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Preface

This volume contains eight chapters that detail advances in materials science
research. Chapter One provides a comprehensive overview of modern
materials utilized in various components of supercapacitors, including
electrode materials, electrolyte materials, current collectors, binders, and
separators. Chapter Two reports on the electrochemical deposition of
corrosion-resistant and protective coatings from a recently developed new
generation of ionic liquids, the so-called deep eutectic solvents (DES). Chapter
Three discusses a study that aims to diminish the raw material from petroleum
in plastic production. Chapter Four presents recent advances in Fourier
Transform Infrared (FTIR) studies of Co-MOFs. Chapter Five aims to explain
how to characterize the structure of the organic metal cobalt framework-74
(Co-MOF-74) material using scanning electron microscopy (SEM). Chapter
Six provides an in-depth explanation of the thermal characterization of pure
and modified Co-MOF-74 materials (Mn, TTF, NDHPI, and Ni) using
Thermogravimetric Analysis (TGA). Chapter Seven gives an in-depth
explanation of how to characterize the structure of currently prepared Co-
MOF materials using a Transmission Electron Microscope (TEM). Lastly,
Chapter Eight details the phase states and surface electrical activity of the low-
temperature synthesized fine PbZr1—xTixO3 powders.
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2 Huda. F. Khalil, Sara Gad, Merna Fahmy et al.

Abstract

As a result of the growing demand for clean, sustainable energy, as well
as the benefits of high-power density, efficiency, and long-life
expectancy, electrochemical supercapacitors have emerged as promising
devices for energy storage and power supply. Perovskite anode materials
have gained attention due to their charge storage process of oxygen-anion
intercalation. This chapter provides a comprehensive overview of
modern materials utilized in various components of supercapacitors,
including electrode materials, electrolyte materials, current collectors,
binders, and separators. It discusses a variety of electrode materials, such
as carbon-based options, perovskites, conducting polymers, metal
oxides, and composite materials. Green binder materials are compared to
standard binders, and the chapter highlights the hybrid, asymmetric, and
future aspects of supercapacitors. Furthermore, the chapter sheds light on
the various ways supercapacitors can contribute to agricultural practices,
offering sustainable and efficient power solutions. It explores their role
in soil moisture management, precision agriculture, sensor networks, and
other relevant areas. By harnessing the power of electrochemical
supercapacitors, advancements in soil science and agricultural practices
can be achieved.

Keywords: supercapacitor, perovskites, carbon electrode, agriculture, hybrid
supercapacitors

Abbreviations
AC Activated Carbon
ACA Active Carbon Aerogel
ACC Active Carbon fiber Cloth
AG Activated Graphene
ASCs Asymmetric Supercapacitors
BCN Boron and Nitrogen-doped Carbon
BET Brunaver, Emmett and Teller
CA Carbon Aerogel
CBFFs Carbon-Based Fibre Fabrics
Ccco Composite Cotton Carbon
CMC Carboxymethylcellulose Codium
CNFs Carbon Nanofibers
CNM Co-Ni-Mn
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CNTFF Carbon Nanotube Fibre Fabric
CNTs Carbon Nano Tubes
C0304 Cobalt Oxide

CPF Carbonized Phenol Formaldehyde
CPs Conducting Polymers

cv Cyclic Voltammetry

DMF Dimethylformamide

DWNTs  Double Wall Nano Tubes
EDLC Electric Double Layer Capacitive

EES Electrochemical Energy Storage

ES Energy Source

ESPW Electrochemically Stable Potential Window
ESs Electrode Supercapacitors

FSCs Fiber Supercapacitors

FSSCs Fiber-Shaped Supercapacitors
Gd203 Gadolinium Oxide

GG Guar Gum

GNW Graphene Nanowalls

GO Graphene Oxide

GONRs Graphene Oxide Nanoribbons
GPEs Gel Polymer Electrolytes
HFP Hexafluoro Propylene

HSCs Hybrid Supercapacitors

IHP Inner Helmholtz Plane
ketone Polyetheretherketone

LaCoOs Lanthanum Cobalt

LaFeOs Lanthanum Ferrite

LaMnOs;  Lanthanum Manganite

LaNiOs Lanthanum Nickel Oxide
LaSrMnOz Lanthanum Strontium Manganite

LDH Layered Double Hydroxides

LIBs Lithium lon Batteries

MACA Modified Activated Carbon Aerogel
MOF Metal Organic Framework

MWCNT  Multi Wall Carbon Nano Tubes

MWNTs  Multi Wall Nano Tubes

Na>SO4 Sodium Sulfate

NACs Nitrogen-doped Activated Carbon

NEC Japanese multinational Information Technology provider
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NF Nickel Form

NiVv Nickel-Vanadium
ODA Oxydianiline

OHP Outer Helmholtz Plane
PAA Polyacrylic Acid

PAN Polyacrylonitrile
PANI Polyaniline

PBI Polybenzimidazole
PBM PrBaMn;0g

PDA Polydiacetylene
PEDOT Poly-(3,4)-ethylenedioxythiophene
PEG Polyethyleneglycol
PEO Poly Ethyl Oxide

PF5 Penta Fluoride

PMDA Pyromellitic Dianhydride
PMMA Polymethylmethacrylate

PP Polypropylene

PPA Polyamic Acid

PPY Polypyrrole

PS Potato Starch

PTFE Polytetrafluoroethylene
PVA Polyvinylalcohol

PVDC Polyvinylidene Chloride
PVDF Polyvinylidene Fluoride
PVP/PVB Polyvinylpyrrolidone/polyvinyl butyral poly ether

RF Resorcinol Formaldehyde
rGO reduced Graphene Oxide
SCs Supercapacitors

SG Small-size Graphene

SOHIO Standard oil company of Cleveland Ohio
SPEEK Sulfonated Polyetheretherketone
SrTio3 Strontium Titanate

SSA Specific Surface Area
SWNTSs Single Wall Nano Tubes
WS Wheat Starch

Zn0 Zinc Oxide
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Electrochemical Supercapacitors 5

