser increase of the overpotentials due to the suppression of the

GDL corrosion.
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Fig. 5-16 The electrode potential change during the durability test for each carbon/MCO electrode.

5-3-5 Discussion

This chapter demonstrated the ORR activity enhancement of pCNF-based electrodes using
solvothermal synthesis. The solvothermal synthesis successfully provided well-dispersed MCO
nanoparticles on pCNF3000. The ORR activity of the pPCNF3000/MCO electrode is close to the Pt/C
one, and its OER activity is also sufficiently high. Thus, the pCNF3000/MCO is a promising

bifunctional electrocatalyst.

The electrode durability of pCNF3000/MCO, which was evaluated by the GDE system, was
higher than that of the DB-based electrode; however, the durability enhancement of the

pCNF3000/MCO was limited, suggesting that other factors also influence the durability of GDE. The
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characterizations of the degraded samples suggested that the corrosion inhibition of the carbon support
and the stability of the oxide catalyst, hydrophilization of the electrode, and oxidative degradation of
the gas diffusion layer carbon need to be improved possibly simultaneously in enhancing the durability

of GDE in aqueous metal-air batteries.

The electrode potential change during the durability test shown in Fig. 5-12 suggests that the
ORR overpotential of pCNF/MCO changes from 10 h to 50 h while no increment of overpotential in
OER. In this stage, the overpotentials for OER and ORR of DB/MCO also show a slight increase. As
described above, the interface between MCO and carbon support plays an essential role in the ORR
electrocatalysis, while relatively weaker enhancement for OER is provided by such interface. Hence,
this degradation, i.e., no OER degradation while ORR activity degradation, should mean that the
MCO/carbon interface for the pCNF/MCO electrode was destroyed during the durability test in the
initial stage. This interface sites deterioration is probably related to the looped carbon disappearance
of pCNF3000. As shown in the previous chapters, the looped carbon on the sidewall of pCNFs are
disappeared during the anodic oxidation. This disappearance enabled the MCO nanoparticles
detachment from the pCNF surface; as a result, the MCO/carbon interface for the pCNF/MCO
electrode was destroyed. After the durability test, the SEM image of the pCNF/MCO electrode showed

the bare pCNF surface and catalyst particle agglomeration (Fig. 5-13 b).

After the degradation of ORR for the pPCNF/MCO electrode, the total overpotential increment
of the DB/MCO electrode started around 50 h in the durability test. In contrast to the pPCNF/MCO
electrode degradation in the initial stage of the durability test, both overpotentials for OER and ORR
were increased for DB/MCO electrodes after 50 h operation. Hence, both OER and ORR are degraded
in this stage. It should be considered that this degradation of the DB/MCO electrode was possibly

related to the carbon corrosion of DB. The SEM observation (Fig. 5-15) showed that visible carbon
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corrosion was only observed in DB/MCO. This carbon corrosion should induce the disappearance of
the catalytic interface site and the electrode resistance increment; thus, the carbon corrosion can affect
both electrocatalysis for OER and ORR. In contrast, the pCNF/MCO electrode did not show
degradation in this stage owing to the carbon corrosion; thus, it is evidence of the durability of pCNF
support for OER and ORR in concentrated alkaline media under the gas-diffusion electrode

environment.

However, this improvement of the corrosion resistance on the catalyst layer is insufficient to
enhance the total lifetime of the gas-diffusion electrode because of the following degradation factors;
the hydrophilization of the catalyst layer, the phase transformation of ORR/OER active MnCo,04 to
poorly active (CoMn)OOH, and the carbon corrosion in the gas-diffusion electrode. As described
above, carbon corrosion made the electrode surface hydrophilic owing to the transformation of MCO
to oxyhydroxide and the introduction of the surface hydroxyl group on pCNF3000. Then, the oxygen
provision from the gas phase to the porous electrode becomes difficult because of the thoroughly
wetting of the porous electrocatalyst layer. Such hydrophilization has often been discussed as the ORR
inhibitor phenomenon [50]. Therefore, for pCNF, the hydroxyl group formation on their sidewall
caused the positive effect (passivation) and the negative effect (ORR activity degradation) as the GDE
material. MCO's chemical/morphological change also possibly affects electrode degradation. The
lower electrocatalytic activity of Mn-based oxyhydroxides than the spinel-type oxides was reported
elsewhere [45, 46]. Thus, in all durability test periods, this catalyst degradation possibly affects the
degradation of OER and ORR electrocatalysis. In addition to the catalyst layer degradation, carbon
corrosion of GDL also be noted. Fig. 5-14 discloses the corrosion of carbon near the electrocatalyst
layer of GDL. After the corrosion of GDL, electrolyte leakage was often found during the durability

