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ABBREVIATIONS
2D 2 dimensions NDF Neutral detergent fibre content
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AC Activated carbon NSCNs | Nettle stem-derived carbon
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ADF Acid detergent fibre content PS Peanut shell
ADL Acid detergent lignin content PSCNs | Peanut shell-derived carbon
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species (mol cm™3)
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Microscope
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CNT Carbon nanotubes AV The voltage change after a full
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Spectroscopy
GCD Galvanostatic charging/discharging
I The discharge current (A)
Ip Peak current (A)
m Mass of active material on electrode
(9)
n Number of electrons involved in the
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1 Introduction

2D carbon nanostructures — namely graphene and carbon nanosheets — are
increasingly being researched as candidates for energy storage devices such as batteries or
capacitors. Carbon nanotubes, nanofibers, and nanosheets have been well documented.
Glass-like carbon is a vital type of the carbon family, typically referred to as glassy carbon
or vitreous carbon. Glassy carbon, described as amorphous carbon, is non-graphitizing and
contains mostly sp? sites. The properties of carbon are a combination of the properties of
glass and ceramic materials which are characterized by low density, high thermal and
chemical resistance. Chemical and thermal treatments are the main steps of the preparation
of carbon nanostructures. Among all the chemical activation agents, alkaline hydroxides
such as potassium hydroxide (KOH) or sodium hydroxide (NaOH) are reported to be highly
interesting from the performance point of view, allowing activated carbons to be prepared
from many kinds of carbonaceous precursors. Chemical acids are used as intercalating
agents to obtain exfoliated graphite by different processes. This activated carbon can be
obtained from various agricultural wastes. Since no research has presented the synthesis of
carbon by using two processes: activation and exfoliation. So this is an exciting novelty to
the study.

The preparation of nanostructured materials from wastes has drawn tremendous
interest in recent years. Many researchers have demonstrated that carbon materials used as
adsorbents or electronic materials can be synthesized from low-cost waste materials by using
alkaline hydroxides. The structures of nettle and peanut shells consist of cellulose,
hemicellulose and lignocellulose. These materials are the major contents of biowaste which
can play the role of carbon precursors in producing highly ordered nanocarbons, and
contribute to the porosity of biochar yield.

Energy storage and delivery are one of the most promising areas for the application
of-activated carbon. Supercapacitors, also called electric double-layer electrodes, are highly
efficient in energy storage and delivery characteristics compared to batteries. They can
deliver high rates of energy by using a mechanism of simple charge separation at the
interface between the electrode and electrolyte. As far as it concerns, no previous studies
have reported on using nettle stem or peanut shell as raw materials for producing carbon
nanosheets by chemical activation and exfoliation processes. The activated carbon produced

in this way can be used as electrode material for supercapacitors.
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In this work, | focused on answering the following key questions:

e Can | prepare carbon nanostructure from natural materials? What are the structures
and properties?

e Which factors can affect the properties of carbon obtained from natural materials?

e Does the chemical treatment affect the surface properties of carbon?

o Does the chemical treatment affect the electrochemical properties of carbon?

¢ Are the electrochemical properties of the synthesized carbon suitable to be applied

in energy storage applications?

The goal of this research is to systematically study and investigate the effect of
different alkaline hydroxides activators and acid exfoliators on the properties of carbon

nanosheets, prepared from natural materials with the following considerations:

e Use of different hydroxide activators and acid exfoliators to synthesis carbon
nanostructure materials.

e To study the structure of carbon nanosheets synthesized from natural materials.

e The microstructure and the chemical composition of carbon nanosheets were
characterized using different characterization methods, including Scanning
Electron Microscope (SEM), Transmission Electron Microscope (TEM), X-ray
Diffraction (XRD), Energy Dispersive Spectroscopy (EDS), CHNS analysis
techniques, BET specific surface area (SSA), micropore volume and pore diameter.

e Development of novel carbonaceous materials for supercapacitors. This study is
focused on the surface properties (pores, surface area) and on the electrochemical
properties. The investigated materials are synthesized, characterized and used as
supercapacitor electrode materials.

o ldentification of the effect of activators and exfoliators on the electrochemical
performance of carbon nanostructure which can be used in supercapacitors to
maximize the specific capacitance and energy density.

e Evaluation of performance parameters, such as specific capacitance, energy

density, power density, and stability of the synthesized materials.
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2 Literature overviews

Environmental awareness has given rise to the idea of utilizing natural waste and
other everyday waste materials to be beneficial and cost-effective. The production of
activated carbon (AC) from waste materials is a hot topic these days as sources of activated
carbon are abundant and increasing. Activated carbon is widely used as a sorbent due to its
low cost, exceptionally high porosity, customizable pore size and high absorbency. The
activation process normally develops the pore structure of activated carbon. Natural
materials are used as precursors for the carbon production. Activated carbon is made up of
carbon as the main component, and other elements such as oxygen, hydrogen, nitrogen,
sulfur and others.

The type of activation method and carbon precursors have a significant effect on
the final characteristics and the efficiency of the activated carbon obtained. Activated carbon
has the advantages of superior physicochemical properties such as high surface area,
physical and chemical stability. The substrate for activated carbon preparation is abundant,
easy to prepare, inexpensive, and has low density. For commercial-grade carbon, the surface

area typically varies between 500 to 1500 m? g* or up to 3000 m? g* [1].

2.1 The structure of carbon synthesized from natural materials

Carbon is an essential element, which comes in various forms, such as graphite,
graphene, coal, activated carbon, diamond, and carbon black. Allotropes of different carbon
are shown in Fig. 2.1. The physical or chemical processes can improve the properties of
carbon. During the physical process, large amounts of internal carbon are removed to
provide a well-developed carbon structure. On the other hand, in the process of chemical
activation, a dehydrator is used which affects the pyrolytic degradation and results in the

formation of tar that increases the carbon yield [2].
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Figure 2.1 Different allotropes of carbon: (a) graphite, (b) graphene, (c) carbon nanotube,
(d) C60, (e) C70, (f) C540, (g) amorphous carbon, (h) lonsdaleite, and (i) diamond [3].

Studies of nanostructures from waste materials have been of great interest [4].
Carbon nanomaterials obtained from natural waste materials reveal a wide range of
properties, high efficiency, and wide range of applications. There are different methods for
the synthesis of carbon materials. Therefore, using cheap and abundant natural waste
materials in the production of carbon materials is very economical and attractive [5-9]. The
use of waste or recycled materials is a breakthrough and a great opportunity as synthetic
reinforcement can be economically produced. Carbon nanomaterials are important because
of their good physical, mechanical properties, and high performance for composite materials
[10-15].

Menendez-Diaz et al. [16] presented that carbons based on the allotropic form of
graphite can be classified into graphitic carbons (which have a measurable crystallographic
order in the direction irrespective of the presence of structural defects) and non-graphitic
carbons (without any measurable crystallographic order in the c-direction apart from a more
or less parallel stacking) carbons. Some of these microstructures are arranged in preferential
directions, like synthetic graphite or graphitized carbon fibres, while disordered
microstructures are characteristic of chars or activated carbons. Such a wide variety of
possible structures gives rise to a large amount of different types of carbons. Figure 2.2

shows a schematic representation of some of these carbon structures.
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Figure 2.2 Major allotropic forms of carbon and a schematic representation of some of
the carbon structures derived from these forms [16].

Graphite consists of carbon atom planes arranged in a hexagonal lattice with four
atoms per unit cell. Strong covalent bonds exist between intraplaner atoms, while the

interplaner bonding is of the weak Van der Waals type see Fig. 2.3 [17].
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Figure 2.3 The crystal structure of graphite showing the hexagonal lattice [17].

The plant is a natural material that is abundant and interesting for research. The cell
wall of the plant surrounds the cell membrane. It consists of several layers of cellulose,
which are arranged in the primary and secondary walls. Cellulose is the most common
organic compound in the world [18]. Hemicellulose can be used as a potential carbon
material on account of its high carbon content, renewability, environmental sustainability,
and special structure [19]. Lignin is an abundant biopolymer with high carbon content, high
aromaticity, and an excellent precursor for the preparation of high-value carbon materials
[20]. Stinging nettle (Urtica dioica) is a wild plant that grows in Europe, Asia, Northern
Africa and Western North America, usually found in the countryside. Nettle plant has a very
strong fibre and high carbon content. The applications of stinging nettle have been developed
in textile products, medicine, cosmetics, food and bioenergy [21-24]. Peanut (Arachis
hypogaea) is a major crop widely distributed throughout tropical and subtropical parts of
Asia, Africa, Oceania, North and South America and Europe. Natural structures of peanut
shell consisting of cellulose, hemicellulose and lignocellulose are the major contents of
biowaste, which can play the role of carbon precursors in producing highly ordered
nanocarbons [4, 9]. Waste peanut shells, generated in large volume annually, are considered
lignocellulose biomass waste [25]. As cellulose has appreciable carbon content [26-29], it
can be a suitable material for the preparation of activated carbon [30-31]. The carbon content
in cellulose varies from 40 wt.% to 44 wt.%. However, this content may increase above
80 wt.% for carbonized samples and reach in the range of 95wt.% for activated carbon [22,
32].
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Using various carbonisation and activation methods can convert biomass materials
into carbon as shown in Fig. 2.4. Both physical and chemical methods are used to transfer
biomass into value-added carbon materials. By controlling different parameters to obtain
carbon with different properties [33].

PYI’U'\I’SiS ——500-1000 °C; One step or combined with activation

— Carbonisation

120-250 °C; Partially carbonization with exygen-containing groups;

HTC —
Usually combined with pyrolysis/activation
A Air ——Relatively low temperature, < 500 °C
wl
m . . "
E — Physical activation
— Steam ——The most benign activating agent; 800-1200 °C
Q (two steps)
= The most commanly used physical activation process; 800-1000 °C;
Co, —Relatively higher degree of graphitisation compared with chemical
activation
Most often used chemical-activation agent; High
. o KOH, NaOH, S5A; Lower the degree of graphitisation
Chemical activation
— Activation ——(450-900 °C, one or ZnCl,, FeCl; ——Usually one step applied; Acting as dehydrating agent
two steps)
Relatively low S5A compared with other chemical activation;
H3P04 —P-doped, contributing to pseudocapacitance and widening the
voltage window
Other Microwave-induced activation;
activation physiochemical activation

Figure 2.4 The methods for converting biomass to carbon materials [33].

2.2 Effect of organic components on carbon properties

Lignocellulosic waste materials are massively produced worldwide. Lignocellulose
or lignocellulosic biomass is plant dry matter composed of carbohydrate polymers, namely
cellulose and hemicellulose, and lignin (Fig 2.5, Table 2.1) [34]. Lignocellulosic materials
are widely used as precursors and account for around 45% of the total raw materials used
for the manufacture of activated carbon [35].

Cellulose [(CsH100s)n] builds up the main structure of the plant cell wall, which is
a crystalline structure. Material with high cellulose content can be used for biofuel
production [36]. Xue et al. [37] showed that the activated carbon from pure cellulose has
39.66 wt.% carbon content and the highest specific surface area (1,077.54 m? g!) after
activating by the ZnCl, through microwave heating. They indicated that cellulose
maintained the activated carbon porous structure and facilitated the formation of the

mesoporous structure. Activated carbon was prepared with different contents of lignin and
7
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cellulose exhibited differences in BET surface area, mesoporous volume, pore-volume, and
average pore width. As the cellulose content was increased, the BET surface area was
gradually increased, whereas the mesoporous volume initially increased and then decreased
[37].

Table 2.1 Content of lignin, cellulose and hemicellulose of lignocellulosic materials.

Natural biomass Lignin (%) Cellulose (%) Hemicellulose (%0) Ref.
Tomato leaves 24.86 10.91 8.13 [38]
Tomato stems 16.01 27.03 21.08 [38]
Waste tea 38.96 18.75 17.96 [38]
Almond shell 36.12 21.72 27.74 [38]
Coconut shell 30.1 19.8 68.7 [39]
Palm shell 53.4 29.7 47.7 [39]
Pineapple peel 10.4 20.9 31.8 [40]
Sunflower shell 17.0 48.4 34.6 [41]
Walnut shell 52.3 25.6 22.7 [41]
Hardwoods stems 18-25 40-55 24-40 [42]
Softwood stems 25-35 45-50 25-35 [42]
Nut shells 30-40 25-30 25-30 [42]
Corn cobs 15 45 35 [42]
Grasses 10-30 25-40 35-50 [42]
Wheat straw 15 30 50 [42]
Newspaper 18-30 40-55 25-40 [42]

Hemicellulose [(CsHgO4)n] is mainly composed of xylan and mannan. It is the
second most abundant component of the plant cell wall. Compared to cellulose,
hemicellulose has a lower level of polymerization, it is chemically different and has an
amorphous structure [36]. Lin et al. [19] studied hemicellulose extracted from pomelo peel
to prepare carbon and showed the content of the carbon element is up to 90 % at 800 °C.
The hemicellulose-derived porous activated carbon materials offer great potential for a wide

range of high-performance supercapacitor applications [19].
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Figure 2.5 (a) General composition of lignocellulose biomass feedstock (b) structure

of lignocellulosic biomass with cellulose, hemicellulose, and lignin [43-44].