Introduction

Nowadays everything depends on energy such as mobile phones, homes,
cities, and the world. Huge amounts of energy are produced every day around
the world using traditional methods such as the combustion of fossil fuels or
through more advanced modern and sustainable technologies such as wind
turbines and solar panels [1, 2]. This energy must be stored by using batteries
or capacitors. A capacitor is a device that stores electrical energy in an electric
field. It is a passive electronic component with two terminals, it consists of
two conducting plates separated by a distance. But the energy density of
batteries is higher than that of capacitors [3]. Therefore, research directed to
develop the capacitor to obtain a larger capacity, which led to the discovery of
the supercapacitor [4]. Supercapacitor, ultra-capacitors, electrochemical
capacitors (EDLCs), or electrochemical capacitors are devices that store
electrochemical energy and may be charged or discharged by connecting or
removing a DC power source, respectively [5, 6]. The capacitance of
supercapacitors is extremely high, ranging from a few to hundreds of Farads.
Supercapacitors have a higher power density, virtually infinite cycle life, and
higher charge/discharge efficiency when compared to current battery
technologies [7, 8]. Supercapacitors are improved electric energy devices with
substantially larger capacitance in very tiny packaging. They operate on a
concept that is essentially the same as ordinary capacitors. Both of them have
a dielectric between two electrodes (plates), but supercapacitors have a thinner
dielectric and electrodes with a larger surface area, allowing for higher energy
densities [9]. There are three types of supercapacitor shown in Figure 1
according to the mechanism of charge storage. Figure la shows the
mechanism of energy storage in electric double-layer supercapacitors; Figure
1b shows the mechanism of energy storage in pseudo supercapacitors
employing charge transfer reactions, i.e., by Faradaic reactions; Figure 1c
shows the mechanism of energy storage in hybrid supercapacitors through a
combination of electric double-layer formations and pseudo-Faraday reactions
[10].

Because of the global energy crisis and increasing pollution, there has
been a significant increase in research on new ways to make energy and make
it go further in the past few years [11]. Much research has been committed to
producing devices with numerous advantages, such as high efficiency,
sustainability, environmental friendliness, and long service life. However, it
could be more beneficial because it has less energy per unit volume than a
battery. Several scientists are trying to solve this problem by making high-
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6 Huda. F. Khalil, Sara Gad, Merna Fahmy et al.

energy-density supercapacitors with electrodes of suitable materials [12].
Carbon-based materials [13], conducting polymers [14], transition metal
oxides and hydroxides [15, 16], and transition metal oxides are the four types
of electrode materials utilized in supercapacitors.

a) EDLC 5

Electrical double layers

Figure 1. Mechanism of energy storage in a) electric double layer supercapacitors,
b) pseudo supercapacitors, and c) hybrid supercapacitors [10]. Adapted with
permission from Ref. [10] (Copyright 2019, RCS).

Carbon-based materials have a low energy density, are not chemically or
thermally stable, and conduct electricity well [17]. Transition metal oxides and
hydroxides have a higher energy density and electrochemical stability.
Electrical double-layer capacitor (EDLC) electrode materials [18] and
pseudocapacitance electrode materials [19] are used in supercapacitors. In
EDLC electrode materials, charge accumulates at the interface between the
electrolyte and the electrode surface. Hence, there is no electrochemical
reaction involved in the charge storage process. As illustrated in Figure 2 (a),
they have rectangular cyclic voltammetry (CV) curves and a linear connection
between voltage and discharge duration (c). Chemical reactions happen at the
interfaces between the electrolyte and the electrode surface or subsurface.
These reactions store charge through ion intercalation or Faradaic redox
reactions. Unlike battery electrode materials, pseudocapacitance materials do
not require a phase transition [20]. The galvanostatic discharge curves of
pseudocapacitive electrode materials are shown in Figure 2(c), while their CV
curves are shown in Figure 2(b), (d), and (e). Figure 2(h) and (i) show the
galvanostatic discharge and a typical CV curve for a battery electrode material.
Because of this, the electrode materials of pseudocapacitance charge and
discharge faster than batteries but slower than EDLC. Furthermore,
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Electrochemical Supercapacitors 7

pseudocapacitance electrode materials are widely employed during the charge
storage process with the EDLC behavior, demonstrating that pseudo-
capacitance has a greater specific capacitance [21]. Systematic research has
been devoted to cation-intercalation-based electrode materials for pseudo-
capacitors because cation sizes are smaller than anions, implying that cations
can be more easily intercalated into electrodes from electrolytes to produce
efficient charge storage [22, 23].

Electrochemical supercapacitors have shown great potential in managing
soil moisture levels in agricultural fields. By utilizing their high-power density
and rapid charge-discharge capabilities, supercapacitors can efficiently
control irrigation systems, optimizing water usage and reducing water waste
[188]. This technology enables precise and automated irrigation, ensuring that
plants receive the right amount of water at the right time, leading to improved
water efficiency and enhanced crop productivity.

g @ (b) (©
20 = < |
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53 € S
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3 3 ] -
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Figure 2. The CV curves of (a) EDLC materials, (b, d, e) pseudo capacitor materials,
(9) battery-like materials, and (h) battery materials, as well as the related
galvanostatic discharge curves for several types of energy-storage materials [23].
Adapted with permission from Ref. [23] (Copyright 2018, ACS).

Electrochemical supercapacitors play a crucial role in precision
agriculture, which involves the use of advanced technologies for site-specific
crop management. Supercapacitors can power sensors and monitoring devices
deployed in agricultural fields, providing real-time data on soil conditions,
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8 Huda. F. Khalil, Sara Gad, Merna Fahmy et al.

nutrient levels, and crop health. This information enables farmers to make
informed decisions regarding irrigation, fertilization, and pest control, leading
to optimized resource allocation and improved agricultural practices [189].

Supercapacitors offer reliable and sustainable power supply solutions for
sensor networks used in soil sciences. These networks consist of numerous
sensors deployed in the field to collect data on soil properties, temperature,
humidity, and other relevant parameters. By incorporating supercapacitors,
which can store and deliver energy efficiently, sensor networks can operate
autonomously and continuously without the need for frequent battery
replacements or external power sources [190]. This enhances the scalability
and longevity of sensor networks, enabling comprehensive monitoring and
analysis of soil conditions.

