I IR TR
[ERt e A X

B 2

ol f MBIt e B 2 0 A A A
AL A
Material Synthesis, Characterization, and

Electrochemical Analysis for Bi-functional Gas Diffusion

Electrodes and Carbon Ambient Gels

S

—

AR TR o



Material Synthesis, Characterization, and Electrochemical
Analysis for Bi-functional Gas Diffusion Electrodes and Carbon

Ambient Gels

did

oy 4RIl Student: Yun-Min Chang

R LT Rk Advisor: Professor Pu-Wei Wu

HEPAFE 8 )

# L e

A Thesis
Submitted to Department of Materials Science and Engineering
College of Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in

Materials Science and Engineering
July 2012

Hsinchu, Taiwan, Republic of China

PE AR - F R - & -0



B f AT RAR 20 FRARBUAA 2 T E L 47
Fydikz R I K
CERER |

HEPEE1 RS )

&

~FF A * R g & B 2 (amorphous citrate precursor) & = it £ & & v I
LagsCagsCoogRug 203 #5 A& o pt ¢k » ] * B f & & /% (solid-state reaction) & =
LagsCag4COoxRU; xO3 4T 45 7 § 4 4+ (Xx=0~02-04-06-082 1) 5% - d
X %45 % $E5+(XRD) ¥ L2 32 40 5 47 &5 7 51.LageCap4Co0s % 77 & 74 e Ru*
A » LapeCapsCoO0s 4p# » ~ % R (EDX) A 47 5% 72 & S il - K o &
#E KOH 3@ » 4% HOp 4 f& 5 JERIE A B 2kt » LageCagaCogsRup 03
J& TR it LageCapaCoOz 2. it i Pty 5 B R F ¥ ~RuBsets i
BRI ST I 5 F R R Y REE 0 7% 2 Black Pearl
2000 (BP2000) % % # M4k +c A 4t - AE LR A FRF T =k >
LagsCap4CoosRuU20s/BP2000 % 3 48 = 7 'Jﬁﬁi%] e ¥ - w0 i oF 30t
(hydrogen evolution reaction)£ ¥ # & Jz (oxygen reduction reaction)f& it & 4t~ &
® » LageCap4CoxRU;xO3/BP2000 #p #*t LagCap4Co0s/BP2000 3 # I ) fix if e
oo 0 E > A& SSR 2 LageCansCoxRuixOs/BP2000 % 3t #

Laolecao,4COo,4RUo,603/BPZOOO L2k ’)5 p e ﬁ”%ﬁ Ay TRLTL S ’,“.}_ °

FEP oo B SR B R LagsCaosCo03 & IrO; k= & - = 7 en® i I
LagsCag4Colro 250355 ff 4o ¥ — >t > fI* RIFF T2 &+ b T 2R T L5



s

3B REF 4 LageCapaCooslro03 FE72fi 4 - 45 % XRD B # & R 4112
LageCapsCo0s % 3 4p » % 1 I s i » 47 4k7p Co ehizl o AT L E A 457
Lag6Cag4Colrg250355/CNCs 22 LageCapaCooslro20s/CNCs  f§ 4+ 4p % >
LagsCaosCo0z/CNCs » 7 3 H 3T &% v T B Y 7 fRigAR R

£ 0 FRU 2 I 4338~ LageCagaCo0s ¥ » @ & el i & s T L1t 12ik 4p 3T o
gk ks i (Zeta Potential)ipl € £ & & 0 LageCaosCooslro 203 40 $173¢
LaosCaosCooslro203 7 AF ¥ %1 o &fe » M 3/ 5 - AIREATF B R F &/

FE/IFF Y F & LaoeCaoaCooslro20s/CNCs ff 45 & RAE T E F H af A & -

KL R ILE SN “% T ARy IR BEE Y ﬁﬂﬁ&&%?%ﬁ{? - i
AEIRAL > Tl AR A1 * B F - fe-7 fg(resorcinol-formaldehyde) ihds & < & &
SEERA RS TP ETERT P H AR F Y EHEE L A
ek R RF 5 120 RIC v Bldzdt s 5:1 22 10:1 » £ K53 B 3~ £ 4
fRET = F L RLE T o BB RN IR BART B A o AR Y 41‘#1u + 5=
(A0SR AN AR P U R RS Ao By PR 7] 3419 m’gt - ¢ SEM
BRI 2adave kg o d BET 57 7 < 2 opicat &r 9 3t - L 3 ke
o4 BRI R EICRTERTCE AR TR Y Oy LRI
*z ¢ 72 (Current Reversal Chronopotentiometry, CRC) - #5 #& & % = (Cyclic
\oltammetry, CV) > 1 % % ez (Electrochemical Impedance Spectroscopy, EIS)
2 od CV ¥ CRC %% @4 Apsrs &I ¥ B 7 53R & h
BP2000 & + f it et § R g amt A R - B k3o AT =F A5 0-1V-1Ag"
AT IESET LR R E % 3248Fg Ap ko AR IR R % L g

BEARG AEOLEAR AL 0 R AR R F A TR LT 449migt iz 347 FgT e



Material Synthesis, Characterization, and Electrochemical

Analysis for Bi-functional Gas Diffusion Electrodes

and Carbon Ambient Gels
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Abstract

We employed an amorphous citrate -precursor- (ACP) method to synthesize
stoichiometric  LapsCap4C0pgRUo203 ~powders. =~ Besides, a variety of
Lag sCag4CoxRu1.xO3 perovskite oxide (x=0,-0.2, 0.4,-0.6, 0.8, and 1) were fabricated
by solid-state reaction (SSR) method to form oxide powder with various ruthenium
(Ru) ratios. X-ray diffraction profiles (XRD) of the as-synthesized powders exhibited
the major phase identical is LagsCap4C00s3, indicating successful incorporation of
Ru*" at the Co cation sites. ACP-derived LagsCao4C0gsRuo203 exhibited a higher
H,0, decomposition rate in KOH solution as opposed to that of ACP-derived
LapsCapsCo003, which suggested an improved catalytic ability for the oxygen
reduction reaction (ORR). In ORR and hydrogen evolution reaction (HER) I-V
polarization curves, the SSR-derived LaggCapsCoxRU1.xO3/BP2000 revealed an
enhanced bi-functional catalytic ability in comparison with those of
LapsCan4Co03/BP2000. LagsCagsColrgzs035.5 was prepared by a mechanical

alloying process from mixtures of LagsCa4Co0O3; and IrO,. The ACP method was



employed to prepare perovskite LagCap4C0oslro 203 as a bi-functional electrocatalyst
for ORR and HER in an alkaline electrolyte. The XRD pattern of the as-synthesized
powders exhibited the major phase is LapsCap4C003, indicating successful
incorporation of Ir*" at the Co cation sites. Supported on carbon Nanocapsules
(CNCs), the LagsCag4Colrg25035.5 and LagsCap4Cooglro 203 particles demonstrated
superior performances than those of LaggCap4C00O3 in both charging and discharging
I-V polarizations. For Ru and Ir doped into LagsCap4Co0s3, the electrochemical
capabilities displayed similar performance for the ORR. In life time determinations,
Lag sCap 4C0ooglro203/CNCs delivered a stable and sustainable behavior with moderate

degradation.

In addition to synthesis of suitable electrocatalyst, the other critical issue is to
identify  appropriate  material = as electrocatalyst support. Therefore, a
resorcinol-formaldehyde (R-F) condensation reaction catalyzed by acetic acid (C) is
employed to prepare the carbon ambient gels for electrochemical double layer
capacitors. The samples was fabricated with a R:F ratio of 1:2 and R:C ratios of 5:1
and 10:1, followed by solvent exchange, pyrolysis, and CO, activation. The solvent
exchange allowed negligible structure contraction upon drying, and after CO;
treatment, we were able to produce porous carbons with a surface area of 3419 m%g™.
Electrochemical analysis including cyclic voltammetry (CV), current reversal
chronopotentiometry (CRC), and impedance spectroscopy are conducted using a
titanium cavity electrode so relevant capacitive characteristics and kinetic parameters
could be determined. Both CV and CRC results indicate specific capacitances and life

time behaviors are comparable or even better than those of BP 2000.
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Chapter 1 Introduction

1.1 Background

Shortage of oil supply amid insatiable demands from developing countries has
engendered recent escalation of oil price and accompanying commaodity inflation in
the market. In addition, excess accumulations of CO, in the atmosphere from
irresponsible consumption of petroleum and coal in the past century inevitably results
in rising ambient temperature, a fact known as “greenhouse effect”. Recently, R. K.
Pachauri, chairman of the Intergovernmental Panel on Climate Change (IPCC) and A.
A. Gore Jr. (the former U.S. Vice President) were awarded the Nobel Peace Prize on
December 2007 at the Oslo-City Hall due to the research of climatic change and
counteraction of the global warming. Hence, the development of renewable energy
has attracted considerable interests in exploring sustainable energy sources as well as

green and possibly carbon-free [1].

Energy crisis is one of the most critical issues and everyone try to find the
alternatives of clean energy. The renewable energy comes from natural resources
including sunlight, wind, tides, rain, and geothermal heat. During past decade,
worldwide renewable energy has attracted a great deal of attention on the technologies
such as wind power, hydropower, solar energy, biomass, biofuel, and geothermal
energy. For this purpose, numerous investigations have focused on the preparation of
advanced materials followed by improving energy conversion efficiency as well as

low polluting systems to be utilized in the future.



1.2 Motivations

Among many technologies proposed, solar cells, wind power, and fuel cells are
recognized as the key technologies that enable a fossil-independent scenario [2-4].
Solar cells are photovoltaic devices in which photon energy from sun light is
converted directly into electricity. Development of solar cells dates back to 1970s
with the aim to provide electricity for space mission. Present solar cells employ
Si-based designs which are robust and can sustain extended usages. However, their
photovoltaic efficiencies are rather limited at ~ 43.5 % [5]. Wind energy is friendly to
the surrounding environment, as no fossil fuels are burnt to generate electricity from
wind energy. However, the wind«power is uncontrollable and it varies from zero to
storm force. Therefore, wind turbines-do not produce the same amount of electricity
all the time. Furthermore, it should be built in the countryside due to the noisy of the

wind turbines.

Fuel cells, on the other hand, the mechanism run on direct chemical energy
conversion to produce electricity through chemical reaction. The operation efficiency
for a fuel cell can be as high as ~ 70 %. The source of fuel cell is hydrogen and the
hydrogen is reduced at the anode followed by positivity charged ion travel through the
electrolyte to the cathode Meanwhile, the oxygen reduction reaction occurs at the
cathode and the final product is clear water. There are many type of fuel cell such as
proton exchange membrane fuel cell (PEMFC), direct methanol fuel cell (DMFC),
solid state fuel cell (SOFC), Molten carbon fuel cell (MCFC), phosphoric acid
(PAFC), and alkaline fuel cell (AFC). In AFC system, the non-platinum catalyst can
be use due to the alkaline electrolyte. Hence, first of all, this work focuses on alkaline
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fuel cell technology.

In chapter 4, we employed an amorphous citrate precursor (ACP) method to
synthesize the perovskite of LagsCap4C0psRuUo203 and evaluated its catalytic abilities
for the ORR in an alkaline electrolyte. Material characterization, H,O, decomposition,
and electrochemical analysis were carried out to determine relevant properties.
Furthermore, we synthesized the perovskite of Lag¢Cap4C01.xRUxO3 (x=0, 0.2, 0.4, 0.6,
08, and 1) by a solid-state reaction (SSR) method and determined
LapsCan4Co04RUps03 to possess superior bi-functional catalytic activity for the
oxygen reduction and evolution. In this chapter 5, we reported the synthesis of
LapsCap4Colrg 250355 and LagsCagsCogglro 203, as well as the evaluation on their
performances as bi-functional electrocatalysts n alkaline electrolyte using carbon
nanocapsules (CNCs) as the. catalyst support. -In addition, electrochemical

characterizations were carried out on LaysCag4Co0O3/serving as the reference.

On the other hand, how to storage energy for renewable system is an interesting
issue. For energy storage, the supercapacitor is one of the most promising systems due
to their numerous features such as high power, high energy density, and long cycle
life time [6,7]. It is well know that desirable EDLCs require large surface areas with
appropriate pore sizes for facile access of ions from the electrolyte during capacitive
charging and discharging. This can be realized by fabricating suitable carbon
skeletons followed by a deliberate activation step to remove atomic carbon selectively.
In the chapter 6, we explore the preparation of RF-derived ambient gels in
conjunction with CO, treatment for surface activation so an excessive surface area
and suitable pore size can be obtained. The resulting materials are subjected to

electrochemical measurements using a titanium cavity electrode (TCE) to determine
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their intrinsic capacitive behaviors and relevant kinetic parameters.




Chapter 2 Literature Review

2.1 Alkaline fuel cells

Alkaline fuel cells are regarded as desirable clean energy alternatives to
traditional fuels, and they may serve as solutions to ameliorate worsening greenhouse
effect [8,9]. The alkaline fuel cell is the first successfully developed fuel cells, whose
use date back to 1960s in Apollo space shuttle. The structure of an alkaline fuel cell is
shown in Fig. 2.1 [10]. The electrolytes used are alkaline solutions such as KOH or
NaOH. Pure hydrogen as the fuel oxidizes at the anode, while air or pure oxygen as
the oxidant reduces at the cathode: The fuel cell operates through a redox reaction

between hydrogen and oxygen following the equations:

Anode : Hy+20H —2H,0+0, E°=-0.83 V (2-1)
Cathode : 1/20,+H,0+2¢" —20H E°=0.40 V (2-2)
Overall :1/20,4H, — H,0 E°=-1.23 V (2-3)

The energy conversion efficiency of alkaline fuel cell is high, up to 70%, which
is mainly because the oxygen reduction reaction rate is faster in the alkaline
electrolyte than that in acidic electrolyte. Besides, the alkaline fuel has another
advantage that non-platinum-group catalysts can be used in the system. However, the
air is widely used as the oxidant in alkaline fuel cells, but aqueous alkaline solutions
do not reject CO,. The fuel cells could become “poisoned” through the conversion of
KOH to K,COs, resulting in reduced lifetime and efficiency. There are several ways
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to conquer CO, poisoning problems such as adding filters before inputting air to the
electrode, applying the electrochemical methods to eliminate CO,, cycle purification

electrolyte, and using pure oxygen as the oxidant.

Electric
Load
H_IEJH
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Catalytic v
biack larper
Hicked KOH
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+ product heat

H;

Figure 2.1 The structure of an alkaline fuel cell [10].

