CHAPTER 2

2.1 Energy Demand versus Energy Storage

¥
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In 1990, the world population was 1.6 billion anW?pnmary energy

consumption was about 1000 million-Ton Equivalent ro um.(\te?ln 1997,

the population increased to 6.5 billion and rimary commercial QQ?'gy

consumption increased to 11,700 Mtep (Kayfec1 egebas 2019 Thls‘?_ clear

instance to show the increase of over eight times.in pr| r
!

demand. Report from International g g n@x

rgy ﬂgumptlon of

the world within a century and an |nflue pul h tqwa ds the energy
ate_d\ t in 2020, global
energy demand experienced fa I| /o,é arg bsqgce decline since World
War 1. This was the impact fr t ande Ioba rgy use. Surprisingly, the
global energy demandis e ced to; be escalat 6% in 2021 that will be
surpassed pre- COVIDbeIs th'eﬁjﬁcf?mctlons are lifted and economies

recover (IEA 20&83. CM@“\ demand” is hterally referring to any

kind of energ ired gﬂnduag-dr sectoral energy needs. This relates the

relationsh en th pricg' a ty of energy in the form of electricity or fuel.
4

Globa energy maﬁ'd {V"Efs not only to energy use but also location,

=

exw energy sources an\type and property of resources (Hasanuzzaman et al.,

0 Besides, there is an observation of the impacts of income, carbon dioxide

emissions and crude oil price on renewable energy consumption has been made in six



major emerging economies (Brazil, China, India, Indonesia, Philippines, and Turkey).
The crude oil price plays big role in reducing the adoption of clean energy invﬂu
and Indonesia. The carbon dioxide emission and per capita income allow @&ase
of renewable energy in Brazil, China, India, and Indonesia. This findin@%butes to
provide valuable perception for emerging economies to improm share of
renewable energy in the main energy mix to reduce carbon T&fl‘ (Shang et al.,

2022). In Japan, the government is expected to apply h enpas a"n efficient and

environmentally friendly alternative energy source in realising a ow society.
®

Currently, they have introduced approximately 150 en station nd O@OOO
fuel cell vehicles (FCVs) into Japanese soci y 2080, tarthY@OO and
800,000 respectively (Hienuki et al., 2021) ,é\v

Fossil fuels is the main source bmgwere enormeous en@nmental impacts
came from the combustion reacti:% fosqmv]‘t elés«e harmful substances

such as carbon dioxide (CO\ on mongxid (CO)A@'[)hur dioxide (SO3) and
nitrogen oxide (NOX). Thls?ﬁectt ein |ng Oz emissions and lead to the

strengthening of the Muse eff‘o ti rp @L sphere. Regarding to the high
energy demand a@wed rdserv of prn@&yj energy resources, this the effects

cause from t \Qeas WIC?.SR population growth, industrialization,

/

obligation s nat| nal rces&gmoeconomlc structuring of the 21 century,

the ne cts d¥ ing fu n the environment including greenhouse effect,
- - N - -, . - -

al rming, climate chh@es, rainfall abnormalities, acid rain and health

s (Kayfeci & Kegebas, 2019). For future energy supply, hydrogen has been

ntified as an alternative energy and considered a regenerative and environmentally

friendly fuel with high calorific value (Escobar-Alarcon et al., 2019). Thus, it

becomes the best solution for this problem.



2.2 Hydrogen Energy
Hydrogen energy is the best option for energy sources in the next century?ﬂ!
it being abundant in nature and can be considered as a potential substituu@}uels
from fossil sources. Hydrogen energy is high in calorific value and e entally
friendly (Escobar-Alarcén et al., 2019). Besides, one of the characteristi€s of hydrogen
as an energy is that it does not contain toxic properties and use corrosion.
o

Therefore, the use of hydrogen energy was safe and very eby necessary

precautions are taken into place (Kayfeci & Kegebas, . H dr%quthe most
abundant element in nature but hydrogen in gas is hardly nﬂ @rth
Therefore, an investigation has been carried o alned in

water (H20), which is the most abundant®hydragen

mpound ong (Escobar-
Alarcon et al., 2019). Water electrolys\%i is used a@ater into oxygen
AN

and hydrogen via electrical energy. (') \? A
N,
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|e ofi hydro }lpr tion with the electrolysis method is
appromm adays, he e several methods that are being studied to

produ gen but atel"elecfimyms method is the most efficient. For instance,

J
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stw ane reform method%ere hydrogen is produced from fossil fuels by using

| energy, but the production is only 40% - 45% approximately. Besides, the

OCtlon between aluminum (Al) and water (H20) can produce hydrogen with addition

of hydroxide (OH) to accelerate the reaction, but a problem arises because causing



corrosion in the hydrogen equipment. The primary purpose of these studies is to obtain

high rate of hydrogen at low cost (Tarhan & Cil, 2021). Yv

Basically, hydrogen atoms are comprised of an electron and as% It is

colourless and odorless. It is the lightest gas ever known (the density rate”is 0.089
kg/m? at normal condition) which is lower density than density of Massan et al.,
2021). The gravimetric density of hydrogen energy is gene out seven times
higher than the density of fossil fuels. It is undeniable that en e"nergy is highly
potential to become one of the main energy sources for thesutur bMare e