Historical Background and Present Status
of the Supercapacitors

H. 1. Becker of General Electric patented the first electrochemical capacitor
device in 1957. Although double-layer charge storage was used with this
device, it was impracticable due to the requirement to immerse it in the
electrolyte [24]. Robert A. Rightmire, a Standard Oil Corporation of Ohio
chemist, designed the conventional EC design used today (SOHIO). SOHIO
could not identify a purpose for the application, but the design was patented
to the Japanese company Nippon Electric Corporation (NEC). NEC
introduced the first commercially effective EC, the “Supercapacitor,” in 1975.
ECs are often called supercapacitors or ultracapacitors, but the only actual
supercapacitor is NEC’s brand of ECs of the same name [25]. After NEC
commercialized its idea, many other firms began designing their ECs. For
example, the PSCap, an EC, is manufactured by ECOND and is used as a
starter for diesel locomotive engines. The PSCap can be nine inches in
diameter and two feet tall, with energy up to 45 kJ, voltages up to 200 V, and
an RC time constant of less than a second. PSCap research began in 1978 but
was completed in the mid-1990s. One Goldcap EC was developed to replace
coin-cell batteries and was a massive hit in the market for solar-powered
wristwatches. The second concept was a spirally coiled configuration aimed
toward electric automobiles and hybrid electric vehicles. The spiral-wound
capacitor, known as the UpCap, is rated at 2,000 F and has a voltage of 2.3V.
It is also inexpensive, has low series resistance, and dissipates internally
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Electrochemical Supercapacitors 9

generated heat, making it excellent for hybrid car applications [26]. Today,
most electronic companies, including Maxwell, Tecate Group and Murata
manufacture ECs. Most of the time, their product is used in transportation and
energy systems. The automotive industry, hybrid transportation systems, grid
stability, utility wvehicles, and railway traction system are all current
applications [24].

Battery vs. Supercapacitor

To store energy, batteries conduct chemical processes. These chemical
reactions cause various resistive losses due to the flow of slow electrons. This
generates heat when operating at high power, posing major safety concerns
[27]. Although it is often used and has a high energy density, it lacks power
density. This restricts its use in situations where an instant power explosion is
necessary. The supercapacitor can supplement or even replace batteries in
various applications. It can deliver quick charging, high power density, and
long cycle life when combined with batteries. Because the charges are stored
electrostatically, supercapacitors provide high power density. Because it does
not experience any chemical changes during charge/discharge processes,
supercapacitors have substantially higher cyclic stability than batteries. On the
other hand, little energy density is provided because charge storage processes
are constrained by the availability of the electrode surface [28].

Supercapacitors vs. Fuel Cells

The primary method for converting energy into electricity that is constantly
used to create power is the fuel cell. It has a high energy density and produces
no environmentally good byproducts. It is safe and needs little maintenance
[29]. The high cost and complexity of fuel cell operation pose a significant
barrier. It is susceptible to contamination, which shortens cell life. Also, the
power density per unit volume could be higher, resulting in better efficiency.
A supercapacitor, on the other hand, stores energy through physical
adsorption. In general, carbon-based electrode materials are employed, which
are environmentally friendly. Compared to fuel cells, the device’s construction
is simpler and less expensive. Since there are no chemical processes taking
place during the charge/discharge operation, supercapacitors offer a long cycle
life and high power density [30].
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10 Huda. F. Khalil, Sara Gad, Merna Fahmy et al.

Conventional Capacitors vs. Supercapacitors

The conventional capacitor also called electrostatic capacitor has been limited
to low-power application or short-term memory backup supply due to their
low capacitance value. An electrostatic capacitor is made up of two conducting
metal electrodes separated by non-conducting material, which acts as a
dielectric medium [31] The operating voltage depends on the strength of the
dielectric material, and the capacitance of the assembly is expressed as follows
[32]:

c=%%" )

where C is the capacitance of the device, Q is the amount of charge stored, and
V is the operating voltage. Also, the capacitance depends upon the area, A of
conducting electrodes separated by distance d, and & is the relative
permittivity. Equation (2) can be expressed as follows [33]:

C = s(A/d) (2)

Equation (2) suggests that capacitance increases by increasing the area of
the electrode and decreasing the distance of charge separation [33]. The
electric double-layer capacitor shares a similar charge storage mechanism with
a dielectric capacitor. On the application of voltage, the polarization of
electrolytic ions occurs, which acts as dielectric material in a supercapacitor.
Supercapacitors show greater capacitance as compared to electrostatic
capacitors. This is due to the porous behavior of electrode material, which
allows a large number of electrolyte ions to get adsorbed at the surfaces [34].
The compact bilayer is called the Helmholtz layer and has a thickness ~1 nm.
At the macroscopic level, according to (1.2), high surface area (A) of the
electrode material and atomic range separation d between electronic and
electrolyte ion charge at the electrode surface deliver higher capacitance value
than the conventional electrostatic capacitor. The high surface area enables a
large amount of charge to get stored, which increases its energy density over
the electrostatic capacitor. The charge and discharge process are purely
electrostatic, no chemical reactions are involved, and it delivers high-power
density [34].
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Electrochemical Supercapacitors 11

Classification of Supercapacitors Based on the Charge Storage
Mechanism

Electric Double-Layer Capacitor (EDLC)
(Capacitive Mechanism)

The electric double layer is a capacitive mechanism, which is seen in a device
due to the application of electrostatic force. This bilayer formation is observed
when the electronic conducting electrode material is immersed in an ion-
conductive electrolyte. The arrangement of charges is noticed at the electrode—
electrolyte interfaces, which is also called bilayer formation. The capacitance
arises from the electrode potential-dependent accumulation of electrostatic
charges at the interface. The most significant feature of EDLC is that no charge
transfers occur between electrode and electrolyte interfaces [35]. Since a pure
EDLC’s charge storage process is non-Faradaic, no charge or mass is
transported across the electrode-electrolyte interface during charging or
discharging, leaving only electrostatic energy to be stored. In contrast to the
Faradaic processes commonly found in battery electrodes, electrostatic
interactions do not harm the structure and stability of the electrodes, so EDLCs
can withstand 1,000 000 cycles of charge-discharge in organic electrolytes
with less than 10% degradation. However, compared to rechargeable batteries,
these devices’ energy density is an order of magnitude smaller [36]. High
power density and extended cycle life are two characteristics of EDLC.
However, owing to the limited surface area, its energy density and specific
capacitance are unsatisfactory [37].

During the discharge process, the reverse process takes place. No charge
transfer occurs during charging and discharging. This shows that the
electrolytic ion concentration remains constant [38], as shown in Figure 3. The
capacitance arises from the physical adsorption of electrolyte ions at the
electrode surface [39]. The whole charging and discharging mechanism of
EDLC electrode material can be expressed by the following equations.

On the positive electrode,

charging _ discharging

Si+A —— St IIA +te ——— S, + 4 (3)
On the negative electrode,

charging  _ discharging
S, +4Ct+e”— S, I Ct———S5,+CT +e” 4)
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Figure 2. Schematic illustration of charge/discharge process in EDLC. (a) The
charging process, (b) EDLC after charging, and (c) the discharging process [38].
Adapted with permission from Ref. [38] (Copyright 2018, MPDI).