2.2 Perovskite structure

The perovskite structure is a compound with an ABO3; formula as shown in Fig.
2.2 [11]. In the structure, the oxygen ion and cation A form a close packed structure,
while the cation B with a smaller size occupies the body-center position. Perovskites
have many derivatives by substituting different atoms into A and B sites. For example,

the A site can be alkaline earth metals such as La, Ca, and Sr. On the other hand, at the



B site transition metals such as Mn, Co, Ir, and Cu can be used. Therefore, Ca and Sr
can be incorporated into perovskite occupying the A site forming La;.xCaxCoOj3 and

La; «xSrxCoO3 perovskite structures.

Figure 2.2 The structure of perovskite with a chemical formula ABO3 [11].

Nowadays, the Ca doped LaCoOs; perovskite has been exploited as the
electrocatalyst in many researches. The LagsCag4C00O3 has also been exhibited as a
bi-functional electrocatalyst with good performances. A wide variety of transition
metal ions have been explored for partial replacements at the Co** sites to improve the
oxygen reduction reaction (ORR) kinetics [12,13]. Recently, we synthesized the
LaosCap4Colrg25035.5 and LageCapsCooslro203, which demonstrate improved
performances for both the ORR and oxygen evolution reaction over those of

LaosCao4C003[14,15]. We realize that the successful incorporation of Ir** at the Co®*
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sites is responsible for the catalytic enhancements. Because metallic Ru is known as
an ORR electrocatalyst, a similar strategy can be employed to introduce Ru** at the
Co** sites for possible catalytic reactions [16,17]. The perovskite lattice is expected to
provide a stable platform for hosting Ru®*. As a result, a reduced amount of Ru is used

as opposed to the metallic form.

2.3 Oxygen reduction reaction

ORR is a critical step in fuel cell electrochemistry because a significant
overpotential is often required to activate the relatively stable oxygen molecules [18].
Conventional fuel cells involve antacidic electrolyte, noble metals and alloys such as
Pt and Pt3Ni are selected for their chemical mertness [19,20]. However, to reduce the
system cost it is necessary-to adopt less-expensive materials with comparable
performances [21,22]. The ORR in an alkaline electrolyte reveals less polarization
loss, leading to a fuel cell with better efficiency [23]. In an alkaline solution, the ORR

occurs via direct four-electron pathway or two electron peroxide route listed below

[24];
O+ 2H,0 + 4" > 40H E°=0.401V (2-4)
O, + H,0 + 2¢" > HO, + OH’ E° = -0.065V (2-5)
HO, + H,0 + 2e” > 30H E°=0.867V (2-6)
2HO, > 20H + 0, (2-7)

The straightforward route is known as the four-electron pathway in which the



oxygen molecule reacts with water and four electrons in a single step to form
hydroxyl ions directly (2-4). An alternative one is the peroxide pathway where the
oxygen molecule accepts two electrons and water in the first step to convert to
peroxide ions (2-5). Subsequently, the peroxide ions react with two more electrons
and water leading to the formation of hydroxyl ions (2-6), or decomposition to form
hydroxyl ion and oxygen (2-7). In addition, the electrocatalysts that reduce oxygen
through the four electron pathway are preferred because less electrode polarization is
expected. Many materials have been investigated as an electrocatalyst to enhance the
ORR. They include metals (Pt, Ag) [25-30], metal oxides (RuO,, MnO,, CoO)
[31-33], perovskites (LaCoOs;, LagsCapsC003) [34-38], spinels (NixAl;-xMn,Oy,
Ni2C0,04, Mn3,C03.3¢04) [39-41], as well-as: pyrolyzed N-4 chelate compounds
(CoTMPP) [42]. A thorough-review-was -provided-recently by Wang, discussing
available non-platinum electrocatalysts [43]. Because perovskite is established as the
two-electron catalyst, the decomposition of ‘H,0O, can be selected as a litmus test for
quick catalytic evaluations [44]. For example, Jiang et al. studied the ORR ability for
cobalt oxide/graphite air electrodes by determining their homogeneous and
heterogeneous rate constants for the H,O, decomposition [45]. Because the transition
metal ions are the active species for the ORR, Falcon et al. adopted a similar
technique to correlate the oxidation states of Ni and Fe in LaFeNiy.xOs45[46]. Thus,

the novel perovskites were chosen in this research work in alkaline fuel cells.

2.4 Bi-functional electrocacatlysts

Oxygen reduction and evolution are critical electrochemical reactions in many

industrial applications [47,48]. For example, in solid oxide fuel cells cathode oxygen
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reduction is the most energy-consuming step and responsible for the largest
polarization loss [49]. Likewise, oxygen evolution poses serious challenges in
chlor-alkali productions and water electrolysis cells [48,50]. To accelerate
electrochemical reactions, electrocatalysts are used and they are typically designed
and synthesized for single purpose only. However, in particular systems such as
rechargeable metal-air, air-metal hydride, and regenerative fuel cell, bi-functional
electrocatalysts are required [51-53]. An excellent review was provided recently by
Jorissen detailing materials selection and construction principle of bi-functional
oxygen-air electrodes [54]. Conventional fabrication methods for bi-functional gas
diffusion electrodes (GDE) entail lamination of current collector, carbonaceous
materials impregnated with suitable electrocatalysts, and polytetrafluorethylene

(PTFE) resin.

Oxides including perovskites ' (ABOs), - spinels (AB,O4), and pyrochlores
(A2B207) have been investigated extensively fortheir bi-functional catalytic abilities
in alkaline electrolyte [55,56]. Among them, the perovskites have received
considerable attention because of reasonable electrical conductivity and corrosion
resistance. Previously, Bockris and Otagawa had conducted comprehensive analysis
on electrocatalysis in perovskites [38]. Among the plausible candidate materials, the
lanthanum cobaltate (LaCoO3) was documented widely in literatures for its simple
synthesis and incorporation of various dopants in a wide variety of compositions
[57-60]. Tiwari et al. suggested that B site cation (i.e., Co®") in LaCoOj; directly
contributes to the catalytic performances [61]. As a result, many efforts including
introduction of additional cations, as well as controlling the degree of oxygen

vacancies were engaged to manipulate oxidation states of Co. To date, LagsCao4C003
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has demonstrated impressive characteristics and thus can be found in many cell

samples [62,63].

Iridium oxide (IrO,) is used as the dimensionally stable anode in chlor alkali
cells [55]. It processes the rutile structure where the Ir** is coordinated by six
neighboring oxygen atoms forming an octahedron. Surprisingly, the IrO, exhibits
excellent electrical conductivity and corrosion resistance, that are desirable for many
catalytic reactions. For example, De Pauli and Trasatti prepared mixed oxides of IrO;
and SnO, and reported impressive behaviors of oxygen evolution in acid electrolyte
[64]. Unfortunately, implementation of IrO, for oxygen evolution in alkaline
electrolyte is less studied due to the concerns on possible dissolution [65]. Because of
similar octahedral coordinationof Ir** in_IrO, and Co®* in LaCoOs, it would be
interesting to explore possible-replacements of Ir** at Co®* sites in perovskite matrix.
In this way, we expect the “perovskite-structure provides the necessary chemical

stability in alkaline electrolyte while.the Ir** contributes to the oxygen evolution.

2.5 Gas diffusion electrodes and electrocatalyst support

materials

A gas diffusion electrodes (GDE) is required for fuel cells and metal air batteries.
The GDE is a porous platform incorporating current collector, hydrophobic
polytetrafluoroethylene (PTFE) resin and carbonaceous material impregnated with
catalytic nanoparticles [66,67]. The porosity, pore structure, and hydrophobicity of the
GDE must be carefully designed to allow an extensive reaction interface between the

gaseous oxygen and liquid electrolyte in the vicinity of the electrocatalyst. To date, it
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is recognized that the GDE is the crucial component enabling successful

implementation of fuel cells.

Many carbonaceous materials have been investigated as possible electrocatalyst
supports [68-70]. They range from conventional carbon powders such as Vulcan
XC72, Black Pearls, Shawiningan Blacks and active carbons, to less familiar ones
including glassy carbons, carbon fibers and hard carbon spherules [71-73]. A detailed
discussion was recently provided by Dicks [74]. With recent progress in the synthesis
of nanostructured materials, exotic forms of carbon such as carbon nanotubes (CNTSs)
and carbon nanocapsules (CNCs) have been reported [75,76]. The CNTs exhibit
extraordinary physical properties such as mechanical strength, excellent electronic
and thermal conductivity, as well as chemical stability and high surface area. These
are desirable physical properties for electrocatalyst supports. Hence, the CNTs’
applicability as an electrocatalyst support has received much attention recently. For
example, Kongkanand et al. observed significant 'enhancements in the electrocatalytic
activities of single-walled CNTs decorated with Pt nanoparticles [77]. A similar result
was reported by Che et al. and they attributed the enhanced capabilities to the
accessible inner surface of CNTs [78]. In addition, the strategy of hybrid
carbonaceous materials has been explored. Huang et al. mixed active carbons with the
CNTs and observed substantial improvements in electrocatalytic performance once Pt

was loaded [79].

2.6 Supercapacitors

Supercapacitors have attracted considerable attention recently because they
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possess the advantages in power output, energy density, and cycle life compared with
conventional rechargeable batteries, for the applications in electric vehicles, power
tools and uninterrupted power systems [80-91]. From the standpoint of operation
mechanism, there are two types of supercapacitors; EDLCs and pseudocapacitors. The
EDLCs store charges via ions adsorption/desorption at the interface between the
electrode and electrolyte [84-88, 92,93]. In contrast, the pseudocapacitors entail facile
faradaic reactions occurring on the electrode material to store charges in different
oxidation states such as hydrous RuO,, V,0s, NiO, and MnO,[94-106]. For example
the hydrous RuO, exhibits the best performance resulting from its distinctive
characteristics of highly reversible and fast faradaic reaction mechanism, high specific

capacitance, and very good conductivity.

Among them, the pseudocapacitors are able to deliver larger capacitances but
with cost premium and relatively "short cycle life. Therefore, there have been
considerable interests in exploring. alternative electrode materials. Carbonaceous
materials are the electrode materials used in the majority of commercially available
EDLCs, possessing the advantages of low cost and long cycle life. Besides, specific
capacitor of EDLC can be increased by using organic electrolytes [107-109]. Since
the charge/discharge reaction on the electrode surface provides a shorter ions moving
path without chemical reaction, the EDLC exhibits a low internal resistance through
interactive-free electrodes. As a result, EDLC conducts non-faradaic process, which is
completely reversible under a higher power density. Besides, material properties
including surface area, pore sizes, pore size distribution, surface functional group and
electrolyte window can be controlled to improve EDLC [110,111]. For the EDLCs,

the capacitive responses are proportional to the effective surface area available for
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ions adsorption/desorption so an excessive surface area with a desirable porosity for
the electrode material is necessary. To date, considerable efforts have devoted to the
carbon-based materials since their rich varieties exhibit a wide range of pore sizes,
surface areas, electric conductivities, and surface properties. In literature,
carbonaceous materials including active carbons, carbon blacks, glassy carbons, and
nanostructured carbons (carbon nanotubes, nanocapsules, nanofibers, gels) have been
investigated [112-119]. Among them, the carbon xerogels and aerogels possess

unique properties of extremely low density and high porosity [120,121].

2.7 Resorcinol-formaldehyde carbon gels

The carbon xerogels and aerogels are synthesized via a sol-gel process in which
precursors in liquid states are properly mixed, and-condense to form continuous
colloidal networks, followed by solvent removal and pyrolysis to obtain a porous
carbon structure with interconnected channels. One of the sol-gel approaches that has
been studied extensively is the polycondensation of resorcinol ® and formaldehyde (F)
[120-122]. According to Elkhatat and Al-Muhtaseb [123], the concentrations of the
precursors, catalysts, solvents, and pH value play important roles in determining the
resulted morphologies and porosities of the gel structures. In addition, the solvent
removal step for the wet gels is critical because the drag of surface tension induces
contraction of the colloidal networks resulting in substantial reduction in the pore size.
So far, many R-F derived porous carbons have been prepared and evaluated for
possible applications in EDLCs, catalysis (as a catalyst support), filtration, gas

separation, and adsorption [121, 123,124].
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Previously, many RF-derived xerogels and aerogels have been synthesized and
evaluated for capacitive behaviors [125,126]. The preparation of xerogels involves
direct solvent evaporation that engenders notable structural contraction and possible
collapse at the extreme case. As a result, after pyrolysis the carbon xerogels typically
contain 25% porosity with reveal a moderate surface area (150-900 m’g™) and small
pores (1-10 nm) [127]. In contrast, the carbon aerogels experience a supercritical
drying step that sublimates the solvents with negligible shrinkage of carbon networks.
After pyrolysis, the carbon aerogels demonstrate a substantially larger surface area
and pore volume, and consequently, a larger capacitance [127-129]. Despite of those
merits, the carbon aerogels are of little commercial interest because the supercritical
drying is energy-consuming and improper-for production in large quantity. On the
other hand, the carbon xerogels suffer from unnecessary structure alteration and hence,
their pore size and pore volume are not adequate’ for EDLC applications. An
alternative preparation route -to ‘minimize structure contraction during sol-gel
transformation is via repeated solvent exchanges that reduce the surface tension of the
solvent sequentially in the wet gels [126]. In this way, the solvent with reduced
surface tension is able to evaporate slowly rendering a dried gel known as “ambient
gel” whose structure is closely resemble to that of aerogel. This enables a large
number of mesopores and macropores in the carbon skeleton. This ambient gel could
be of potential interest because its desirable surface area and porosity, as well as the

simple drying process.
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Chapter 3 Experimental

3.1 Materials

Materials Source Purity
1. La(NOs3)3+6H,0 Alfa aesar 99.9 %
2. Ca(NOs),+4H0 Showa 98 %
3.  Co(NO3)3-6H,0 Riedel-deHaen 99 %
4. RuCl3-nH,0 Sigma-aldrich ~ 99.99 %
5. RuO; Alfa aesar 99.95%
6. IrClz-nH,O Sigma-aldrich ~ 99.98%
7. 1IrO; Alfa aesar 99.99 %
8.  Citric acid Sigma-aldrich ~ 99.5 %
9. KOH Showa 85 %
10. Hy0; Riedel-deHaen 35 %
11.  Vulcan XC-72 Cabot -
12 Black pearl 2000 Taipower -
13.  Polytetrafluoroethylene (T-30) Dupont 60 %
14.  Polyvinyl alcohol (Mw=2,000-12,000)  Sigma-aldrich 99+ %
15.  Gas diffusion electrode eVionyx Lic.
16. Znrod S 99.99 %
17.  Resorcinol Acros 98 %




18.