g N

improvements that need to be done such as in ter ansportation st ra@ezvhen
0 4

hydrogen is successfully generated (Tarhan & (YMl). \ “:/z~

‘
S Ps

2.3 Hydrogen Storage :\T /<\
When hydrogen is successfu ;mg {produce 4 ther % few ways that can be
&

done to store hydrogen safely.\@:rar%in s&‘mge can be categorised into

two main categories: physical based Stora 4n@erial-based storage. Physical

:
H‘H& en ca@stored as a compressed air, liquid,

<

and cryo-compre@)rm feci Ke@s, 2019). In state of compressed gas,
| O j
hydrogen stor&} limitation ated (tfme high environment requirement due to the
low speci &Wty %t e an@terials of tank. Hydrogen can be liquefied at -
4
h

253 °$ at'required 64% higa&;ergy amount than high pressure hydrogen gas
N

c ssion which is quite energy intensive process (Elberry, Thakur, Santasalo-

—+

based hydrogen storage means

‘(g)

0 i0, et al., 2021). Besides, hydrogen can be stored in both parameters (pressure in

mpressed gas and temperature in liquid storage) as in cryo-compressed gas storage

(Hassan et al., 2021).



Material based hydrogen storage means that hydrogen can be stored using
materials such as sorbents, metal hydride and chemical hydrides (Kayfeci & Ke 5
2019). Hydrogen can be chemically stored by absorbing or reacting @ther
chemical compounds such as metals or organic substances (Elbeﬂkakur, &
Veysey, 2021). Metal hydrides are commonly used because they caw hydrogen

at high densities that can exceed liquid hydrogen but ther Mlenge to store
;d

hydrogen in chemical form which is related to hydrogen delhydrogenation

process considering high temperature and pressure dem Huang Wm). The
Ay

categories of hydrogen storage can be referred to Fi 1. ' _\G}

0 4

v
A"l R

Hydrogen storage

[
I l

Physical based Material storage

—| Compressed H, tank

— Liquid H, tank

v

Cryo-compressed tank

Sorbents Metal hydrides Chemical hydrides
— MOF Simple metal hydrides |A Borohydrides
L Carbon based materials Complexmetal hydrides | - Ammonia borane
—+ COF

\L)V

0‘; Figure 2.1: Categories of Hydrogen Storage
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For large scale and long-term storage purposes, IEA has released a report in
June 2019 stating that geological storage (salt caverns), depleted natural gasw
reservoirs and aquifers are the best alternatives. Salt caverns have efficie@B%
without any contamination towards the stored hydrogen while the depl and oil
reservoirs contain contaminant that must be eliminated first. For aquifers, there is
possibility of hydrogen loss due to the reaction with rocks, fludya.n\;%icroorganisms

(IEA, 2020). In selecting the best way for hydrogen storagenthe determination of the

storage purpose is crucial whether it is for small or largeSeale. .\d
®

Yw

! _\‘}
. s X~
2.3.1 Physical-based Hydrogen Storage \ ~V
T
Generally, hydrogen can be physica in a?ﬁgh- ssure&, in the form

of liquid and in a cryo-compressed taN h pressur

stored depending on the type an t of Q\;ﬁk?

Aarnio, et al., 2021). Hydrog eds.to be nfbreggrwith pressures between

K\

200 and 500 bar (Hassan et 1). ‘lo st ore@}drogen, the tanks are required

|
to be lighter and more % ut it |‘3

onsi e“qu, ost consuming (Olabi, Bahri, et
al., 2021). This stordgetanks fre

\ufactu@ith well-defined safety guidelines
especially in th ects of thet
P y & ¢

qn, u@}d maintenance (Papadias & Ahluwalia,
2021). For instance, suitable-ma ri‘arls Qr_gcrucial for pressure tanks that can resist and

m

A
@, Thakur, Santasalo-
Ca)

>

Sy

)

Y
oppose ct of’h en at@j&ient temperatures such as austenitic stainless
steel; inum, and copper al.@}s’ If using other metals, some of them are prone to
embritflement caused by hydrogen adsorption and dissociation at the surface of the
rials that can reduce the strength and durability of the tanks (Elberry, Thakur,

antasalo-Aarnio, et al., 2021). The compressed hydrogen gas storage tank is shown

in Figure 2.2 below.



v |
Sourceg yfe 'M.s, 2019)
Y'

Figure 2.2: Compressed Hydrogen%orage an l _\c}
0 4
\ \/T
T
To store hydrogen in the liquid for Mndit i d‘%\be in a well-
insulated tank with the temperature of @ a@h

of hydrogen consists of 3 times %ergy @ight petrol and 2.7
times more volume was neede@alﬁi}ré‘y. chzthe reason why the liquid
form of hydrogen has a high v IC energy depsity, mal Ait easier to store and transport.