test. Hence, the enhancement of the durability of GDL is needed.
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In summary, the carbon/MCO GDE causes the following changes during the durability test:
1) a phase transformation of ORR/OER active MnCo0204 to poorly active (CoMn)OOH, ii)the change
from the hydrophobic surface to hydrophilic, reducing the number of triple-phase boundaries, and iii)
carbon corrosion in the DB/MCO catalyst layer and gas-diffusion electrode. These changes cause the
reduction of OER/ORR activity during charge/discharge cycling, and slightly faster degradation of the
DB/MCO may be associated with the faster carbon corrosion of DB. Thus, the actual electrode
degradation is not controlled by carbon corrosion only. It is needed to enhance the lifetime of GDE to
improve the durability of the oxide catalyst, the gas diffusion layer carbon, and the hydrophobization

of the electrode in a complex manner.

5-4 Conclusions
In this chapter, bifunctional OER/ORR electrodes using a corrosion-resistant pCNF were
fabricated using MnCo>04 loading via the solvothermal method, and the OER/ORR activity and

durability of the electrodes were evaluated. The following results were obtained.

(1) The solvothermal synthesis produces MCO crystalline nanoparticles uniformly dispersed on
pCNF3000 and DB. The MCO/carbon hybrids showed comparable electrocatalytic activity to state-
of-the-art bifunctional electrodes for ORR and OER. The pCNF/MCO hybrid activity for both ORR
and OER is considerably higher than that of the physical mixture of pCNF and MCO because the
strong interface connection between MCO and carbon provides the catalytic center for OER and ORR

in highly concentrated alkaline media.

(2) The gas-diffusion electrode (GDE) study reveals the durability of pCNF3000/MCO electrode in
the GDE system and the problems of the current GDE system for the metal-air rechargeable batteries.

The pCNF/MCO electrode shows a relatively low overpotential for OER and ORR in GDE operation.
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This pCNF-containing GDE improves durability compared to the DB/CMO electrode due to the

corrosion tolerance of pCNFs. On the other hand, even suppressing the carbon corrosion of the catalyst

layer, enough durability enhancement cannot be obtained due to the following reason: i) carbon

corrosion in the diffusion layer (GDL), which is confirmed by the SEM observation and the contact

angle measurements, ii) a phase transformation of ORR/OER active MnCo,04 to poorly active

(CoMn)OOH, and iii1) the change from the hydrophobic surface to hydrophilic, reducing the number

of triple-phase boundaries.
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Chapter 6 General Conclusions and Future Prospects

6-1 Conclusions

This thesis investigated the possibility of pCNFs as corrosion-resistant carbon materials for
the positive electrodes of aqueous electrochemical energy conversion and storage devices, including
alkaline water splitting and aqueous rechargeable air batteries. The pCNFs annealed at >2000°C were
polarized at OER potentials with and without electrocatalyst nanoparticles in a concentrated alkaline
electrolyte to examine the corrosion behavior. For comparison, the corrosion behavior of carbon blacks,
often used as conductive additives, with different graphitization degrees and multiwalled carbon
nanotubes were also studied in this thesis. For the quantitative investigation of the corrosion rates of
carbon materials used in this study, an ILSEM technique was introduced, and the corroded surfaces
were examined using a STEM/EELS method. The results obtained in this thesis are summarized as

follows.

(1) Platelet-type carbon nanofibers (pCNFs) synthesized by the template-assisted liquid phase
carbonization using the anodic alumina template have uniform fiber diameter, controlled by the
template pore size. The graphitization degree of the pCNFs increases with increasing the heat
treatment temperature and the carbon layers are aligned perpendicular to the fiber axis. In addition,
looped carbon layers are developed on the sidewall of pCNFs at >2000°C. Thus, no carbon edge
plane is exposed to the surface of the highly graphitized pCNFs. The graphitization degree of the
carbon blacks is not enhanced by heat treatment above 2000°C and their surface is mainly

composed of the carbon basal plane.

