CHAPTER 4 Yv

SYNTHESIS AND CHARACTERISATION OF CARBON AERC%

=

4.1  Synthesis of Carbon Aerogel derived from Carboxy ellulose

CA was derived from commercial grade CMC by 'pre g'4% of CMC
solution and then mixing it with several metal ion solut to fo drogel
Metal ions played an important role in CMC aerog cture as a b |d‘;e®‘f
crosslinking network or crosslinking agent, b erent mafa 0 con%Kl'ted to

i stud@ selected

i keI@%NiZ*), and zinc
ion (Zn?*) coming from two dn‘fer n roups om W @e earth metals and
transition metals, were investm%g2+ long al \e earth metals, while
Mn?*, Ni?*, and Zn?* belon d nsiti \

Moving across q?:nt perIod 0 hb r dIC table, Mg?* was selected

M he o metals that caused it to be more

the formation of different structures of C ae gel

metal ions, magnesium ion (Mg#*), m es on (Mn

first due to its largemsize con]o
reactive than Mn%*,"Ni** a Bea&%\,’ Mn2*, Ni%*, and Zn®*" were chosen
¢ (.,3
because the i ed number tﬁelb tons exerted a stronger positive charge.
With th%keratlpmutm% meta-@vere expected to take full advantage of CMC
asagro |nk|ng agent and forrT(%CMC aerogel with better properties. Generally, all
rogels were white in colour but formed different structures (Figure 4.1). The
e of the metal ions used affects the formation of CMC aerogels, thus showing a

gnlflcant difference between these two groups. A hard and fragile structure was

observed for Mn?*, Ni?* and Zn?*. In contrast, a well-developed spongy structure of
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CMC-Mg was observed due to the efficient crosslinking reaction or gelation process

occurred between Mg?* and CMC.

Lo
D 9,
% 2 th? ec"f atu?\wf CMC is the occurrence of crosslinking
reactith added with any c@&. and lead to the formation of hydrogel solution.
\

n in Scheme 4.1, NaCMC is the starting precursor and Mg?* acts as a

linking agent to induce the formation of crosslinking network between CMC
d

Mg?*. The large amount of carboxylate groups on CMC molecular chains have

made Mg?" to react with the carboxylate group to form crosslinked network structure
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(Yuetal.,, 2017). The reaction forms hydrogel solution and the solutions are freeze-

I
S

dried to obtain CMC aerogel.
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S present study,(g&. formation of CMC hydrogel at different

c tratlons (0.002, 0.004, 0.006, 0.008, and 0.01 mol) for each metal ions were

estlgated The crosslinking reaction started to occur and formed hydrogel solution
Q el-like solution after the addition of metal ions solution with CMC solution during

gelation process. During carbonisation, the samples experienced loss in weight and
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all the changes were tabulated in Table 4.1. The samples weights were calculated and
determined based on the mole ratio of the metal ions in the samples. The ratloT
derived from the molecular weight (g/mol) of the samples, with the mole as @m
variable throughout the research. The mole value represented the conce of the
metal ions, which were set at 0.002, 0.004, 0.006, 0.008 and 0.01 mol. EW ple had
been repeated several times with consistent times and con3|ste erc age of weight
loss was recorded. The relative standard deviation (RSD) atei to determine
the data precision. The RSD of the samples data was ed agce <‘ 5). A

. The jutilisatioh @g
sp’ in sonie of the

data. However, the RSD values remalnedw, indieatingsthat tbéggple data

exhibited minimal dispersion. \) é

(my %«*
Table 4.1: P%e gfght ssiof S@ les
NY

Concentration eragf Per r’tage,@lght Loss (%)
(mol) “’ CA-Ni CA-Zn
0.