Lignin is a complex hydrocarbon polymer with both aliphatic and aromatic
constituents, amorphous, and hydrophobic in nature [45]. Xue et al. [37] used pure lignin to
produce activated carbon with 33.65 % carbon content and its surface area reached to 558.48
m? gL, Lignin contributed to the formation of the layered, microporous structure during the
production of activated carbon [37]. Thermal and chemical processes resulted in the

lignocellulose structure breaking apart and in smaller particles of the material (Fig 2.6).
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Figure 2.6 Schematic pretreatment of lignocellulose material [43].

2.3 Effect of chemical activation and exfoliation on the surface properties

Chemical activation has been shown as a very efficient method to obtain carbons
with high surface area and narrow micropore distribution. Pores come in a variety of sizes
to address a very wide range of applications. When considering pore size, a set of standards
approved by IUPAC has defined pore size ranges based on different size widths [46]. Pore
diameters smaller than 2 nm are referred to as micropores, between 2 nm and 50 nm as

mesopores, and macropores as a pore larger than 50 nm (Fig.2.7 and 2.8).

Macropores

> 50 nm\ ‘ CSOpPOres
2-50 nm

e

/

Micropores < 2nm

Figure 2.7 Schematic representation pore structure of micropores,

Mmesopores, and macropores.
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Within the micropore domain, there is a further subdivision into narrow micropores
(ultramicropores, less than 0.7 nm) and wide micropores (supermicropores, from 0.7 nm to
2 nm) [47]. The accessibilities of pore are represented in Fig 2.9. A pore that is completely
separated from another pore is called a closed pore. They affect the mechanical properties
of materials such as bulk density, mechanical strength and thermal conductivity. Open
porosity is porosity with gaps connecting each other within or from the surface of a material.
Open pores can also be "blind" (open only at one end) or "through” (open at both ends) [48].

0.1 nm 1 nm 10 nm 100 nm 1pm 10 pm 100 pm 1mm

T
Pore size (diameter) | Micropore

|
Pore size distribution (€75 oo (G o i)

Mercury (Intrusion) porosimetry
1 1 1
Through pore size distribution Capillary flow porometry
1 1 1

Figure 2.8 The techniques used to measure pore size.

Open pores: blind pores

Closed pores /

Open pores: through pores

Figure 2.9 Various pore type accessibilities.

Two different methods are employed for the preparation of activated carbons with
a wide variety of physicochemical properties. The so-called physical activation usually
involves a two-step process: carbonization at 500-700°C followed by activation via the
partial gasification of carbon at 800-1000 °C in a stream of steam, air, carbon dioxide, etc.

11
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On the other hand, chemical activation involves mixing the precursor with an activating
reagent such as KOH, NaOH, ZnCl; etc. (Table 2.2) and subsequent pyrolysis in the absence
of air. Depending on the activating agent, the temperature usually ranges between 500 and
900 °C. The resulting carbon is washed extensively to remove the chemical reagent [35].
According to the literature, activation with HsPOs is commonly used for
lignocellulosic material and carried out at lower temperatures. ZnCl, generates more surface
area than H3PO4 but it is harmful to the environment. Activating with KOH in terms of
surface area and efficiency shows better results than NaOH for various applications [49].
Therefore, the choice of activating agent depends on the type of raw materials and the

purpose of the experiment.

Table 2.2 Comparison of surface properties of activated carbons at different activating
agents.

Materials Activating Specific surface  Average pore  Ref.
agent area (m?g?)  diameter (nm)

Coffee residue ZnCl; 511.55 2.20 [50]

H3POg4 259.53 2.19

H2S04 44.84 2.04

KOH 28.34 2.04

NaOH 27.15 2.02
Coffee residue ZnCl; 890 2.60 [51]
Van apple pulp ZnCl» 1,067.01 2.46 [52]
Water hyacinth H3PO4 423.6 7.3 [53]
Apricot stone H2SO4 393.2 - [54]
Jackfruit peel H3sPO4 907-1,260 - [55]
Pumpkin seed shell H3PO4 1,421 - [56]
Sugar cane bagasse KOH/ HNOs3 69-806 9-28 [57]
Litchi shells KOH 3,164 - [58]
Bambusa vulgaris NaOH 1,042 2.4 [59]

Among all the chemical activation agents, alkaline hydroxides such as potassium
hydroxide (KOH) or sodium hydroxide (NaOH) are reported to be interesting from the

performance point of view, allowing activated carbons to be prepared from many kinds of
12
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carbonaceous precursors. Although it is a frequently used process to prepare activated
carbons, the general mechanism of chemical activation is not well understood, and the
various interpretations found in literature underline the process complexity. In general terms,
chemical activation by alkalis consists of solid-solid or solid-liquid reactions which involve
the hydroxide reduction and carbon oxidation to generate porosity. During the reactions,
CO, CO2 and H: evolution is observed, and additional reactions between active
intermediates produced on the surface and the constituents of the gas phase are possible.
A recent study [60] suggests that the carbon/MOH (M = Na or K) reaction mechanism is
independent of the hydroxide used and consists in the overlapping of redox processes. The
hydroxide reduction leads to H> and Na or K metals, and carbon is oxidised to carbonates

(Na or K) according to the global reaction (2.1):

6 MOH + C <> 2M +3H2 + 2M2COs3 (2.1)

Alkaline hydroxide activation is a well-known method to generate pore network in
carbons and to expand the carbon layer. The process of activation by KOH or NaOH was
described in two main mechanisms that contribute to chemical activation [61-64]. The first
one consists of the consumption of carbon by oxygen, producing carbon monoxide and
carbon dioxide; this process is catalysed by alkali metals. The second one consists of the
reduction of the hydroxide to free alkaline metal, the intercalation of free metal into the
lattice of the carbon, the expansion of the lattice by the intercalated potassium or sodium,
and the rapid removal of the intercalate from the carbon matrix. Below 700°C, the main
products are hydrogen, water, carbon monoxide, carbon dioxide, potassium oxide and
carbonate. The dehydration of MOH to M20O (2.2) results in carbon consumption through
the reaction of CO., produced in reactions (2.3) and (2.4), with M0 to form M2COs (2.5)
and (2.6) [61-64]:

2MOH <> M;0 + H,0 (2.2)
C + H20 <> CO + H, (2.3)
CO + H20 <> CO; + Ha (2.4)
CO2 + M20 <> M;COs3 (2.5)
2CO + M0 <> MoCOs + C (2.6)

13
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Above 700°C, however, an important activation mechanism occurs alongside with
the formation of metallic potassium. This mechanism, described in (2.7-2.9), is directly
related to the formation of sub-nanometer pores.

M20 + CO <> 2M + CO> 2.7)
M20 + Hz <> 2M + H20 (2.8)
M20 + C <> 2M+ CO (2.9)

In case of solution activation, the hydrated ionic radius of K* ion is lower than that

of Na* ion which facilitates the immigration of K* ion into carbon layers/pores. (Table 2.3).

Table 2.3 Characteristics of the radius ions.

lon lonic radius (nm) [65] Hydrated radius (nm) [66]
Na* 0.095 0.36
K* 0.133 0.33

In the case of NaOH activation, Raymundo-Pinero et al. [60] reported - as shown
in the XRD patterns (Fig. 2.10) - that the redox reaction (Na.COz formation) starts at a higher
temperature (600 °C) than for KOH (400 °C). This observation is in agreement with the
higher reactivity of KOH when compared with NaOH.

,‘ : KOH  4K;,0 L
N o KO3 +Co " NaOH + Na
L\ ho ? 0 *+Na,CO3 + Co
e N N INTHOH 0P |
aipsft |
R R it laad MWNT:NaOH 800°C
+ 4l
— Qj,:f(f € S %2 MWNT:KOH600°C T MINTNGOH T00°C_
M/:”t: it i MWNT:NaOH 600°C
- o [F e MANTKOH d00°C
FRCT] . MWNT:NaOH 400°C
T PV Ao v o MONTKOH e —
i - -\i_ I ~¢_A__I"WET_,"??_*‘,A,
b N— MWNT —

10 20 30 40 50 60 70 80 90 100
(a) 2 Theta

20 30 40 50

(b) 2 Theta

Figure 2.10 XRD patterns of MWNTSs during the reaction with (a) KOH at different

temperatures and (b) NaOH at different temperatures [60].
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Romanos et al. [ 61] reported that at the activation above 700 °C, metallic
potassium can penetrate between graphitic layers. The stretching of the lattice and the
removal of intercalated potassium result in the expansion of the pore network. This
expansion corresponds to an increase in surface area and porosity. This leads to the

formation of fragmented carbon sheets as represented in Fig. 2.11 [61].

AROMDO

Carbon latice Mectallic potassium intercalated Activated carbon
into the carbon lattice

Figure 2.11 Potassium hydroxide activation mechanism above 700°C [61].

Chemical acids are used as intercalates for obtaining exfoliated graphite by
different processes [67-70, 97]. Nicolosi et al. [71] explained liquid exfoliation by the brief
outlines of the four main liquid exfoliation techniques for layered materials as shown in
Fig. 2.12: (A) lon intercalation. lons (yellow spheres) are intercalated between the layers in
a liquid environment, swelling the crystal and weakening the interlayer attraction. Then,
agitation (such as shear, ultrasonication, or thermal) can completely separate the layers,
resulting in an exfoliated dispersion. (B) lon exchange. Some layered compounds contain
ions between the layers so as to balance the surface charge on the layers. These ions (red
spheres) can be exchanged in a liquid environment for other, often larger ions (yellow
spheres). As above, agitation results in an exfoliated dispersion. (C) Sonication assisted
exfoliation. The layered crystal is sonicated in a solvent, resulting in exfoliation and
nanosheet formation. This mechanism also describes the dispersion of graphene oxide in

polar solvents, such as water [71].
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Figure 2.12 Schematic description of the main liquid exfoliation mechanisms (A) lon
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intercalation, (B) lon exchange and (C) Sonication assisted exfoliation [71].

Fan et al. [72] reported that the chemical composition of carbon nanosheets can be
adjusted by varying the kinds of precursors, the synthesis temperatures, and post-treatment
processes. Chemical exfoliation is effective for achieving thinner carbon nanosheets, leading
to an increase in the amount of carbon fillers with larger aspect ratios. The interaction force
between the layers is less than that of interplanes of carbon precursors. The application of
graphite oxide as a precursor is becoming an approved approach to obtain graphene or
carbon nanosheets because the graphite layers swell and are exfoliated after oxidization with
strong oxidants. Carbon nanosheets with a thickness of 2-5 nm were prepared by direct
chemical exfoliation of expandable graphite (EG), as illustrated in Fig. 2.13. When the
resultant carbon nanosheets were used in composites, electromagnetic attenuation was

enhanced due to good electrical and dielectric properties of carbon nanosheets [72].
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Figure 2.13 Schematic of expansion and exfoliation of expandable graphite [72].

BET analysis is a precise assessment of the specific surface area of material by
sorption of multilayer nitrogen as measured as a function of relative pressure. The
information from this technique is important to study the effects of surface porosity and
particle size in many applications. Gas adsorption is a well-established tool for the
characterisation of the texture of porous solids and fine powders. IUPAC (Physisorption of
gases) manual was for determination of surface area and porosity of materials.

According to Thommes et al. [47], the IUPAC classification of adsorption
isotherms for nitrogen and argon adsorption at 77 K and 87 K are illustrated in Fig. 2.14.
The types of isotherm characteristic of adsorbents that are microporous presented by type I,
type I isotherms are given by microporous solids having relatively small external. Type | (a)
isotherms are given by microporous materials having mainly narrow micropores (of width
<~ 1 nm). Type I (b) isotherms are found in materials having pore size distributions over a
broader range including wider micropores and possibly narrow mesopores (<~ 2.5 nm).
Types Il are given by the physisorption of most gases on nonporous or macroporous
adsorbents. Type Il are given by a nonporous or macroporous, types IV are given by
mesoporous materials. Type V are observed for water adsorption on hydrophobic
microporous and mesoporous adsorbents and Type VI is representative of layer-by-layer

adsorption on a highly uniform nonporous surface [47].
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Figure 2.14 IUPAC classification of physisorption isotherms.
Type | = microporous, Type I (a) = microporous, Type | (b) micropores
and mesopores, Types Il = nonporous or macroporous, Type Il = nonporous
or macroporous, Type IV = mesoporous, Type V = microporous and mesoporous

and Type VI = nonporous [47].
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Table 2.4 Characterization of the biomass types [73].