19.

20.

21.

22

Formaldehyde
Acetic acid
Acetone
Cyclohexane

AC1100

J. B. Baker

Sigma-aldrich
Sigma-aldrich
Sigma-aldrich

Taipower

37 %

99.7 %

99.9 %

99.5 %

3.2 Experimental flowchart

3.2.1 Flowchart for preparation of perovskite catalysts

ACP method

(1) La(NOy); « 6H,0
(2) Ca(NO3), + 4H,0
(3) Co(NO5), - 6H,0
(4) RuCl; (or IrCl5)

SSR method
(2)-a(NO3); * 6H,0
(2) Ca(NOg), - 4H,0
(3) Co(NO3), - 6H,0
(4) RuO,

1 Add Citric Acid

Drying to form gel

y

1

Sinter

v

Sinter
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Mechanical alloying

(1)LaCaCoO,
(2) IrO,

Pl Perovskite | mm— Ball mill

A 4




3.2.2 Flowchart for preparation of carbon ambient gels

(1) Resorcinol
(2) Formaldehyde
(3) Deionized water

1 Add acetic acid

Drying to form gel

'

Solvent exchange

v

Heat treatment

¥

Carbonambient gels

3.3 Synthesis of ACP-derived LaggCag4sCoygRuUy,03 and

LagsCagsCogglrp203

The ACP method was adopted to prepare stoichiometric LaggCapsC0ogRuUp 203
(or LapCapsCooglro203) perovskite in which La(NOs);+6H,0, Ca(NOs);+4H,0,
Co(NO3)3+6H,0, and RuCls+-nH,0 (or IrCl3-xH,0) were dissolved at a proper ratio in
excess deionized water with citric acid. The molar ratio for the citric acid to the metal
ions was 1:1. The mixture underwent moderate heating and stirring at 80°C for 6 h to

form a viscous gel, followed by oven drying for 24 h. Subsequently the dry gel was
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ignited in air to burn off polymeric precursors, forming a dark aggregate. Afterward,
the sample was subjected to a heat treatment in air at 650°C for 4 h to form fine
powders designated as ACP-derived LapsCap4C0psRuUp203 and ACP-derived

Laolecao,4COo,3| I'()_203.

3.4 Synthesis of SSR-derived Lay¢Cay4Co,RuU;,O3

Perovskite-type oxides LagsCap4C0o1xRuUxO3 (x=0, 0.2, 0.4, 0.6, 0.8, and 1) were
synthesized by SSR method. La(NOg3)3+6H,0, Ca(NO3),+4H,0, Co(NO3)3+6H,0, as
well as RuO, were thoroughly mixed by a mortar and pestle followed by a two-stage
sintering process including 600°C inthe air for 4 h and 800°C in air for 4 h,

respectively.

3.5 Synthesis of LaysCaysColry5035.5

The LaggCap4Colrg25035.5 perovskite powders were prepared by mechanical
alloying of IrO; (99.99% Alfa Aesar) and LagCap4Co0O3 at a molar ratio of 1:4. The
LapsCap4Co03 was synthesized by ACP method where proper ratios of La(NOgz)s,
Ca(NO3),, and Co(NO3), were dissolved in water and citrate acid first, and followed
by initial drying to form a gel. A sintering process was carried out at 650°C in air for 4
h to obtain particles with desirable composition of LagsCap4C003. Mechanical
alloying of 1rO, and LagsCap4Co03 was conducted with a planetary high energy ball
mill in air atmosphere containing ZrO, balls for 12 h. Each batch included 1.6 g

LagsCap4Co03 and 0.4 g IrO..
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3.6 Fabrication of gas diffusion electrodes

The gas diffusion electrode (GDE) catalytic layer was fabricated by mixing 30
wt % perovskite catalysts, 30 wt % poly(tetrafluoroethylene) (Dupont T-30), 10 wt %
poly(vinyl alcohol) (Mw=2,000-12,000), and 30 wt % carbonaceous materials
(Vulcan XC72R (VXCT72R), carbon nanocapsules (CNCs), and black pearl 2000
(BP2000)) in 10 mL deionized water at 10* rpm for 5 min to render a homogeneous
slurry. Subsequently, the slurry was brush-painted repeatedly onto a commercially
available GDE (eVionyx, Inc.) to reach a catalyst loading of 2.4 and 4.8 mgem™. Next,
the catalyzed GDE was heated at 350°C for 30 min to remove residual solvents.

Afterward, the sample was rolled and pressed into a thickness of 300 pum.

3.7 Synthesis of carbon ambient gels

The carbon ambient gel was prepared by a condensation reaction between R and
F, followed by solvent exchange and CO, activation to render an excessive surface
area. First, R and F (37 wt%) were mixed in a 1:2 molar ratio in deionized water
under ultrasonication for 10 min at 26°C. After complete dissolution of resorcinol,
acetic acid was added as a catalyst to promote the condensation reaction forming
colloids in the mixture. Subsequently, the mixture was sealed in a container at 70°C
for 72 h with constant vibration to allow the transformation from a sol suspension to a
wet gel. After gelation, the sample was removed from the oven and washed for 72 h in
which 50% of acetone was drained and replaced with fresh acetone every 24 h. Next,

the process was repeated again for another 72 h with cyclohexane. These solvent
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exchange steps were conducted at 26°C so the surface tension for the liquid phase was
reduced sequentially to minimize structural contraction for the solid phase upon
solvent evaporation. Afterward, the sample was dried at 26 °C for 24 h to evaporate
remaining cyclohexane, leaving a free-standing dark orange ambient gel. Finally, the
ambient gel was placed in a tube furnace for two-stage heat treatments. The first stage
was performed in Ar atmosphere at 950 °C for 1 h to decompose organic residues
(pyrolysis reaction) where the dark orange ambient gel shrunk significantly to become
the black porous carbon. In the second stage, at 950°C the CO, was purged and
99.99% CO; was introduced for 3 h to activate the surface of the porous carbon. By
adjusting precursor and catalyst concentration, we were able to prepare ambient gels
with various porosities and surfaceareas. The resulting samples were designated as
GA, GB, and GC, respectively. The exact amounts for the precursors, catalyst,
deionized water, as well as ratios for the R/C and R/W are listed in Table 3.1. In order
to distinguish the effect of CQ» activation, we also carried out identical sample
preparation steps except the CO,"activation was replaced with Ar treatment for

another 3 h (labeled as GD as a reference sample).
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Table 3.1 Precursors and catalyst used for the synthesis of carbon ambient gels.

GA GB GC GD
R: resorcinol (g) 9.25 14.75 14.75 14.75
Precursors
F: formaldehyde (g) 5.05 8.04 8.04 8.04
Catalyst C: acetic acid (uL) 965 1533 766.5 766.5
Solvent W: deionized water (g) 50 50 50 50
R:F 1:2 1:2 1:2 1:2
Molar ratio  R:C 5:1 5:1 10:1 10:1
R:W 1:54 1:34 1:34 1:34
Burn-off* (wt%) 95.3 95.3 96.4 88.3

% total weight loss of carbon ambient gels after 950 °C pyrolysis and CO, activation.

3.8 Material characterization

3.8.1 X-ray diffraction (XRD)

A Siemens D5000 X-ray diffractometer with the wavelength of Cu-Ka radiation
of 0.154 nm was used to identify relevant phase and crystallinity of the synthesized

powders.

3.8.2 Scanning electron microscope (SEM)

Their morphologies were observed by a scanning electron microscope (SEM,

JEOL JSM-6700F and JSM-6500F).
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3.8.3 Brunauer, Emmett, and Teller (BET)

The surface area was obtained by Brunauer, Emmett, and Teller (BET) method
by Micromeritics Tristar 3000, Micromeritics ASAP2020 and Quantachrome
NOVA-1000A. A density function theory (DFT) program was employed to estimate

relevant parameters in pore size and pore distribution.

3.8.4 Pycnometers measurement

The values for density was obtained by using AccuPyc 1340 (Micromeritics).

3.8.5 zeta potential

The zeta potential results'were obtained by a NICOMO 380ZLS.

3.8.6 Raman spectroscopy

Raman spectroscopy (Raman spectrometer LabRAM HR800) was performed on

the sample to examine their crystallinity.

3.8.7 H,0, decomposition measurement

A H,0, decomposition measurement was employed to evaluate the catalytic
ability for the ORR. Small amounts of LagsCap4C0osRug 203 powders (0.01, 0.015,
0.02, 0.025, and 0.03 g) were suspended in 30 mL of 13 wt % KOH aqueous solution
for 10 min at 25°C, followed by injection of 1.15 M H,0, solution of 2 mL. The

amount of O, released was carefully collected as a function of time.
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3.9 Electrochemical measurements

3.9.1 Gas diffusion electrode (GDE)

Electrochemical analysis was conducted with a Solartron SI1287 potentiostat for
oxygen reduction and evolution in I-V polarizations, galvanostatic measurements, and
life time determination. The GDE (3 cm?), serving as the working electrode, was
exposed to ambient air on the back side. A Ti mesh coated with RuO,/IrO; was used
as the counter electrode, and a Zn rod (99.99 wt%) (or Ag/AgCl) was selected as the
reference electrode. The Zn rod was chosen because its reading indicated the
operating voltage of a zinc-air cell. A-7 M KOH aqueous solution was used as the
electrolyte. The 1-V polarization curves were. measured at 1 mAs™. Impedance
analysis was carried out using a Solartron SI1255B with a 10 mV stimulus for the
frequency range of 0.1-20 kHz at the open-circuit voltage, and overpotentials of —100,
—200 and —300 mV. The recorded spectra were fitted by the ZView software to
determine their respective charge transfer resistances and relevant kinetic parameters.
Galvanostatic profiles were obtained for current densities of 10, 50, 100, and 200
mAcm2. Two kinds of life time test. First, the GDE was subjected to 10 mAcm™ and
the resulting voltage was recorded. On the other hand, the GDEs experienced
repeating sequences of oxygen reduction (0.5 h), resting (1 h), oxygen evolution (0.5
h), and resting (1 h) at 25mAcm 2 with a constant inflow of CO,-filtered air. Identical
procedures were conducted on the ACP-derived LagsCap4CoO5; for comparison
purpose. In addition, the electrochemical measurements were carried out on the
LaosCap4Co03 and IrO; serving as the reference. The LaggCap4Co03 was synthesized

from the amorphous citrate precursor method (ACP) and its synthetic details were
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reported elsewhere [37]. All the electrochemical experiments were performed at

25°C.

3.9.2 Titanium Cavity Electrode (TCE)

For electrochemical analysis to determine the double layer capacitance, a
three-electrode cell was used in which a J-shape TCE, with 2 mm in diameter and 200
mm in length, was adopted as the working electrode. The bottom of the TCE
contained a cylindrical cavity with 1 mm in diameter and 1 mm in depth for sample
loading. The sample was placed on a glass sheet and pressed compactly to fill the
bottom cavity. The exact weight was measured by a microbalance with an accuracy of
2-3 ng. Details on the TCE and.its testing results on commercially available carbon
blacks have been reported earlier [109]. Pt foil (2x5 cm?) and Ag/AgCl were used as
the counter and reference electrodes, respectively.-Values for the double layer
capacitance were determined. via CV measurement and current reversal
chronopotentiometry (CRC) in 0.5 M H,SO, aqueous solution at 26 °C using a
Solartron SI1287 potentiostat and 1255B frequency response analyzer. The CV
profiles were recorded at scan rates of 5, 10, 20, and 50 mVs™, in potential windows
of 0-0.6, 0-0.8, and 0-1 V, respectively. The CRC measurements were carried out at +
1 Ag™ in a potential window of 0-1 V. In life time test, the sample was subjected to
repeated CRC scans at +1 Ag™ in a potential window of 0-1 V. Impedance spectra
were obtained at the open circuit voltage with a sinusoidal signal of 10 mV at
frequencies between 0.1 and 20 kHz. The resulting spectra were fitted by a ZView

software to retrieve relevant electrochemical parameters.
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Chapter 4 Synthesis and Characterization of
LaysCap,Co,RU..,O4 for Bi-functional

Electrodes

4.1 Physico-chemical characterizations

41.1 ACP-derived Laolacao_4C00.8RUO.203

Successful formation of polycrystalline perovskite phase from the ACP approach
is known to depend on a variety .of factors-including the source of salts and their
molar ratios, the type of chelating-acids, pH value of precursor, as well as the
sintering temperature, time, and atmosphere. ‘In “general, a higher sintering
temperature is always preferred for an impurity-free- perovskite phase, albeit with a
significantly reduced surface area. ‘However, in this work we attempt to synthesize
perovskite LagsCapsCoosRuUp203 powders for ORR catalytic actions. Subsequently,
the as-synthesized powders are impregnated onto the carbonaceous supports for
electrochemical  evaluations. Hence, a reasonable surface area for
Lao sCag4Coo sRuUp 203 powder is necessary. According to previous studies, in similar
ACP routes, the perovskite phase can be formed at temperatures as low as 550-650°C
[13,61,130-134]. We select a sintering process of 650°C for 4 h in air, hoping to reach
a balance between crystallinity and surface area. To further confirm the sintering
temperature of 650°C is appropriate, we conduct a thermogravimetric analyzer (TGA)
on the polymeric precursors of LagsCag4C0ogRup203and its result is provided in Fig.

4.1. Apparently, there are three distinct regimes of weight loss for temperature range
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of 25-800°C, which is typical for the ACP process. In the first regime of 25-300°C, the
rapid weight loss is associated with the preliminary breakdown of organic
components and solvent evaporation. In the second regime of 300-400°C, the notable
weight loss is attributed to the decomposition of organic components and initial
formation of oxide phase. In the last regime of 400-650°C, there appears a gradual
weight loss as the perovskite phase is formed with improving crystallinity. Notably,
there appears a negligible weight loss after 650°C. This sintering temperature is

confirmed by a TGA conducted on the polymeric precursors of LagsCag4C0ogRUg20s3.

Weight (%)

20 M B L L L L L PR
O 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 4.1 A representative TGA profile for the polymeric precursor of

Laolecao,4COo,3RUo,203.