0.002 & 6 59 1%“'85 61.93+3.07 71.63+3.63

&
0.004 \56.5 | 6% 4.29 50.18+ 3.67 62.41+2.82
(a) P
0.00Q

. §8€8
;;6( p fo7 Y' 0 0 0
; 64.07 + 4*5%7 0 0 0

tage weight loss for pure CA: 64.54%

smaller RSD value indicated higher precision in th

~—+

confidence intervals was appropriate due to in

‘I+

(o]
I+

5+3.62 0 72.36 +3.78

Uiy 01
oo oo

I+
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As shown in Table 4.1, the weight loss of pure CA is calculated to be 64.54%
due to the pyrolysis of carbon. At 0.002 mol, the percentage weight loss of CA
(53.55%), CA-Mn (60.59%), and CA-Ni (61.93%) were below the percent@ght
loss of pure CA, and only CA-Zn (71.63%) exceeded the percenta . This
indicates the presence of Mg, Mn, and Ni was significant in reducing theé weight loss
of CA during the carbonisation process. At 0.004 mol, oq|§ C n (65.74%)
exceeds the weight loss of pure CA, while CA-Mg (56.55 Ni (69.18%), and
CA-Zn (62.41%) do not exceed the weight loss of pure t 0. OWIy CA-

e
_ % 9
Mg (58.56%) was recorded below the weight loss o CA as co ar}d @A-

Mn (68.85%) and CA-Zn (72.36%), while CA to% he pggéntage
0.

mol a value of

d (‘én were totally

58.60% and 64.07%, respectively, Wm\ n, CA-Ni
d@\hh temperatures up
N

lost after the carbonisation process. CAs w\ﬁbgn'
to 800 °C that caused any vola%lance to bearemov: rst as the temperature

kept increasing. The rapid @eig’v r -Mn%@-Ni and CA-Zn at certain

concentrations may b by thefcom act a'g@jmeration of the metal oxide
4 $ &

nanoparticles (Mn W Zr@b@ n be éﬁserved based on the increase of the

average particlessize de the se‘éé'rﬁc surface area which occurred when

’ J (?
the concentrEt as in¢rease Bﬁ’ha@i etal., 2018).
\

e entage wei Ioss‘s&\fhe samples increased as the concentration of

metakhs increased, owing to-the decomposition of an anion that acted as an
L3

OE' 5 agent for the CA (Ji et al., 2020). Besides, the presence of Mg in the
r

0 linking structure of CA is stable because the percentage weight loss at all
oncentrations was below the weight loss of pure CA. Furthermore, the increasing

rate of weight loss was promising, as Mg?* played a big role in reducing weight loss
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even though the concentration kept increasing.

At this point, the data obtained shows that alkaline earth metals were sui?'
as enhancers for the synthesis of CA compared to the other transition me@to
their stability and promising results. The nature of the metal ions used i thesis
of CA is important because it could affect the structure and morpholagy of the CA
obtained. Therefore, for further analysis, CA-Mg samples were Selected for the

characterisation of CA because they could be the best cand f hyo'ogen storage

materials. \d
@

D | JiE
4 \)‘Z“

4.2 Characterisation of Carbon Aerogel Y' \ T
\(yse o' characterise their structure

and morphology based on FTIR, XE , d{ nalysis. The data were
recorded and discussed as belowz% Py Bv oy

&
CA, and CA-Mg '{NQ (Figlwe to co@{e the spectra before and after the
carbonisation ss, ‘indica complétion of CA carbonisation based on the
E"‘R ; | c.,®

disappearanee, of OH group:, The
reactiow h Na€ 1d M . The presence of OH stretch was exhibited at

33 and 3371 cm? forp&}’MgClz and CMC-Mg, respectively (Figure 4.2).
@R spectra of CMC-Mg and MgCl. observed were similar, with the presence
dt e -OH and C=C functional groups in both samples. However, the transmittance
decreased after the sol-gel process, where CMC was crosslinked with Mg?*, as shown

in Scheme 4.1. Therefore, it proved the occurrence of the crosslinking reaction that
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led to the formation of the hydrogel solution, CMC-Mg (Pandey et al., 2020).