Tg’as i?to ali @fm as the liquefaction process. This

process uses multi Numetlts S
engines and thENa e tc: achi ples&rg&ooling temperature (Kayfeci & Kegebas,
is"met

'3
2019). ThQ’ d is moreye icie@d suitable for larger volumes and longer
distan e%)san etﬁ'l., 1. Yg\
N
{

The process of convertin

as cq@r/essors, heat exchanger, expansion

aterial Storage

0 Material storage can be considered as an alternative way to store hydrogen. In

some extend, material storage has potential to compete with physical based storage of

hydrogen (Rozzi et al., 2021). Material storage can be divided into sorbents, metal

13



hydrides, and chemical hydrides. Among these three materials, only sorbents-based
storage involves physical interaction towards hydrogen gas. To be exact, soww
utilise Van Der Waal’s force to absorb hydrogen molecules (Clark et al., 2 \Metal
hydrides consist of metal atoms with lattice imperfections and hydrog%olecules
within lattice cavities. The hydration process through chemical a ¥|~on and the
electrochemical separation of water (Tarasov et al., 2021). ChemicalMiydrides such as
sodium borohydrides, are liquid based hydrides. They rele Y;er' in the form of
solution and transform into sodium metaborate. Howeverthe hyd oaned from

"X

bent-based_storage ore
49_\

i% nd @ storage

the system is humid (Min et al., 2023). In conclusio

practical compared to the other methods be

mechanism, which involves fewer chemic

b

2.3.2.1 Sorbents ? ,<\

Basically, sorbents are m%mthﬂlgh wptk\z@)acuy. In the process
of adsorption, analysing t ula Ofé nts and understanding the
chemical-physical men%}\jﬁ.ls'pr J;@iub @ potential in the application of

o

'3
rbe e made up of synthetic or natural

hydrogen storage k et al.l

materials. Thew fo ' lnatuFéé raw materials or can be produced
@

syntheticall %Iabo tory. & ¢ (j’)

Y
T% i )pporos&orbent materials that have been investigated
sucm&t

f rks (COF). The gas adsorption capacity of these materials needs to be studied
Q few parameters including the surface area, the pore volume, the particle size
istribution, thermal conductivity, and the packing density. Unfortunately, there are

no materials yet success to achieve all these characteristics required for their purpose

al-organic framew@(MOF) carbon-based materials and carbon organic



at room temperature (Rozzi et al., 2021).

Carbon based materials are the most suitable candidate for gas st?!,'
especially hydrogen gas. It is because it can be synthesised into very small les
with high porosity that can be a great contribution to adsorption proce!A.gNeen the
carbon atoms and the hydrogen molecules where Van Der Waal’schis applied
(Kayfeci & Kegebas, 2019). CA is one of the examples of car. on materials. In
the synthesis of CA, it is important to choose the right pre mu e the variation

of precursor materials can control the carbon’s pore structige. Thi is\h\b¢ﬁts from
"X
-Juszkiewicz et aI_{BIZO).

aI% ere@a fibers.
of the inner stn.@z‘ which are

mesoporous and microporous (Clark %9). é

CA can be synthesised fr rious c\m?)re Yrsors, such as carbon

the carbon’s high surface area and microporosity (

Sorbents can exist in powder, granules, flakes,

They can be categorised based on the pofe,siz

N
nanotubes (CNT), which have b%ribec?by g et 2§—2b21) for the preparation
bio . The CNT suspension was

of carbon nanotube/cellulo %I d]i
first prepared and mix%tellwmltmbNT/cellulose suspension. Then,
s
Tlc

F L
the suspension Wf;S@dmjt‘z; éﬁwose aerogel. Lastly, the aerogel was
undergoing pyr% der | (N@'ﬁosphere to obtain the final CA (Wang
¢
et al., 2021 &@s, Yu et al: 2(i7)c§s?d sodium carboxymethyl cellulose (CMC)
NN
asa car%

of sol-gel, freeze-dryi@d pyrolysis using carbon sources and succeed in

e topr. 'QA. Bsﬁresearchers, demonstrate the synthesis process

0 }hg CA with high porosity and high surface area, which contribute to the

Gicteristics of a hydrogen storage material.



2.4 Cellulose

Cellulose is the main polymer constituent of plant walls that can be EXT’
directly from biomass and agricultural waste such as oil palm mesocarp flb(%\Im,
rice straw, corn, sugarcane bagasse and starch (Thi Thuy Van et al., (ﬂkellulose
is the first candidate for green synthesis because it is biodegradable,¥giocompatible,
sustainable, renewable, nontoxic, and inexpensive (Ajayi et For instance,
banana tree wastes can be chosen as one of the main sourc Qgal e as banana is
planted worldwide and one of the main export produc man cw Banana

tree wastes need to be fully used and benefitted becau re than'50% ft‘)t&%ana

stem are made up from cellulose (Thi Thuy Va 0%

Besides, it existed in some lower pI in dmg\alg nd mgand can be

produced by fungi and bacteria. The CW ructure o uloff(j‘mained the same
even though coming from dlfferen ces. Gen\‘l-w_FXB -,dhydro glucopyranose

N
was the basic monomer unit of%e Th’gse u me@ed together covalently
by acetal functions betweeriii atI of t §4 carbon atom and the C1
ic bo

carbon atom (B-1, A%

represented the strqu ceIItJ é/gure 2.3.
<o
N O\ C,)O
&
<
Y-

~
S

kages put up cellulose that

%

’