Hemp Flax Jute Coir Abaca
Lignin (%) 3.3 2.5 11.8 41-45 5.1
Cellulose (%) 67.0 56.5 64.4 36-43 63.2
Hemicellulose (%) 16.1 15.4 12.0 0.2-0.3 19.6
Carbon (wt.%) 41.2 43.3 44.1 46.6 43.7
Carbon (wt.%, after activating) 82.4 78.9 87.4 82.7 79.5
BET surface area (m? g?) 877 776 840 822 860
Micropore surface area (m? g?) 555 436 396 685 587
Mesopore surface area (m? g1) 322 340 444 137 273

The properties of carbon depend on the organic composition (lignin, cellulose and

hemicellulose) of the precursor (Table 2.4). Deng et al. [74] studied the synthesis of porous

carbon by pyrolysis method and established that the self-activation process of cellulose and

lignin under higher temperature treatment may result in micropores. However, because

lignin contains a robust aromatic structure, its products at low temperature are featured by

nonporous structure or give an extremely low specific surface area even at high temperature

[74].

2.4 Effect of chemical and thermal treatment to the electrochemical properties

Supercapacitors are very interesting materials that are widely studied today, due to

their excellent properties in power density, long cycle life and good efficiency for

charging/discharging (Table 2.5). Carbonaceous materials are very attractive to use as an

electrode material for supercapacitors [75].
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Table 2.5 Comparison of the properties of different electrochemical storage systems [76].

Parameter Battery Supercapacitor Conventional

capacitor
Energy density (Wh kg™ 30-40 1-10 <0.1
Power density (W kg™?) 1,000 <10,000 <100,000
Life cycle 1,000 > 500,000 > 500,000
Charging time 1-5h 0.3-30s 103-10°s
Discharging time 0.3-3h 0.3-30s 103-10°s
Charging/discharging 70-85% 85-98% 95%
efficiency

According to the mechanism of the storage capacity, supercapacitors can be
classified into two types. The first one is defined as an electrolytic double-layer capacitor
(EDLC) in which the accumulation of static charge at the electrode interface creates
a capacitance. The surface area of the electrode material and the ionic diffusion pathway
play an important role in the EDLC capacitance. In another type the charge is stored by
a reversible faradic and normally called pseudocapacitor [77] (Fig. 2.15).

Electrochemical

double-layer capacitance Pseudocapacitance

Figure 2.15 Schematic of charge storage of (a) electrochemical double-layer capacitance

or (b) pseudocapacitance [77].
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The high specific capacitance of EDLC arises from the high area of interface and
atomic range separation of positive and negative charge. Carbon-based materials are the
most extensively used supercapacitor electrodes due to their attractive physical and chemical
properties. Furthermore, the development of supercapacitor needs accurate control over the
electrical conductivity, surface area and pore size of the electrode materials. Carbonaceous
materials show high electrical conductivity and large specific surface area ensuring low
solution resistance and facile diffusion of the electrolyte. The specific surface area and the
pore size of the activated carbon can be controlled by the various method of activation [78]

The high surface area value is a crucial factor for energy storage applications. It is
normally obtained by controlling the porosity of carbon. Redondo et al. [79] derived
activated carbon from olive pits precursor by chemical activation (KOH) process. It was
found from the study that several parameters like specific surface area, accessible average
pore size and effective dielectric permittivity can affect the specific capacitance of the
activated carbon electrode. Formation of different pore size was the reason for variation of

specific capacitance of activated carbon electrode [79].

2.5 Electrochemical performance of the carbon nanosheets electrode

Carbon materials have been studied and used as electrodes for supercapacitors
(Table 2.6) due to their very attractive chemical and physical performance and low price.
The difference in the surface properties of carbon materials can highly affect their electronic
properties. The carbon materials can be classified as conductor or semiconductor depending
on their orientation of the structure. Moreover, the electronic and electrochemical properties

of the carbon nanomaterial can be improved by modifying the surface [78, 80].
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Table 2.6 Comparison of different electrode materials for flexible supercapacitors.

Specific Power Energy
Electrode material capacitance  density density
(Fg™) (KW kg')  (Whkg?)

Activated 3D porous graphene [81] 202 109 51
Activated graphene-like carbonnanosheets [81] ~160 77 ~40
Activated carbons [82] 400 13.9 35
Activated carbon fibre [82] 430 2.98 8.1
Graphene [82] 341 338 74
Graphene [83] 81.7 1.5 7.13
Carbon nanotubes [83] 22 1.5 13
Carbon aerogel [83] 200 4 20

Performance parameters, such as operating voltage, internal resistance,
capacitance, power density, energy density, the time constant and life cycle should be
calculated based on currently established and accepted procedures. To calculate these
parameters, some fundamental electrochemical measurements should be performed on the
supercapacitor cells or electrochemical systems. Electrochemical characteristics distinguish
ideal and practical supercapacitors as shown in Fig. 2.16. Cyclic Voltammetry (CV),
Galvanostatic Charging/Discharging (GCD), Electrochemical Impedance Spectroscopy
(EIS) and other measurements are employed as electrochemical measurement techniques in

evaluating the performance of supercapacitors [84].
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Figure 2.16 Electrochemical characteristics distinguish an ideal and practical
supercapacitor. CV curves of an ideal supercapacitor (a) where the current is constant (1)
and a practical supercapacitor (b) with variable current. (c) Galvanostatic charge and
discharge behaviour for an ideal supercapacitor is linear and symmetric,

but (d) it can be distorted for a practical supercapacitor [84].

In the condition of EDLC, carbon materials and their derivatives have been
investigated and used in EDLC electrodes. The EDLCs generally store charges through
surface absorption, so they reveal high power density, long cycle life but low energy density.
In pseudocapacitors, electrochemical energy storage is associated with electron transfer,
which is Faradic in origin, involving the passage of charges across the double layer, achieved
by surface redox reactions with specifically adsorbed ions from the electrolyte, intercalation
of atoms in the layer lattice or electrosorption, underpotential deposition of hydrogen or
metal adatoms in surface lattice sites which result in a reversible faradaic charge-transfer.
Pseudocapacitors usually possess much higher energy density than EDLCs. The materials
primarily for pseudocapacitor mainly are metal oxides/nitrides/sulfides and conducting

polymers [84].
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e Calculation of capacitance of single electrode from galvanostatic charge/discharge
curves
The specific capacitance (Cs) could be calculated from the charge-discharge curves

by the following equation [85]:

1At
s — m (2.10)

where I is the discharge current (mA or A), At is the discharge time difference in
seconds, V is the voltage window between the positive and negative electrodes (v), and m
is the active material mass of the electrode (g). For the electrodes under the same testing
condition, a longer discharge time usually represents larger specific capacitance of the
material.
¢ Calculation of capacitance of single electrode from cyclic voltammetry curves
The specific capacitance (Cs) could be calculated from the cyclic voltammetry

curves by the following equation:

C.=2xAv (2.11)

m

Where Cs is the specific capacitance in F g%, Q is the total charge obtained by
integrating the positive and negative sweeps in a curve (in coulomb, C), V and m is the mass
of the active materials electrode.

Activated carbon is the form of disordered carbon with high surface area and small
pore. According to theory, high specific capacitance is expected from activated carbon due
to large surface area [79, 86-94]. Common activated carbon shows low surface area and
wide pore size distribution, due to low specific capacitance. The challenging issue for the
commercial use of activated carbon electrode consisted of precise control over the pore
structure distribution and large surface area. Extensive research was carried out for the
improvements in activation processes to achieve quality pore distribution and surface area.
However, the relationship between the specific capacitance and specific surface area was
not linear. Rather, the capacitance value found to be dependent on several other parameters
like decomposition of the electrolyte through active sites of activated carbon, presence of

oxygen functional groups, pore conductivity, compatibility of the carbon surface with
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a specific electrolyte solution and growth of narrow micropores. The presence of oxygen
functional groups on the surface of activated carbon generated additional redox activity
(pseudocapacitance). In addition, the internal resistance and leakage current also changes
abruptly depending on the amount of oxygen functionalities on activated carbon.
Furthermore, the creation of narrow micropores reduces the accessibility of the electrolyte
ions due to which a large portion of the activated carbon materials remain unused. The effect
of physical and chemical activation of carbon was further studied by electrochemical
impedance spectroscopy (EIS) [78, 80].
Knowledge gap:

The application of activated carbon nanosheets prepared from nettle and peanut shell
for supercapacitor material is new. However, there is only a small amount of research which
systematically studied the effect of different exfoliating acids on the behaviour of carbon
materials, while the effect of the state of alkaline hydroxide activation on the carbon
nanostructures formation of nettle and peanut shell has not been investigated so far. Most
research studies carbon preparation using a single activating agent for chemical activation.
Therefore, it is worth to study the chemical treatment of carbon using various chemicals
activating and exfoliating agent to enhance its. Since no research have synthesized carbon
using two processes: activation (KOH and NaOH) and exfoliation (HNOz, H2SO4 and
H3PO.), therefore, it is worth to investigate.
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3 Materials and methods

3.1 Organic composition of materials

The organic composition of the nettle stem and peanut shell (Fig. 3.1), collected from
Miskolc (Hungary), was investigated using chemical analysis at the commercial laboratory
Mezo6labor Szolgaltatd és Kereskedelmi Kft, Hungary (Appendix 10.1). The acid detergent
fibre content (ADF), acid detergent lignin content (ADL), and neutral detergent fibre content
(NDF) were determined. The cellulose content was calculated by subtracting ADF from
ADL. Similarly, hemicellulose content was calculated by subtracting NDF from ADF and
lignin was calculated using ADL (Table 3.1). As nettle leaf has low organic (cellulose,
hemicellulose and lignin) and carbon content [95-96], | chose to use the nettle stem to

produce carbon in this dissertation.

Figure 3.1 Raw materials (a) Nettle stem and (b) Peanut shell.

Table 3.1 Organic composition of natural materials

Materials DM2 (g/kg) Cellulose | Hemicellulose | Lignin
ADF® NDF¢ ADLA (wt.%) (wt.%) (Wt.%)
Nettle stem | 617+31 | 770£39 | 1196 49.8 15.3 11.9
Nettle leaf | 183+9 | 308+15 | 225 16.1 12.5 2.2
Peanut shell | 699 £35 | 783+39 | 272+ 14 42.4 8.4 27.2

aDM, Dry Matter, "ADF, Acid Detergent Fibre, °NDF, Neutral Detergent Fibre and YADL, Acid Detergent Lignin

26



Investigation the effect of activation and exfoliation on carbon nanosheets properties- K. Nuilek

3.2 Synthesis of the carbon nanosheets

The synthesis of carbon nanostructured materials from nettle stem or peanut shell
was carried out as explained below (Fig. 3.5).:

3.2.1 Sample preparation: The nettle stem (NS), nettle leaf (NL) and peanut shell
(PS) were separately washed and dried at 80 °C for 24 hours, followed by cleaning with
HCI [0.5M] for another 24 hours. This facilitates the removal of organic compounds and
residual metallic oxides [12]. It was finally washed with distilled water and dried at 80 °C
for 24 hours.

3.2.2 Pre-Carbonization: The samples were pre-carbonized in a stainless-steel
tubular furnace at 450 °C for 2 hours under argon environment (Fig. 3.2). The pre-
carbonized samples are identified as char NS, char NL or char PS. As for nettle leaf, the
synthesis process was finished with the pre-carbonization step (activation and exfoliation

steps were not executed on this material).
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Figure 3.2 Temperature-time curves for pre-carbonization.

Figure 3.3 Char samples (a) Nettle stem (b) Peanut shell.
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3.2.3 Activation: The pre-carbonized sample (Fig. 3.3) was milled with a mortar
for 1 hour before being adding to aqueous [1 mol L] KOH or NaOH with a weight ratio
of 1:1 [KOH or NaOH: Char sample (nettle stem or peanut shell)]. The mixture was stirred
for an hour and dried at 80 °C for 24 hours. This method is referred to solute activation.
KOH and NaOH were used in solid-state as well. In this case, KOH or NaOH pellet/powder
with a weight ratio of 1:1 [KOH or NaOH: Char sample (nettle stem or peanut shell)] was
milled with pre-carbonized samples in a mortar for 1 hour. This method is referred to solid
activation.