The two electrode surfaces are expressed as S; and S,, anions are
expressed as A-, cations are expressed as C*, and electrode—electrolyte
interface is depicted as follows [40]. The formation of the bilayer at the
interface and the interaction of electrolytic ions at the electrode surface are
explained by several theories and models [41].

Helmholtz Model

This model explains the simplest theory for the spatial distribution of charges
at the bilayer interfaces. The theory considers a rigid layer of charges, which
is formed to counterbalance the charges from the electrode surface. The
distance d is the distance between the layer of two opposite charges. Although
this model is the simplest, it does not explain the other phenomena of double-
layer formation [42].

Gouy—Chapman or Diffuse Model

This model explains that ionic charges are present in the electrolyte
surrounding the charged particles but they are not rigidly attached to the
charged surface. This theory contradicts the Helmholtz theory, which explains
that electrolytic ions are rigidly attached to a charged surface at distance d.
The electrolytic ions diffuse over a distance into the liquid phase forming a
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diffuse layer. The kinetic energy of the ions partially determines the thickness
of the diffuse layer. Gouy—Chapman’s theory for double-layer formation
follows Boltzmann distribution for ions, where ion concentration plays an
important role to explain the thickness of the diffuse layer. For a highly
charged double layer, this model fails to explain the charge accumulation [42].

Stern Modification of Diffuse Double Layer

The Gouy—Chapman model assumes that the ions are point charged and an
approach to the charged surface with no limits. Stern modified this assumption
by assuming that ions possess finite sizes. So, ions can approach the charged
surface having some distance. The Stern model depicts that there is a surface
adsorbed ion in the plane having distance 8, where 9 is the distance of the first
layer of ions from the surface. This layer is called the Stern layer. This layer
consists of electrolytic ions, which strongly get adsorbed at the electrode
surface resulting in the formation of a compact layer called the inner
Helmholtz plane (IHP). After this layer, poorly adsorbed counter ions form
the outer Helmholtz plane (OHP), y denotes the potential, and yo is the
electrode potential. The Stern model explains a better approach to reality than
the other two models. The above model provides a satisfactory explanation for
the double-layer formation on the plane surfaces. These models have a major
shortcoming to describe real charge distribution in a hierarchical pore structure
containing pores of multiple sizes and shapes. The pore size greatly influences
the mobility of ions, where a very small pore size makes it inaccessible for
ions to get adsorbed, hence not contributing to the double-layer formation
[42]. This suggests that there is no linear relation between the capacitance of
the material and its specific surface area. Generally, the surface area of the
electrode material is measured by the small gas molecules such as nitrogen,
argon, and helium, whose size is smaller than electrolytic ions. So, the process
of charge/discharge in an electric double-layer capacitor involves the
rearrangement of ions at the electrode surface, without undergoing any
Faradaic reaction. This makes it highly reversible having extremely large
cyclic stability [42].
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Component of Supercapacitor

The supercapacitors’ parts and structure resemble those of batteries. A
supercapacitor device’s parts are made from [43]:

Electrode material
Electrolyte material
Current collector
Binders

Separators

arwpE

Electrode Material

Since the sort of electrode-active materials utilized determines how much
charge can be stored inside a supercapacitor, the electrode is part of the
supercapacitor that is active. Good electrical conductivity, a high surface area,
a strong porous structure, and good redox activity are all qualities that
electrodes should possess. There are many types of an electrode material such
as [44]:

Carbon-based electrode material
Perovskites

Metal oxides

Conducting polymers
Composite materials

arwbdE

Carbon-Based Electrode Material

Because the performance of these devices depends greatly on the electrode
materials, carbon-based nanomaterials have emerged as incredibly promising
components [44]. In this item, the different forms of carbon and their
performance in the manufacture of supercapacitors were discussed.

Activated carbon: was the first material chosen for EDLC electrodes [44].
Even though its electrical conductivity is approximately 0.003% that of metals
(1,250 to 2,000 S/m), it is sufficient for supercapacitors, it is derived from
biomass have become one of the most promising electrode materials for
supercapacitors due to their reproducibility and low cost, it has abundant pore
structure and high specific surface area, which is the ideal material for
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supercapacitor electrodes. The conductivity of the material is also affected by
the particle size of activated carbon and the density of its active layer, it can
often achieve capacitances as high as 100 to 200 F. in aqueous electrolyte
systems and 50 to 150 F in organic media [45]. Activated carbon can be
produced in two steps and involves either chemical or physical activation from
various types of carbon-rich organic precursors such as fossil fuels, coke or
synthetic polymers, wood, and coconut shells. In this section, the manufacture
of activated carbon from many different sources and its electrochemical
properties were discussed [45, 46]. Table 1 shows some different sources of
activated carbon.

Carbon Aerogel: a type of high-surface-area material produced via sol-
gel chemistry. Because of their high mass-specific surface area, electrical
conductivity, environmental compatibility, and chemical inertness, they are
particularly promising materials for a wide range of energy-related
applications [54]. Aerogels are an open-cell foam category that contains
materials with unusual properties such as low mass densities, continuous
porosities, and huge surface areas. These unique properties are due to the
aerogel microstructure, which is typically composed of three-dimensional
networks of connected primary particles the size of a nanometer. Sol-gel
chemistry is used to transform molecular precursors into strongly cross-linked
inorganic or organic gels, which can subsequently be dried using specialized
processes (such as supercritical drying, freeze drying, etc.) to maintain the
fragile solid network. Polymerization of multiple-functional organic species
into three-dimensional polymer networks for organic and carbon aerogels is
involved in this process [55]. Brunaver, Emmett, and Teller (BET) surface
measurement, constant-current charge-discharge [56]. Table 2 illustrates the
attributes of several aerogel production methods.

Graphene: is a novel advanced carbon material with a distinctive shape
[44], and it is expected to be a strong conductor due to its improved
conductivity, due to graphene’s large specific surface area, which can reach
2630 m?/g [57]. Table. 3 displays the features of various graphene
manufacturing processes. The highest capacitance was discovered in graphene
oxide, which was attributed to oxygen functional groups, which also caused
pseudo-capacitance [58].