L

&
S§
S
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Wgun etal., 2016)

Figure 2.3: Structure of Cel
l '5"
A building block of cellulose was made u beta ka ge which g{u&ed the
e rin MU from its
n pare{%\by hydrogen
rugdre Van der Waals

A

formation of extended and rigid conformation h eac

neighbour. Lots of cellulose chains a e ed

bonds to form a highly compact, Elly exten sh

interactions assembled these sheet resy I Ios@ham was composed of
one reducing end terminated 1 OH th(‘ré in equilibrium with the
aldehyde structure wh| er end \‘/a sn Eeo@ end with C4-OH group. This
had led to the stable roper fc dﬁb eous insolubility. Then, imparted

cellulose with its ct |st es of rophilicity, crystallinity, and chemical

@v

modifying v d e o rfdgh)t presence of hydroxyl groups. These
hydrox;@ﬂvere ;9 e hydrogen bond network, which formed the
highl d ordered celltflo Klecular structure (Aravamudhan et al., 2014).

§ Carboxymethyl Cellulose (CMC)

CMC is an anionic, water-soluble cellulose derivative and major cellulose ether

(Dirig & Karan, 2019). In production of CMC, the concept of reactive structure



fraction was applied by activating the non-crystalline region of cellulose and the
selective regions of alkylating reagents can attack the cellulose. Besides,the

reaction can be done by derivatisation of cellulose in reactive microstruct@ned
by induced phase separation. The usage of sodium hydroxide (NaOH) in dﬂ&ous state
and solvents such as dimethylacetamide/lithium chloride (DMA/LiCWe're involved
in this process. Solubility of CMC depended on the degree Mrisation (DP),
the degree of substitution and the uniformity of the subs mt ibution. Water
solubility of CMC was increased as the DP decreased;%earbox mw‘sﬁtution
increased_as the @Ed
% pera@ CMC
hydrated rapidly due to its highly h C tur Thus.é\may cause
agglomeration and lump formation wh&%powder ded@ﬁ water. This can
be avoided by applying high agltatl the a e;@mo the water. Due to

its high solubility and clarity of%mn rgun aI Ly i@éﬁ? The structure of CMC
is shown in Figure 2.4. \ ¥ )

uniformity increased. The viscosity of the solution

concentration increased. CMC can dissolve s

b COONa* S
Source : (Ergun et al., 2016)

Figure 2.4: Structure of Carboxymethyl Cellulose (CMC)

18



CMC was used as an additive for beverages, drug delivery system for mw
tissue and scaffold in tissue engineering. Besides, CMC can act as carbon s(u%h the
process of preparing CA. Yu et al. (2017) used CMC as a carbon sourc ain CA,
but they mixed the CMC solution with nickel sulphate (NiSO4) whicWas a nickel
(Ni) source, to form CMC-Ni hydrogel via the sol-gel process othancement of
CA (Yu et al., 2017). Then, the CMC-Ni hydrogel wa mi followed by
pyrolysis to obtain CA-Ni composites. In addition, Yu'egal. (2 1WCMC as

X
al.,

carbon sources and collagen as nitrogen (N) sources t are N-dop 4 (ﬁ

2018b). The preparation process was the same us rese tart@ith sol-

gel, freeze-drying and finally, pyrolysis. Fa@ tudi btain@éﬁ exhibited
developed pore structures and high suwas, which the@‘m characteristics

of hydrogen storage materials ow@s the pr\rse?of q@gn substances in its
By N
z% ith Foreign su t@
&

structure. The CMC can be crossii s to form a crosslinked

network structure due to the he OI
the properties of CMC%ZA can f;
’ &
2.6  Aerogel NS
N 1 Dt O
% mpo dF a ‘i-c?oporous solid in which the dispersed phase

Aero gel
\
was a %kn light_was dispe through them, they became translucent and

smoked \f the aerogel were der\(@d from biopolymers, they would appear as soft and

s compared to the others carbon-based aerogel, they looked like crunchy black

s. The term aerogel was used for sol-gel materials which is during preparation

@ |
rocess, the liquid component of the gel was substituted by gas, leaving only a solid

nanostructure without pore collapse. The volume of the gel was made up of 90%-99%

19



of air (Reyhani et al., 2021b). The composition and nano structure of aerogel were
controlled based on the preparation steps and chemical reaction parameter to me
dry porous body in monolithic form or granules. The microstructure of {%M\/as
formed by solid continuous network of primary and secondary col articles
connected to each other by condensation or cross-linking or by theyformation and

aggregation of fibrils because of the arrangement of Mr chains on
0;).

macromolecules as shown in Figure 2.5 (Montes & Male L'iquid from the

solid wet gel was extracted through techniques that can e th gwh low to
oy

minimal structural deformations. Aerogel showed pramising physic rc#)e.r@that

made it attractive to scientists or technology r rs beca its l@aensity.