3.2.4 Carbonization: The activated sample was carbonized under Ar atmosphere
in a tubular furnace for about 2 hours. The temperature was maintained at 800 °C for the

process (Fig. 3.4). Then these samples were exfoliated by different acids.
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Figure 3.4 Temperature-time curves for carbonization samples.

3.2.5 Exfoliation: The exfoliation process was carried out by three different acids;
hence, three different samples were obtained. 2 mol L of nitric acid, sulfuric acid, or
phosphoric acid was used as exfoliators. The samples were stirred for 1 hour and washed
with distilled water several times until a neutral pH was obtained. The samples were then
dried at 80 °C for 24 hours before subjecting them to characterization tests.

For peanut shell, I changed the type of exfoliating acid with other diprotic and
triprotic acids (ascorbic acid and boric acid, respectively) to study the relationship between

the type of acids and the specific surface of the samples. Lignin is another sample in which
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I have done KOH activation and exfoliation by three types of acids (nitric acid, sulfuric

acid, or phosphoric acid) to compare their effects with nettle stem and peanut shell.

Nettle stem

Carbonized at 800 “C and
exfoliated by acid solution
(HNO;_U:SO4 or 113?04)

Pre carbonized at 450°C
e =

Mixed with KOH or NaOH (solute)
Carbon nanosheets

Peanut shell

Figure 3.5 Schematic description of the carbon nanosheets preparation.

3.3 Physical and chemical characterization

3.3.1 Scanning electron microscopy: The exfoliated samples were coated with gold
and investigated by scanning electron microscopy (SEM, HITACHI S-4800, Zeiss EVO-
MA 10 and Helios G4 PFIB CXe DualBeam). The chemical composition was analysed by
energy-dispersive X-Ray spectrometry (EDS, BRUKER AXS, EDAX Genesis and EDAX
Octane Elect Plus) and CHNS analyser (Carbon, Hydrogen, Nitrogen and Sulfur analyser,
Carlo Erba EA1108).

3.3.2 Transmission electron microscopy: The nanosheet structure was investigated
by transmission electron microscopy (TEM, FEI TECNAI G2 20 X-TWIN).

3.3.3 Brunauer-Emmett-Teller analyser: The specific surface area of the raw
materials and carbon nanosheets (CNs) was examined by the Brunauer-Emmett-Teller
method (BET, Micrometrics TriStar 3000).

3.3.4 X-Ray Diffraction: For crystal structure, X-Ray Diffraction was used (XRD,
Bruker D8 Advance diffractometer using Cu Ka radiation 40KV, 40mA, in parallel beam
geometry obtained with Gobel mirror, equipped with VVantec-1 position sensitive detector
(1° window opening)). Patterns were recorded at 0.007° speed 26/29 sec and within 2-100°

angular range of 260.
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3.4 Electrochemical characterization

For characterizing electrochemical properties, synthesized CNs sample, carbon
black, and PTFE poly-tetrafluoroethylene were weighed in a mass ratio of 90:5:5 and
mixed in the mortar. The mixture was pressed to form an electrode pellet (diameter = 10
mm). The electrode material was characterized by a three-electrode system of nettle stem
carbon nanosheets (NSCNSs) or peanut shell carbon nanosheets (PSCNSs), Pt, and Ag/AgCl,
where the latter two are used as the counter electrode and reference electrode respectively
(Fig. 3.6-3.7). 1 M sodium sulphate (Na2SO4) aqueous solution was used as an electrolyte.
The electrochemical properties of the electrode material and cell were characterized by
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS). The specific capacitance of a symmetric supercapacitor

(Cs) is calculated by the following equation (3.1) [98].

_ IXAt
ST AVxm

3.1)

where Cs, I, At, AV and m are the specific capacitance (F g1), discharge current
(A), discharge time (s), voltage change after a full charge or discharge (V) and mass of
active material on the electrode (g), respectively. The energy density (E, Wh kg?) (3.2)
and power density (P, W kg™?) (3.3) of the electrode were calculated based on the following

equations:

_ CsxAVZx1000
T 2x3600

E 3.2)

P =L %3600 (3.3)
At
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( a) Working electrode
Reference Counter
electrode electrode

=

1

Figure 3.6 (a) Schematic diagram and (b) photograph of 3 electrode setup

for electrochemical analysis.

Figure 3.7 A Photograph of Metrohm autolab PGTST 302 [99].
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4 Results and discussions

4.1 The structure of carbon nanosheets synthesized from natural materials
4.1.1 Microstructure of raw material
4.1.1.1 Nettle stem

The microstructure of the dried nettle stem was examined by SEM (Fig.4.1). The
cell wall in fibre is not a homogeneous layer. The cell walls of a plant cell (the primary and
the secondary cell wall) can be considered as a composite consisting of cellulose fibrils

embedded within a matrix of lignin and hemicellulosic polysaccharides [100].

Date Signal A=CZ BSD Date :12 Dec 2017
| E s WD = 135 mm EHT=2000kv  Time 15:06:47 4 -t EHT=2000Kv  Time :15:0857

' ST, e - ==

Figure 4.1 SEM micrographs of dried nettle stem at (a) 100X and (b) 500X.

It has a groove and hollow surface, composed of fibrous structure and has many
hollow stinging hairs called trichomes on the surface (Fig. 4.1 a-b, see the chemical element
in Appendix 10.2).

4.1.1.2 Peanut shell

The SEM micrographs in Fig.4.2 revealed the agglomerate of thin layered surface,

interconnect hollow and micro-sized pores on the surface of the peanut shell (Fig. 4.2 a-b).

Figure 4.2 SEM micrographs of dried peanut shell at (a) 100X and (b) 500X.
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4.1.2 Effect of KOH activation
The samples were activated by KOH (solid and solute) as written in chapter 3.2.3.

The microstructures of the samples observed by SEM are shown in Fig.4.3-4.4.

4.1.2.1 KOH (solid) activation

The microstructure of nettle stem activated by KOH (solid) show lots of small

angular and flake particles of carbon product in Fig.4.3(a), (c). Porous and thin plate

structures were found in peanut shell carbon products (Fig.4.3(b)) after activating with KOH

(solid) and carbonizing for 1 hour. The small sheet and network of thin-wall structures were

found after activating with KOH (solid) and carbonizing for 2 hours (Fig.4.3 d).

Carbonized at 800 °C for 1 hour

Carbonized at 800 °C for 2 hours

Nettle stem

Peanut shell

SgrwiAvCI B0 Dete 11 Jen 2004
D00 Tme 24428

T p Mags SOOKX
. WO A0

Figure 4.3 SEM microrphs of thesmples after KOH (solid) activation and carbonized

T Moge SOOKX SewAsCIN0 Dwe V1w 0N
— WOsRime  DASMW  Tee 13MAT

at 800 °C: for 1 hour and 2 hours of (a), (c) nettle stem and (b), (d) peanut shell.

4.1.2.2 KOH (solute) activation

Activation by KOH (solute) forms angulated and nano-sized sheets from nettle

stem (Fig.4.4 a, ¢). Peanut shell has thin-layered (nano-) structure Fig.4.4(b), (d) with micro

sized pores and fibrous structure at longer activation time.

The SEM micrographs from Fig.4.3 and Fig. 4.4 show the different microstructure

of the samples. After carbonizing for 2 hours, they show the small and clear carbon

nanostructure formation compared to the activation time at 1 hour as longer activation time

is more efficient. The possible reason is that longer activation time facilitated the burn-off
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of carbon and the release of volatile compounds. As a result, the carbon structure was opened
to increase surface area [101]. The carbon nanostructures in KOH (solute) activation were
separated and distributed better than KOH (solid) activation.

The KOH (solute) activation affected better the carbon nanostructure formation
compared to KOH (solid) as nanosheets having smaller thickness were obtained after
treating with KOH (solute) and carbonizing for 2 hours. Potassium hydroxide has good
penetration and is distributed well in the sample solution.

Carbonized at 800 °C for 1 hour | Carbonized at 800 °C for 2 hours
(c)
Nettle stem
P e mum e R || R
E 5w
(d)
Peanut shell

Figure 4.4 SEM micrographs of the samples after KOH (solute) activation and carbonized
at 800 °C: for 1 hour and 2 hours of (a), (c) nettle stem and (b), (d) peanut shell.

In the case of solids, particles are held together very closely. This makes them very
strong and difficult to break. So, it’s difficult for KOH to distribute and penetrate with
carbon compared to liquid. In the case of solute, particles in liquids are quite close to each
other. However, they can move past each other very easily. This makes liquids very easy to
break apart. The particles in liquids move around quite a bit, bumping gently past each other
[102]. In my work, the KOH (solid) is mixed with the samples by milling with mortar, and
the KOH (solute) is mixed by stirring. The KOH (solute) is well distributed, coated, and
penetrated in the samples. For this reason, after heat treating, the KOH (solute) affected the

microstructure more than the solid.
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Therefore, from the results of this experiment, | decided to use a hydroxide solution

to activate carbon before acid exfoliation to produce carbon nanosheets.

4.1.3 Effect of NaOH activation (carbonized at 800 °C for 2 hours)

The activation process is described in chapter 3.2.2. After activation by NaOH
(solute), lots of angular and flake particles were found on the surface of the nettle stem (Fig.
4.5 a). The SEM micrograph in Fig. 4.5 (b) revealed the agglomerate of thin layered surface
and interconnected hollow on the peanut shell's surface. The activated peanut shell shows
multi-layered thin plates. It can be seen that both of the activated nettle stem and peanut

shell have micropore structure and carbon fragmented structure dispersed in these samples.

(b)
Figure 4.5 SEM micrograph of (a) nettle stem activated by NaOH (solute) and
(b) peanut shell activated by NaOH (solute).

From the results, it was found that solute activation gives better results than solid
activation and in the case of the carbonization, 2 hours gives better results than 1 hour. So,

I decided to use solute activation and carbonization time at 2 hours.
4.1.4 Effect of activation and exfoliation
4.1.4.2 Effect of activation and exfoliation to nettle stem
a) NSCNs activated by KOH and exfoliated by HNO3s, H2SO4 or H3PO4

The exfoliation process was carried out by using either nitric, sulfuric or phosphoric
acid. Angular, thin sheets were found in NSCNSs exfoliated by nitric acid (Fig. 4.6) showing
thickness varying from 89 to 95 nm and having 70.70 wt.% carbon. The SEM micrograph
of NSCNs exfoliated by sulfuric acid shows a smooth surface and clearly reveals the
formation of separated carbon nanosheets with thickness from 42 to 71 nm. Chemical
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composition results show that carbon nanosheets mainly contain carbon (71.52 wt.%). Ultra-
thin structures and overlapping carbon nanosheets were identified in the structure of NSCNs
exfoliated by phosphoric acid. The thickness of the carbon nanosheets is ranging from 49 to
60 nm. Exfoliation with phosphoric acid yielded the highest carbon content (71.99 wt.%)

among the exfoliated nettle specimens.
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Figure 4.6 SEM micrographs of activated and exfoliated NSCNs
obtained by different agents.

b) NSCNs activated by NaOH and exfoliated by HNOs, H2SO4, or H3POa.

The microstructure of NSCNs exfoliated by nitric acid shows the angular plates with
thickness from 13 to 20 nm (76.5 wt.% carbon). The small particles and thin sheets with
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sharp edges and thickness from 55 to 60 nm (79.2 wt.% carbon) were found after exfoliating
by sulfuric acid. Small thin sheets that are overlapped can be found in NSCNs exfoliated by
phosphoric acid. The thickness of the carbon nanosheets is ranging from 9 to 15 nm (78.9
wt.% carbon).

The carbon nanosheets' structure after activating with two alkaline hydroxide and
exfoliating by three different acids is quite similar (Fig. 4.6). By comparing the

microstructures, it was found that carbon nanosheets are separated, and their surface is clean.

4.1.4.3 Effect of activation and exfoliation to peanut shell
a) PSCNs activated by KOH and exfoliated by HNO3, H2SO4, or H3POa.