Fig. 4.2 presents the XRD profiles for as-synthesized LagsCap4C0gsRUo 203 and
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LaosCap4Co03 along with the standard diffraction pattern for LagCag4C003 (JCPDS
no. 35.1389) as a reference. As shown in Fig. 4.2(a), LagsCap4C0ogRUg 203 revealed a
crystalline perovskite phase (ABOj3) with relevant diffraction peaks attributed to those
of standard LagCap4C003. However, there were two minor peaks at 26=30.74° and
36.86°, which were identified as La;O3; (JCPDS no. 74-1144) and Co0304 (JCPDS no.
78-1969), respectively. From the XRD result of Fig. 4.2(b), a minor phase of Co304
was also identified in addition to the crystalline LagsCag4C0O3 phase. We did not
observe any diffraction peak from RuO,, suggesting that the incorporation of Ru®*" at
the Co®" sites was achieved successfully. Because Ru** (0.82 A) was relatively larger
in size to Co®* (0.69 A), the introduction of Ru®*" into the perovskite lattice was
expected to engender a moderate expansion-in‘lattice parameters, resulting in a slight
shift of diffraction peaks to smaller-angle side. Indeed, the (024) peak for standard
LagsCap4Co03; was shifted from 47.56° to 47.02° once LagsCao.4CopgRUy203 was

formed.

To address the concern over the incomplete synthesis of the
LapsCap4CopsRUp 203 perovskite, indeed, at 650°C there was a presence of
undesirable La;O3 and Co30,4, as evidenced by the XRD. However, their residual
amount is rather small. In our earlier work of the ACP-derived LayCao4C003lro203
perovskite, at an identical sintering of 650°C for 4 h, we also observed a small amount
of La,O3 and Co30,4 [15]. Hence, we realized that these undesirable oxides are

inherent to the ACP process.
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Figure 4.2 XRD for the “as-synthesized (a) ' LaosCapsCoosRuUy20; and (b)
LapsCap4Co03. Also shown iis the standard pattern of LagsCagsCoO3 from JCPDS

35.1389.

Fig. 4.3 provides the SEM images for the LaggCapsC0ogRUp203 and
Lap sCap4Co03 powders. As shown in Fig. 4.3(a), LagsCap4C0osRUg 203 appeared in a
foam-like microstructure with the presence of various micropores in 0.5-3 um sizes.
Unfortunately, individual primary particles were not distinguishable from the image.
This foam-like microstructure was typical for the ACP-derived powders experiencing
mild sintering treatments as sintering at higher temperatures produced larger particles
with significant coalescence, which was not desirable for catalytic ability. The SEM
image shown in Fig. 4.3(b) for the ACP-derived LagsCay4C00O3 also confirmed a
porous microstructure with varied pore sizes. Its morphology was rather similar to

that of LagsCag4C0qsRuUg 203.
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Figure 4.3 SEM images for the as-synthesized (a) LagsCapsCo0osRuUy203 and (b)
Lao.6Cap.4C00s.

The decomposition of dissolved H,0, in an alkaline electrolyte can be used as
the indicator for the ORR. This method is particularly suitable to perovskite, which is
known as a two-electron catalyst. When the perovskite powders are suspended in the

electrolyte, the decomposition of H,O, proceeds as follows;
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H,0, - H,0 +0, (4-1)

As time progresses, the concentration of H,O, is decreased in conjunction with
steady oxygen formation. Hence, by measuring the amount of oxygen evolved, we
could determine the decomposition rate for H,O,. According to Falcén et al.,
decomposition of H,0, in the perovskite is presumed to be a first-order reaction in

which the reaction rate is proportional to the H,O, concentration [46];

‘% = k[Hzoz]t (4‘2)

where [H,0;]; is the H,O, concentration at time t and k is the first-order rate

constant. Therefore, after integration on-both sides, we could obtain

_ A[H205]r _
TG kdt (4-3)
This would lead to a straight line with the k as the slope if we plot the relation of
In([H202]o/[H202];) as a function of ‘t. [H,0;]; can be obtained via the following

relation;

Po.V
[H202]¢ = [H202]p — 2 X ROTZT:: (4-4)

where [H20:]o is the initial concentration of H,O, when the decomposition
begins, [H20,]: is the remaining H,O, concentration at time t, Po, is 1 atm, T is 298 K,

Vo, is the evolved O, volume at time t, and Vs is the total volume for the solution.

Fig. 4.4 presents the plots of In([H20,]o/[H20-];) as a function of time for various
amounts of LaggCap4CogsRup 203 and LagsCap4C003. As shown in Fig. 4.4(a), an

increment in LagsCag4C0ogRUo 203 loading resulted in a faster decomposition of H,O,
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which was typical in catalysis. Unexpectedly, the linearity was only observed for
samples in the initial stage. In particular, once LaggCag4C0ogRU 203 loading was
sufficiently large, we recorded an accelerated H,O, decomposition. This suggested
that the first-order Kinetic assumption was not fully applicable for
LaosCap4CoosRuUp203. A better linearity was witnessed for Lag¢Cap4C00s3, as shown
in Fig. 4.4(b). The decomposition rate for LagCag4C003 was consistently lower than
that of LagsCap4CoggRup 203 at identical weights as listed in Table 4.1, which infers a

high ORR ability for the latter.
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Figure 4.4 Plots of In(JH20,]o/[H202];) as a function of time for (a)
Lag §Cag4C0pgRUg 203 and (b) LagsCag4Co005 at 0.01 (I), 0.015 (O), 0.02 (A), 0.025

(x), and 0.03 g (), respectively.
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Table 4.1 The decomposition rate for LagsCag4C0osRUp 203 and LagsCap 4C00s.

kx107® (s 10(mg) 15(mg) 20(mg) 25(mg) 30 (mg)
LagsCag4C0oqsRUg 203 2.29 3.37 6.35 7.33 9.84
Lao,sCao4Co0; 0.205 0.301 0.405 0.505 0.591

In typical heterogeneous reactions, the actual surface area is critical as it
determines the available sites for catalytic actions. Therefore, it would be necessary to
obtain the true surface area for both LagsCag4C003 and LagCap4C0gsRUo 203 to
compare their catalytic abilities. The BET surface area for LagsCap4C00O3; and
LaosCao4C0osRUo203 was 9.2 and 11.6 m°g™, respectively. Fig. 4.5 presents the plot
of k, which was selected from the linear regime of Fig. 4.4, as a function of actual
surface area for both samples. Notably, the k value for the LagsCap4C00O3 remained
relatively unchanged. In contrast, the k value for.the LagCag4C0ogRUg 203 rose with

increasing surface area.

We realized that in our system the decomposition of H,O, might occur in a
pseudo-homogeneous first-order reaction as shown in Eq. 3-5 [44]. Hence, during the
experiments under constant stirring, it was likely that the microstructure of perovskite
powders was altered which exposed to a larger surface area. As a result, we observed

accelerated O, evolution as a function of time and catalyst loading.

_dH0,) =k[H,0O,],[Catalyst]
dt (3-5)

Actually, the k value for LagsCapsC003; was increased slightly with H,0,
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decomposition time and catalyst loading. Its value was found to increase from
2.05x10™ to 5.91x10* s™. Because both LagCap4Co03 and LagCap4C0osRU0203
followed the pseudo-homogeneous first-order reaction, they behaved similarly, as
shown in Fig. 4.5. Since both the intercept at the infinitesimal surface area and the
slope for LagsCap4CogsRup 203 were substantially larger than those of LaggCap4C00s3,
we determined that the former possesses a superior catalytic performance for H,0,
decomposition. This would likely lead to a better ORR GDE for

Laolecao,4COo,3RUo,203.
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Figure 4.5 Plot of k as a function of actual surface area for LagCag4C0ggRUg 203 (¥¥)

and LagsCag4C005 (I)
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41.2 SSR-derived Laolacao_4C00.4RUO.603

The XRD scans of the SSR-derived LagsCao4C01.xRuxO3 are shown in Fig. 4.6.
After sintering at 600°C and 800°C for 4 h, it is observed that the major phase is the
desirable LaggCapsCo03 perovskite (JCPDS-35.1389). The RuO, phase was not
present, suggesting successful introduction of Ru*" into Co** sites. Unfortunately,
there is a minor impurity phase of RuO, in LagsCagsRuOs catalyst. In addition, all
XRD peaks shift slightly toward the low angle side (up to LagsCao4C004RU(603) due

to larger Ru** (0.68 A) ions replacing smaller Co®* (0.61 A) ions.

Intensity / arb. units

20 30 40 50 70 80
20/ degree

Figure 4.6 The XRD pattern of the LagsCao4Co01xRuxO3 with x=(a) 0, (b) 0.2, (c) 0.4,

(d) 0.6, (e) 0.8, and () 1.

Fig. 4.7 presents the unit cell volume (hexagonal, V=a’cxsin60°) as a function of
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stoichmetric rate of Ru, with shows that a linear relationship with the Ru amount (up
to LagsCap4C0op4RUp603). It can be seen from Table 4.2 that both the lengths a- and
c-axes increase from (5.40, 13.18) at x=0 to (5.53, 13.71) at x=0.6, but it they decline
for x=0.8 in LagsCaosCo1xRUxOs. It is indicated that the Co®* and Ru®* have the
different ionic radii due to the replacement of smaller radius Co®* (0.61 A) by larger
ionic radius Ru** (0.68 A). Therefore, the lattice parameters and volume of unit cell
were increased as displayed in Table 4.2. On the other hand, a moderate decrease in
unit cell volume form x=0.8 to 1 due to impurity phase of RuO,. Besides, the surface
areas of perovskite were displayed in Table 4.2. Note that the surface areas of the
perovskite catalysts depend on thermal process. In our case, the LagsCag4C01.xRUxO3
were sintered under same temperature. ©.Hence, the surface areas of
LaosCao4Co1xRu,O3 were changed slightly between 7 and 10 m°g™ as listed in Table

3-2.
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Figure 4.7 The unit cell volume versus the stoichmetric Ru.
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Table 4.2 The summary of physical behavior for LagsCao4C01.xRUxOs.

Lattice parameter®  Unit-cell volume

Surface
Sample (A) (&) Area

a c Vv (m°g™)
Lag6Cap4C00;.;5 5.40 13.18 332.47 9.10
Lag6Cap4C0ogsRU 20345 5.43 13.30 339.64 9.61
Lag6Cap4C0o06RU0.403:5 5.52 13.39 352.98 941
Lag 6Cap4C00.4RUg 60315 5.53 13.71 359.10 7.15
Lag 6Cap4C002RU( 80345 5.50 13.48 356.13 6.99

The lattice parameters have been calculated according to hexagonal axes as listed in

ICDD Card No. 36-1389.

The SEM morphology of the perovskite catalysts with different Ru ratios are
observed in SEM as shown in Fig. 4.8. After the SSR method, the particles seem to
consist of agglomerated and non-uniform particle size distribution in all samples. In
addition, morphologies synthesized from different methods, ACP and SSR, displayed
totally different morphologies. Further, the powders exhibited substantial sintering

and those primary particle sizes are around 100 to 300 nm in all samples.
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Figure 4.8 SEM images of (3.) LagsCap4C00;3 (b) LagsCag4C0oqsRuUg 203 (C)

Lag 6Cao.4C006RU0403 (d) LageCagaC004RUe603 (€) LapsCaoaCoo2RUs03. (— scale

bar 1um)
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After the SEM observations, the following Figs. 3.9(a)-(c) show the image, EDX,
and EDX mapping of LapsCapsC0op2RUpsO3 while the atomic ratio of
LaosCap4Co1xRuxO3 results listed Table 4.3. In addition, the mapping results
confirmed that all the cations were evenly distributed in the perovskite phase, which

suggested successful incorporation of Ru in general.

! Electran Image 1
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Figure 4.9 SEM of LapCap4C002RuU( O3 in (a) image, (b) mapping, (c) and EDX.

43



Table 4.3 EDX results of Lag Cag4C01-xRUxO3.

Atomic (%) La Ca Co Ru Total
Lag 6Cap4C00;.; 31.66 22.75 45.59 - 100.00
Lag 6Cap4C0osRUp 20345 31.85 19.93 38.48 9.74 100.00
Lag 6Cap4C006RU0 40345 32.25 17.62 28.55 21.58  100.00
Lag 6Cap4C00.4RU0 6035 30.95 18.30 19.54 31.21  100.00
Lag 6Cap4C0o2RU0 80345 32.25 20.18 10.56 37.01  100.00

4.2 Electrochemical characterizations

4.2.1 ACP-derived Lay sCap4C0ogsRuUg-03

It is known that the type-of carbons and their pretreatment methods play critical

roles in their performances as.catalyst supports. The corrseponding mechanism for the

carbon-catalyst interaction differs contingent on-the type of carbonaceous material

and catalyst. In our case, the carbon materials of VXC72R, CNC, and BP2000 were

first made into the GDEs to determine their intrinsic electrocatalytic abilities as shown

in Fig. 4.10. The LapsCap4C0opsRUp203, and carbonaceous materials were mixed

together in order to determine their discharging I-V polarization curves. In addition,

the BP2000-derived GDE demonstrated a moderately better performance than those

derived from the carbon nanocapsules, and Vulcan XC72R. Table 4.4 summarizes

some physic behavior of carbonaceous materials.
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Figure 4.10 The ORR I-V curvesfor GDES catalyzed by LaggCap4C0psRU0203

supported on BP2000, VXC72R, and CNCs, respectively.

Table 4.4 Physical properties of carbonaceous materials

GDLs Loading Thickness Resistivity
(mgem™) (mm) (mQ-cm)
XC72R 1.0 0.38 54.73
CNCs 1.0 0.38 46.52
BP2000 1.0 0.38 35.59
GDE - 0.38 94.76

We selected BP2000 as the catalyst support because it exhibited a desirable

surface area suitable for catalyst impregnation. For the ORR the carbon support with

the largest available surface area is preferred provided that the catalyst dispersion can

be prepared without excessive binders and dispersants [135]. Fig. 4.11 provides the
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ORR 1-V profiles for the GDEs with electrocatalysts of LaggCap4C0psRuUg203,
LaosCap4C0osRUp2,03/BP2000, and LapsCapsCo03/BP2000. Table 4.5 lists the
voltage reading from selective current densities in the ORR I-V curves. These curves
exhibited typical I-V characteristics where the potential values were found to decrease
gradually from 1.6 V with increasing current densities. Among these samples,
Lag sCan.4Coo gRUp203/BP2000 exhibited the largest catalytic ability, delivering 1.039
and 0907 V at 100 and 200 mAcm? respectively. In contrast,
Lag sCan4Co03/BP2000 exhibited potentials of 0.983 and 0.648 V at identical current
densities. This corresponds to a notable 0.259 V reduction in overpotential at 200
mAcm™ for LagsCao4C0gsRuo203/BP2000. The unsupported LagsCagsC0osRUy203
revealed an accelerated voltage deterioration with increasing current densities. This
behavior was not unexpected-because earlier literature had confirmed a synergistic

effect for perovskite supported on a carbonaceous substrate [24,135].