0.02 @32 gcm’3,

The typical densities value of stable silica a«@

as
Aerogel had a very high speciw area o d 3(@‘500 m?g? due to

its low weight/volume ratio. Thus, rﬁ%t the bes\ndl at n;@érials for light weight
N
applications. Besides, aerogels% specific surface au@c.?md highly porous solid

&
with nanometer pores. A h&iall pore @ of 2-50 nm were called
mesoporous materials %;rogels ere r‘l‘el o&@m. This feature made aerogels
’ &
\r\c mposites

the best reinforWor w p :} where aerogels can be used as
mesoporous fillﬁ aer lmdué?é high interaction between the polymer

#
and the fiIIeE: fdgels had different @e and CA was one of them. CA were very
\
e

light begau y cQnsist ff carbon element (Reyhani et al., 2021b). Thus, made
Y.

thel@\ve a high specific @’and contributed to superior physical properties in

a XAerogel can be categorised based on its composition such as inorganic

6 el, organic aerogel, hybrid aerogel and carbon aerogel.
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3-D continuos silica network

/‘,"(\v_[—\,\,_\ QM((\\ \“. Secondary silica
e i S /j U }/ particle
: )
O - 5 g

Primary silica
particle
—S\ /
1o,
I’O\Sli—'-of \z
o
2 -)

=

AL

O sosie: s Ei
Source: nte aleki, 2020)
A

Figure 2.5: Micro ctur&
&, >y S

2.7  Carbon Aerogel (CA) % 0 q <§

Carbon Aerogel (CA).is a ron]s gty ofﬁn material due to its merits

such as high porosity, face area, | dersh corrosion resistance and high
s ¢ &
electrical conduc:&ﬁcA Wai \en lonall pared by carbonisation of organic
esorei

ol/

aerogels such a\
¢

phenol/for e aerogels.

yde t}%ﬁels, cresol/formaldehyde aerogels and

O&e@ his type of CA were high costs, utilising

s
toxic precursors anddl F cov'cated synthesis process that hinder their mass

prom& and commercialis t@’(Yu et al., 2017). Generally, CA was synthesised
‘@olysis of organic polymers in an inert atmosphere. The agglomerate of uniform
rical carbon particles was made up of the structure of CA as it contained interlaced

eshes of microcrystalline platelets with micropores of about 0.6 nm. The thermal

treatment was performed to increase the structural order of the CA. The changes in the
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pore structure of CA were at high temperature and can be up to 2800 °C. At
temperatures up to 2000 °C, the micro porosity of CA disappeared while the?gy
porosity remained even after heat treatment up to 2800 °C. However, ﬁg}the
volume of mesopores will be lost from the fusion of carbon particles. B CA was
fragile after pyrolysis because there will be a substantial collapse of their structure that
later affected the application of CA (Montes & Maleki, 2020)

In the fabrication of CA as hydrogen storage ¥~the're are several
methods that can be applied, but at the present time, moStuesearcher ‘to use a
derived C fr}m_\@‘zc:us
rci% ehyz@'fz/F) via

rials a@‘ggntribute to
dat@he best carbon

simple, direct, and safe method such as pyrolysis.
carbon sources, such as CMC, CNT, graphene,

pyrolysis. Because of its ability to crosslinmégfei
the enhancement of CA, CMC is a hmising

source to prepare. Yu et al. (2017655d nicke!\rptﬂe
agent. They mixed NiSO4 With%) inifia

N
nitiate the crosslinking reaction via the sol-

D

&
gel process to form the CMC-Ni h ro’g\]r. enythe h d@gel was freeze-dried to form

CMC-Ni aerogel. La MC-
‘&

s
obtained CA Was@poros"t \N rface and consisted of mesopore, which
har

I aer geﬁ m@'pyrolysed to obtain CA. The

are the main eristi dro <<~’storage materials. This method is
¢
recommend is research caﬁsedt(/?simple,safe, and environmentally friendly.

//

Besides% as agothe earc ho prepared CA-Pt to enhance the hydrogen

upta&&pacity of CA. Zhon al. (2018) fabricated Pt-doped CA (CA-Pt) for
o

hydrogen storage. They prepared pristine CA first and then mixed it with a platinum

d ide (PtCly) solution at room temperature to irradiate the mixture. After irradiation,
A

was washed with ethanol and deionized water. Pt-doped CA was derived from the

4

drying of the resultant monoliths in a vacuum drying oven. The CA showed increased

22



hydrogen storage capacity when doped with metal (Zhong et al., 2018). In this

research, CMC crosslinked with metal ions is a potential candidate as carbon prew

to synthesis CA as hydrogen storage materials. (}

2.8 Analysis of Carbon Aerogel (CA) ?
M

2.8.1 Field Emission Scanning Electron Microscopy (FESE\N
S

Field emission scanning electron microscope (FES a type of electron

microscope that analyse sample surface morphology. Fi 2.6 sho chematic

‘X
diagram of the core components of FESEM microsc hich consj d'of_éé(ron
gun, electromagnetic lenses, vacuum chamber, ta@ tor\g'

X
SRS
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Objective X, y scancoils )
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electron detector
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A
/
/

detector ‘% Ny
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—

Yv ' % Source : (Inkson, 2016)