After carbonisation, the CMC-Mg was converted into CA-Mg, an
spectra showed the loss of the -OH and C=C functional groups. Compar@re
CA, the functional groups of -OH and -CO were still present e er the
carbonisation process. This is because the crosslinking of CMC Wim” has not

occurred yet and carbonisation of pure CA is incomplete. With Ehe addition of Mg?"*,
rv

the carbonisation became complete because fewer peaks e'j in the FTIR
spectra compared to pure CA, as shown in Table 4.2. .\d
@
N4
| S

Table 4.2: IR Data of Samples  » b

Samples ~ Wavenumber (cm V

MgCl> 3331 -H stretc (alc@B

1607 c) (&%&l {{y‘%lic alkene)
>

CMC-Mg 1 -Ostrétching:(primary alcohol)
C

N\

stretehing (cyclic alkene)

%LElZ L}?—ngding (carboxylic acid)

&
%&Jstretching (alcohol)

-O stretching (aliphatic ether)
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OH C=C
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Wavenumber (cm™)

N\~
at 1100% ile ng’| ‘as pr@ for CA-Mg, indicating that either the MgCl.

becw&hydrous or decomp@o another compound. This can be clearly seen on

t spectra of CA-Mg at 0.002 mol at the same transmittance reading as with
ure CA. As the concentration of Mg?* increased to 0.01 mol, the transmittance
ercentage of CA-Mg decreased and did not show any significant peaks because most

of the functional groups that exist in CMC-Mg were decomposed during the
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carbonisation process. Thus, the presence of Mg?* played a big role in promoting the

complete carbonisation of C
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4.2.2 Disappearing of OH

The crystalline structure of the CA-Mg samples was analysed by usi )W
powder diffraction (XRD) spectroscopy. Figure 4.4 represents the XRD. s of
CA-Mg samples in the 2-theta range of 20° - 90°. The samples were tested with five
different concentrations of Mg?* (0.002 mol, 0.004 mol, 0.006 % 08 mol and
0.01 mol) and similar patterns were observed representing t acteristics of a
highly crystalline compound. Based on the pattern, the d ’Yo.nwpfeaks of MgO

(Periclase) emerged at 2 thetas of 39°, 45.5°, 66.2°, 79.7% an SMing{?e

| AN
crystalline phase of MgO, which can be indexed @1), (200), ( ),'(3-1§ﬂtsjand
4

1
(222) lattice planes. The determination of the Wogrw as b% on the
XRD profile pattern of periclase. Pericl@ﬁ) is the exisf%crystalline

form of MgO (Dercz et al., 2009). \ \

MgO was generated durin%b&isw pro s§of @ng samples. During

N

o
the crosslinking reaction, acted With/the ﬁﬁdxylate group of CMC

N
structure and formed cRslinked netw. kl s@re of CMC-Mg. Then, it
O an

decomposed into Mg g oa,@ |oﬂ'.(f-}¢nce, this is the reason for the

disappearing OH@the hR ctra @ed in Figure 4.2. Thus, the sample
N

was proven t@ha cteri tu f CA and MgO. The concentration of
Mg?* Wai%ialtin he for at%o MgO and led to a slight increase in peak

intensi des, the peak fr:te%ﬁil' may not be visible in the XRD pattern at low

c:ﬁﬁtra ions such as at (111)\:?d (311).

S

E——
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FWHM = Full Width Half Maxima

K = Shape factor, constant

L = particle size

A = wavelength of x-ray used :co

cos6 = peak position (26/2) in radian

\Y%

The XRD peak of 200 lattice planes was chose alc at.e\h@‘stallite

abovg, h‘re_\ﬁv}‘sra

bI% all ‘;ﬁauites

mplés wa bular@s shown in
Table 4.3. \ 6‘

A
& AT &
? o A
Table 4.3: Summary of XRDK ositi d Rull
0 ttice P

io W'Aﬁmlf Maxima (FWHM)
00

size for each of the concentration by using the e
limitation on the crystallite size. This equatio

size (< 100 nm). The data summary for C

S

"Mg at'&
Concentratiogm;) JFWMM °);Q' Crystallite Size (nm)
I\\ Lb
02 \; 0.26 33.94
N