Table 4.5 Voltages at selective current densities in-unit of mAcm?in the ORR 1-V

curves for Lag Cag.4CogsRug03/BP2000, LagCag4Co03/BP2000, and

Laolecao,4COo,3RUo,203.

50 100 150 200
Lag sCag.4C0ggRU203/BP2000 1.103 1.039 0.985 0.907
LapsCap4Co003/BP2000 1.134 0.983 0.822 0.648
Lag Cag4CoggRUp 203 0.920 0.746 0.608 0.490
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Figure 4.11 ORR I-V polarization curves for LaygCag4C0osRu.03/BP2000 (%),

Lag sCan4Co03/BP2000 (m), and LagsCag4C0op.sRU, 203 (X), respectively.

As shown in the Fig. 4.2(b), for the" ACP-derived LagsCay4C003 powders, there
appears a minor phase of Coz0,. In contrast, both CozO4and La,O3 are present for the
LaosCap4CoosRUp 203 powders. To verify the ORR catalytic ability for Co3;O4 and
La,03, we purchased both chemicals (La,O3: Aldrich, 99.9 wt % and Co3O,4: Showa,
99.5 wt % Co304+ 5 wt % Co0O) and fabricated the GDEs with identical catalyst
loadings. The resulting ORR 1-V curves are shown in Fig. 4.12. As shown, both
Co030,4 and Lay0O5 revealed moderate catalytic abilities and their performances are
considerably reduced. Apparently, there are marginal improvements as opposed to that
of noncatalyzed GDE. According to Neburchilov et al., the ORR catalytic ability for
La,O3 is limited because of its poor electrical conductivity [18]. Furthermore, Co304

is unstable during the ORR in alkaline electrolyte although it reveals a moderate
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ability. Therefore, we concluded that the minute phases of Co304 and La,Os3 in

Lag sCan4CoogRuUp 203 are not likely to contribute significantly to the ORR action.
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Figure 4.12 The ORR I-V curves for the GDEs catalyzed by
Lao sCap4Coo sRUp203/BP2000, Co304/BP2000, and La,O3/BP2000, respectively.

Also shown is the noncatalyzed GDE for comparison purpose.

The impedance measurements were carried out on
LapCap4C00sRUp2,03/BP2000 and LageCap4Co003/BP2000 to estimate the
charge-transfer resistance (Rcr) directly without interference from the electrolyte IR
loss. Fig. 4.13 presents their impedance spectra in Nyquist plots at the open-circuit
voltage as well as under polarizations of —100, —200, and —300 mV. As shown in Fig.

4.13(a), LagsCansCoogRup203/BP2000 exhibited a large Warburg impedance at the
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open-circuit voltage, which was attributed to the double-layer capacitance of the cell.
Under cathodic polarizations, the impedance was reduced steadily with an increasing
overpotential in conjunction with a distinct semi-circle at the high frequency regime.
This behavior is clearly shown in the inset of Fig. 4.13(a). It is understood that the
intercept for the semi-circle at the highest frequency represented the electrolyte
resistance and its diameter indicated the value for Rcr. Apparently, the Rcr became
smaller at larger overpotentials. This behavior was consistent with the electrode
reactions reported previously [136-138]. ldentical behaviors were observed for
LaosCap4Co03/BP2000, as shown in Fig. 4.13(b). At the open-circuit voltage, we
recorded a large Warburg impedance whose value was close to that of
Lap sCag4CoosRUp203/BP2000. This was likely because both LagsCap4C0psRug 203
and LagsCap4Co03 probably due to-similar-specific surface area. Once the cathodic
overpotential was imposed, the impedance spectra moved downward and the
formation of semi-circle became 'apparent. An electrode with a smaller Rcr is
recognized for a facile faradaic reaction. Therefore, the equivalent circuit model for
the fitting the impedance spectra in provided in Fig. 4.13(c). From these spectra, the
Rcr for both Lag ¢Cag4C0oosRug20s/BP2000 and LagsCap4C003/BP2000 at —300 mV
were 4.556 and 5.429 Qcm?, respectively. This confirmed the better catalytic ability

for the ORR of Lao,GCa0_4Coo_3Ru0_203/BP2000.
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Figure 4.13 Impedance spectra for the (a) LagsCao4C0osRup20s/BP2000 and (b)
LaosCap4Co03/BP2000 at open-circuit voltage (0), and overpotentials of —100 mV
(0), =200 mV (%), and =300 mV (5%), respectively. (c) is the equivalent circuit model

used to fit the impedance spectra.

To verify the sustainable catalytic abilities for the ORR, we carried out
galvanostatic measurements for LageCap.4C0psRUy203/BP2000 at selective current
densities of 10, 50, 100, and 150 mAcm™. Fig. 4.14 presents the resulting voltage
profiles for 10 min. As shown, the voltage plateaus for most of the samples were
relatively flat and their values were consistent with those reported in our earlier 1-V
polarization curves. At 150 mAcm™, there was a slight fluctuation on the voltage
response in conjunction with a slow decline, which was likely caused by a limitation
on the O, supply. Despite of this moderate performance degradation at 150 mAcm?,
catalytic behavior for LagCag4C0osRug203/BP2000 was rather stable and sustainable

provided that the current density was maintained below 100 mAcm™,
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Figure 4.14 Galvanostatic ORR profiles for:LagsCag4C0osRug203/BP2000 at current

densities of 10 (m), 50 (0), 100 (x), and 200 (¥ ) mAcm™.

The life time performance ‘for:Lag ¢Cag4C00sRu(20s/BP2000 was evaluated at
4.8 mgem™ loading (considering the weight of LaggCao+C0ogRuo203 only) for a
current density of 10 mAcm™. The resulting voltage profile is presented in Fig. 4.15
in which the voltage curve experienced a gradual decline from 1.233 V at a slope of
0.063 mVh™. At the 2000™ h, LayCap4CoosRu203/BP2000 still maintained a
respectable 1.108 V. Because the life time experiment was conducted with unfiltered
ambient air, the residual CO, engendered carbonation in the KOH electrolyte that not
only affected the electrolyte conductivity but also altered the GDE microstructure. As
a result, the voltage response expectedly decreased with the prolonged CO, exposure.
At the 2622™ h, we observed a sudden drop in voltage, which was believed to be due

to the last stage of electrolyte flooding that inundated the catalytic surface entirely.
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This was likely because in our GDE, LagsCapsC0osRup203/BP2000 was

brush-painted on its surface as a thin layer.
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Figure 4.15 Life time performance for LagCap4C0osRU0203/BP2000 (5%) at current

density of 10 mAcm™.
4.2.2 SSR-derived LaysCag4C0q4RU 603

Fig. 4.16 shows the discharging I-V polarization curves of perovskite catalysts
containing different amount of supported Ru on BP2000. It is worth mentioned that
the perovskite catalysts exhibit much improvement for the doped one over the
non-doped one. In addition, the composition of LaggCap4C0g4RU0603/BP2000 GDE

possesses the best catalytic ability.
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Figure 4.16 The discharging I-V.polarization.curves of LagCag 4C01.xRUxO3/BP2000.

Furthermore, the galvanostatic discharge curves for 10 min from current density
of 10 mAcm™ to 200 mAcm™ are'shown in Figs. 3.17(a)-(c). As clearly presented, the
discharges curves are rather flat. In“addition; the voltage readings are consistent with

those recorded earlier in the discharging I-V polarization curves (Fig. 4.16).

54



O
W

O
o

Potential (volts vs. Ag/AgCl)

O
©

O
o

O O
W

o

O
©

Potential (volts vs. Ag/AgCl)

O
o

(@

I
L L -l L - 4

Tﬁﬁ\ o o N A A /\

t o—o—o—o—0—o |

f M)XK

s e ol S e |

0O 100 200 300 400 500 600

Time (sec)

_.(b)

L i i | - - _
VAN, CCLLLY, S N S
—-———0—@ |
M

e e S N S

0O 100 200 300 400 500 600
Time (sec)

55



O
o

o
w
>
n
n
[
[

q
¢
¢
..‘

0O 100 200 300 400 500 600
Time (sec)

Figure 417 The  galvanostatic' rdischarge  curves for the (a)
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Laolecao,4COo,8RUO,203/BP2000 (b) Laolecao,4COo,6RUO,403/BP2000 (C)
LaosCao4C002RUos03/BP2000 at current- densities of 10 mAcm™ (Il), 50 mAcm™

(A\), 100 mAcm™ (@), 150 mAcm(x), and 200 mAcm™ (¥¥).

Further comparisons with known electrocatalysts are illustrated in Fig. 4.18. The
LapsCan4C004RUs03/BP2000 GDE shows comparable performance with
commercial product of EVT-Mn, EVT-MnCo, and home-made Ag/CNC. Indeed,

Lag sCan.4C0oo.4RUp603/BP2000 GDE possesses the best electrochemical performance.

56



0.4 1

O
o
T

O
oo
T

-1.0

—7e Lap 6Cap.4C00.4Rup,0z/BP2000 |

. O Ag/CNC
X~ EVT-Mn
5 - EVT-MnCo

Potential (volts vs. Ag/AgCl)

2k
0 30

60 90..120 150 180 210

240 270

Current density (mAcm'Z)

Figure 4.18 The I-V polarization curves of the LagsCag4C0o4RU0s03/BP2000 GDE

and the catalyzed GDEs with electrocatalysts of Ag/CNC, commercial EVT-Mn, and

commercial EVT-MnCo.

Fig. 4.19 shows the charging I-V polarization curves of perovskite catalyses

containing various Ru contents. As shown in the figure, the perovskites with Ru

doping exhibit consistent performance enhancements over that of undoped one.

Furthermore, once the Ru content was increased, further improvement in the

electrochemical performance was observed.
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Figure 4.19 The charging I-V polarization‘curves of LagCao4C01-xRUxO3/BP2000.

Again, Fig. 4.20 provides the‘galvanostatic charge curves for 10 min from 10
mAcm? to 200 mAcm? Clearly, the LageCasC01.xRUxOs/BP2000 GDEs are
consistently superior than the undoped one. Notably, these charging curves are rather

flat for 10 min.

58



(o N w

o

Potential (volts vs. Ag/AgCl)

o O = =
Ul

Potential (volts vs. Ag/AgCl)

o

e

0 100 200.300 400 500 600
Time (sec)

N

(o

—i—a——

(@)}

w

0 100 200 300 400 500 600
Time (sec)

59



=
U1

=
N

o
»

Potential (volts vs. Ag/AgCl)
o
(@)

0.3

1 1 1 1 1 1 1 1 1 1 1 1
0 100 200:300 400 500 600
Time (sec)
Figure 4.20 The galvanostatic charge curves for the (a) LaysCagsCo03/BP2000 (b)
Lag sCag.4C0oo gRUp203/BP2000 (€) LapsCap4CopsRU03/BP2000 at current densities

of 10 mAcm? (), 50 mAcm? (A), 100 mAcm? (@), 150 mAcm™? (x), and 200

mAcm? (3%).

Finally, to confirm our Ru-doped perovskites are truly functional in practical
cases, we conducted the test for 100-h discharge followed by 100-h charge at a
constant current density of 30 mAcm? as shown in Fig. 4.21. Remarkably, the
potential profiles are rather flat for the 200 h durations. Furthermore, the SEM images
of electrode taken before and after the life time test shown in Fig. 4.22(a) and (b),
respectively. Smooth carbon surfaces with a homogeneous distribution of the catalysts
were observed in Fig. 4.22(a). However, the cracks on the surface of electrode were

observed after the life time testing due to the oxygen pass through electrode as shown
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in Fig. 4.22(b). It is suggested that e result from the cracks were form under oxygen

reduction and oxygen evolution reaction.
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Figure 4.21 The life time testing of the LagsCao 4C00.4RU(03/BP2000 GDE for 100 h

discharge followed by 100 h charge at a constant current density of 30 mAcm™.
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Chapter 5 Synthesis and Characterization of
LagsCap4Colrg5035.5and
LLapsCap4C0gslrg,03 for Bi-functional

Electrodes

5.1 Physico-chemical characterizations

First developed by Benjamin et al., the mechanical alloying process has become
a mature technique to fabricate metastable phases that are difficult to synthesize from
conventional routes [139]. It typically involves. a high energy milling treatment at
room temperature to break/coalesce constituent powders depending on their are brittle
or ductile features. To date, the mechanical alloying was demonstrated to prepare
mixed oxide powders of RuO,-SnO; as well-as binary PtRu alloys for electrocatalytic

applications [140,141].

Fig. 5.1 presents the XRD patterns of IrO,, ACP-derived LagsCag4C00s3,
LaosCap4Colrg25035.5 after mechanical alloying process, and ACP-derived
LagsCag4Cooglrp203. The XRD result of the IrO, (Fig. 5.1(a)) exhibited a rutile
structure while the ACP derived powders indicated pure perovskite LagsCagsC003
(Fig. 5.1(b)), which agrees perfectly with the LagsCap4C003; JCPDS standard data
(35.1389). Similarly, we observed an extra diffraction peak at 26=36.90°.
Simultaneous presence of these noises indicated that the undesirable phase comes

from residue inherent to the ACP synthesis. This suggested heat treatment of 550°C in
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air for 4 h is sufficient to decompose the precursors and form the desirable perovskite
phase. After mechanical alloying for 12 h, the resulting powders exhibited a pattern
that contains all the diffraction peaks of LaggCagsC003, confirming successful
incorporation of Ir** at Co®* sites as shown in Fig. 5.1(c). However, the XRD pattern
of the resulting powders exhibited moderate noises inferring likely compromise in
crystallinity during the high energy ball milling process. Structural alteration
sustained during mechanical alloying was not unexpected [142]. Nevertheless, it is to
be noted that 1rO, peaks disappeared entirely. This confirms the result reported earlier
by Gaudet et al. that mechanical alloying is an effective method to prepare mixed
oxides in a single phase without involving solution state mixing and high temperature

diffusion [140].