'S
Figure 2.6: Schem Di hg(l@e Components of FESEM
&

J

\
BaS|c ectr ns rﬁ (frlm electron guns in FESEM where it
acceler rons ]hrbtym 0 \celeratlng voltage. Electromagnetic lenses act

to focu e ectrons into a bea jUSt beam astigmatism, move the beam across the

S and the beam raster to generate images. The pressure of the chamber is

Ily in a high vacuum at 0.1-10-4 Pa, but the vacuum can be reduced to inhibit

Qwa\poratlon of volatile components for any specific specimen. The detectors determine
the imaging modes and application range of SEM.
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For FESEM analysis, most researchers used FESEM to record the surface
morphology of samples. In a research of synthesising carbon aerogel through arww
pressure drying method where R/F gel was prepared and carbonised to ob@}bon
aerogel. The sample parameters were varied in terms of catalyst c ation to
promote the gel growth. From the FESEM micrograph of the sample, We said that
CA morphology is dominated by pearl-like particles and ear S|ble All the
prepared CA samples showed the microstructure with th urat'on of particles
and intervening pore structure. The particles were seen earl sp eometry
and can be categorised as large particles (>1 pm). M ores were fo {d &’e}l the
interparticle spaces. This was expected to happ th Ioﬁ/ st c@ltratlon

and lead to the formation of large partlcles

Compared to the other researc?@

gelation, freeze-drying and pyrolys cess. In ‘I:I_g %ar h;'\éMC was crosslinked

with nickel ions, Ni?* to |mprov stru&ure. emet ns were varied in terms

%
of concentration. The FES im es e qﬁphology of the as-prepared
he im le

CA and CA-x sample '(:A@tained from pyrolysis of pure

CMC aerogels ex ed a I:i ructg_,whlle CA-x samples showed an

interconnected % ) ne@k structure with the addition of Nickle

ions, Ni?*. T &a be rlbut tdrt ((f/r'c?ss -linking reaction between Ni?* and CMC

during 1% el preparati ?procegand formed crosslinked network structure. The

porqghwork structure beca@énser with increasing Ni?* addition and resulting in

a omogenous pore structure (Yu et al., 2017). Furthermore, previous research
& metal ions such as platinum (Pt) which is one of noble metal as a doping purpose
fabricating CA for hydrogen storage. They prepared pristine CA first using R/F

aerogel as carbon precursor after sol-gel and freeze-drying process. The R/F aerogel
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was pyrolysed to obtain pristine CA, and then the pristine CA was doped with a Pt by
mixing CA with PtCl, solution until Pt ions were well dispersed into CA. The?w
images of CA-Pt showed a large amount of metal Pt particles that were well% ted
in the framework of CA. The Pt particle was about 300 nm spherical in%gand was
called Pt nanospheres. Due to the doping of Pt to CA, the maximum hydrogen storage

capacity of CA was increased, even with doping at low cont tw (Zhong et al.,
2018). The addition of metal ions to CA structures, whethe eY;n‘dng or doping,
has contributed to a promising enhancement of CA stru S €es cw‘ydrogen
storage materials. Most research used various para%&o enhance rilo@‘i:gy

of CA and investigated the changes using FES si< \Y
N &
2.8.2  Fourier transform infrared (\%})ectrosco &

Membranes were character@jased on\ﬁ% C q@ hydrophilicity and
)z N
chemical structure and these ch%tics &m a hei(ffgl’formance significantly.

FTIR spectroscopy was the hOol tcl r efu¥ al groups in the membrane
and possible molecuIM?betwee ch }c‘al@npounds of membrane. In this

d &

analysis, spectroph eter di'i(:jﬁed e agnption spectrum for a compound.

FTIR spectroseepy i loolscﬂ-;%ﬁetermination of functional group in a
¢

membrane t er with'possible ﬁoléﬁ%r bonds between chemical compounds of

Y
membrq% icallyj"the fpect obtained lies in the mid-IR region 2.5-15 pm

X | o
bet 000 and 666 cm™ v@ many functional groups are in this region (4000-

4 ) and the existence of an absorption band in this region can be used to determine
G ific functional group that presence within the molecule. There were four regions
f types of bonds that can be analysed from the FTIR spectra as shown in Figure 2.7.
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Figure 2.7: FTIR Spectra of Regener 2 rane@h The Various

and double bond Mectec‘ In umber region 650 — 1500 cm?, the
molecule sho @&[i n as n be considered as identification of the
molecule. vgectro ho er" Qg} out the IR spectrum much more efficient
comp we tradifi @ctro@ometer

analysing CA samﬁ?s FTIR spectroscopy was used to characterise

f@

ar vibration of different CA samples. In research where CA samples were
ived from R/F gel with different concentration of catalyst to promote gel growth,
TIR spectra of the CA samples consisted of many peaks and the molecular vibration

was labelled as shown in Figure 2.8 (Pandey et al., 2020).
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Figure 2.8: FTIR Spectra o 10 Y ’%ﬂd (iii) CA 3000