The SEM micrograph of PSCNs exfoliated by nitric acid shows small thin sheets
and multilayer sheets with thickness varying from 31 to 92 nm and having 69.7 wt.% carbon.
Thin nanosheets with thickness from 45 to 75 nm were found in PSCNs exfoliated by
sulfuric acid. Carbon nanosheets mainly contain carbon (72.2 wt.%). Micropore and thin
layer carbon nanosheets were identified in the structure of PSCNs exfoliated by phosphoric
acid. The thickness of the carbon nanosheet is ranging from 28 to 54 nm. Exfoliation with
phosphoric acid yielded the highest carbon content (74.3 wt.%).

b) PSCNs activated by NaOH and exfoliated by H2SO4, H3PO4 or HNO3

The agglomerated thin nanosheets and angular plates with thickness from 10 to 80
nm were found after exfoliating by nitric acid (77.2 wt.% carbon). The microstructure of
PSCNs exfoliated by sulfuric acid shows small particles, hollows, and thin sheets with sharp
edges with thickness from 10 to 50 nm (79.5 wt.% carbon). Small plates, angular and thin
sheets can be found in PSCNs exfoliated by phosphoric acid. The thickness of carbon

nanosheets is ranging from 10 to 60 nm (79.8 wt.% carbon).
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Figure 4.7 SEM micrographs of activated and exfoliated PSCNs
obtained by different agents.

The nanosheet structure was confirmed by TEM images (Fig. 4.8 a-c), where the
amorphous two-dimensional nanosheet porous structure of NSCNs is clearly seen. In the
TEM images, the bright and transparent regions are the ultrathin nanosheet. The less
transparent areas reveal the overlapped or folding areas of NSCNs, which further imply the
ultrathin structure. The structure of the exfoliated NSCNs was explored further with high-
resolution TEM (HRTEM) imaging (Fig. 4.8 d-f). The layered nanosheet structure is highly
porous and becomes thinner toward the edges of the material. NSCNs have a monolayer
property, further demonstrating their ultrathin nature. The pore distribution can be seen by
the white dots in the grey areas from HRTEM images. These figures are representative for
the samples. After the exfoliation process, carbon nanosheets with the thickness lower than
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100 nm were found and it was confirmed later by the results from the specific surface area

measurements as well.

NSCNs_KOH_HNO3 NSCNs_KOH_H2S04 NSCNs_KOH_H3sPOa

TEM

i

(a)

HRTEM

20 nm

— 1

20 nm

—————i 20 nm

Figure 4.8 TEM (a-c) and HRTEM (d-f) micrographs of the NSCNs activated by KOH
and exfoliated by (a, d) HNOs3, (b, €) H2SO4, or (c, f) H3POa.

4.1.5 Structure of carbon nanosheets

X-ray diffraction (XRD) was used to determine the structure of NSCNs and PSCN.
The results show (Fig. 4.9-4.11) a glassy carbon structure [103-107] was developed in the
exfoliated samples. Both the large peaks at 26 = ~22° and 44°, and the weak and board
diffraction peak occurring in the 20 range 79° to 81° can be attributed to the typical glassy
amorphous carbon structure. The XRD patterns are quite similar. Some sodium carbonate
(Na2C0O3) was found in NaOH activated samples. According to references [60] and [108],
this suggests that the exfoliating acids do not have a significant effect on the crystal structure
of carbon nanosheet. The alkaline hydroxide and acid solution does not dissolve the carbon

material.
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Figure 4.9. XRD patterns of NSCNs and PSCNs activated by KOH.
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Figure 4.10. XRD patterns of NSCNs activated by NaOH.

40



Investigation the effect of activation and exfoliation on carbon nanosheets properties- K. Nuilek

10000

I a - PSCNs exfoliated by sulfuric acid

¥ b - PSCNs exfoliated by phosphoric acid
¢ - PSCNs exfoliated by nitric acid

I PDF 37-0451 Na2COs3

I PDF 26-1079 C Graphite-3R, syn

§ PDF 41-1487 C Graphite-2H

8000

Counts
4000 6000

2000

0

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 4.11. XRD patterns of PSCNs activated by NaOH.

During the chemical activation with KOH, K intercalation can be considered as a

relevant step which will have an important influence on the total reaction mechanism. The

metal intercalation favours the process by separating the layers, that generates micropores

or even new high energy sites for the redox reactions. The differences of efficiency found

between KOH and NaOH for the activation of carbon of different crystallinity is explained

by the fact that K intercalates better than Na [60].

All exfoliating agents (H2SOas, H3PO4, and HNOz) were suitable to disrupt the

layers in the material. During the exfoliation process, acids penetrated the carbon layers and

rupture interlayer bonds. Water was used to clear away contaminants (Fig. 4.12). The

exfoliation process has increased the specific surface area (BET results, Table 4.4-4.5) and

through these processes, high-purity carbon is obtained (more than 70 wt.%, Table 4.2).
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Figure 4.12 Schematic illustration of the mechanism of activation—exfoliation.

Phosphoric acid affected the surface of carbon nanosheets more than sulfuric acid or
nitric acid because it is a strong, polyprotic acid that is capable of donating more than one
proton. Phosphoric acid is a triprotic acid having three dissociable protons that undergo

stepwise dissociation as follows [109]:

H;PO, = H" + H,PO; (4.1)
H,PO, = H" + HPO;~ (4.2)
HPO;~ = H* + PO;~ (4.3)

All three protons can be successively lost to yield H,PO, (4.1) followed by

HPOZ™ (4.2), and finally PO2™ (4.3). A triprotic acid reacts more intensely with the
materials than diprotic sulfuric acid or monoprotic nitric acid. The reactions result in higher
micropore volume (more porous carbon surface), higher specific surface area and higher
specific volume.

The specific surface area of the samples after exfoliating by HzPO4 acid are higher
than H2SO4 acid and HNO3 acid because the bond length of H3POas is longer than those of
H>SO4 and HNO3 (Fig. 4.13). This leads to the breaking of van der Waals bonds more
effectively and allowing more PO4* anions move to be inserted into bilayer of carbon. Due
to the much larger radius of ions, the interlayer distance of graphite is significantly larger

and the surface area is higher [110]. Moreover, the microstructure of peanut shell contains
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higher amount of micropore than nettle stem. Consequently, the BET surface area of peanut

shell is higher than that of nettle stem.
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Figure 4.13 Molecular chemical structure of (a) Nitric acid, (b) Sulfuric acid, and

(c) Phosphoric acid.

4.2 Effect of organic components on carbon properties

The nettle and peanut shell are mainly composed of cellulose, lignin and
hemicellulose (nettle stem: 49.8, 11.9 and 15.3 wt.% /peanut shell: 42.4, 27.2 and 8.4 wt.%,
respectively). The cell wall in the fibre is inhomogeneous, layered and mainly composed of

cellulose, lignin and hemicellulose.

Table 4.1 Chemical composition of raw materials (CHNS analyser).

Elemental analysis by CHNS analyser (wt.%0)

Dried materials

C H N S Others
Nettle stem 44 .86 5.98 0.91 <0.01 48.25
Peanut shell 47.34 5.95 1.62 <0.01 45.09

The chemical composition (Table 4.1) analysis shows the presence of carbon lower
than 50 wt.% for dried materials (others can see in EDS results, Appendix 10.2). Due to its
higher cellulose and carbon content, nettle stem and peanut shell were used to prepare carbon
nanostructure. Its higher carbon content can further be increased by activation and

exfoliation processes (Table 4.2).
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Table 4.2 Chemical composition of carbon nanosheets prepared from nettle stem and peanut
shell (CHNS analyser).

Samples Elemental analysis by CHNS analyser (wt.%0)

Activation  Exfoliation C H N S Others
KOH HNO3 70.70 1.09 0.89 <0.01 27.32
NaOH HNO3 76.48 0.88 1.15 <0.01 21.49
é KOH H2S04 71.52 0.89 0.61 0.18 26.80
% NaOH H2S04 79.21 0.64 0.61 0.13 19.41
i KOH H3POg4 71.99 0.70 0.72 <0.01 26.59
NaOH H3POg4 78.90 0.91 1.00 0.03 19.16
KOH HNO3 69.74 0.67 0.91 <0.01 28.68
E NaOH HNO3 7716 078 113  <0.01 2093
g KOH H2S04 72.19 0.81 0.74 0.21 26.05
& NaOH H2S04 79.45 0.81 0.75 0.08 18.91
KOH H3POg4 74.31 0.49 0.76 <0.01 24.44
NaOH H3PO4 79.75 0.94 0.99 <0.01 18.32

The chemical composition of nettle stem carbon nanosheets (NSCNs) after
exfoliating with different acids is slightly different. Besides the high amount of carbon (more
than 70 wt.% from CHNS analyser), only some elements remained in a small amount. The
chemical composition of peanut shell carbon nanosheets (PSCNs) after exfoliating with
different acids is similar to NSCNs samples.

Dried nettle stem and peanut shell have 11.9 and 27.2 wt.% lignin, 44.9 and 47.3
wt.% carbon content, respectively. After exfoliation, the carbon was found in the range of
70-80 wt.% (CHNS analyser). In the case of KOH activation, NSCNs and PSCNs have a
higher carbon yield than dried samples up to 57-60 % and 47-57 %, respectively. In the case
of NaOH activation, NSCNs and PSCNs have a higher carbon yield than dried samples up
to 70-77 % and 63-68 %, respectively.
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Dried nettle stem has higher wt.% of cellulose and hemicellulose than peanut shell
(by 17.5 and 82.1 %, respectively) and has higher wt.% of carbon content after exfoliation.
The carbon content of NSCNs and PSCNs is up to > 70% and reach in the range of 80% for
NaOH activation.

The difference in cellulose, lignin, and hemicellulose content affects carbon yields
after activation and exfoliation processes. The activation and exfoliation of carbon have a
greater impact on carbon yields than the organic composition.
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Figure 4.14 Relationship between specific surface area after heat treating (without

chemical treatment) as a function of weight percent lignin from different materials.

Plotting the specific surface area after heat treating against the weight percentage
of lignin from different materials show a linear correlation (see Fig. 4.14). The specific
surface area of carbon after heat treating at high temperature (800 °C) is higher than at low
temperature (450 °C). It was found that the highest weight percentage of lignin (from peanut
shell) resulted the surface area increasing from 3 to 139 m? g* compared to the thermal
treatment at 450 °C. Material containing the mixture of cellulose, hemicellulose, and lignin
can be a precursor to produce a three-dimensional porous structure (micropores, mesopores,
and mesopores) when lignin has less than 50% [74].

At different raw materials, lignin to cellulose ratio has a linear relationship with the
surface area of carbon after potassium hydroxide activating and phosphoric acid exfoliating
(Fig. 4.15). The experimental results indicated that the appropriate ratio of lignin and
cellulose (lignin/(cellulose+lignin) ratios: nettle leaf, nettle stem and peanut shell is 0.1, 0.2
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and 0.4, respectively) induced the activated carbon to develop a microporous and

mesoporous structure. After thermal and chemical treatment processes, the specific surface

area of carbon is higher than 500 m? g,
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Figure 4.15 Specific surface area as function of lignin/cellulose ratios of

KOH activated/HsPO4 exfoliated samples.

4.3 Effect of chemical activation and exfoliation to the surface properties

During activation, KOH or NaOH can penetrate the pores of the carbonized

material. Interlayered KOH or NaOH residue can react with the exfoliation acids (HNOs,
H2S0a4, and H3POa); thus, some chemical compounds, such as KNOs, K2SO4, K3POs,
NaNOz, Na>SOs, and NasPOs are possible to form (Table 4.3). Based on their
thermochemical properties, the formation of KsPOys is the most likely as it has the most

negative AfG.

Table 4.3 Thermochemical properties and molar volume of compounds at 25 °C.

Compounds | AG (kJmol?)  AfH (kI mol?t)  AsS (I mol:-K?1) | Molar Volume
[111] [111] [111] (cm?® mol?)
KNO3 -394.70 -494.63 -335.16 47.94
K2S04 -1,319.67 -1,437.79 -396.17 65.51
K3PO4 -1,876.38 -2,005.70 -433.72 82.79
NaNO; -366.80 -467.70 -338.43 37.61
Na2SO4 -1,270.02 -1,387.90 -395.39 53.40
NasPOs -1,788.25 -1,916.90 -431.50 101.20

46



Investigation the effect of activation and exfoliation on carbon nanosheets properties- K. Nuilek

The molar volume of KNO3, K2SO4, and K3sPOQy is 47.9, 65.5, and 82.8 cm®mol ™.
The molar volume of NaNOs, Na,SOs, and NasPOs is 37.6, 53.4, and 101.2 cm®mol?,
respectively. These compounds cause tension in the pores of the activated carbon. K3PO4
has a 26.4-72.7% higher molar volume than K;SO4 or KNOs, resulting in the carbon
nanosheets with the highest specific surface area. But in the case of NaOH, it is different.
The specific surface area of carbon nanosheet after NaOH activating and exfoliating is
lower.