On the other hand, XRD .results for the ACP-derived LagsCag4Co0oslto203
powders are provided in Fig. 5:1(d).“As shown in Fig. 5.1(d), ACP-derived
Lao sCan4Cooslro 203 exhibited a‘crystalline perovskite phase (ABO3). Unfortunately,
there were minor signals possibly from the oxides of La,O3; (260= 36.84°) and Co304
(26 = 65.08°). Nevertheless, we did not observe any diffraction peak from IrO,,
suggesting that the incorporation of Ir** at the Co cation sites was achieved as
expected. Calculation of the lattice parameters using high angle diffraction peaks
indicated at c=13.25 A and a=5.44 A for ¢ and a axis, respectively. These values are
slightly larger than those of LaggCapsCo0; (¢ = 13.09 A and a = 5.43 A) from
standard JCPDS stand data 35.1389. The volume expansion is expected because the
size of Ir** (0.76 A) is larger than that of Co®* (Co®*" = 0.69 A and Co™ = 0.67 A).
Again, the diffraction peaks of ACP-derived LagsCap4C0gslro203 matched well with

those of the standard Lag sCao4C00O3 perovskite.
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Figure 5.1 X-ray results of (a) IrO,, (b) ACP-derived LageCa0sCo0Os, (C)
LagsCap4Colrg25035.5 from the mechanical alloying process, and (d) ACP-derived

Lao_acao_4C00_3| I’o,203.
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Previous studies reported the preparations of materials by the mechanical
alloying in which the resulting compositions are simply a solid solution of individual
constituents, or incorporation of the minority phase into the majority phase [143-147].
In our case after mechanical alloying, the XRD results of the powders indicated
complete disappearance of the minority phase of rutile IrO, and the majority phase of
perovskite LagsCag4CoO3 remained relatively intact. This suggested that Ir** and 0%
are incorporated into the perovskite matrix. Hence, the composition of the resulted

powders is Lag sCag4Colrg2503;s.

To further investigate the exact composition of the resulting powders, we
adopted the iodometric titration method, which has been used extensively in
literatures to estimate the composition of complex-oxides [147,148]. The iodometric
titration was carried out to determine the oxygen content of the perovskite indirectly
by calculating the average oxidation state'of Co cations. This is because variations of
the oxygen content in the perovskite structure reflects changes in the oxidation state
of Co cations. In our samples, the average oxidation state of Co cations from the
iodometric titration measurements is 3.2 assuming the Ir cations remain as Ir*.
Therefore, the composition of our powders is estimated as LaggCag4Colrg 25034060
Combining information from literature reports as well as experimental results from
the iodometric titration we believe it is appropriate to label our material as

Lao,GCao,4CoI ro_2503,5.5.

We also attempted to synthesize LaggCap4sC00O3; from SSR route at identical
conditions like that of LageCag4C0oslro203. However, instead of the desirable
perovskite phases we obtained the mixed phase powders as revealed by the XRD

result of provided in Fig. 5.2. Therefore, we did not carry out further electrochemical
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characterizations. However, we believe the ACP-derived LagCap4C003 should serve
as a good benchmark. In our recent publication [55], the ACP-derived LagsCay+C003
was used as the reference because it exhibited a pure perovskite phase as shown in Fig.

5.1(b).
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Figure 5.2 The XRD profile of the SSR-derived Lay sCay4C003 from SSR route.

Fig. 5.3(a) exhibits the SEM image of LaggCap4Colrp25035.5 powders after
mechanical alloying. The powders mixtures exhibited particles aggregated in irregular
shape with primary particles of 300-500 nm in sizes. Prior to the mechanical alloying,

the particle sizes of IrO, were between 10-30 nm. Some coalescence of oxides
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particles resulting from mechanical alloying was observed. The picture for
LapsCap4Co03 (shown in Fig. 5.3(b)) reveals a foam-like morphology, with larger
pores of 445 nm. The SEM image is consistent with BET measurements in reduction
of surface area from 9.51 m°g™ of ACP-derived LageCag.C00;s to 5.62 m’g™’ of
LaosCap4Colrg25035.5. As shown in Fig. 5.3(c), ACP-derived LagCag4C0oslro203
appeared in a foam-like structure with the presence of micropores of 245 nm size.
Individual particles were not discernible, and the aggregates had irregular shapes. The
appearance of a foam-like microstructure is expected because our sintering process
was carried out under relatively mild conditions, i.e., 650°C for 4 h. We realize that
sintering at higher temperatures could produce larger particles with excessive
coalescence. BET measurements on the-ACP-derived LapsCap4C0g3glro203 powders

indicated the surface area is 13.31 m%g".
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Figure 5.3 The SEM image of (a) LaysCag4Colrg 250355 after the mechanical alloying

process, (b) LagsCap4C003, and (c) ACP-derived LagsCao4C0oglro20s3.

In addition, the EDX mapping of the LagsCag4Colrg25035.5 powders indicated
uniform distributions of Ir as shown in Fig. 5.4. Our results suggest successful

incorporation of Ir**

at the Co cation sites, confirming the formation of
LaosCao.4Colro25035.5.
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Figure 5.4 The EDX mapping of LagsCap4Colrg25035.5.
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5.2 Electrochemical characterizations

In our earlier study of oxygen reduction electrocatalysts in alkaline electrolyte,
we identified the CNCs as the excellent substrates for catalyst support [23]. We
attributed their superb characteristics to near spherical shape with graphene layers on
perimeters. The CNCs (330 m?g™%) were produced by incomplete combustion of C,H.
and O, with the resulting particles between 10-30 nm as shown in Fig. 5.5. TEM
images indicated CNCs with good uniformity. Detailed processing parameters for

CNCs synthesis was reported by Liu and Li [76].

Figure 5.5 Images for CNCs from TEM.

Fig. 5.6 presents the I-V polarizations in discharge mode conducted on GDEs
that were catalyzed by LaggCapsC003, IrO2/CNCs, LagsCapsCo00O3/CNCs, and
LagsCag4Colrg25035.5/CNCs. In addition, noncatalyzed GDEs were evaluated as the

reference. In I-V profiles, the voltage readings started from 1.6 V and decreased
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gradually with increasing current. Among these discharge curves the
LagsCan4Colrg25035.5/CNCs revealed the highest catalytic ability, delivering 0.980 V
at 100 mAcm? This is a significant 89 mV enhancement over that of
Lap sCag4Co03/CNCs. Interestingly, the LagsCag4Colrg25035.5/CNCs behaves better
than 1rO,/CNCs at high current density. In contrast, unsupported LagsCag+C003
showed rapid deteriorations in I-V discharge, approaching noncatalyzed GDEs at
current density above 175 mAcm™. The notable improvement of LagsCao4C0O3 on
CNCs in catalytic ability was expected as previous reports have documented
synergistic effect in combining perovskites with carbonaceous supports [48,58]. It is
because carbon produces peroxide ions in reduction reaction while the presence of

perovskites promotes the decomposition of peroxide ions.

The I-V polarizations in-charging mode.for IrO,/CNCs, LagsCag4C003/CNCs,
LaosCap4Colrg25035.5/CNCs,~and noncatalyzed GDE were shown in Fig. 5.7. In
charging reaction, oxygen was produced and released from the GDE. Generally, the
oxygen evolution reaction incurs a much larger polarization loss as compared to the
oxygen reduction at identical current density. From the diagram, the voltage started
from 1.6 V and moved to higher voltages with increasing current density. The GDE
catalyzed by LagsCag4Colry250355/CNCs demonstrated impressive catalytic
performances, showing a charging voltage of 2.104 V at 50 mAcm™. For current
density between 0 and 150 mAcm?, LaggCaosColrg250355/CNCs exhibited
performance improvements of 67 mV over those of LagCap4C0o03/CNCs. Although
the IrO,/CNCs was superior than that of LagsCag4C0o0O3/CNCs, its performance was
still inferior to that of LageCap4Colrp250355/CNCs at low current densities. In

contrast, the noncatalyzed GDE revealed negligible catalytic abilities with a sharp rise
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in the charging voltage. Our results confirmed that the addition of Ir** in the
lanthanum cobaltate is beneficial for bi-functional catalytic abilities. Notabably, the
surface area of LagCag4Colrg250355/CNCs are smaller than that of LagsCag4CoO:s.
Therefore, we are confident that the observed enhancements in I-V performances are

due to the intrinsic superiority of LagCag 4Co0lrp 25035.5/CNCs.
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Figure 5.6 The discharging I-V polarization curves of the noncatalyzed GDE, and
catalyzed GDEs with electrocatalysts of IrO,/CNCs, LaggCapsCo0s3,

Laolecao,4C003/CNCS, and Lag sCag 4Col I’o,2503_5-5/CNCS.
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Figure 5.7 The charging I-V polarization curves of the noncatalyzed GDE and
catalyzed GDEs with electrocatalysts of - IrQz/CNCs, LagsCap4Co03/CNCs, and

LagsCag.4Col ro,2503_5-5/C NCs.

Further studies in catalytic performance of LageCag4Colrp25035.5/CNCs were
carried out in galvanostatic charging and discharging modes for duration of 10 min at
current density of 25 and 100 mAcm™, respectively. Their results were shown in Fig.
5.8 along with those of Lag §Cag4CoO3/CNCs. For both charging and discharging, the
voltage readings were in line with those reported in polarization experiments. In
addition, both galvanostatic profiles were rather flat confirming electrocatalysts of
LapCap4Co03/CNCs and LagsCagsColrg25035.5/CNCs were stable in alkaline
electrolyte and their performances were sustainable. For both charging and
discharging, the electrocatalytic performances of LaggCagsColrg25035.5/CNCs

surpassed those of LapsCapsCoO3s/CNC. This effectively demonstrates that
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incorporation of Ir** in the LapsCaosC00s structure leads to a remarkable

improvement in bi-functional ability.
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Figure 5.8 LagCap4Co03/CNCs galvanostatic discharging curves at (a) B 25 and (b)
@® 100 mAcm? and charging curves at (c) 4 25 and (d) % 100 mAcm®.

LagsCap4Colry25035.5/CNCs galvanostatic discharging curves at (a) > 25 and (b) V

100 mAcm™ and charging curves at (c) > 25 and (d) O 100 mAcm™.

Fig. 5.9 shows the oxygen reduction I-V curves for the noncatalyzed GDE and
catalyzed GDEs with LagCap4Cooslro203 only, LagsCapsCo0O3/CNCs, and
ACP-derived LaggCapsCooslro203. Also shown is the commercial catalyst (MnOy)
from eVionyx Inc. The profiles exhibited typical I-V polarizations in which the

potential values decreased steadily from 1.60 V with increasing current densities.
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Among these samples, ACP-derived LagsCap4C0oglro203/CNCs demonstrated the
best performance, delivering 1.047 and 0.932 V at 100 and 200 mAcm 2, respectively.
In contrast, LagsCag4Co0O3/CNCs maintained a potential of 0.891 and 0.723 V at
identical current densities. There was a 209 mV enhancement at 200 mAcm 2 for
ACP- derived Lap 6Cao.4C0oglro203/CNCs. Moreover, ACP-derived
Lap sCan4Cooglrp203/CNCs performed better than MnOy. In contrast, the GDE with
unsupported ACP-derived LagsCap4C0oslro203 only demonstrated rapid voltage
deterioration with increasing current densities. Again, this behavior is consistent with
earlier observations in which a synergistic effect was observed for GDEs catalyzed by
perovskites supported on carbons [48,58]. Lastly, the noncatalyzed GDE showed

negligible catalytic behaviors, as expected.

The oxygen evolution 1=V curves for the noncatalyzed GDE, as well as GDEs
catalyzed by ACP-derived LagsCag4Copslrg203/CNCs, LagsCapsCoO3s/CNCs, and
IrO,/CNCs are provided in Fig. 5.10. Since the oxygen evolution is Kinetically
challenging, the polarization loss is expected to be more severe as compared to the
oxygen reduction at identical current densities. As shown, the voltage started at 1.60
V and moved rapidly to higher values with increasing current densities. Apparently,
the noncatalyzed GDE showed limited oxygen evolution performance. In contrast, the
GDE catalyzed by ACP-derived Lag¢Cag4C0gglro203/CNCs demonstrated remarkable
catalytic abilities, exhibiting the voltages of 2.046 and 2.178 V at 50 and 100 mAcm?,
respectively. At identical current densities, the voltage readings from
Lap sCap4Co03/CNCs were 2.171 and 2.347 V, respectively. The GDE catalyzed by
IrO,/CNCs showed slightly better behavior than LagCap4C00O3s/CNCs but was still

outperformed by ACP-derived LagsCag4C0oslro203/CNCs. The results from the 1-V
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measurements for oxygen reduction and evolution were encouraging. With the
introduction of Ir at the Co cation sites, we not only observed the improvements in the

catalysis for the oxygen evolution, but also better oxygen reduction behaviors.
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Figure 5.9 Oxygen reduction I-V polarization curves of MnOy, noncatalyzed GDE,

and catalyzed GDEs with LageCap4Co0oslro203 only, LagsCagsCo0O3/CNCs, and

ACP-derived LageCagaCogsl I’o,zOg/CNCS.
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Figure 5.10 Oxygen evolution |-V polarization curves of noncatalyzed GDE and

catalyzed GDEs with ACP-derived LaggCansC0oglrg203/CNCs, LagsCap4C003/CNCs,
and IrO,/CNC:s.

Fig. 5.11 exhibits the I-V polarizations in discharging mode conducted on the
GDEs that were catalyzed by LaggCap4Colrg250355/CNCs, and ACP-derived
LagsCan4Cooslrp203/CNCs. In addition, the noncatalyzed GDE was adopted as the
reference. They are benchmarked against noncatalyzed GDE and showed much
improved performance, delivering in between 0 and 250 mAcm™.  For incorporation
of Ir*" in the LagCag4C00; perovskite prepared by these two methods, ACP method
produces the powders with the best catalytic ability. Note that it is likely that the

superior ability is a result of high surface area as BET results shown earlier.
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Figure 5.11 Oxygen reduction |-\ ‘polarization curves of noncatalyzed GDE and
catalyzed GDEs  with LagsCag.sColrg25035.5/CNCs  and  ACP-derived

LagsCag4Cog sl I’o,zOg/CNCS.

Fig. 5.12 provides the ORR I-V profiless for the ACP-derived
Lag 6Cao.4C00sRUp203/CNCs and ACP-derived LagsCao4C00slro203/CNCs. These
curves exhibited typical 1-V characteristics where the potential values were found to
decrease gradually from 1.6 V with increasing current densities. As shown, both
ACP-derived Lag 6Cao.4C0osRUp 203/CNCs and ACP-derived

LaosCap4Cooslro203/CNCs revealed similar catalytic abilities between 0 and 210

mAcm.
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Figure 5.12 Oxygen reduction |-V polarization curves of ACP-derived

Laolecao,4COo,3RUo,203/CNCS and ACP-derived Lao_scao_4C00_8|I’0,203/CNCS.