Compared to the prew!eporIEd 0;,%}be said that the FTIR spectra
[

of different CA sampl |m|I T rq'\/@l? changes in intensity and slight

shifting in waven be reseh ting oleculQ bratlon may have been caused by the

different catal cent ation.“Fhis pa plalned by other researchers where they
'

were synt ed powdered GNT-do A In this research, they prepared CA and
CNT- I-gel co ntionalyméthod. They analysed both samples using FTIR
investigate the ch‘esn?cal structure of the samples. They stated that the

e of OH, C-C and C=C in both samples as shown in Figure 2.9 (Reyhani et al.,

1a)
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Figure 2.9:$;ctrﬂo CA
A

\
Based on Figur. Flgure'2 9, bot ﬂ\g?s represented FTIR spectra of

CA but with different parameter lfl rﬂ.l'ée process. CA from both research

identified the pre@ O)—@d C= Qﬁ with different intensity as explained

before. FTIR @ fudal y!iy fhggcjhanges in chemical structure of CA when

added wi }%ubsta ces. , a bparison can be made.
Q, s X
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2.8.3 X-ray Diffraction (XRD)

Generally, XRD is a basic tool for material characterization and ana
crystallographic materials such as polymers. XRD was conventional%\ in
analysing the crystalline and amorphous structure of polymers, composite;“and fillers.
The characterisations of crystalline materials were based on a periodic'arrangement of

measurements.

atoms. Figure 2.10. shows typical experimental setup fqrw spectroscopy

X-ray

O

%%2.]?: yp)’ al x@nental Setup of XRD Spectroscopy
% 4 \,T
N

'N.ll shows the schematic of the process where the sample was exposed to a X-

eam of wavelength (A) at an angle 6 with the tangential surface, and the beam is
ff

racted at an angle of 26.

c E‘,' C.) Source : (Abhilash et al., 2016)
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<

In crystalline materials, the pattern obtained% harpxn ima, call,@%ks, at their
respective diffraction angle, and in am% :u§>olids, the rl @ﬁure was absent,

which showed broad maxima calleo@snp S 'gFi ;{512.
S
e,

%“.;

.
N

wn

/\/ /\\ s

< Amorphous Semicrystalline Highly crystalline

AQ, v/: (_}Y Source : (Abhilash et al., 2016)

Figure 2.12. Peak&aracteristics of Different Polymer Phases
D spectroscopy became popular due to its simplicity, reliability, the quantitative

information it provided, and its non-destructive nature. The high potential of XRD had



made it used to explore the structure of bulk and thin film crystalline or polycrystalline
materials on the atomic scale.

Yu et al. (2017) derived CA from CMC by pyrolysis of CMC aero@ﬁ}sol-
gel and freeze-drying process. They used different concentration of Nﬂég%ulphate
(NiSOg4) as an enhancer and the XRD patterns of the samples were shown in Figure
2.13 below. The pure CA showed two diffraction peaks at 20 _correspond to the peak
(002) and (101) which represented the characteristic pea Yorpr'ous carbon. In

the pattern of CA-x samples, they showed the charactefistic pe kswhite-type
®

carbon. These diffraction peaks illustrated the crystall ase ofNi Ialti@?mes
of (111), (200), (220), (331) and (222). The X rns@ mpleé;“‘ldicated
the characteristic features of CA (Yu et al.,2017) o\ é\‘r
\3 S
= . o L\
(200)
(111)
CA-1.0 (220) (311)(222)

CA-0.8
CA-0.4

(002)

W

Intensity (a.u.)

I Y I x 1 v I s | L 1 y I * I

10 20 30 40 S0 60 70 80 90

A
L
Qe 2 theta (degree)
Source: (Yuetal., 2017)

Figure 2.13: XRD Patterns of CA and CA-x Samples
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Reyhani et al. (2021) prepared CA and CNT-CA using sol-gel conventional
method. They used CNT to be doped to CA and studied the changes. Based onYB
pattern of CA and CNT-CA (Figure 2.14), they identified two wide peaks at@both
samples correspond to the peak (002) of graphitic carbon and the pe ) of the
crystalline plane diffraction. These patterns represented characteristic &s-of CA. The
presence of CNT caused the peak (002) of CNT-CA sample tq_be sharper and thinner
compared to CA. Thus, indicated CA had more amorphous a (X.

ere' characteristics

while CNT-CA has higher crystallised carbon (Reyhani e 20213).

(002) —_CNT-CA
—CA

(100)
3
=
5

" 1 N 1 1 1 . 1 N 1
10 20 30 40 50 60 70 80
20

% L 1
\(—3 Sources: (Reyhani et al., 2021a)

E Figure 2.14: XRD Patterns of CA and CNT-CA Samples
Q

sed on XRD patterns from both research, we can conclude that most of the CA

samples doped or added with any materials possessed characteristics features of CA.
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Besides, XRD analysis can show the crystalline phase of any metal oxide if CA was

\.g
0

BET method was surface area measurement for gas adsorptien onto a solid

doped with any metal.

2.8.4 Brunauer-Emmett-Teller (BET) Method

surface. In surface adsorption, there were two possible mechanismsthat could occur

which were physisorption and chemisorption. The concep hese m'achanisms was

the intermolecular attractions between the molecule andathe surface; starting
"X
with physical interaction and then following chemical nc’ng{}rom

physisorption, several pieces of information cYg taini ng y@ée area,
material

pore size and pore size distribution of o\Ch isorpti an provide

information of characterisation of cat sugface and

e n@%key mechanism
t@is to determine the
N

of heterogeneous catalysis of che reaction\hg
materials. Surface area means

specific surface area and poresi%utioﬁ‘ofc ain oy
i }munji sugh as@ds and gases. This can be

the interaction of solid to;ﬁ
obtained by reduction %l e sizei‘ ;J‘c‘ii‘ng\@ milling to ensure the porosity
&

of the materials. H \w, thes‘e

gases adsorb ongthe stsface

es cage/destroyed by high temperatures. As

, the atéféce area of the solid can be determined

!