Carbon nanotubes: They are cylindrical nanostructures with near-1-
dimensional structures. The cylinders are made up of graphitic carbon walls
that come in single, double, and multiwall varieties (MWNTS) [44].
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CNTs have a distinct structure, a narrow size distribution in the nanometer
range, a large amount of easily accessible surface area, low resistance, and
excellent stability [60], functionalized MWCNTSs had a specific area of 430
m?/g, a gravimetric capacitance of 102 F/g, and an energy density of 0.5
Wh/kg obtained at 1 Hz on a single cell device [61].

Perovskites Are a Type of Energy-Storage Molecule

Known as a “Halide”

Although oxygen-anion intercalation has been proposed as a charge storage
method for perovskites, and numerous perovskites have been described as
pseudocapacitance materials, many researchers are still confused to which
category of energy-storage material perovskites belong. Perovskites retain
their crystal structure during charge and discharge due to the oxygen-anion
intercalation mechanism that explains how they store charge. This hypothesis
proposes a way for intercalating pseudo-capacitors. However, lithium-ion
battery behavior in terms of lithium-ion intercalation has been explained, and
phase transitions exist. Concurrently with the publication of this method, the
LaMnOs used in the study demonstrated pseudo-capacitor behavior and
transmitted an easily confused signal, implying that perovskites were
pseudocapacitance materials. Another misunderstanding is that all perovskites
are pseudocapacitance materials, which results from a long-standing
misunderstanding of the terms “pseudo-capacitor” and “battery.” Perovskites’
electrochemical properties are investigated in order to classify them as either
pseudocapacitance or battery-like materials [62].

The CV curves of Lao.75Sr0.1sMn0O3 [63], LaNiOs [64], and SrCo0O3 [65]
electrolytes in KOH were previously discussed. Every perovskite of them,
with the exception of Lag75Sro1sMnQs3, has a pair of redox peaks. The
Lao.7sSro.1sMnO3 curve is structured like a raked rectangle, with nearly
continuous anodic and cathodic redox peaks. As a result, Lao.75Sro.1sMnQOgis a
pseudo-capacitor material that can be used as a perovskite electrode [63],
however the redox peaks of LaNiO3 [64] and SrCoOs [65] are very different.
These should be regarded as pseudo-capacitor material. In that situation, their
integral area should be as small as possible inside a section of the potential
window, and their capacitance should be independent of it. As the potential
window spanned from 0.2 to 0.45 V, the integral area of LaNiO3z became
significantly larger. However, it was insignificant when the window ranged
from 0 to 0.2 V, showing that minerals such as LaNiOg are insignificant [64].
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Table 4 summarizes some of the results from the previous studies [66-74]
on perovskite electrode materials for anion-intercalation supercapacitors. The
research on anode perovskite materials grows to include diverse perovskites
such as A site element-doped A1-x A’xMnQ3 perovskites, B site element-doped
AB1.x B'xO3 perovskites, and perovskite composites such as LaMnQO3/SiO».

Metal Oxides

As electrode materials for pseudo-capacitors, transition metal oxides, such as
ruthenium oxide (RuOy), cobalt oxide (Cosz04) and manganese dioxide
(MnOy) and nickel oxides (NiO) have received extensive research [75],
Transitional metal oxide materials have been identified as promising
candidates to be used as electrodes of energy storage devices because of their
accessibility, abundant reserves, environmental friendliness, and other
intriguing qualities like their large surface area, varied constituents and
morphologies, and high theoretical specific capacitance [76]. Table 5 displays
how various metal oxide electrodes behave [77-81].

Conducting Polymers

Conducting polymers (CPs), which have a unique combination of features
including tunable electrical conductivity, ease of fabrication, light weight, and
ease of processing, have recently attracted the interest of the research
community. These distinctive properties enable the usage of CPs in a wide
range of exciting applications, including contemporary electrochemical
devices. Two popular synthesis strategies for the creation of CPs are chemical
and electrochemical polymerization methods. It is easy to customize the
electrical conductivity of CPs by adjusting the doping kinds and
concentrations [82], CPs are another class of pseudocapacitive materials.
Among the most popular varieties (PEDOT) are polypyrrole (PPy),
polyaniline (PANI), and poly-(3,4)-ethylenedioxythiophene, which have
theoretical maximum specific capacitances of 1000 F/g, or nearly twice as
high as EDLC[83], The intrinsic conductivity of CPs is a result of this sort of
bonding because the basic polymer chain of CPs contains both single and
double bonds[82]. Physical proprieties of some conducting polymers are
collected in Table 6 [83-88].
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Composite Materials

A macroscopic blend of two or more distinct materials with a finite interface
is referred to as a composite material. Due to their superior bending, stretching,
and compression capabilities compared to single-component materials,
composite materials with particular components and distinctive architectures
have recently attracted a lot of interest as flexible EES devices [90].

ZnO Based Composite Material

Due to their benefits like low-cost, high-energy density, good electrochemical
reversibility, environmental protection, high specific capacitance, good
cycling stability, high power density and simplicity of preparation, composite
materials based on zinc oxide are promising materials for advanced
supercapacitors. ZnO composites with a variety of other materials have been
attempted by researchers, as shown in Figure 3 [91].

| I =N |

8 T ZnO-NiO-
Au

ZnO- ZnO-NiO-
Mno2- Co304
Au
ZnO.

2 Zno-
MnO2-
NRS-CuS- MnO2-
PEDOT Carbon

Figure 3. Some of ZnO based composite materials for advanced SCs.

The ideal porous electrode composite materials for supercapacitor
electrodes have a large surface area, a suitable pore size, and a short electrolyte
ion diffusion distance in the pore channels. Porous silicon composite zinc
oxide nanoparticles with exceptional cycle performance and stability have
been produced by combining vacuum filtration, homogenizing, and
hydrothermal methods. The composite material of the specific capacitance is
40 times greater than pure porous silicon, measuring at 3.9 mFg* [92]. The
combination of increased electrical conductivity and high-performance
electron and ion transport channels has attracted the most interest in research
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for high-performance supercapacitor applications in binary metal oxides with
well-morphologically optimized electrode materials. A straightforward
coprecipitation method produces ZnCo,04nanoparticles using NaOH and urea
as precipitation ingredients. A composite material has been made to increase
electrical conductivity by adding the proper carbon material, such as carbon
nanotubes (CNT). The three-electrode method was used to calculate the
generated material’s specific capacitance, and the most efficient
ZnCo,04/CNT electrode produced a moderate 888 Fg* capacitance at 1 Ag™*
in 3M KOH with 94.72% cycling stability still present after 5000 charge-
discharge cycles [93].