Additional supporting evidence “is" be ‘provided by the measurement of zeta
potentials. As pointed out by Bockris and Otagawa, the point of zero charge (pzc) is
an indicator of intrinsic catalytic properties because the surface characteristics of
oxide powders determine their pzc values [38]. Hence, the zeta potential
measurements were conducted on ACP-derived LagsCagsCooslro203 and
LagsCap4Co03 and the results are shown in Fig. 5.13. As shown, the pzc values for
ACP-derived LaggCap4C0o3lro203 and LagsCap4CoO3; were determined to be 11.23
and 8.652, respectively. Our results were consistent with what Bockris and Otagawa
had predicted: that the perovskites with pzc at high pH values between 7 and 14 were

likely to possess better catalytic abilities for the oxygen evolution reaction [38].
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Figure 5.13 Zeta potential responses for ACP-derived LagsCap4C0oglro203 and

Lag Cag4C00s.

Galvanostatic measurements for the oxygen reduction reaction were carried out
at current densities of 50 and 100mAcm ? for the GDEs catalyzed with ACP-derived
LapsCap4Cooglrp203/CNCs and LageCap4Co00O3z/CNCs. Fig. 5.14 presents their
respective profiles for 10 min. For both samples, the voltage plateaus were observed
at and their values agreed well with those reported in earlier |-V polarization curves
(shown in Fig. 5.9), indicating that the catalytic performances of ACP-derived
LaosCap.4C0oglro203/CNCs and LagsCag4sCoO3/CNCs were stable and sustainable. In
addition, the voltage readings from ACP-derived LagsCap4C00slro203/CNCs were
consistently higher than those of LagsCao4C0o0O3/CNCs for both current densities.
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Figure 5.14 Oxygen reduction: galvanostatic 'curves for the ACP-derived
LaosCao4C00slro20s/CNCs at current densities-of 50 mAcm™? (%) and 100 mAcm™
(0), as well as Lag sCao4CoO3/CNCs at current densities of 50 mAcm™ (A) and 100

mAcm? (x).

Fig. 5.15 presents the oxygen evolution galvanostatic profiles for the GDEs
catalyzed with ACP-derived LagCag4C0oslrg203/CNCs and LagsCag4sCo03/CNCs at
current densities of 50 and 100 mAcm? for 10 min. Again, the voltage readings
agreed well with earlier 1-V polarization curves (shown in Fig. 5.10), and their

responses were relatively steady.

Notably, ACP-derived LagCay4C00slro203/CNCs behaved much better than

Lap sCag4Co03/CNCs at both current densities. Unfortunately, at a current density of
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100 mAcm 2, severe voltage fluctuations took place for both samples. Since the
oxygen evolution reaction formation and detachment of oxygen bubbles at the
electrode surface often resulted in the reactivation of catalytic surfaces [149,150]. As

a result, a periodic reduction of overpotentials was observed.

To evaluate the bi-functional abilities of ACP-derived
Lag sCag4Cooslrp203/CNCs, the catalyzed GDE was subjected to repeated sequences
of oxygen reduction (0.5 h), resting (1 h), oxygen evolution (0.5 h), and resting (1 h)
for intermittent life time that. Each cycle lasted 3 h and the average voltage in the
oxygen reduction and evolution steps was measured. The results are shown in Fig.
5.16. For the oxygen evolution reactions, the voltages drifted lower initially but
moved up steadily at a rate of 1.59'mVcycle *. At the 70" cycle, the voltage was 2.08
V. Similarly, the voltages in. the oxygen reduction reactions exhibited a gradual
reduction upon cycling. The slopes of the voltage declines were 0.61 mVcycle ™ in the
first stage (0-40 cycles) and 4.24 mVcycle* in-the second stage (40-70 cycles). At
the 70" cycle, the voltage was still 0.97 V. Since CO,-filtered air was used, the effect
of carbonation-induced electrode damage could be ruled out. We speculated that the
undesirable electrolyte flooding contributed partially to the performance degradations
because in our case only a thin layer of catalysts was deposited on the surface of the
GDEs. In addition, it is recognized that oxidation of the carbon supports during the
oxygen evolution reaction might have led to the gradual loss of catalytic abilities

[69,70].
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Chapter 6 Synthesis of Large Surface Area
Carbon Ambient Gels for Electrochemical

Double Layer Capacitors

6.1 Structural characterizations

Previously, in the preparation of R-F derived carbon aerogels, the R/C ratios
were in between 50 and 1500, and a catalyst such as sodium carbonate (NaCOg3) was
used [123]. It is because a high R/C ratio. enables the formation of large colloidal
particles with limited contacts among them,.and a base catalyst promotes a wider pore
size distributions [122,123]. However, the concentration of catalyst with such formula
extremely low and it is rather difficult to initiate the condensation reaction. Therefore,
we inferred that a lower R/C ‘ratio..of 5 or-10 -might be beneficial because the
concentrated precursors allow an intimate structure with relatively narrower pore size
distribution. In addition, we selected an acidic catalyst because Al-Muhtaseb et al.
and Elkhatat et al. reported that in an acidic solution, the condensation reaction took
less time to complete and finer interconnected mesopores were produced afterwards

[122,123].

Representative SEM images for GA, GB, GC, and GD samples are presented in
Fig. 6.1(a)-(d). Sample GA (shown in Fig. 6.1(a) and its inset) revealed uniform
spherical carbons with diameter in 7-10 um. These spherical carbons are in contact
with each other in a string-of-pearls pattern. Since the sample was synthesized with

relatively lower precursor concentrations, the condensation reaction took place slowly
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and resulted in larger primary particles. Similar results were observed by Scherdei et
al. who observed the formation of spherical particles at lower precursor
concentrations [151]. In SEM image of sample GB shown in Fig. 6.1(b), once the
precursor concentrations were increased (while the R/C ratio was kept at 5:1), many
small irregularly-shaped carbon particles (50-500 nm in size) connecting to each other
was observed. During sol-gel reaction, a higher precursor concentration often leads to
faster condensation and stronger cross-linking among primary particles. As a result,
sample GB exhibited a foam-like microstructure comprised of mostly smaller primary
carbon particles compared to those of sample GA. Fig. 6.1(c) shows the morphology
of sample GC, in which a reduced catalyst amount was used while the precursor
concentration was identical to that of sample'GB. Similar to that of Fig. 6.1(b), a
foam-like microstructure with. primary. -carbon. particles in 50-100 nm size was
observed. Moreover, a higher magnification picture, sample GC revealed larger
internal pores with moderate sintering.among primary carbon particles in sample GC.
We speculated that due to a reduced catalyst loading, there were fewer nucleation
sites for the sol-gel reaction so that the resulting cross-linking was suppressed.
Morphology for sample GD is shown in Fig. 6.1(d). Since the difference between
samples GC and GD was the treatment for CO, activation, their morphologies are
hence quite similar as the CO, etching effect induces the micropores on the carbon

surface and those micropores were not readily observed by SEM.
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Figure 6.1 SEM images for sample (a) GA, (b) GB, (b) GC, and (d) GD.

The pores of carbon ambient.gels can be. classified as microspores (<2 nm),
mesopores (2-50 nm), and magcrospores (>50 nm). Their relative amounts could be
estimated by nitrogen adsorption and desorption isotherms as shown in Fig. 6.2.
Interestingly, samples GA, GB, GC, and GD exhibited a type | behavior, indicating
the predominant presence of micropores:-Relevant pore properties including BET
surface area (Sger), micropore surface area (Swicro), external surface area (Sex),
average pore diameter, micropore volume (Vwmicro), and total pore volume (Vpore) are
provided in Table 6.1. Despite their notable difference in SEM morphology, samples
GA and GB exhibited similar Vpicro, implying that the R/C ratio and CO; activation
were responsible for micropore formation. Remarkably, at identical R/C ratio of 10,
sample GC possessed four times larger Vnmicro Over that of sample GD. Moreover, the
Sext for sample GC increased considerably as well. It is noted that the Sgx; represents
the sum of macropores and mesopores. According to Fig. 6.1, the morphologies for
sample GC and sample GD were quite similar, and hence their macropore volumes

were likely to be close. Therefore, the large Sgx for sample GC was attributed to the
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formation of abundant mesopores and micropores during CO, activation. This was
confirmed by the burn-off ratio listed in Table 6.1. With CO, activation, the samples
suffered from weight loss of 95-96%. In contrast, without CO; activation, sample GD
retained 11.7 % weight after pyrolysis. Our experimental results provide clear
evidences for CO, activation that effectively etches the carbon surface, resulting in
the presence of excess micropores and mesopores. It is worthy to note that the surface
area for sample GC was estimated at 3419 m’g™, a value that is significantly larger
than typical high surface area carbons like activated carbons or Black Pearl 2000
(BP2000). In previous studies of RF-derived samples, the largest surface area reported
was 3125 m?g™ from a carbon aerogel [152]. In our case, we were able to surpass that
value by combining improved formula,-solvent exchange, and CO, activation

simultaneously.

Table 6.1 Relevant parameters for the pore properties determined by nitrogen

adsorption and desorption isotherms-from GA, GB, GC, and GD, respectively.

GA GB GC GD
Veore (cm®g™) 0.99 0.86 1.36 0.23
Vmicro (€M3g™) 0.42 0.40 0.76 0.18
Sger® (M?g™) 2293.9 2016.6 3418.6 449.1
Swiicro (M°g™) 1009 928.8 1987.4 338.4
Sed” (M%) 1284.9 1087.7 1431.2 110.7
D, (A) 13.8 12.2 185 11.1
Sex ratio® (%) 56 53.9 40.9 24.7

* SgeT = Smicro + Sext.
® Sex is the surface area including mesopores and macropores.
© Sex ratio = SgxySger.
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Figure 6.2 N, adsorption/desarption isotherms of sample GA ([]), GB (@), GC (5%),

and GD (X).

To evaluate the bond status for our-samples, Raman analysis was conducted and
the results are displayed in Fig. 6.3. The Raman spectra revealed distinct peaks near
1340 cm™ and 1580 cm™, respectively. According to previous study [153], the first
peak at 1340 cm™ (D-band) is attributed to the sp® hybridized bonding which is
associated with disordered or amorphous carbon phase, while the graphitic component
in sp? arrangement accounts for the second peak at 1580 cm™ (G-band). Hence, the
degree of graphitization, or crystallinity for the carbon ambient gels, could be
determined by the ratio of integrated from intensites D and G bands (Ip/lg). For an
ideal graphitic structure, the Ip/lgratio is expected to be zero as a singular Ig peak is
present. In our case, the Ip/lg ratios were 1.93, 1.86, 2.05, and 1.78 for samples GA,

GB, GC, and GD, respectively. These values suggested that the structures for the
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carbon ambient gels were poorly ordered with substantial numbers of defects.
Moreover, the Ip/lg ratios for those samples undergoing CO, activation were
consistently larger than that of sample GD. This pattern confirmed that the CO,
activation was able to destroy sp? bonding, exposing a larger surface upon pore

formation.

Intensity (arb. units)

1000 1200 1400 1600 1800
Raman shift (cm™)

Figure 6.3 Raman spectra for sample GA, GB, GC, and GD.

6.2 Electrochemical characterizations

Since binder was not used in the TCE for electrochemical analysis, the

determination of intrinsic capacitive behaviors for the carbon ambient gels was
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feasible especially only a small amount of sample was necessary to fill the electrode
cavity. Fig. 6.4 shows the representative CV profiles for sample GC at potential
windows of 0-0.6, 0-0.8, and 0-1 V, respectively, along with the response from an
empty TCE. As shown, the TCE itself revealed negligible currents in both forward
and backward scans. In contrast, the carbon ambient gels exhibited quasi-rectangular
responses typical of EDLCs [154]. At voltage approaching 1 V, there appeared
moderate electrolysis which engendered an apparent current rise. Notably, the
presence of functional groups on the carbon ambient gels was rather subdued as
additional redox peaks were not observed in 0.2-0.6 V. It is known that the specific

capacitance could be estimated from the CV profiles by the equation listed below,

AE T

WAE - “WAE (5-1)
where Cs, Q, w, AE, and i. are the specific capacitance (Fg™), coulombs of discharge,
sample weight, CV potential window, and cathodic current density, respectively.
Table 6.2 lists the specific capacitance for the carbon ambient gels at various potential
windows along with commercially available carbon blacks such as Vulcan XC72R
(XC72R), BP2000, and Active Carbon (AC1100). The Cs for those commercial
carbon blacks were determined by a TCE in identical test conditions and their values

were reported in our previous work [109].
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Table 6.2 Values of specific capacitance (Fg™) calculated from CV profiles in various

potential windows at 20 mVs™ scan rate.

GA GB GC GD XC72* BP2000* AC1100°
0-0.6 V 55.8 98 168.4 31 16.7 78 75
0-0.8V 69.3 115.2 183.4 33 18.7 94 80.8
0-1V 84.5 150.4 209.9 38.3 25.7 130.3 88

% these values were reported in reference 109.

O N B~ OO 0
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Figure 6.4 CV profiles at 20 mVs™ from sample GC in potential windows of (a) 0-0.6

V, (b) 0-0.8 V, (¢) 0-1 V, and (d) empty TCE of 0-1 V, respectively.

Among commercial carbon blacks, the BP2000 is known to possess a large
surface area due to its fine particle size and consequently, its Cs is considerably larger

than that of XC72R (130.3 vs. 25.7 Fg'). Remarkably, the carbon ambient gels of GB
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and GC exhibited even larger Cs values of 150.4 and 209.9 Fg™, respectively. These
values, to our knowledge, are comparable to the Cs s derived from other
large-surface-area nanostructured carbons reported in previously [155-159]. For
example, Weng et al. fabricated active carbons with a surface area of 2860 m”g™*and
obtained a Cs of 130 Fg™ [155]. Similar results were reported by Rufford et al. whose
active carbons of 1788 and 2019 m°g™ were synthesized and their Cs were 300 and
368 Fg™, respectively [156,157]. According to Table 3.1, sample GD was propared
with the identical formulation to sample GC but the CO, activation step was replaced
by Ar heat treatment. Without the CO, etching effect, sample GD possessed a

substantially low Vmicroand as a result, its Cs was merely 38.3 Fg™.