The changes in surface properties (including the specific surface area, micropores
volume, adsorption and desorption, the average pore diameter) were investigated using the
BET nitrogen adsorption result. Based on the adsorption isotherms, porous materials are also
defined in terms of their adsorption properties. According to the alkaline hydroxide and
exfoliating agent, the identification of the activated carbon nanosheets is given in
Table 4.4-4.5.

Table 4.4 BET surface properties of nettle stem carbon nanosheets (NSCNS).

Samples Specific Micropore  Adsorption  Desorption
- — surface area volume average pore average pore
Activation  Exfoliation (m2 gl) _— diameter diameter
(cm®g™)

(nm) (nm)
Dried nettle stem 0.17 0.0001 15.11 27.78
KOH HNO3 106 0.04 2.63 2.89
NaOH HNOs 72 0.02 2.31 2.44
KOH H2S04 705 0.29 1.92 1.93
NaOH H2S04 220 0.07 2.08 2.13
KOH H3PO4 789 0.33 2.68 1.81
NaOH H3PO4 3 0.001 6.80 9.10

For activators, molar mass and solubility in water are 56.1 g mol-, 121 g 100 ml*
(25 °C) for KOH, and 39.9 g mol™, 100 g 100 mI? (25 °C) for NaOH, respectively. The
wettability angle (0) of KOH and NaOH on the graphite surface is 81.85° and 67.40°,
respectively. During the activation process, KOH (having higher molar mass and solubility)

is dissolved easily in water. It can react and penetrate to carbon and increase the specific
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surface area of carbon better than NaOH. Similarly, the atomic and ionic radius of potassium
(0.231 nm and 0.133 nm, respectively) are larger than that of sodium (0.186 nm and 0.095
nm, respectively). They can penetrate between the layers of carbon and increase the porosity
or surface area of materials. The significant increase in potassium penetration compared to

sodium is due to the inserting ion's size, which in turn caused effective porosity in material
[112].

Table 4.5 BET surface properties of peanut shell carbon nanosheets (PSCNS).

Samples Specific Micropore Adsorption Desorption
surface area volume average pore  average pore
Activation  Exfoliation (m?g?h) (cm®g™) diameter diameter

(nm) (nm)
Dried peanut shell 0.29 0.0001 7.70 21.39
KOH HNOs 468 0.15 1.93 1.95
NaOH HNOs 266 0.07 2.17 2.01
KOH H2SO04 1,104 0.37 2.27 2.29
NaOH H2S04 395 0.11 2.11 2.13
KOH H3PO4 1,135 0.39 2.46 2.52
NaOH H3PO4 420 0.12 2.11 2.19

4.3.1 Surface properties of nettle stem

Nettle stem activated by KOH shows a higher specific surface area than carbonized
or NaOH activated nettle stem. The adsorption isotherm shape can provide qualitative
information on the adsorption process and the extent of the surface area available to the
adsorbate. The adsorption isotherms of NSCNs after chemical activation and exfoliation
process in Fig. 4.16 show that all isotherms of all NSCNs belong to type | according to the
IUPAC classification.

As for KOH activation (Fig. 4.16 a), the carbon products contained mostly
micropores (type | (a) isotherm). However, in the case of NaOH activation, the carbon
products revealed wider micropores with a contribution of narrow mesopores (type 1 (b),
Fig. 4.16 b). The dried nettle stem shows nonporous and macroporous structure (type I11).
The isotherms of NSCNs activated by NaOH and exfoliated by H3POa revealed types I,
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which can be described with a nonporous or macroporous structure related to lower

micropore volume and higher average adsorption and desorption pore diameter.
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Figure 4.16 Nitrogen adsorption isotherms of nettle stem (a) KOH activation and
(b) NaOH activation.

The specific surface area of NSCNs activated by NaOH after exfoliating by H.SO4
is smaller than that of NSCNs activated by KOH (Table 4.4). The micropore volume is lower
in the NaOH activated samples than in the KOH activated samples, but the average
adsorption and desorption pore diameter is higher in the case of NaOH activated samples

compared with other samples.

4.3.2 Surface properties of peanut shell

For peanut shell samples, the adsorption isotherm of dried peanut shell, according
to the IUPAC classification, shows nonporous and macroporous material presented by type
I11 isotherm (Fig. 4.17). The adsorption isotherms of peanut shell after activation with KOH
or NaOH are quite similar to type I isotherm, which means that the carbon nanosheets
contained micropores. For KOH activation (Fig. 4.17 a), the carbon products had micropores
(type I (a) isotherm) and narrow mesopores (type I (b)). Carbon products of NaOH activation
(Fig. 4.17 b) revealed wider micropores with only a small contribution of narrow mesopores
(type I (b) isotherm). However, when considering the isotherm information, it can be seen

that it is quite similar, but the volume adsorbed of KOH activated samples are higher than
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NaOH activated samples (Table 4.5) because KOH affected the activated structure of

materials more than NaOH similar to Raymundo-Pinero et al. [60].
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Figure 4.17 Nitrogen adsorption isotherms of peanut shell KOH activation and
(b) NaOH activation.

The isotherms from nitrogen adsorption presented porous structure (micropore/
IUPAC, Type | isotherm) in the carbon materials, which can be changed by chemical
activation and exfoliation. Without chemical activation or exfoliation, the dried samples
(nettle stem and peanut shell) show the mesoporous structure with a low specific surface
area. The quantitative property of carbon nanosheets was confirmed by BET. The
investigations assure the formation of carbon nanosheets with a higher specific surface area
(which can describe the separation ability of carbon layer from this process) and small pore
diameter and higher micropore volume. The specific surface area of carbon nanosheets
related with micropore volume (Fig. 4.18), the highest specific surface area and micropore
volume of NSCNs and PSCNs were found after activating with KOH and exfoliating by

phosphoric acid.
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Figure 4.18 Specific surface area of samples as function of micropore volume of

(a) nettle stem and (b) peanut shell.

When lignin was prepared under the same conditions as the nettle stem and peanut
shell, it was found that the specific surface area of carbon obtained after exfoliation with
phosphoric acid was the highest at 668 m? g!, followed by sulfuric acid at 497 m? g! and
nitric acid at 367 m? g!, respectively (Fig. 4.19). The result is the same as for the nettle and
peanut shell. After that, | changed the type of exfoliating acid to other diprotic and triprotic
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acids (ascorbic acid and boric acid, respectively). The results in Fig. 4.20 show that the
specific surface area of carbon (peanut shell) after exfoliating by boric acid is 825 m? g*and
14% higher than as for ascorbic acid. It means that triprotic acid (boric acid) resulted in a

higher carbon specific surface area than that of diprotic acid (ascorbic acid).
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Figure 4.19 Specific surface area of lignin derived carbons as function of different acid

exfoliators (using KOH activation).
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Figure 4.20 Specific surface area of peanut shell derived carbonas function of different
acid exfoliators (using KOH activation).
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During activation, KOH or NaOH can penetrate into the pores of the carbonized
material. Interlayered KOH or NaOH residue can react with the exfoliation acids (HNOs,
H2S04, and H3PO4), thus some chemical compounds, such as KNOz K2SO4, KsPO4, NaNOs,
Na2SOa4, and NazPO. may form. Due to the potassium ions (K*) are larger than sodium ions
(Na") by 40%, the specific surface area and micropore volume of carbon nanosheets
activated by KOH are higher than those activated by NaOH.

Based on their thermochemical properties (Gibbs free energy of formation, AtG,
and molar volume) from the database in HSC Chemistry [111] (Table 4.3), all of these
compounds can be formed due to negative A+G. These compounds cause tension in the pores
of the activated carbon. As K3PQO4 has 26.4 or 72.7% higher molar volume than K2SO4 or
KNOs, respectively, it resulted in the highest specific surface area, and micropore volume
in KOH activated carbon nanosheets both for nettle stem and peanut shell. As for the NaOH
activation, NazPO4 has 89.5 or 169.1% higher molar volume than Na,SO4 or NaNOs. Thus,
it resulted in the highest specific surface area and micropore volume in carbon nanosheets
prepared from peanut shell (Fig. 4.21). But in the case of nettle stem, the specific surface
area of NSCNs after NaOH activation is the lowest for the NasPOa.
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Figure 4.21 Relationship between molar volume of the compounds (formation) and
(a) specific surface area, (b) micropore volume of nettle stem derived carbon and

peanut shell derived carbon.
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4.4 Effect of chemical activation and exfoliation to the electrochemical
properties

The electrochemical properties, including specific capacitance, energy density, and
power density value of the electrodes are presented in Table 4.6. The specific capacitance
of NSCNs and PSCNs is higher than char samples. PSCNs samples have higher specific
capacitance than NSCNs due to their higher specific surface area and micropore volume
(Table 4.4-4.5). IUPAC classification of carbon nanosheet from nettle stem and peanut shell
(Fig. 4.16-4.17) shows mostly micropore structure. Micropores contain bottlenecks that can
drastically decrease ion mobility, thus reducing the electrode's power capability [113].
Surface area and porosity are important factors for higher capacitance. As for materials
having low porosity, electrolyte and electrode are in minimal contact due to which less
charge is stored on the electrode surface; hence low capacitance was observed [114].

The correlation in specific surface area and specific capacitance for some of the
samples is too low. The reason could be the stacking of carbon black on the CNs surface
(electrode material), which decreases the specific surface area and capacitance
characteristics [115], or the agglomeration or re-stacking of CNs resulting reduced specific
capacitance or specific surface area [113].

It can be seen that the specific surface area and specific capacitance of NSCNs
activated by KOH, exfoliated by HNO3, H2SO4, or HsPO4 increases with micropore volume.
However, the existence of a too narrow pore size distribution makes the electrolyte's entry
into the pores difficult. The non-accessible pores do not contribute to the total double-layer
capacitance of the material [116]. High specific capacitance with the high specific surface
area was found in samples activated by NaOH and exfoliated by H2SO4, both for nettle stem
and peanut shell. The highest specific capacitance was found in PSCNs activated by NaOH
and exfoliated by H>SO4 (122.26 F g%).
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Table 4.6 Electrochemical properties obtained by cyclic voltammetry at scan rate 5 mV s™.

Samples Specific Surface- Surface-
Specific Surface- Energy Power
surface energy power
5 E capacitance | capacitance | density density
5| & area density density
Z| 8 (Fg?) (F m?) (Whkg) (KW kg?)
< | 0 (m*g*) (Wh m?) (KW m?)
Char NS* 1.6 0.15 0.094 0.01 6.3E-06 30.6 0.01913
HNO; 106 1.71 0.016 0.06 5.7E-07 26.7 0.00025
e -'5 H2S04 705 9.34 0.013 0.32 4.5E-07 20.9 0.00003
X
(5]
z H3PO,4 789 27.3 0.035 0.95 1.2E-06 24.8 0.00003
2 HNO; 72 0.61 0.008 0.02 2.8E-07 26.4 0.00037
"5 H2S04 220 7.86 0.036 0.27 1.2E-06 24.7 0.00011
©
pd
H3PO4 3 0.21 0.070 0.01 3.3E-06 37.9 0.01263
Char PS* 3 0.14 0.047 0.01 3.3E-06 80.6 0.02687
HNO; 468 115.57 0.247 4.01 8.6E-06 84.2 0.00018
— % H,SO, | 1,104 44.27 0.040 1.54 1.4E-06 18.3 0.00002
T | ¥
g HsPO, | 1,135 1.73 0.002 0.06 5.3E-08 31.9 0.00003
c
§ HNOs 266 23.62 0.089 0.95 3.6E-06 24.4 0.00009
% H2S04 395 122.26 0.310 4.25 1.1E-05 27.1 0.00007
©
p
HsPO, | 420 15.57 0.037 0.81 1.9E-06 24.9 0.00006

* Samples were heat treated at 450 °C (without activation and exfoliation)

Based on the literature and my experimental results, | found a correlation between

the composition (lignin/(cellulose+lignin) ratio) of the raw material and the surface

capacitance of the carbon nanosheets prepared from the raw materials (Fig. 4.22). The

correlation can be described with the following equation:

CA=0.33¢

where CA is the surface capacitance (F m2), ¢ is the lignin/(cellulose+lignin) ratio.
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Figure 4.22 Surface-capacitance as function of lignin/(cellulose+lignin) ratios of carbon

from difference natural samples (with difference electrolytes).
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4.5 Electrochemical performance of the carbon nanosheets electrode

Cyclic voltammetry (CV) measurements at 5, 20, and 100 mV st in the potential
range -0.2 to 0.8 V were used to calculate carbons' specific capacitance. CV curves show a
quasi-rectangular shape at increased scan rates (Fig. 4.23 and Fig. 4.24), indicating that the
CNs can be used in energy storage applications [86]. The CV shape for exfoliated CNs is
more rectangular, revealing a better charge propagation than char samples. The quasi-
rectangle shapes are maintained even at a high scan rate of 100 mV s*, which is suitable for
a typical, stable double-layer capacitor quick and efficient in charge transfer. They also have
excellent capacitive behaviour [131].

