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Abstract

The research of the effects of grain size, oxidizers, and catalysts on band gap energy of gelam-wood carbon has been
conducted in which the carbons were produced from gelam-wood pyrolysis in high temperatures. The
instrumentations used in this study were UV-Vis, FTIR spectrophotometer, and SEM. SEM and FTIR were used to
characterize the morphology and the functionality of the carbon surface. UV-Vis spectrograms showed that the
electronic property of carbon such as band gap was affected when grain size and surface area were changed. The
increase of the functional groups in carbon occurred as the surface area of the carbon was increased. Band gap energy
of crystalline carbon became much lower along with the increase in grain size due to the effects of bands-broadening.
FTIR spectrograms showed that the carbon contained of hydroxyl and carboxylic groups. The hydroxyls were
derived from steam-oxidized carbon that was provided narrower in the interlayer distance and lower-set band gap
energy. Carboxylic groups were derived from acid nitric oxidation causing flat layer to become curved. The layers
were wider and the band energy was higher. The main factor that affects the electronic structure of metal oxide in
carbon/metal oxide composites was atomic alignments. The band gap energy increased along with the increase of

the asymmetry alignments in metal oxide.

Keywords

Energy; Storage; Metal; Oxide; SEM; FTIR; UV-Vis; Composite; Gelam

1 Introduction

Binchotan or white carbon or white charcoal is a carbon
material that is produced from biomass materials
particularly hard wood from mangrove forests [1]. The
application of white carbon is quite traditional, requires
drinking-water purification materials, fuel, traditional
health ingredients, and kitchen-tools coating mixture.
Unlike the much well known black carbon (charcoals),
white carbons are produced in relatively high
temperatures using special woods such as gelam wood.
Its unique properties were attributed from its fiber
structures and compositions [2, 3].

The fiber structures of the wood leads to its better
physical and mechanical strength. Traditionally, the
woods were pyrolyzed at 1000 - 1100 °C for 7 days with
a very slow-rate heating in a refractory stove without
using any chemicals. The product is a hard and solid
greyish carbon. This pyrolysis process at this
temperature leads the carbon to generate electrical
conductivity properties ranging from 0.1 to 2 ohm.
White carbon ability to conduct electricity makes this
material potentially possible to be developed for

electronic-electrical applications such as electrode
materials in energy storage devices, semiconductor
material of carbon dots of the DSSC, or as bipolar plates
in fuel cells.

It is also necessary to study the effect of other
components in carbon, i.e., oxidizer or catalyst and
metal oxides towards carbon properties. Metal oxides
were commonly found in carbon [4]. They exist as
natural components in biomass matrices of carbon
precursors or as catalysts that were added in the carbon
preparation. Therefore, some metal oxide, i.e., TiO,,
Fe,Os and NiO, were applied. Each of the oxides was
mixed with the carbon so that metal oxide/carbon
composites were prepared. Because the metal oxides
were semiconductors in nature, therefore it was
expected that the composites will also exhibit certain
effect to the electrical properties. Electrical conduction
properties appeared along with the presence of
crystalline in the carbon [5].

Charge transfer process is connected by the electron
cloud in the middle of hexagonal network layers of
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crystalline carbon [6]. The existence of the electron
cloud is strongly influenced by the carbon network
environment. When the charge transportation by
electron is disturbed, the conductivity will be disrupted.
Theoretically, the disturbance in the transition of
electron can be interpreted as the increase of gap in the
band structure of the carbon [7]. The disturbance occurs
in the electron cloud due to the presence of functional
groups, metallic atoms, and hybridization on crystalline
of hexagonal carbon layers. Electrical property of the
carbon is derived from ultraviolet (UV) spectroscopic
measurements.