N4 ,?:l @233 45.40
006 / \(9.’17506 51.44
é b-) D

4 7 0.17428 51.67

0.19442 46.31

0 From Table 4.3, the data showed that the crystallite size of the CA-Mg

samples were below < 100 nm, which is fine data for Scherrer equation. The
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crystallite size of CA-Mg samples was based on the size of MgO as the XRD detected
the presence of highly crystalline compound (MgO) in the CA-Mg samples (FT'
4.5). The size of MgO was calculated based on MgO (periclase) indexing@OZ
mol, the crystallite size was the lowest (33.94 nm) and experienced a s increase
in size (45.40 nm). The biggest crystallite size was at 0.008 mol (5¢67 nm) and
decreased slightly at 0.01 mol (46.31 nm). The crystallite si O}Jsamples was
getting bigger as the concentration of Mg increased, sho ki-gn'ficant role of
metal ions in synthesising the best CA. Besides, XRD peak at 20 Iw‘nes, or
45.5° of 20 was chosen because in the analysis o@peaks, ea e‘m@oo
and 50° of 20 was often offered a better result. 4 \/‘?
Y-W N {3’

&

i $ Can en Q
&

4.2.3 Pore Structural and Specif
The Nitrogen (N2) ads@sol’btion

pure CA and CA-Mg samplesm BT’ to i@tigate the specific surface

ure Na@-Mg samples (Figure 4.6).

s

area and pore size disfrib of the
. G . .
According to IUPA%& cail \aQ of thelsample exhibited typical types of IV

adsorption/deso@oth

—

N
erm@% were performed on

anal@vas carried out in the relative pressure

region of 0.4 o > 150, ?/vh éac @nple displayed a clear hysteresis loop in

that regign, %ing Jih existe ceéﬁ'\nesopores (pore sizes 2-50 nm) as shown in

N)
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“« Q-
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\

\4 S
I3 £ &
The pore &@I par'ame and s@ic capacities of the pure CA and
r

CA-Mg sampIE&Ke abulated; iheé:g@’ibution of micropores (pore sizes up to
¢
Ic

2 nm) wa ted as s in @Ie 4.4. The CA-0.002 sample showed a

aximw:lfic s{rWJ;ba @.4407 m2/g which will probably become a
c

m
: : >t . :

fa \ he increased occun@te of the cross-linking reaction and lead to the

@ n of many pores during the carbonisation process. The pure CA sample

dlbited the lowest pore volume of 0.0275 cm®/g, whereas the CA-Mg samples for

0.002, 0.004, 0.006, 0.008, and 0.01 mol displayed larger pore volumes of 0.0893,

0.0965, 0.1186, 0.1216, and 0.1327 cm®/g respectively. However, an anomaly was
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observed at 0.004 mol, where the micropore volume experienced a sudden decrease.
This phenomenon can be attributed to the compact agglomeration of V’
nanoparticles, potentially resulting in an increase in average particle s@ a
decrease in specific surface area (Baharudin et al., 2018). Based on 4, the
micropore volume of CA contributed 29.9% of the pore volume, thoTCA-0.0l,
the contribution of the micropore was 7.5% of the pore volume, The GA-0.01 sample
possessed the highest value of pore volume, which is 0. Y
probable pore size of 11.6339 nm. These features of :

01
adsorption site for hydrogen gas and act as a pote andidate afn@en

3/g 'and the most

uld~offer a good
@

storage material (Mehrabi et al., 2019). Y. 4 \Y

Table 4.4: The Pore Structural PaEmete a ifi of the CA and

D
a@@‘;' of Mic (%)  (nm)
CA 36.32\ 1654._0,0275 %@0082 29.9 3.0379

CA-0.002 10@5 \ 0898 0.0179 20.1 3.5240
¢

0.0124 12.9 7.1064

Samples SBET

0.0158 13.4 5.1644

CA-O.@SZ}

: :