It is known that the CV profiles for a double layer capacitor are affected by the
scan rate imposed during CV. measurements.- The relation for a capacitive current

from a double layer capacitor is as follows,
ic =VCq[1 = exp (—t/RsCq)] (5-2)

where v is the scan rate, Rsis the electrolyte resistance, t is the time, and Cq is the
capacitance (Fg™). Hence, the current rises quickly and reaches a plateau in a short
time for a true capacitor. In addition, an increasing scan rate allows a larger current
plateau. Fig. 6.5 displays the representative CV profiles of sample GC at various scan
rates in a potential window of 0-1 V. The CV profiles exhibited rectangular shapes at
scan rates of 5 and 10 mVs™, as expected for a typical double layer capacitor [160].
Apparently, once the scan rate exceeded to 20 mVs?, the CV curves gradually
distorted. This distortion was attributed to the compromised diffusion within the

porous structure that rendered a progressively slower capacitance upon faster scan
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rate [129]. The Cs is also a function of CV scan rate since at a sufficiently fast scan
rate, some micropores become inaccessible due to diffusion limitation, and thus cease
to contribute to the capacitive current. Hence, the largest Cs is always recorded at the
lowest scan rate where ions adsorption and desorption are allowed in available free
surface and internal pores. Table 6.3 provides the Cs at different scan rates for the
carbon ambient gels and commercial carbon blacks. For the carbon ambient gels
except sample GA, they exhibited capacitance retention characteristics similar to
those of XC72, BP2000, and AC1100. We can thus reasonably assumed that the
carbon ambient gels contained pores that were properly sized so access by ions was

moderate at fast scan rate.

Table 6.3 Values of specific capacitance (Fg™).calculated from CV profiles at various

scan rates in potential window-of 0-1 .

mVs GA GB GC  GD XC72*  BP2000° AC1100°
5 (a) 1937 2149 3123 569 32.03 169.76  128.48
10 1324  183.1 266.2 1472 29.52 152.97  111.19
20 845 1504 2099 383 25.68 130.32 88

50 (b) 386 1226 1326 273 23.28 95.51 51.28
(b/a) (%)  19.9 571 425 488 72.68 56.26  39.91

% these values were reported in reference 109.

96



=
N

I . - ! I I ! I I
— 5mvs” .-
— - - 10mVs'1 =TT A
2’ 6 -- 20mVs o A
= g BOmVsT T Ve
b / L4 -
S .| é/_/ =77 -
4—"3'I_.' : - __--',V 7
S SR
t'6_-'../:-"--- ,/'/ 7
3 /' ‘/‘/
O -9} . - .
L/ -~
-12 el 1 1 . 1

00 02 04 06 08 10
Potential (V)

Figure 6.5 CV profiles for sample GC in potential window of 0-1 V at scan rates of 5,

10, 20, and 50 mVs*, respectively.

Fig. 6.6 provides the CRC responses at +1 Ag™ for the carbon ambient gels. It is

known that the Cs can be estimated by following equation [109],

Co = —=_~—2 (5-3)

dE
WX'E' WXAE

dE . . . .. .
where 5 s the slope for discharging curve. In addition, during current reversal,

there is a sudden voltage drop (iR loss) whose magnitude is proportional to the
electrical resistance of carbon ambient gel, TCE, and electrolyte. Values for the Cs
and iR loss are listed in Table 6.4. Sample GD exhibited the lowest voltage drop,
suggesting its smallest electrical resistance. This might be attributed to its intimate

interconnected structure and surface integrity. On the other hand, sample GA
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exhibited the largest voltage drop which was likely caused by the finite contact areas
among primary carbon particles that circumvented electron transports (see Fig. 6.1(a)).
In addition, all carbon ambient gels except GD possessed Cs larger than 200 Fg™,
indicating that accessible surface area, as well as suitable microspores and mesopores

structure were produced after CO; activation.
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Figure 6.6 CRC cruves at +1Ag™ in potential window of 0-1 V for sample GA, GB,

GC, and GD, respectively.

98



Table 6.4 Relevant parameters determined from the CRC measurements at +1 Ag™ in

potential window of 0-1 V.

GA GB GC GD
QO 236.3 269.2 418.6 39.60
E* (V) 1.00 1.00 1.00 1.00
E" (V) 0.736 0.869 0.935 0.944
iR drop (mV) 264 131 65 56
Cs(Fg? 213.2 229.4 324.8 34.7

It is noted that the CRC scan always leads to a higher Cs as opposed to that
obtained by CV scans. Since the CRC method is conducted at a fixed potential
window with a constant current density, it -hence allows a sufficient time for ion
adsorption and desorption. In contrast, the Cs determined by CV scans is achieved by
varying current so the kinetics for 1on diffusion in the-porous structure is limited. In
principle, the capacitance obtained at slow scan rate during CV scans should to
approach to of CRC method. In our measutements, indeed, the Cs of CRC at 1 Ag™

was indeed close to the Cs of from the CV at a scan rate of 5 mVs™,

To evaluate the life time performance for the carbon ambient gels, we carried out
the cyclic CRC experiments between 0 and 1 V at +1 Ag™. The resulting capacitance
variation over 3000 cycles are shown in Fig. 6.7, along with that of BP2000 for
comparison purpose. The life time testing, it was found that the capacitances
decreases smaller with increasing cycles, a fact that was possibly associated with
detachment of individual carbon particles during prolonged cycling. We speculated
that without binder, electrolyte inundation in the TCE cavity inevitably affects the

packing density and local environments of carbon particles. As a result, the amount of
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carbon particles responsible for the capacitive responses decreases with time. This
undesired effect was the worst in sample GA (with a capacity loss of 63%) since its
SEM image indicated there is limited contact in between carbon particles and thus
results in poor electrical conductivity and packing density. In contrast, sample GB
exhibited the best capacitance retention with a moderate capacity loss of 13%. Sample
GC showed a capacitance loss of 27% despite its IR loss was the smallest as listed in
Table 6.4. Nevertheless, the value of GC was still significantly better than 41% of
BP2000. Hence, we concluded that except sample GA, the carbon ambient gels

retained reasonable EDLCs behaviors comparable or even better than that of BP2000.
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Figure 6.7 Variation of specific capacitance for sample GA([_]), GB(@), GC(5%),

GD(X), and BP2000 (A) obtained from CRC measurements in potential window of

0-1V at +1Ag™ for 3000 cycles.
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Impedance analysis is a powerful technique to examine the interfacial
pheonmenon occuring in the ambient gels during capacitve responses. Fig. 6.8(a)
shows the Nyquist plots for samples GA, GB, and GC over the frequency regime of
0.1-20 kHz. Apparently, the impedance spectra consist of a semi-circle at high
frequncy and a Warburg diffusion at low frequency. The enlarged spectra at high
frequency regime is shown in Fig. 6.8(b) and the equilivent circuit model for the
fitting the impedance spectra is provided in Fig. 6.8(c). As shown, the equilivent
circuit includes elements of Rs (ohmic resistance from electrolyte, carbon particles,
and TCE), Rcr (resistance from faradaic charge transfer reaction), CPE, (capacitance
of constant phase element for faradaic charge transfer reaction), W (Warburg
impedance), and CPEgp, (capacitance of-constant phase element for electrochemical
double layer). For both CPE, and CPEgpy, they can be derived from following

equation [161]:

I
YO (W)

(5-4)

where Z, Y, j, ®, and a are impedance, capacitance of associated element, imaginary
unit, angular frequency (o = 2xf) of the AC signal, and a dimensionless parameter for
fitting purpose (a = 0 for a pure resistor and o = 1 for an ideal parallel plate capacitor).
In practice, the o is between 0 and 1, and its exact value reflects the porous nature of

the active material [162].

Table 6.5 presents the fitting results with relevant parameters clearly identified.
As listed, the Rs values were rather subdued confirming the conductive nature for the
carbon ambient gels. The CPE,-Y°, W-Y°, and CPEgp,.-Y° indicate the capacitive
components for CPE,, Warburg impedance, and CPEgp,, respectively. Among these
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samples, the q values for CPEp were consistently below 1, which was expected for a
porous electrode. In addition, the q values of Warburg impedance for sample GB and
GC were less than 1, a fact attributed to the limited diffusion in porous carbons. For
sample GA, its q value of Warburg impedance was undetermined because the
Warburg diffusion occurring at the low frequency regime was not clearly defined. It is
possible that a lower frequency AC signal is necessary to clarity the diffusion effect.
As for the CPEgp,, interestingly, sample GC revealed a g value of 1, suggesting its

response was close to an ideal capacitor.

Table 6.5 Parameters from fitting impedance spectra obtained at the open circuit

voltage
GA GB GC
R, (g7 0.00115 0.00181 0.00151
cPE, Y (Fg?) 1.113 0.228 0.281
q 0.553 0.707 0.642
Rer (QgY) 0.0954 0.0339 0.0215
R (Qg?) F 0.0019204 0.00462
w Y (Fgh) - 0.69332 0.839
q - 0.741 0.417
Y (Fg?) 77.230 117.300 130.300
CPEepL
q 0.428 0.552 1.000
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Figure 6.8 (a) Nyquist plots for sample GA, GB, and GC at the open circuit voltage in
frequency range of 0.1-20 kHz, as well as (b) the enlarged spectra at high frequency

regime. (c) is the equivalent circuit model used to fit the impedance spectra.

104



Chapter 7 Conclusions and Future Work

7.1 Conclusions

Stoichiometric LagCap4Co1xRuxO3 powders were prepared via ACP and SRR
routes. The XRD analysis identified the perovskite structure of LaggCao4C00s3,
indicating the successful incorporation of Ru®** at the Co®* sites. The SEM image
exhibited a foam-like microstructure with a specific surface area of 11.6 m?g™ in
ACP-derived LagsCap4C00gRUg203. On the other hand, the surface areas of
SSR-derived LaggCagCo1.4RU,O3 (x=0~1)-were between 7 and 10 m’g™. In the H,0,
decomposition test, ACP-derived LapsCapsC0opgRuUp,03 exhibited a higher
decomposition rate as opposed to that of LagsCaysC003. Consistent behaviors were
observed during the ORR -V polarization- measurements. Impedance spectra
indicated a smaller Rcr for ACP-derived: LapsCap4CoosRU2,03/BP2000. Both the
galvanostatic profiles and the life time performance indicated an impressive ORR
ability for ACP-derived LaggCapsCoogRuUp20s/BP2000. Furthermore, it is
demonstrated that the Ru-doped LagsCap4C003 show a superior behavior than the
undoped ones for oxygen evolution and reduction catalytic abilities. Among the
compositions studied, the SSR-derived LaggCapsC004RUo03 exhibited the best

bi-functional catalytic abilities.

Mechanical alloying process was adopted to prepare LagsCag4Colrp25035.5 from
mixtures of LageCapsCo0O3 and IrO,. Powders of LageCap4Copsglro203 were

synthesized by amorphous citrate precursor method. XRD results on the resulting
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powders confirmed successful formation of perovskite phase. The SEM images
demonstrated LagsCag4Colrg 250355 particles in irregular shape between 300-500 nm
in size while the SEM images of ACP-derived LagsCap4C0osglro203 revealed a
foam-like microstructure with numerous sub-micron pores. In electrochemical
characterizations, the Lag6Cap4Colrp 25035-5 and ACP-derived
LapsCan4Cooglrp203/CNCs exhibited improved performances over those of
LagsCap4Co03/CNCs and IrO,/CNCs for both charging and discharging polarizations.
For Ir doping of LagsCap4CoO3 perovskite prepared by these two GDEs, ACP-derived
LaosCag4Cooslro203/CNCs produces the powders with highest catalytic ability. In
addition,  the  resulting  discharge I-vV  curves of  ACP-derived
Lao sCap4C0osRU203/BP2000 and. LagsCagaCoqslro203/CNCs show the similar
electrochemical activity. Similar —behaviors were observed by galvanostatic
measurements for oxygen _reduction and evolution reactions. In life time
determinations, where repeated | cycling -of .0xygen reduction/resting/oxygen
evolution/resting  was  imposed, ' ACP-derived  LagsCap4C0oglro203/CNCs
demonstrated stable and sustainable performances with moderate degradation. Our
results provided conclusive evidence that the doping of Ir in the perovskite structure
of LagsCap4Co0;3 significantly enhances its bi-functional abilities in the alkaline

electrolyte.

In term of electrochemical substrate, we synthesized carbon ambient gels via a
condensation reaction of resorcinol ® and formaldehyde (F), followed by solvent
exchange, pyrolysis, and CO, activation. The carbon ambient gels experienced
negligible structural contraction during solvent removal and as a result, possessing

excessive surface area with a large number of micropores and mesopores. By
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selecting suitable combination of precursors and acidic catalyst, we were able to
produce a porous carbon structure whose surface area reached as high as 3418 m°g™.
Image from SEM confirmed its foam-like morphology with moderate sintering among
primary carbon particles. CV scans and CRC methods indicated Cs and life time
behaviors are comparable or even better than those of BP2000 in identical test
conditions. In contrast, without CO, activation, the carbon ambient gel displayed a
similar morphology but its surface area was reduced considerably to 449 m”g™. Due
to lack of sufficient micropores and mesopores, the resulting Cs and the life time

behavior were inferior to samples with CO, activation.

7.2 Future works

Future work of the bi-functional catalysts' will focus on developing and
improving performance for alkaline electrolyte system such as increasing surface area,
minimization of the particle sizes, and 'doping noble metals. The surface area and
particle sizes of catalyst are critical due to the determination of catalytic active sites.
Generally speaking, metal oxide perovskite (two-electron route) has relatively lower
conductivity and catalytic ability than those of noble metals (four-electron route) for
ORR. We can dope little noble metals such as Pt, Pd, Rh, and Ag in perovskite for
enhancing the catalytic ability. Therefore, the modification would be a practical way

to increase the catalytic activity of perovskite for oxygen reduction and evolution.

Regarding of the carbon ambient gels research, we have recently studied the use
of CO, treatment for surface activation. In the future work, it will be necessary to

introduce metal oxides, such as RuO,, V,0s, MNnO,, etc. into the carbon ambient gels
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to enhance the Cs of this metal oxide/carbon ambient gel nanocomposites. It is
expected that the combination of metal oxides and carbon ambient gels can take the
advantages of both the high pseudocapacitance of metal oxides and the stable
double-layer capacitance of carbon ambient gels, which might result in much
enhanced supercapacitance performance. In our study, we found that the carbon
ambient gels high porosity in the structure, implying that the carbon ambient gels
have huge voids in the structure. It is interesting that adding metallic ion into carbon
ambient gels during sol-gel condensation process could result in well dispersed metal

oxide/carbon ambient gel nanocomposites.
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