Carbon-Based Composite Materials

Carbon-based composite materials have received interest as supercapacitor
electrode materials because of their extensive surface area and solid
electrochemical conductivity. Many scientists have created carbon-based
composite supercapacitors with high specific capacitance and outstanding
cycle stability. Hence, carbon composites are a material that shows the highest
promise for supercapacitor electrodes [94].

Zhou et al. reported a supercapacitor made of graphene nanowalls (GNW)
on nickel foam with a capacitance of 0.053 F/cm? using a three-electrode
configuration with a scan rate of 50 mV/s. After 800 rounds of charging and
discharging, the electrode only slightly deteriorated (10%) [95]. An all-solid-
state bendable supercapacitor was created using MWCNTSs/PEDOT as the
electrode material and PVA-H3:PO. gel as the electrolyte. The device
illustrated wearable electronics’ potential and showed an accurate capacitance
of 32.06 mF/cm? [96]. Multiwalled carbon nanotube graphene oxide,
nanoribbon@graphitic carbon nitride/NiCo layered double hydroxide/nickel
foam (MWCNTs-GONRs@g-CsN. /Ni single bond Co-LDH/NF), also known
as MW-CN-LDH, is prepared by a single step microwave-assisted method
using MWCNTs-GONRs@g-CsN4 as a novel carbon composite material.
Adhesives and electrode impedance are both prevented. Consequently, the
MW-CN-LDH electrode exhibits outstanding efficacy (75.81% capacitance
retention at 20 Ag) and high specific capacitance (2532.80 Fg* at 1 Ag™).
With a high capacitance of 193.36 Fg* and a high cycle life of 91.92%
capacitance retention after 10,000 cycles, the MW-CN-LDH/AC (active
carbon) supercapacitor is an excellent choice. The greatest energy density is
also attained (77.61 Wh kg at 0.85 kW kg?). With this synthetic technique,
high-performance supercapacitors can be produced rapidly, paving the way
for their widespread use in the future [97]. The solvothermal method and
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calcination successfully manufacture a composite cotton carbon/Co-Ni-Mn
LDH (CCO/CNM) material that combines cotton carbon with the metal-
organic framework (ZIF-67). Concurrently, the effect of load on the sacrificial
template CCO/ZIF-67 and the electrochemical performance of CCO/CNM are
investigated further, and it is discovered that the optimized CCO/Co-Ni-Mn
LDH-2 (CCO/CNM-2) composite electrode has outstanding electrochemical
characteristics. CCO/CNM-2 electrode materials with high specific
capacitance may be computed with a current density of 1 A g** as 2995.56 F
gt. Moreover, when the current density is adjusted to 10 A g1, the capacitance
value retains 91.8% of its original capacitance after 5000 charging and
discharging cycles [98].

Perovskite Oxides: Selecting the Appropriate Ones for Their Desirable
Electrical Properties
The electrical properties of perovskites are influenced by their structural
makeup. When the B element is replaced by the B’ element, a larger 180° angle
and a shorter bond length are produced, which essentially decide the (B-O-B)
angle and the B-O bond length of the material [99]. The B sites are displaced,
and the A ion’s radius is reduced when other B’ elements are doped. The B’
and B degeneracy thus becomes better. The perovskites become silverier
[100]. Another change and potential growth are in the number of oxygen
vacancies. Diffusion resistance decreases as the quantity increases [101]. Even
more intriguingly, the temperature can affect the (electrical properties). Due
to their structure’s high stability and high oxygen diffusion rate, distinguishing
them from metals, most perovskites can achieve high conductivity at high
temperatures [102]. The perovskite structure affects additional characteristics
like catalytic activity [103], Magnetism [104], and thermoelectricity [105].
The oxygen vacancy significantly impacts the conductivity and ionic
movement of electrode materials. The electrical characteristics of PrBaMn2Oe-
5 (f-PBM) and its reduction to PrBaMn,Os.; were studied by Liu et al. [106].
The specific capacity of r-PBM is considerably higher than that of f-BPM,
which is 64.21 mA h g%, at the same current density of 1 A g* (462.3 F g1).
The overall density of states for both materials and the oxygen diffusion rate
were measured to comprehend this occurrence better. Compared to f-PBM, r-
PBM has a considerably higher oxygen diffusion rate. Additionally, until the
decrease time reaches (45 min), the oxygen diffusion rate of r-PBM rises,
suggesting a suitable oxygen vacancy concentration that will increase the
oxygen diffusion rate. Perovskite structure may be destroyed by a rise in
oxygen vacancy concentration, which would lower the oxygen diffusion rate.
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r- PBM with a single cubic phase shows the orbital crossing of the fermi level
in terms of the total density of states, proving its metallic property in the
ground state by density functional theory. The hexagonal phase of f-PBM, in
contrast to the cubic phase, has a tiny band gap of 1.39 eV, indicating poor
electronic conductivity. The electrochemical performance of perovskite
electrodes may be improved by increasing the oxygen diffusion rate and
conductivity at the right oxygen vacancy content. Element doping, as covered
in the chapter after this one, could modify the oxygen vacancy content in
perovskites. Calcium doping was used by Mo et al. [107] to regulate the
oxygen vacancy concentration of LaMnOs. La;-«CaxMnOs plates’ electrical
properties were studied using electrochemical impedance spectroscopy. (EIS).
The electrode materials LaggCao2MnOs3, Lao.s7Ca0.33Mn0O3z, LagsCaosMnOs,
and Lao25Cag7sMn0O3 had internal resistances (Rs) of 2.22, 2.17, 2.13, and
2.36, respectively. These electrodes’ charge transfer resistance (Rct)
calculated values were 4.58, 1.21, 2.16, and 16.58, respectively. Rct and Rs
were correlated with the charge transfer rate in electrode materials and the
conductivity of the electrode material, respectively. Similar conclusions were
made by Lang et al. [108] and Cao et al. [109] regarding the relationship
between the oxygen passage rate in perovskites and the charge transfer rate in
electrode materials. The oxygen vacancy concentration of perovskites rises
with adequate element doping, which raises conductivity and oxygen diffusion
rate. The fourth period and the transition metals of the VII B and VI groups,
particularly manganese, iron, cobalt, and nickel, have received the most
attention in studies on perovskite electrode materials for anion-intercalation
energy storage devices up to this point, with other transition metals being
infrequently investigated. B site elements should be selected from the subset
IV B to VIII because A site elements have bivalent or trivalent valence. Most
of the B site elements’ valences are +2 and +3 when the oxygen in perovskite
is sub-stoichiometric; otherwise, some of the B site elements’ valences are +4.
As was already mentioned, the valence shift of the components in the B site
primarily controls the charge storage of perovskite. The ionization energy of
B site elements is influenced by both the stored charge and the reversibility of
faradic redox. Similar to the valence change ionization energy differential of
Mn, Ti, Zr, V, and Nb also have high ionization energies. In addition to those
previously mentioned, Mn, Fe, Ni, and Co these elements may have promise
as perovskite electrode B site components.