¢

by calculati %nou of a orB'ate(gJa corresponding to the monomolecular layer
Y

onthes% aderf’ £ Yg\

research where C e@ﬁples were synthesised through ambient pressure

ethod with different concentration of catalyst. BET analysis was important in
G tigating the porosity of the as-prepared CA samples. Based on BET curve, the
amples gave out different total surface area, pore size and pore volume due to the

different catalyst concentration of each sample. The sample with the lowest
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concentration of catalyst had the highest surface area, low pore size and low pore
volume. This research was aimed to obtain CA microstructure (<2 nm) but oth

(Pandey et al., 2020). Other researchers derived CA from Na-CMC doped wi kel
Sulphate (NiSO4). Based on BET curve, the specific surface area, por@&and pore
volume were already determined and tabulated in the table. Each sample contained a
distinct hysteresis loop in the relative pressure region of O%l&o < 1.0 which

indicated the existence of mesopores. This can be said th pec' or added with

any materials had different pore volume where pure CA mal pwrge while

Y
doped CA had larger pore volume (Yu et al., 2017). er, since B ar’al@used

nitrogen adsorption, all micropores may not be'easi acc% itrogeFE)ecause

nitrogen molecule had size of ~3.6 A unIiEéNdv en Iﬁkﬂs smaller siz%Z A). Thus,

making hydrogen will get adsorbed in micropores (Pand tal.@O). The present

research needs to focus more on the%esis of Q gn a&l%dance of micropores
@
which lead to high hydrogen a : “q <§)
\ X
X | S
2.8.5 Temperature % med? sor Lgr% ('I%) Technique

&
Generally, ad be1n in the s of catalysis because the technique
able to study thésinteraction ?n gae?}%vith solid surfaces. Hence, allowed the

@

evaluation chv’sites n Zt sf'su@es and the understanding of the mechanisms

of catal)‘{e? ionsdn
WasHL

Y
ad@on, surface reaction and desorption. The story
ent in carbon mat@;(s, TPD was used to analyse oxygen-containing

funetional group formedon carbon surfaces because the functional groups act as
Ge mediates in carbon oxidation reaction with Oz, H2O and CO; and play important
ole in governing the surface chemistry of carbon materials. During TPD analysis,
these functional groups were thermally decomposed to give out CO,, CO, and H»0 at
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different temperatures. This was depending on the thermal stability of the groups.

Ky

P1: Cold cathode pirani gauge Radiation lhermometer’
P2: Capacitance gauge I
QMS: Quadrupole mass spectrometer

TMP: Turbo-molecular pump ) Sample holder
RP: Rotary pump L}(

High-frequency
¥ induction coil

<— Cooling water

]
Resistance

¥

1 ] | J
Detecting unit Quartz reactor

A\ N \(
V S!a_urc shii {/otani, 2016)
&

Figure 2.15: Experimen etup for T n I)Q
O VS
) 5
C &
Based on Figure 2.15, the illustration sh ngxeippa{?suses which consisted of two
major parts: quartz rea@r un%nd a hi@um @ng unit. Inside quartz reactor,
:
there was a sample holder 7 Ic car@'pﬁcoated graphite that can be heated
under high vacuM i
graphite sam@er d’th

reach as %sf 1890;%
4

spectroﬁete (QMS), a gas resgglgq and a stainless-steel high vacuum line pumped
N

urbomolecular pumps (TMP) to maintain a base pressure of about 1 x 10 Pa.

b

YL .
gjuctl&ﬁmatmg system, the TPD temperature can

iIe@detecting unit, there were quadrupole mass

amount of CO2, CO, and H.O can be quantitatively determined with a sensitivity
S

bout 0.1 pmol/s from this setup as shown in Figure 2.15 (Ishii & Kyotani, 2016).

TPD was the best way to investigate the desorption behaviour of hydrogen
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storage materials in a wide temperature range as CA was one of them. Huang et al.
(2021) used Ni/CoMo0O4 as an addition to MgH> to improve its hydrogen s

properties. After MgH> doped with Ni/CoMoOs, the initial dehy@(ion
temperature of MgH> was substantially reduced based on TPD curve sample.
Zhou et al. (2020) studied the isothermal dehydrogenation propertieSgof pure MgH>
sample and MgH»2-PrsAlix composite at first. Then, they studied the growth
characteristics of Mg crystallites during the hydrogenati Y;or process. The
presence of PrsAli1 promoted the growth rate of Mg ¢ Ilites quatalytic
effects. This occurred because of the defect on the M rsAl Inte e[hi@i‘zct
as nucleation site for Mg. These findings ca e % t f@/drogen
storage materials especially in this researw e Cﬁ\ wa nhan&th several

metal ions to obtain better surface fea ;or B/drogen tio 4‘
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