Experimentally, the band gap can be calculated from the
UV-Vis data by using Tauc formula. By utilizing the
Kubelka Munk equation, the relationship between the
values of the bandgap and the reflectance can be
obtained. The band gap of the carbons can be derived
from regression plot of the absorption data by using
direct transition equations. This paper notifies the
effects of the grains size, the oxidizing agents and the
type of the transition metals to the band gaps of carbon
material. These relationships were generated from UV-
Vis measurement data [8]. The existence of a transition
metal and the functional groups in the carbon were
detected by using SEM - EDX and FTIR respectively

[9].
2 Methodology

2.1 Carbon preparation

The starting materials were prepared by using gelam
carbon block and gelam wood powder. Gelam wood
was derived from the carpentry and wood industry
which was obtained from logs with a diameter of 8-10
cm. Gelam wood was separated from its bark and was
cleaned with flowing clean water and was removed
from organic impurities with hot water. The gelam
wood was cut using an electric saw and rinsed with tap
water. Then it was let dry for 24 hours and sieved in 100
mesh to produce Gelam Wood Sawdust (GWS).

GWS was soaked in a solution of 20% HCI for 1 day to
remove the existing inorganic residue. Then, the
inorganic-residue free GWS was dried in an oven at a
temperature of 110 °C for 24 hours. The cleaned and
dried GWS was dipped in ethanol metallic salt solution
of Fe, Ti, and Ni for 16 hours. Then, the mixture of
GWS and the solution were re-dried in the oven. After
being dried, the dried powders were pyrolyzed at
nitrogen environment for 12-13 hours in an electrical
furnace. The flow rate was 1 mL minute” and the
temperature raised by 3 °C per minute. The temperature
inside the furnace was kept stable at 1100 °C for 1 hour
before the carbon was allowed to cool off inside the
furnace with a temperature rate of 3 °C per minute. The

products were GWCN for GWCNTi, GWCNFe, and
GWCNNI powder.

Gelam carbon blocks were made of gelam wood blocks
using repetitive pyrolysis technique. Gelam wood
blocks were heated at a temperature of 260 °C for 0.5
hour to remove any adsorbed water molecules that
existed in the matrices of the wood to be able to produce
a material known as torrefied wood. To produce carbon,
the torrefied wood was pyrolyzed for 0.5 hours at 1100
°C before being cooled off. The pyrolysis process was
repeated once more with the same temperature and
duration to produce gelam carbon block. The carbon
was labelled as CCP.

Surface oxidation process was proceeded to two parts
of CCP using concentrated nitric acid and high-pressure
steam. The products were respectively labelled as
CCPHNO; and CCPWOT. CCP was oxidized in reflux
system for 3 hours using concentrated nitric acid at a
temperature of 60 °C to produced CCPHNOj;. The high-
pressure steam oxidation was proceeded in the
hydrothermal reactor at a temperature of 200 °C for 16
hours. Then, the products were washed with abundant
demineralized water and dried to produce CCPWOT.

2.2 Characterization

Changes appeared in the functional groups after the
oxidation process was performed with the transition of
metal oxides as catalysts to prepare the carbons and
electronic properties of carbons. The chages were
characterized by respectively using FTIR, SEM-EDX,
and UV-Vis instrumentations. FTIR spectrogram were
obtained by using Shimadzu Prestige 21 that were
carried out on the diffuse reflectance mode. UV-Vis
spectrogram were obtained by using Shimadzu UV-
2450. Boehm titration was used to support analyses of
surface functionality of carbon. The procedure for the
titration can be found elsewhere [10]. The image of
morphology of the surface and elemental composition
of the carbon samples were obtained by using SEM-
EDX JEOL JSM 9390A.

Characterization for electronic property of the carbons
was conducted in Shimadzu UV-Vis spectrophotometer
UV-2450 with wavelength ranges from 200 to 800 nm
in diffuse reflectance mode. The energy band gap can
be generated by using the Kubelka-Munk function on
the UV-Vis test data (spectrogram). Kubelka-Munk
function is stated in equation (1).

M
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Where R is the reflectance of carbon sample that was
obtained from UV-Vis spectrogram. The values of
F(R)* were plotted against the result of wavelengths
conversion, i.e., energy values by using the equation
that is stated in equation (2).

E=h% )

Where E is the band gap energy; / is Plank constant
value (6.6261 x 107 Js); ¢ is the value of speed of light
in the air (3 x 10* ms™) and A is wavelength. The
Kubelka-Munk equation (1) is substituted into Tauc
equation which described the relationship between the
absorption coefficient and band gap energy. The Tauc
equation is stated in equation (3).