For cation-intercalation-based supercapacitors, significant research has
been done on materials like Nb,Os [110] and TiO. [111]. However, both
exhibit poor conductivity and limited specific capacitance [112]. Additionally,
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Nb and Ti have valences of +5 and +4, respectively. Nb,Os and TiO- have few
uses for anion-intercalation supercapacitors because they are infrequently
subjected to further oxidation. Lag3sNbOs [113] with a perovskite-like
structure is used in all-solid-state lithium-ion electrolytes because lacking the
A site promotes lithium-ion transfer. Nb is primarily found in the +4 and +5
valence states concerning oxygen gaps. La0.33NbO3 can be used as an anode
in a supercapacitor that uses anion intercalation. After hydrogen treatment, Pb
(Zr, Ti)Os exhibits the same reduction in resistivity as a traditional
piezoelectric ceramic [114]. Because of the low resistivity created after
appropriate hydrogen treatment due to the increased Ti®* and Zr3* acquisition
due to this phenomenon, decreased Pb (Zr, Ti)Osz can function as an anode for
an anion-intercalation supercapacitor. Further oxidation of these valence-low
elements may produce a cathode with a high specific capacitance. The oxygen
vacancy content can be controlled in a variety of ways to enhance the
electrochemical performance of perovskites. Many (perovskite oxides) should
be investigated further as anodes for anion-intercalation supercapacitors.

Other Composite Material

Due to their high electronic conductivity, variable oxidation states, large
surface area, and porous structure, transition metal dichalcogenides-based
composite materials have recently gained popularity as supercapacitor
electrode materials. A composite material based on MoSe; as electrode is
prepared using a conventional one-step hydrothermal strategy, and M@AC
1.5 electrode displays the highest specific capacity of all prepared composite
electrodes (514 F g* for voltage window 1 V at a scan rate of 10 mV s? in
KOH electrolyte solution) [115]. Composite materials made of FesO4 and poly
pyrrole (FesOs@PPy) could be synthesized selectively to improve the
conductivity of hybrid materials. When used as an electrode material for
supercapacitors, the resulting Fes04@PPy composite material displays a high
specific capacitance of 290.2 F g* at a current density of 1 A g. To further
improve energy density, the asymmetric coin supercapacitor (FesOs@PPy/
MoO:s) has been developed. It exhibits a high energy density of 26.6 W h
Kg* as well as a power density of 700 W Kg [116]. A composite material
electrode composed of NiCo0,04 and MnO. was produced by using a
hydrothermal method, electrodeposition, annealing, and simple drying. A
number of electrochemical experiments were then used to measure the
electrochemical properties. The final electrode displays a pleasing cycling
stability of 87.5% (3000 cycles) and a noteworthy specific capacitance of
1485.24 F.g* (2 A g) in contrast to the starting electrode [117].
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The simple hydrothermal method used to create the SnS,/g-CsNa
composite has shown it to be a viable option for the electrode materials used
in supercapacitor uses. Even at a relatively high current density of 10 A g,
the SnS,/g-C3sN4 composite shows good cycling stability with capacitance
retention of 95.8% after 15000 cycles. Additionally, it exhibits a reasonable
specific capacitance of 552 F.g*! at 0.5 A g current density in 3 M KOH
[118]. Using a straightforward chemical process, core-shell nanostructured
NiCo2S4@NiV-LDH/NF composite material was produced. NiCo2Ss@NiV-
LDH/NF-1, NiCo.Ss@NiV-LDH/NF-2, and NiCo,S4@NiV-LDH/NF-3 were
also created by changing the concentration of sulphur. Due to the components’
synergistic reactivity, the NiCo0.Ss@NiV-LDH/NF-2 composite material
shows good electrochemical performance. The specific volume is 1778.8 C g
lat1 A g (3557.6 F gt). Furthermore, a conventional hybrid supercapacitor
was constructed using biochar (BC) as the negative electrode and a mixture of
NiCo2S4@NiV-LDH/NF-2 as the positive electrode. It is noteworthy that the
NiCo0,Ss@NiV-LDH/NF-2//BC gadget has a power density of 749.98 W kg
and an energy density of 120.81 Wh Kg* [119].

A composite of graphene with MnOz nanorods is created and evaluated as
an electrode material for supercapacitor devices using hydrothermal oxidation
of Mn-precursor on a graphene surface. The performance of the composite
electrode in a symmetric device creation using galvanostatic charge-discharge
revealed a high energy density of 42.7 Wh kg, which is equal to a specific
capacitance of 759 F.g* [120]. In a hydrothermal process, polydopamine-
modified graphene sheets were used to absorb metal ions. After being
pyrolyzed, graphene-supported NiMoO4 nanorod composite materials were
created. NiMoOa4 nanorods were equally dispersed across the surface of a
thinned-out graphene oxide layer under vigorous electrostatic adsorption. A
73% capacitance retention rate was achieved after 5000 charging and
discharging cycles in an asymmetric supercapacitor made of activated carbon
that had an energy density of 48 Wh kg™ at a power density of 800 W kg.
The specific capacitance of the composite material was measured at a current
density of 1 A g* to be 856 F.g* (514 C g*). As a result, hybrid materials
made of PDA-rGO@NiMoO, offer great potential as supercapacitor electrode
materials [121].