Cw 70.6374 27.7359.0.1216 0.0145 11.9 6.8913
\

Nl 45.6454 18.6878 0.1327  0.0098 7.5 11.6339

S

site for hydrogen gas since it had a great influence on total pore volume, as shown in

In addition, pore size was the main parameter in analysing the best adsorption
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Figure 4.6. Higher total volume of pore contributed to high possibility of hydrogen
gas to adsorb at the CA samples. The increase in pore size caused an increase in?ﬁ
pore volume, which consists of micropores and mesopores. In obtainin@\skst
adsorption site for hydrogen gas, the presence of mesopores was requi can be
determined based on the hysteresis loop as shown in Figure 4.5. micropore
volume decreased as the total pore volume increased. Thus, it provedithe presence of
other pores, especially mesopores, which was a possible fe ;Y;/d[ogen storage

materials. Furthermore, the abnormality in the figure treng was obs a pore
3

Y-.
size of 7.106 nm (CA-0.004), where there was sudden ased of th mblg@)re

ths\&'mpact
Y.
>

volume. Once again, this can be attribut

agglomeration of MgO nanoparticles (Bah

& f&
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4.2.4 Glimpse of Carbon Aerogel Pore Shape

Other than specific pore volume, specific surface area, and pore si ¥.
analysis can provide information about microporous materials in ter gﬁ‘D)ore
shapes. The presence of hysteresis loops in Figure 4.5 represents th%nce of
mesopores. Hysteresis happened in the multilayer range of physisorption isotherms,
which is usually related to the condensation inside the capilvof Mesoporous
structures (Calzaferri et al., 2023). The hysteresis loops can ded |'1to two types:

extreme loops and intermediate loops. Types H1 and H4 wereassi neMtreQ)e

loop while types H2 and H3 were assigned to the @emate loap ( m’neé.‘é?al
Y-v

2015).

In type H1, the two branches Wer@{ ve 3 a almos,kpgrallel over a

wide range of gas uptake. Type H1 was often ted rogck%terials with the
A

shape of a cylinder. In type H4, %lg chﬁs aye arly%erlzontal and parallel
t

over a wide p/p° range and M ed po ateriﬁmth narrow slit-shaped
N

pores. For the intermet P, type 1 gave n&b‘@ype H2 where the pore size
and pore shape distributiongvere @,/as type H2 was often related to
porous materials M - bo ILd shape por %or the H3 loop, the materials started

to possess S|I | pere ?@e |f|cat|0ns of hysteresis loops and their
s ar

=
\c_}f

%\
S
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Figure 4.7: Classification Type of Hysteresis L° nd %@d&lo&g@hapes
\Y‘ v
QA

ti sofption isetherms of pure CA
ascd% h)‘{:sg—e;\e&sis loop type. Their
related pore shape can be detefmi fr@jyste@%loop type based on the
classification in Figur .Y.Wre CA, it owe@%acteristics of type H4 loops
where the pore was aht-s
Mg?* at 0.002, 0.@06 |d 0. mo Lﬁ loops represented the H2 type, and
the pore shap%\bt;léll!de i g','us y like an ink-bottled shape pore. At 0.01

O
H3lo v@e the pore become slit-like shape pore.
' tf 4

e pore shapes \’Yc;an ed when crosslinked with Mg?*. The
p p VQ% g g

cgmtion of the mesopore in the samples was the highest at 0.01 mol, which

ins why starting from this concentration, the pore shape of the CA-Mg sample

As shown in Figure 4.8, the

and CA-Mg samples can be classifi

o

S. P@MNhen the CA was enhanced with

mol, the esent

as possibly a slit-like shape pore. This is presented in Table 4.4 where the

contribution of micropores was 7.5% and has almost completely disappeared. The
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summary of glimpse of pore shape of pure CA and CA-Mg samples is shown in Table

4.5 where the changes of the pore shape can be seen clearly as the concentrati

Mg?* increases. The pore changes were further analysed and observed usin@M

images as reported in 4.2.5.