(hva)/™ = hv — E, 3)

Where a, v, A and E, respectively are values of
absorption coefficient, light frequency, proportionality
constant, and band gap. The absorption coefficient in
equation (3) can be replaced by Kubelka-Munk function
(1) therefore, the equation can be written as equation

4).

(hwF(R)Y™ = hv — E, 4)

The value of the power (n) denotes the nature of the
electron transition in the carbon. The 2 is for direct
transition, and the 2 is for indirect transition. In this
study, it is assumed that there is no photon involved,
therefore the plot is (hoF(R))* (huF(R))? versus /o.
Extrapolation of linear part of the curve cross the X-axis
which makes (hvF(R))* = 0, or axis intercepts and gives
band gap energy of the carbon.

3 Results and Discussion

The grain size is an important factor that can affect the
characteristic and application of carbon [11, 12]. The
changes in particle size will cause changes on the
surface. The surface of carbon is the place where the
variety of functional groups is attached. The change that
occurred to the surface functionality of the carbon as the
function of the particle size can be seen in FTIR
spectrograms (Figure 1).

It can be shown that spectrograms are relatively similar
at the wavenumbers below 750 cm™. It can be
interpreted that there was no change especially for

vibration bonds between carbon and inorganic elements
or single bonds carbon atoms. The increase in
transmittance can be interpreted as the increase of the
functional groups which is the result of the increase of
the surface area of the carbon. This indication can be
related to the excellent absorption property of carbon.
Therefore the formation of new surface will be
responded by the volatiles and the organics to bind with
the functionality on carbon hexagonal network
structure.
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Figure 1 FTIR Spectrograms of gelam-wood carbon
block (CCP) and carbon powder (GWCN).
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Figure 2 FTIR spectrograms of oxidized and
unoxidized carbon blocks. CCP represented
unoxidized, CCPHNO; represented nitric acid
oxidized carbon and CCPWOT represented steam
oxidized carbon.
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Table 1 Functional  Groups  Composition  was
determined by using Boehm Titration
. . . Total Total
Samples Fenolic Lactonic Carboxylic Acid  Base
CCP 0.200 3.85 0.00 4.05 0.24
CCPHNO; 0.100 3.08 0.20 3.38 0.19
CCPWOT 0.200 3.40 0.10 3.70 0.22

The influence of oxidizing treatment to the IR spectra
can is shown in Figure 2. It implies that the oxidation
treatment does not bring significant change. The
spectrogram shows that the oxidation cause the
transmittance to increase in three regions due to the
oxidation, with both water vapor and nitric acid. The
1300 — 1400 cm’™ is the vibrational wavenumber region
for the carbonate group [8] that is connected to 1700 cm’
" which is the vibrational wavenumber region typically
for the carbonyl group. The transmittance at a
wavenumber of 1500 to 1900 cm™ corresponds to the
transmittance values in the region of 2300 to 2400 cm™
and 2850 to 2900 cm™. The region of 2300 to 2400 cm’
" is the vibrational wavenumber region for the C-H or -
CH,- groups, while the region of 2850 to 2900 cm™ is
the vibrational wavenumber region for the C-H or -CH>-
groups [9].

The peaks at 2850 to 3000 cm™ indicated the existence
of carboxylate functional groups. These changes were
significantly detected and confirmed by Boehm
titration. The results of Boehm titration are summarized
in Table 1. The calculation implies that changes occur
to the concentration of the carbon functional group after
the oxidation process specifically to water favor and
nitric acid.

The effect of the addition of metal salt on the carbon
functionality is shown in Figure 3. The spectrograms
show that the catalysts affected C-O-C or carbonate
groups (1250 cm™) and carbonyl groups (1700 cm™) on
the surface of the carbon. Symmetrical C=C bond on the
carbon surface can be suppressed by adding TiO,. The
increase of peak intensity around 3600 cm™ inferred the
increase of OH functionality. This feature is in sync
with the increase of C=0 showed by the peak around
1700 cm™ for the carbon with the catalysts of Ni
(GWCNNI) and Ti (GWCNTI). In other words, Ni and
Ti salts tend to increase the carboxylate on the carbon.
The same trend is shown in the absorption region of C
— C and C = C, where the use of metal salts (Ni and Fe)
as activators decrease the intensity of IR. The different
tendencies are shown in C — O and C = C = O which are
the representation of phenolic and lactonat.
Furthermore, the identification of the functional group
composition can explain the changes on the surface of
activated carbon.
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Figure 3 FTIR Spectrograms of uncatalyzed and
catalyzed carbon powders oxidized and unoxidized
carbon blocks, i.e., uncatalyzed carbon (GWCN),
catalyzed carbon powder with metal salt of Ni, Ti, and
Fe, i.e., GWCNNi; GWCNTi and GWCNFe.