(2) The identical-location SEM (ILSEM) study is useful for quantitatively determining the corrosion

rate of carbon materials at high potentials in a KOH electrolyte. The corrosion rate of pCNFs under
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3)

(4)

oxygen evolution reaction in 4.0 mol dm KOH electrolyte is highly anisotropic. The nanofibers
end, consisting of the carbon basal plane, corrodes at a constant rate, and the corrosion rate reduces
with an increase in the heat treatment temperature. This trend is also found for the carbon blacks.
In contrast, the corrosion rate of the sidewall of pCNFs is extremely low, and there is no detectable
corrosion loss by high-resolution SEM after 24 h. The corrosion rate of the sidewall is independent

of the graphitization degree for the pCNFs heat-treated at >2000°C.

The looped carbon layers at the sidewall are eliminated, and the carbon edge plane is exposed to
the electrolyte by anodic polarization within 2 h. The high corrosion resistance of the pCNFs is
not due to the development of the looped carbon layers but due to the exposure of the graphitized
carbon edge plane. A hydroxyl group is present on this carbon edge plane, whereas the content of
oxygen is low on the surface of the carbon basal plane. Therefore, the high corrosion resistance of
the pCNFs is associated with the passivation of the carbon edge plane by covering with the high
density of hydroxyl species. It has been believed that the carbon edge sites are preferential sites
of electrochemical oxidation of graphitic carbon. However, possibly high reactivity of the carbon
edge plane produces the high density of hydroxyl species on the surface, inducing the passivation
of pCNFs. The uniform coverage of the carbon edge plane with hydroxyl species should be a key

for passivation.

The conductive support properties of pCNFs are comparable with the commercially available
carbon black materials. pCNF2400/CFCO electrode shows similar onset potential for OER with
carbon black/CFCO electrode and over 100 mA cm™ current at 1.7 V vs RHE using the rotating-
disk-electrode system. The pCNF2400/CFCO shows no OER activity degradation even after a 1-

month durability test while the carbon black/CFCO electrodes are degraded.
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(5) The spinel-type MnCo0204 nanoparticle loading on the pCNF surface effectively enhances the
OER/ORR activity of the pCNF-based electrode. This enhanced electrocatalysis activity is
comparable with the recent state-of-art bifunctional electrode materials. However, the durability
enhancement due to the carbon material's replacement in the catalyst layer is minimal compared
with the excellent oxidation resistance under OER conditions in the gas-diffusion electrode study.
Namely, the durability enhancement of the GDE is insufficient even when the pCNFs are used as
the catalyst support. Analysis of the degraded samples suggests that the corrosion inhibition of the
carbon support and the stability of the oxide catalyst, hydrophilization of the electrode, and
oxidative degradation of the gas-diffusion layer (GDL) carbon need to be improved

simultaneously.
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6-2 Future prospects
As described above, the author successfully prepared the corrosion-tolerance carbon material,
i.e., graphitized pCNFs, which can be applied for many applications. This section describes the future

prospects obtained through this thesis study.

In Chapter 2, the author prepared pCNFs by the liquid-phase carbonization using an anodic
alumina (AAOQO) template. This synthesis provides controlled diameter. However, using this method,
the low yield can become a problem to apply the industrial scale. For example, using 20 g polyvinyl
chloride precursor, the final amount of pCNF was only around 100 mg. For carbon nanotubes (CNT),
some chemical-vapor-deposition (CVD) methods achieved high purity and inexpensive production
costs [2, 3]. Such CVD techniques enable the annual production of 100 tons of CNTs [3]. For the
pCNFs, Mochida ef al. synthesized pCNFs by the CVD method [4]. Hence, further optimization
studies of this CVD method for industrial scales, such as using inexpensive catalyst, diameter control

techniques, and higher yield, are desired.