@
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Table 4.5: Summary of Glimpse of Pore Shape of Pure CA and CA-Mg Sa{R

Samples Type of Hysteresis Loops Pore Shape S' 3

CA H4 loop Narrow slit-shaRp'Bres
<7
\4

CA-0.002 H2 loop tled shapé por
.
S
CA-0.004 H2 loop Y' k;b:ot‘e s ep%v

CA-0.006 H2 loop Inksbottled @pe pores

“« Q7
CA-0.008 Hzm\ Aj Ir]&%dttled shape pores
X3S A0

FE
A &
S
S
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4.2.5 Morphology of Carbon Aerogel

The morphology of pure CA and CA-Mg samples was observe W
FESEM images (Figure 4.9). Each sample with different concentrati %Ned
different morphology in terms of porosity. For the pure CA sample, the$re was
not well developed, and less pores were observed (Figure 4.9a) Atm mol, the

porosity increased with a well-structured structure, while at d 0.006 mol,

>

denser pores were observed. The structure drastically co , and the porosity

| a M (Fi
N
4.9 d,ef). This is the major effect of the cross-linking reaction bet en'Mé{' and

f S
\*\ e farmation of

became more dense as the concentration increased to 0.008

=,
o

CMC molecules during aerogel synthesis. Th tio

crosslinked network structures (Montes 8%&' 202(‘)3‘

&
hod was applied t samples. This

‘75

During freeze-drying, the freezin

A
may affect the structure of the ic g@d t QAPV por during primary drying,
%, 6 v,
0

and the quality of the final dK duct."_Fig e‘h_g{@ﬁc), the samples might

A\

experience these effects, wwmusedrhe av@etwork structure with large
(

pores. It was recomm% to work wi hg@zing rates to avoid internal

@
diffusion of wate@d f@e hon@enous pore size distribution (Simon-

=

N

Herrero et al. EM images (E_igyre 4.9) of the CA samples showed the

[

'
diﬁerence@ hology ofjea sa@e in terms of porosity, where the density of
porosi t increasing[as thé co tration of Mg?* increased. The differences can
N
be d in Table 4.4. 'I*l'é?contribution of micropores was lessened as the

‘%tration of Mg?* increased. The increased contribution of mesopores helped in

Uering a good adsorption site for hydrogen.



<
N

CA-0.002 (b)

4.9: FESEM Images of a) CA, b) CA-0.002, c) CA-0.004 d) CA-0.006, e)

CA-0.008 and f) CA-0.01
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4.3 Conclusion

Commercial-grade CMC was used as the starting precursor in the synth&ﬂ

CA, and it was successfully crosslinked with all metal ions (Mg?*, an"! @\2").

Mg?* was selected for further analysis as it fulfilled all the preliminary requirements
to become a candidate for hydrogen storage material. With the additig of Mg?*, the

carbonisation of CA became more complete as the OH grou

FTIR spectra. This occurred due to the formation o (pe'iclase) during

carbonisation as shown in the XRD pattern. The pore st re and s pure CA

. : .
and CA-Mg samples were further studied b ing” N2 adso or’/desiﬁ?ptlon

experiments and BET analysis, respectively. ple\@ .01 possessed the
X

highest value of pore volume, which is O.@ i

of 11.6339 nm. Besides, the preserN esopores

determined based on the N, adsorpti

re 2-50 nm) was

clear hysteresis loop in the rel

sample exhibited the most hi

the highest pore volun‘%

porosity increases as‘Mg?"*

feature might b&ot t/ial

atuf ogensSterage material because it had
po spl/ Q‘hown in FESEM images where
NS &

e i ésés with a slit-like shape pore. This

r"stic @}%A as a hydrogen storage material.
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