SEM images (Figure 4) show that there is no
significant difference in the morphology of the
metal catalyzed carbons which represent three
different types of carbons. Microstructures of the
carbons powder are featured with tiny fragment of

10-30 pum in irregular shape.

However, the

differences can be found in SEM images of carbon
at 1000x magnification. The two of four carbons
show that their fragments have some layers.

X1000  10pm. 0000 103950

Figure4 SEM Images of carbons at 1000x
magnification for (a) prepared without catalyst, (b)
with Fe catalyst (GWCNFe), (c) with Ti catalyst
(GWCNT1) and (d) with Ni catalyst (GWCNNi).
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60%

Figure 5 EDX spectra of carbon without catalyst

EDX analyses of gelam-wood carbon (Figure 5) show
that the carbon contained 18 — 22% of silica. Silica can
be observed using an electron microscope which
appears as a bright spot as it tends to look lighter in
carbon. The existence of silica in the carbon matrices
were quite the same as the morphological properties of
C/Si0? composites. The composites are known to have
semiconductor properties [13, 14]. Therefore, in order
to have a detail explanation about the existence of SiO,
in gelam-wood carbon conductivity, a set of
experiments was conducted in laboratory.

EDX analyses results (Figure 6) showed that the
composite samples contained 4.38% of Fe in GWCNFe
(Figure 6 (a)), 6.83% of Ti in GWCNTi (Figure 6 (b))
and 5.44% of Ni in GWCNNIi (Figure 6 (c)). It can be
seen that the EDX data shows the differences in metal-
oxides content in the carbon samples, i.e,, GWCNFe,
GWCNTi and GWCNNI. The actual content of metal
oxides wererelatively low compared to the initial
content. Initially, the metal-contents were 5%, 7% and
6% for GWCNFe, GWCNTi and GWCNNI. In such
conditions, it was expected that the bias of the
interpretation of the relationship between the metal
content of the electronic properties of carbon is low.

As shown in Figure 7, the wavelength of maximum
absorption was observed in 350 — 500 nm (Figure 7 (a))
which means that the electronic 1 — w* transition
occurred in a conjugated carbon system [15]. It is also
interpreted that the carbon absorbed the ultraviolet that
was near to the visible region of electromagnetic
spectrum. The UV spectra of carbon block has other
maximum absorption located further in the ultraviolet
region (¢ — o*) with low intensity.

The transition has the band gap energies (Figure 7 (b))
of 2.30 eV for the carbon block (CCP), and 2.25 eV for
the carbon powder (GWCN). Band gap energy of
crystalline carbon gets lower as the grain size gets
bigger due to the effects of bands-broadening. In a
single atom, the band gap is equal to the distance

between the ground level (HOMO) and the first excited
level (LUMO). With the increasing number of atoms,
both levels are broadened. This broadening leads the
band gap to be narrow.

The effect of the surface functionality to the band gap
energy can be derived from FTIR spectra of oxidized
carbons. Steam oxidized carbon (CCPWOT) provided
OH group which dominates the carbon surface, whilst
the nitric acid oxidized carbon (CCPHNO;) provided
much more carboxylic groups compared to how much
the CCP has [16]. The wavelength of maximum
absorption was observed in 350 — 500 nm and 200 — 250
nm (Figure 8 (a)) for electronic 1 — w* transitions in
unoxidized and oxidized carbon. The plots suggested
that the oxidizers had small effect on conjugated
hexagonal frame of carbon, instead of attaching new
surface functionalities.