The galvanostatic charge and discharge (GCD) curves (Fig. 4.25) of the samples at
a current density of 0.05 A g in the voltage range of -0.2 to 0.8 V show typical triangular
shapes. The GCD curves are imperfectly symmetrical; they are slightly distorted due to the
pseudocapacitive behaviour [132], which is consistent with the CV graphs.

The GCD curves show that PSCNs activated by NaOH and exfoliated by H3PO4
have the longest charge and discharge cycles (1,033 s), which implies the samples' best
electrochemical performance. The longest charge and discharge cycles of NSCNs activated
by KOH were found for HsPO4 exfoliator (27.3 s).
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Figure 4.23 Cyclic voltammetry (CV) of nettle stem carbon nanosheets, (a) char NS,
(b) exfoliated by HNOs, (c) exfoliated by H.SO4 and (d) exfoliated by HzPOa.
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Figure 4.24 Cyclic voltammetry (CV) of peanut shell carbon nanosheets, (a) char PS,

(b) exfoliated by HNOs, (c) exfoliated by H.SO4 and (d) exfoliated by HzPOa.
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Figure 4.25 Galvanostatic charge and discharge of samples
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Figure 4.26 The time of galvanic charge and discharge of nettle stem derived carbons as

a function of different types of acid exfoliators (at a current density of 0.05 A g2).
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For nettle stem activated by KOH, the increase of dissociable protons (polyprotic
acid) affects the longer charge and discharge cycle time, resulting in the same effect as the
specific surface area. The type of acid exfoliator affects the charge and discharge cycles.
Cycle time for triprotic (HaPOs), diprotic (H2SO4), and monoprotic (HNOs3) exfoliators were
260, 112, and 17 s, respectively (Fig. 4.26) [133].

The electrochemical impedance spectroscopy (EIS) of CNs samples is presented in
Fig. 4.27 [133] with the Nyquist plots of each CNs electrode material in the frequency
range between 0.1 Hz to 100 kHz. The straight-line slope is close to 45° in the middle-high
frequency and is assumed to diffuse the electrolyte ions in the electrode pores. The steep
linear curve in the low-frequency region of CNs is sharp, representing the diffusion-limited
charge transfer characteristic close to ideal capacitance performance [134-137]. The
equivalent series resistance (ESR) of CNs can be determined from the offsets on the x-axis
in the high-frequency region. The ESRs of NSCNs exfoliated by H3POs, H2SO4, HNOs,
and char NS were approximately 14.6, 17.8, and 21.3 Q, respectively, lower than that of
char NS (107.0 Q). The results confirmed NSCNs exfoliated by H3PO4 had the best
electrochemical performance. This observation agrees with the linear correlation between
the peak current and square root of the scan rate in Fig. 4.28. The ESRs of PSCNs exfoliated
by H3PO4, H2SO4, HNO3, and char PS were approximately 1.3, 0.8, and 1.4 Q, respectively,
lower than that of char PS (2.6 Q). The small ESRs value proves that the current can easily
diffuse through the electrode-electrolyte interface [138].
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Figure 4.27 Nyquist plots of (a) nettle stem and (b) peanut shell derived carbons at an
alternating current amplitude of 5 mV.
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Figure 4.28 Relationship between peak current and the square root of the scan rate of
cyclic voltammetry measurement of nettle stem derived carbons
(potential range -0.2 to 0.8 V).

The diffusion coefficient in the case of the nettle stem carbon nanosheets (NSCNSs),
based on the relationship between peak current and the square root of the scan rate of cyclic
voltammetry measurement, was identified. The diffusion coefficients were calculated

based on the Randles-Sevcik equation (4.5):

Ip = (2.69 x 10°) n¥2ADY2Cy1/2 (4.5)

Where Ip is peak current (A), n is number of electrons involved in the reaction, A is
electrode area (cm?), D is diffusion coefficient (cm? s?), C is the concentration of the
electroactive species (mol cm=) and v is scan rate (V s?), respectively. The diffusion
coefficient depends on the slope of Ip « v2 (Fig. 4.28). The higher diffusion coefficient
indicates a better electrode reaction activity due to the faster ionic transportation. The

diffusion coefficients obtained by the Randles-Sevcik equation are listed in Table 4.7.
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Table 4.7 The diffusion coefficients of samples (at scan rate 100 mV s?).

Samples/Electrode Ip n A C Ipivi2 D
(10°A) (cm?)  (molcm3®) (Asv?l) (108cm?s?)
Char NS 6.1 1 0.79 0.001 0.006 1.37
NSCNs_KOH_HNO3 27.5 1 0.79 0.001 0.028 6.17
NSCNs_KOH_H>S0q4 42.5 1 0.79 0.001 0.044 9.53
NSCNs_KOH_H3POq4 190 1 0.79 0.001 0.193 42.6

Table 4.8 The capacitive performance of carbon prepared in this work and other typical

biomass derived activated carbon reported in literature.

Materials SSA Specific Electrolyte Ref.
(m?g?1) capacitance (F g)

Corn straws 3,237 188 EMIMBF4 [139]
Cow dungs 1,984 125 AN [140]
Coconut shells 154 0.54 H2SO4 [141]
Banana fibers 1,097 74 NazS04 [76]
Nut shells 228 47 NazS04 [2]
Coconut kernel pulp (Milk free) 1,200 173 Na>S04 [142]
Nettle stem 789 27.3 Na2SO04 This work
Peanut shell 395 122.26 Na2SO04 This work

A comparison of several supercapacitor electrodes with different precursors are

presented in Table 4.8. The specific capacitance depends on the materials and condition of

the electrolyte. The abundant availability of nettle stem and peanut shell are the advantages

of these samples, so it certainly can be produced at a relatively low cost. This study has

successfully demonstrated that nettle stem or peanut shell based carbon can be presented as

raw material for a flexible carbon electrode in supercapacitor as an energy storage device.
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Figure 4.29 Energy density as a function of power density (Ragone plot)

for different energy storage and conversion devices [143].

Specific capacitance, which is the intrinsic capacitance of electrode material, is a
widely used property to characterize a material. A higher specific capacitance does not
necessarily mean that the material will be a high performing supercapacitor electrode. Other
factors substantially impact capacitance, such as electrical conductivity (both that of
materials and electrode particles), which governs electron and ion transfer into the layer
[115]. From the data compiled in Fig. 4.29, it can be seen that carbon from nettle stem and
peanut shell in this work can be applied for an energy storage device. The carbons' energy
density and power density in this work are in the range of supercapacitor materials at

0.01-4.25 Wh kg and 18.3-84.2 W kg%, respectively.
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5 Conclusions

The goal of this research is to systematically study and investigate the effect of

different alkaline hydroxides activators and acid exfoliators on the properties of carbon

nanosheets, prepared from natural materials. In this work, the carbon nanosheets were

studied for capacitor application by using as electrode material for an energy storage device.

The carbon nanosheets synthesized from nettle stem or peanut shell using KOH or
NaOH activation and exfoliation by H2SOs or H3PO4 have high specific surface
areas, especially peanut shell (activated by KOH and exfoliated by H3zPO4) having
1,135 m? gL

The chemical activation and exfoliation affect the surface property of carbon
nanosheets which can be described in terms of quantity of porous carbon. The
micropore volume of carbon nanosheets activated by KOH is higher than that of
activated by NaOH.

Pore diameters in the exfoliated NSCNs and exfoliated PSCNs were found to be less
than 2.5 nm which belongs to the micropore range (IUPAC, Type | isotherm).

The process developed is simple and yields a high percentage (up to 70 %) of carbon
particles in a nanostructured form.

The CNs with an electrolyte 1M Na>SOg4 is a material work as active part of the
electrode for an energy storage device. Using this material as an electrode, the
measured specific capacitances of NSCNs and PSCNs are higher than char samples
(nettle stems and peanut shells without activation and exfoliation). Specific
capacitance reached 27.3 F g! at scan rate of 5 mV s for NSCNs activated by KOH
and exfoliated by H3PO.. PSCNs activated by NaOH and exfoliated by H2SOa. had
specific capacitance 122.26 F g at scan rate of 5 mV s,

Energy density (0.01-4.25 Wh kg™) and power density (18.3-84.2 W kg™) of carbons

in this work is in the range of supercapacitor materials.
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6 Claims/New scientific results

Carbon nanosheets were successfully synthesized from nettle stem or peanut shell
with a 5-step method, which consists of the following process: sample preparation
(cleaning), pre-carbonization, activation (KOH or NaOH aqueous solution), carbonization,
and exfoliation (HNOgz, H2SO4, or H3PO4). The chemical and thermal activation affects the
carbon formation, and the separation of carbon layers. The carbon nanosheets were studied

for capacitor application by using as electrode material for supercapacitors.

Claim 1. The structure of carbon nanosheets synthesized from natural materials

Carbon nanosheets were successfully synthesized from nettle stem (NSCNs) and
peanut shell (PSCNs) (SEM, Fig. A-B and TEM Fig. C). | established that the layered
nanosheet structure is highly porous and becomes thinner toward the edges of the material.
In the TEM images, the bright and transparent regions are the ultrathin nanosheet. The less
transparent areas reveal the overlapped or folding parts of carbon nanosheets, which further
imply the ultrathin structure. These figures are representative for the samples. After the
exfoliation process, the carbon nanosheets with the thickness lower than 1200 nm were found

and the successful exfoliation is confirmed by the increasing the specific surface area.
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Figure A. SEM micrographs of activated and exfoliated nettle stem carbon nanosheets
obtained by different agents.
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Figure B. SEM micrographs of activated and exfoliated peanut shell carbon nanosheets
obtained by different agents.
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Figure C. TEM (a-c) and HRTEM (d-f) micrographs of the nettle stem carbon nanosheets
activated by KOH and exfoliated by (a, d) HNOs, (b, €) H2SOg, or (c, f) H3POa.

Claim 2. Effect of organic components on carbon properties

| established that the natural structure of the material affected the increase of carbon
content and the specific surface area of carbon materials after thermal and chemical
treatment processes.

2.1 Carbon content: | established that microstructure and carbon content depends on
the natural structure of materials. Dried nettle stem and peanut shell have 11.9 and 27.2 wt.%
lignin, and 44.86 and 47.34 wt.% carbon content, respectively (as a high wt.% of lignin has
a high carbon content). After exfoliation, the carbon was found in the range of 70-80 wt.%
(CHNS analyser). In the case of KOH activation, nettle stem carbon nanosheets and peanut
shell carbon nanosheets have up to 57-60 % and 47-57 % higher carbon yield than dried
samples. For NaOH activation, nettle stem carbon nanosheets and peanut shell carbon
nanosheets have up to 70-77 % and 63-68 % higher carbon yield than dried samples.

Dried nettle stem has higher cellulose and hemicellulose content than peanut shell (by
17.5 % and 82.1 %, respectively) and has higher carbon content after exfoliation. The carbon

content of nettle stem carbon nanosheets and peanut shell carbon nanosheets is up to > 70
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wt.% and reaches the range of 80 wt.% for NaOH activation. The difference in cellulose,
lignin, and hemicellulose content affects carbon yields after activation and exfoliation
processes. The activation and exfoliation of carbon have a greater impact on carbon yields
than the organic composition.

2.2 Specific surface area: | established that at different raw materials, lignin to
cellulose ratio has a linear relationship with the surface area of carbon after potassium
hydroxide activation and phosphoric acid exfoliation. The BET surface area gradually
increased with the cellulose content. The experimental results indicated that the appropriate
ratio of lignin and cellulose (lignin/(cellulose+lignin) ratios: nettle leaf, nettle stem and
peanut shell is 0.1, 0.2 and 0.4, respectively) induced the activated carbon to develop a
microporous and mesoporous structure. After thermal and chemical treatment processes, the
specific surface area of carbon is higher than 500 m? gL,

Claim 3. Effect of chemical activation and exfoliation to the surface properties

| established that the chemical activation and exfoliation affect the surface property of
carbon nanosheets, which can be described in terms of the quantity of porous carbon. Due
to the fact that potassium ions (K*) are 40% larger than sodium ions (Na"), the specific
surface area and micropore volume of carbon nanosheets activated by KOH are higher than
those of activated by NaOH.