In Chapter 5, the durability of the gas-diffusion electrode (GDE) for the zinc-air secondary
battery is discussed, and it was concluded that the actual degradation had not been controlled by the
carbon corrosion in the catalyst layer only. Hence, in addition to the corrosion resistance of the catalyst
layer carbon, optimization of other components in GDE is necessary to enhance the lifetime of GDE.
As described in Chapter 5, the actual degradation factors are the following phenomenon in addition to
the carbon corrosion in the catalyst layer; 1) carbon corrosion in the diffusion layer (GDL), ii) a phase
transformation of ORR/OER active MnCo0,04 to poorly active (CoMn)OOH, and iii) the change from
the hydrophobic surface to hydrophilic, reducing the number of triple-phase boundaries. Based on

these factors, the author proposes future engineering studies (Fig. 6-1).
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Fig. 6-1 Perspective of the durable gas-diffusion electrodes for metal-air rechargeable batteries.

GDL should be formed by the more-corrosion tolerance carbon or non-corrosive material such as
Ni particles [5]. The GDL plays the role of achieving suitable mass transport, avoiding the
electrolytes leaking, and introducing an electron-conducting path. Fig. 5-18 shows that highly
graphitized carbon materials for the GDL enhance the electrode lifetime. However, carbon
corrosion cannot be avoided even in the TB3800, as shown in Chapter 3. Hence, more durable
carbon or alternative material utilization is needed. It should be noted that pCNFs showed the
highest durability for the anodic corrosion; therefore, this type of material also can become a
candidate as the corrosion tolerance carbon. However, the passivation for the pCNFs also
negatively affects the GDL, i.e., hydrophilization. Hence, the wettability control, which explained

later, is needed.

Utilization of hydroxides/oxyhydroxides-based electrocatalysts is desirable. As mentioned above,
it is suggested that the spinel-type MnCo0204 oxide transforms to the oxyhydroxide under
OER/OER cycling in the alkaline media. Similarly, the transition of some spinel and perovskite
oxides to the corresponding hydroxides or oxyhydroxides has been reported [6-10]. Therefore,
transition metal hydroxides or oxyhydroxides, which are thermodynamically stable in

concentrated alkaline electrolytes, are suitable electrocatalysts for aqueous air batteries [11-13].
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(4)

Durable carbon support, such as pCNF, utilization is needed in the catalyst layer. As mentioned in
this study, durable carbon usage provides the lifetime enhancement of GDE. Additionally, carbon
provides not only electro-conductivity but also the co-catalysis effect [ 14]. This co-catalysis is not
reported in other materials and provides reasonable overpotentials. Due to this reason, some
researchers, who are contributing to the carbon-free GDE, propose that carbon material used in
the catalyst layer should be accepted [5]. Hence, in the catalyst layer, as the conductive support

material, carbon materials should be used.

The control of the wettability of the electrocatalyst layer and GDL is also important, and the
transition from hydrophobic to hydrophilic is detrimental to the electrode performance. In GDE
high number of triple-phase boundaries are necessary. Graphitic carbon is usually hydrophobic,
being suitable for the hydrophobic GDL and electrocatalyst layer. However, introducing the
oxygen-containing functional groups changes the carbon to hydrophilic. In particular, the water
contact angle of the pCNFs is very low after introducing the hydroxide group on the sidewall.
Thus, for applying the pCNFs to GDL, it is necessary to modify the surface to keep hydrophobicity
[15]. Establishing the surface treatment methods of pCNFs to control the surface wettability is

crucial for future work.
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In this thesis, the corrosion tolerance of pCNFs has been investigated in an alkaline electrolyte.
Corrosion-tolerant carbon materials are also needed in polymer electrolyte fuel cells [16], polymer
electrolyte electrolysis cells [17], alkaline membrane electrolysis cells, [18] and electrochemical
capacitors [19]. These electrochemical devices are crucial for establishing a carbon-neutral society, in
which various renewable energy sources must be converted to electricity and hydrogen. Thus, the
corrosion tolerance of highly graphitized pCNFs needs to be examined in acid electrolytes and organic
electrolytes. If the carbon materials are stably used at elevated temperatures, the corrosion-tolerant
carbon is a promising electrode component of solid oxide fuel cells and solid oxide electrolysis cells.

The studies on the oxidation behavior of pCNFs at elevated temperatures are also awaited.

The findings obtained through this thesis study provide a new design concept of corrosion-
resistant carbon materials to develop durable electrochemical energy conversion devices, including
rechargeable ZABs. The author hopes that this study will contribute to developing electrochemical

energy conversion and storage technologies.
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