90%
Ti 6%
C 90%
O 4%
Ni 5%
C 90%
O 5%

Figure 6 EDX spectra of carbon with catalyst
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Band gap energies (Figure 8 (b)) for CCPHNO;,
CCPWOT and CCP respectively were 1.25 eV, 2.75 eV
and 2.30 eV. The change occurred due to sensitivity of
lattice symmetry of the carbon layer structures. By
controlling the carrier density between layers, the
occupation of electronic states near the Fermi level, and
the magnitude of the gap between the valence and
conduction bands can be manipulated. The
functionality might be induced by an electric field
across the layers, i.e., carboxylic groups in carbon cause
flat layer to curve and the distance between layer
becomes wider. A widened interlayer will generate a
wider band gap energy. Conversely, hydroxyl groups
cause the interlayer distance to be narrower [17] and it
set a lower band gap energy.
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Figure 7 (a) UV-Vis Spectra (b) Tauc Plot of
Kubelka-Munk vs Energy for two types of carbons,
GWCN and CCP for powder and block carbon,
respectively.
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Figure 8 (a) UV-Vis Spectra (b) Tauc Plot of
Kubelka-Munk vs. Energy for unoxidized and
oxidized carbons, CCP, CCPHNO3 and CCPWOT
for unoxidized, acid nitric-oxidized and water-
oxidized carbon, respectively.

The effect of metal oxides to the electronic transitions
of carbons is shown in spectrograms (Figure 9 (a)). The
curves experience its peaks near the ultraviolet - visible
region of electromagnetic spectrum. The addition of
metal oxides in carbon matrices pushed the peaks to
shift slightly to the shorter wavelength.

The dependences of (hvF(R))* (huF(R))? versus 4o that
are obtained for the non-catalyzed and catalyzed
carbons are shown in Figure 9 (b). The extrapolation of
the linear part of the curve for the non-catalyzed carbon
obtained the direct band gap of 2.50 eV, whilst the band
gap energies (Figure 9 (b)) for GWCNFe, GWCNTi and
GWCNN:Ii are 3.00eV, 1.00 eV, and 2,25 eV. The metal
oxides existed in the carbon as composites. Therefore,
the electronic properties of metal oxide can be
explained as a part of the whole electronic process in
the composites.
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Figure 9 (a) Spectra UV-Vis (b) Plot Kubelka-
Munk vs Energy for the carbon that were catalyzed
by the addition of transition-metal salt on carbon
powder and non-catalytic carbon.

The main factor that affects the electronic structure of
metal oxide is the atomic alignments [18]. The
alignments can be described as an approximately close-
packed arrangement of oxygen ions with metal ions that
are distributed respectively among two kinds of
interstice which are tetrahedral and octahedral
coordination sites. The eightfold position is the
tetrahedral sites, and the sixteenfold position is the
octahedral sites. The lack of symmetry in atomic
alignments at the interfaces would cause lack of
relaxation, develop defects and distort the charge-
transfer. Fe;O; and NiO are the oxides that have very
low deviations from the cubical atomic symmetry at
low temperatures [19, 20]. The band gaps energy will
increase along with the increase of the asymmetry
alignments in metal oxide [11]. Inversely, TiO, has a
high asymmetrical in atomic alignments [21], therefore
the band gap energy is relatively high compared to the
others.

4 Conclusion

Basic effect on carbon that occurred when the particle
size is changed is the surface area. The surface area is
the place where varieties of functional groups are
attached. The functional groups in carbon experienced
an increase because of the increase of the surface area
of the carbon. Band gap energy of crystalline carbon
gets lower as the grain size gets bigger due to the effects
of bands-broadening.

Surface functionality may affect the band gap energy.
Hydroxyl functionality is derived from steam oxidized
carbon that provides a narrower interlayer distance and
a lower band gap energy. Carboxylic groups are derived
from acid nitric oxidation that cause the flat layer to
become curved, the distance between layers becomes
wider and the band gap energy becomes higher. The
metal oxides exist in carbon as composite, therefore,
electronic properties of metal oxide can be explained as
a part of the whole electronic process in the composites.
The main factor that affects the electronic structure of
metal oxide is the structure of atomic alignments in
molecule. Fe,O3 and NiO are the oxides that have very
low deviations from the cubic symmetry at low
temperatures. The band gap energy will increase along
with the increase of the asymmetry alignments in metal
oxide. Inversely, TiO; has high asymmetrical in atomic
alignments, therefore the band gap energy is relatively
high.
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