3.1 During activation, KOH or NaOH can penetrate the pores of the carbonized
material. Interlayered KOH or NaOH residue can react with the exfoliation acids (HNOs,
H2SOs, and H3POs4). Thus some chemical compounds, such as KNOs, K2SO4, K3POs,
NaNO3z, Na2SO4, and NasPO4 may form. The relationship between the molar volume of these
compounds and BET results of the samples is shown in Fig. D (this valid for the investigated
system, till the molar volume is 83 cm® mol™). These compounds cause tension in the pores
of the activated carbon. As KsPOj4 has 26.4 and 72.7% higher molar volume than K>SO, and
KNOs, respectively, it resulted in the highest specific surface area, and micropore volume

in KOH activated carbon nanosheets both for nettle stem and peanut shell.
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3.2 | observed that the triprotic acid (HsPOa) reacts more intensely with the materials
than diprotic (H2SO4) or monoprotic (HNOs). The reactions result in higher micropore
volume with 0.33 and 0.39 m® g* for nettle stem and peanut shell, respectively (more porous
carbon surface) and a higher specific surface with 789, 1,135 and 668 m? g* for nettle stem,

peanut shell, and lignin, respectively (Fig. E-F).

1000
—8-H§_KoH KOH_H,PO,
— —8—NS NaOH /
Lp 800
"E Linear (NS KOH)
S
s . ; , o
g Linear (NS_NaOH) KOH H,SO,
= 600
o y = 2E+09x
(=]
B
5
y = 1E+10x
o 400
5‘5 NaOH_H,SO,
2 |
W
200
NaOH_HNO;
% KOH_HNO,
NaOH _H,PO, ¢
o “__ Dried samples
Py 2
0.00E+00 1.00E-07 2.00E-07 3.00E-07 4.00E-07
Micropore volume (m? g!)
(a)
o PS KOH KOH H,PO,
1200 = 7
—8—PS NaOH
b0 e Linear (PS_KOH)
e 1000 .
£ e Linear (PS_NaOH)
'
« KOH_H,S0,
] A~ -
& 800 Ay =3E+09x
@
s
b y = 4E+09x ,
Z 600 NaOH_H,PO, /"
= NaOH_H,S0, /
g \\_e / *— KOH HNO,
2 400 - NaOH_HNO,
200
Dried samples
0
0.00E+00 1.00E-07 2.00E-07 3.00E-07 4.00E-07
Micropore volume (m3 g!)
(b)

Figure E Specific surface area of samples as function of micropore volume of

(@) nettle stem and (b) peanut shell.
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Claim 4. Effect of chemical activation and exfoliation to the electrochemical
properties

| established that the energy density (0.01-4.25 Wh kg™*) and power density
(18.3-84.2 W kg) of carbons in this work is in the range of supercapacitor materials.

The specific capacitance of activated and exfoliated nettle stem carbon nanosheets
(KOH activation and HsPOs exfoliation) and peanut shell carbon nanosheets (NaOH
activation and H2SO4 exfoliation) is 27.3 F g™land 122 F g, respectively, and which are
higher than the specific capacitance of pre-carbonized nettle stem (0.15 F g1) and peanut
shell (0.14 F g!) samples. It means peanut shell carbon nanosheets samples have higher
specific capacitance (122 F g) than nettle stem carbon nanosheets due to their higher

specific surface area (1,135 m? g') and micropore volume (0.39 cm® g1).

Claim 5. Relationship between organic components and electrochemical properties

Based on the literature and my experimental results, | found a correlation between
the composition (lignin/(cellulose+lignin) ratio) of the raw material and the surface
capacitance of the carbon nanosheets prepared from the raw materials (Fig. G). The
correlation can be described with the following equation:

Ca=0.33¢ (6.1)

where Ca is the surface capacitance (F m2), ¢ is the lignin/(cellulose+lignin) ratio.
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Claim 6. Electrochemical performance of the carbon nanosheets electrode

Carbon materials have been studied and used as electrodes for supercapacitors due to
their very attractive chemical and physical performance and low price. The difference in
the surface properties of carbon materials affect their electronic properties. Moreover, the
electronic and electrochemical properties of the carbon nanomaterial can be improved by
modifying the surface.

6.1 | established that for nettle stem activated by KOH, the increase of dissociable
protons (polyprotic acid) results in longer charge and discharge cycle time, resulting in the
same effect as the specific surface area. The type of acid exfoliator affects the charge and
discharge cycles. Cycle time for triprotic (HsPOs), diprotic (H2SO4), and monoprotic
(HNO:s) exfoliators were 260, 112, and 17 s, respectively (Fig. H).
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Figure H The time of galvanic charge and discharge of nettle stem derived carbons as

a function of different types of acid exfoliators (at a current density of 0.05 A g2).

6.2 The galvanic charge and discharge curves (Fig. I) show that nettle stem carbon
nanosheets activated by KOH and exfoliated by HsPO4 have the longest charge and
discharge cycles (260 s), which implies the samples' best electrochemical performance. The
longest charge and discharge cycles were found from peanut shell carbon nanosheets
activated by NaOH and exfoliated H.SO4 exfoliator (1,033 s).
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Figure 1 Galvanostatic charge and discharge of samples at a current density of 0.05 A g,

6.3 | identified the electrochemical impedance spectroscopy (EIS, Fig. J) of the

carbon nanosheets samples presented with the steep linear curve in the low-frequency region

of carbon nanosheets is sharp, representing diffusion-limited charge transfer characteristic

close to ideal capacitance performance.
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Figure J Nyquist plots of (a) nettle stem and (b) peanut shell derived carbons
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at an alternating current amplitude of 5 mV.
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6.4 | identified the correlation between the peak current and square root of the scan
rate of cyclic voltammetry measurement of nettle stem carbon nanosheets. This observation

agrees with the linear correlation between the peak current and square root of the scan rate
in Fig. K.
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Figure K Relationship between peak current and the square root of the scan rate of cyclic

voltammetry measurement of nettle stem derived carbons (potential range -0.2 to 0.8 V).

6.5 I identified the diffusion coefficient in the case of nettle stem carbon nanosheets,
based on the relationship between peak current and the square root of the scan rate of cyclic
voltammetry measurement. The diffusion coefficients were calculated based on the
Randles-Sevcik equation (6.2):

Ip = (2.69 x 10%) n¥2ADY2Cy*?2 (6.2)

Where Ip is peak current (A), n is number of electrons involved in the reaction, A is

electrode area (cm?), D is diffusion coefficient (cm? s), C is the concentration of the
electroactive species (mol cm=) and v is scan rate (V s?), respectively. The diffusion
coefficient depends on the slope of Ip < v2 (Fig. K). The higher diffusion coefficient

indicates a better electrode reaction activity due to the faster ionic transportation.
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The diffusion coefficients obtained by the Randles-Sevcik equation are listed in table A.

Table A The diffusion coefficients of samples (at scan rate 100 mV s).

Samples/Electrode Ip n A C Ip/vi/2 D
(10°A) (cm?)  (molem3®) (Asv?l) (108 cm?s?)
Char NS 6.1 1 0.79 0.001 0.006 1.37
NSCNs_KOH_HNO3 27.5 1 0.79 0.001 0.028 6.17
NSCNs_KOH_H>S04 42.5 1 0.79 0.001 0.044 9.53
NSCNs_KOH_H3POq4 190 1 0.79 0.001 0.193 42.6
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10 Appendix

10.1 ADF, NDF and ADL of raw materials

> Peanut shell
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Fax:06-89-324-786 Laboratérium

E-mail:labor@mezolabor.hu

Nyilv.szam:80/2014/Lab/NEBIH

Web:www.mezolabor.hu

A NAH altal NAH-1-1400/2016 szamon akkreditalt vizsgalélaboratérium.

Vizsgalati Jegyz6kényv

2

Megrendeld neve: Miskolci Egyetem Keramia- és Polimermérnoki Intézet %LAB&.E‘
Cime: 3515 Miskolc-Egyetemvéros
Mintavétel helye:
Helység: Miskolc
Vallalat:
Mintavétel ideje: 2018 junius Minta beérk.ideje: 2019.03.28
Minta megnevezese: Mogyoréhéj
Kiillem, szin, szag: Felezett héj darabok
Minta azonosité: [ 851 | vizsgalatok kédja:
Jegyz6kdnyv azonosito: [ 851-2019 I
Kod Megnevezés Vizsgalati érték Megengedett vizsgalati Vizsgélati médszer
Eredetiben Sz.a.-ban eltérés
10/a_[ADF g/kg 699 i 35 MTK 1990.1.8.2. 7.3
10/b |INDF g/kg 783 x 39 MTK 1990.11.8.2. 7.2 szakasz
10/c [ADL g/kg 272 x 14 MTK 1990.1.8.2. 7.6
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> Nettle stem
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=)

Villalat:

Mintavétel ideje: 2018 junius

Minta megnevezése: Csalanszar

Minta beérk.ideje:

2019.03.28

Kiillem, szin, szag:

5-10 cm hossz( vastag szarrész

Minta azonosito: [ 850 ] Vizsgalatok kédja:
Jegyz6kényv azonosito: [ 850-2019 ]
Kod Megnevezés Vizsgalati érték Megengedett vizsgalati Vizsgalati médszer
Eredetiben Sz.a.-ban eltérés
10/a [ADF a/kg 617 3 31 MTK 1990.11.8.2. 7.3 szakasz
10/b [NDF a/kg 770 x 39 MTK 1990.11.8.2. 7 2 szakasz
10/c |ADL g/kg 119 + 6 MTK 1990.11.8.2. 7.6 szakasz
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» Nettle leaf
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Megrendeld neve: Miskolci Egyetem Keramia- és Polimermérnéki Intézet

Cime: 3515 Miskolc-Egyetemvaros

Mintavétel helye:
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=)

Vallalat:

Mintavétel ideje: 2018 junius Minta beérk.ideje: 2019.03.28

Minta megnevezése: Csalanlevél

Kiillem, szin, szag: Szaritott, morzséazott levél

Minta azonosito: I 849 I Vizsgalatok kédja:
Jegyz6kdnyv azonosito: [ 849-2019 |
Kod Megnevezés Vizsgalati ertek Megengedett vizsgalati Vizsgalati médszer
Eredetiben Sz.a.-ban eltérés
10/a |ADF alkg 183 + 9 MTK 1990.1.8.2. 7.3
10/b |NDF a/kg 308 + 15 MTK 1990.11.8.2. 7.2
10/c |ADL g/kg 22 + 5 MTK 1990 11.8.2 7.6 szakasz
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10.2 Chemical composition (EDS results)

Table 10.1 Chemical composition of raw materials (EDS results).

Chemical composition (wt.%o)

Dried materials

C O Si Zn K Ca S Mg
Nettle stem 50.80 36.03 245 - 6.97 307 042 0.26
Nettle leaf 4186 37.14 6.33 - 396 830 183 0.58
Peanut shell 6155 3769 0.04 0.72 - - - -
Table 10.2 Chemical composition of the nettle stem (EDS results).
Samples Chemical composition (wt.%0)

Activation Exfoliation C ) K Si S Others
KOH (solid) activation (1hour) 87.35 10.78 0.30 0.12 - 1.45
KOH (solid) activation (2hours) 88.00 8.83 3.17 - - -
KOH (solute) activation (1hour) 87.56 8.99 1.95 0.68 - 0.82
KOH (solute) activation (2hours) 93.84 4.78 1.38 - - -
NaOH (solute) activation (2hours) | 91.60 5.20 - 1.56 - 1.64

KOH HNO; 88.15 10.52 0.33 0.80 0.21 -
NaOH 89.30 10.32 - - - 0.38
KOH H2S04 88.71 9.38 - 0.76 1.15 -
NaOH 91.75 7.93 - - - 0.32
KOH H3PO4 90.96 7.70 0.32 0.67 0.36 -
NaOH 89.52 10.09 - - - 0.39
Table 10.3 Chemical composition of the peanut shell (EDS results).
Samples Chemical composition (wt.%6)
Activation Exfoliation C O K Si S Others
KOH (solid) activation (1hour) 51.86 31.79 15.73 - - 0.62
KOH (solid) activation (2hours) 85.42 7.69 5.97 0.92 - -
KOH (solute) activation (1hour) 85.57 9.87 2.55 2.01 - -
KOH (solute) activation (2hours) 81.71 10.93 5.81 1.55 - -
NaOH (solute) activation (2hours) 89.91 9.65 - 0.44 - -
KOH HNOs 88.98 9.9 0.18 0.71 0.24 -
NaOH 90.12 8.81 - 1.07 - -
KOH H>S04 89.37 8.97 0.27 0.48 0.91 -
NaOH 90.37 8.61 - 1.02 - -
KOH H3PO,4 90.19 8.63 0.28 0.6 0.3 -
NaOH 88.20 10.06 - 1.74 - -
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