On nickel foam, a composite material composed of reduced graphene
oxide (rGO) and RuCo204 was produced using a one-step hydrothermal
method and an annealing process. (Which serves as a conductive substrate to
support the composite). The created electrodes (RuCo,04/rGO@NF) exhibit
remarkable electrochemical performance at 2283 F.gt at 1 A.gt. At 10 A.g?
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of current density, the electrodes’ specific capacitance is 1850 F.g™, retaining
81% of the initial specific capacitance. The created electrodes also have an
extended cycling life with capacitance retention of 92.60% after 3000 cycles
under a current density of 10 A g*. So, the composite material is a potential
electrode material for high-performance supercapacitors [122]. On a nickel
foam (NF) substrate, a porous flower-like microsphere structure composite
made of gadolinium oxide (Gd»Os3), tricobalt tetraoxide (Co3O4), and reduced
graphene oxide (rGO) was created using the hydrothermal synthesis method
and annealing process. This material can be used as an electrode material for
supercapacitors without the need for a conductive adhesive or binder. The
Gd203/Co30.4/rGO/NF composite electrode has a specific capacitance of 3616
F.g* at a current density of 1 A.g™t. The impact of temperature on the charge
storage capacity of SCs has also been extensively researched for usage in real-
world applications, with a specific capacitance of up to 4425 F g and
capacitance retention of 93.3% (40,000 cycles). The supercapacitor maintains
good performance up to 60°C (368.3 Fg). When cooled to 0°C, it can provide
a specific capacitance of 415 F.g* [123]. The physical characteristics of some
composite material are listed in Table7.

Electrolyte Materials

Supercapacitor performance depends heavily on electrolyte, which is one of
the components and the most important one in determining the performance
of any electrochemical energy device. It is crucial to think about any potential
interactions and compatibilities between the improved electrolytes being
developed for any electrochemical device and the electrode materials and
other electrode components [124]. Wide voltage window, high
electrochemical stability, high ionic concentration and conductivity, low
viscosity, and low toxicity are all characteristics of an excellent electrolyte
[125].

The choose of the electrolytes is based on the ions’ types and sizes,
concentrations, electrode materials, interactions between the solvent and the
ions, and more. It’s crucial to note that the pore size of the electrode material
must be less than or equal to the size of the ions in the electrolyte [126].
Common electrolytes come in three different varieties: aqueous, organic
liquid, and ionic liquid, Water-soluble aqueous electrolytes with strong ionic
conductivity and low internal resistance include KOH and H,SO. [125].
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So, compared to capacitors having organic electrolytes, supercapacitors using
an aqueous electrolyte solution may have a greater capacitance and more
power. Aqueous electrolytes also have a significant advantage over organic
electrolytes in that they can be created and used with less severe production
process control, whereas organic electrolytes need exact preparation methods
in order to produce pure electrolytes [127].

The design concepts for perovskite electrode materials, which may be
broken down into the following categories, can be elucidated based on the
charge storage mechanism of perovskite oxide electrodes. A Create perovskite
oxide elements with high oxygen vacancy concentration, low valence state of
B site elements, BOB bond angle close to 180°, and BO bond length shorter
by replacing A and B sites with other elements [128]. Low A-site valence
substitution may raise the valence of B-site elements or increase the
concentration of oxygen vacancies, according to the structural theory of
perovskite oxides [129]. Yet, while the oxygen vacancy concentration is
unaffected, substitution with high A-site valence can lower the valence of B-
site or A-site elements. More hydroxide anions are intercalated via the
electrode surface as a result of the increased concentration of oxygen
vacancies, which promotes the diffusion of hydroxide anions from the
electrolyte to the electrode. More hydroxide anion intercalation via the
electrode surface is caused by increased hydroxide anion diffusion from
electrolyte to electrode at higher oxygen vacancy concentrations. On the other
hand, the potential specific capacitance is constrained by increases in the
valence of the B site element. Hence, replacing a high valence A site is a faulty
method for enhancing the electrochemical efficiency of perovskite. Although
theoretical specific capacitance is challenging to accomplish, the method can
be utilized to enhance electrochemical performance in a variety of ways.
Hence, replacing a high valence A site is a faulty method for enhancing the
electrochemical efficiency of perovskite. Due to the difficulty in achieving
theoretical specific capacitance, the method can be utilized to enhance
electrochemical performance by helping diffusion and intercalation as well as
somewhat lowering internal resistance [129].

Types of Electrolytes

When dissolved in water, chemical molecules called electrolytes can separate
into ions. This aqueous solution can carry electricity thanks to these ions. The
electrolyte must be an ionic composition to disintegrate into its ions. Cations
and anions are the building blocks of ionic compounds [130]. These ions are
evenly distributed across the entire solution. In that case, the solution has no
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electrical charge. The ions in this solution begin to migrate when an external
electrical current is applied. Cations travel to the electrode’s area with the
highest electron density. Anions frequently shift to the other electrode. An
electric current flow through the solution as a result of the ion mobility [131].
Electrolytes in supercapacitors are divided into three categories:

1. Liqgid electrolytes.
2. Solid- or quasi-solid-state electrolytes for Ess.

Liquid Electrolytes: (Aqueous Electrolytes)

Generally, in attention of power density, aqueous electrolytes are a low desire
for industrial ES merchandise because of their slim voltage windows. This
may also be One of the essential motives why maximum business Ess use
natural electrolytes instead of (agueous electrolytes) [132]. Normally, aqueous
electrolytes show off excessive conductivity (for example, approximately zero
S cm2 for 1 M H,SO, at 25°C), that is at the least one order of significance
better than That of natural and ionic liquid electrolytes. This is useful for
decreasing the ESR, leading to a higher energy shipping of Ess. The choice
standards for aqueous electrolytes Commonly considers the sizes of naked and
hydrated cations and anions and the mobility of ions, which influences now
no longer most effective the ionic conductivity however additionally the
specific [133]. Capacitance value. an electrolyte’s ESPW and the corrosive
diploma should be taken into account. In general, aqueous electrolytes may be
grouped into acid, alkaline, and impartial Answers wherein H,SO4, KOH and
Na;SO4 are representatives and additionally the most Often used electrolytes
[134].

Enormously slim ESPW, limited through the decomposition of water. For
example: (hydrogen evolution) happens at a bad electrode capacity of = zero
V vs. SHE, and oxygen evolution at a high-quality electrode capacity of round
1.23 V), the ensuing ES has a mobile lar voltage approximately 1.23 V. The
fuel line Evolution could doubtlessly reason the rupture of the ES cells,
threatening the safety. The lowering the performance keep away from the fuel
line evolution, the mobiliary voltage of Ess with aqueous electrolytes is
usually limited to approximately 1.to zero V [135].

Strong Acid Electrolytes

Because of its extremely high ionic conductivity (0.8 S cm for 1 M H,SO4 at
25°C), H2S04 is the acid electrolyte that is most frequently utilized for
aqueous-based EESs. A significant factor influencing its conductivity is the
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H2SO.4 concentration. Regarding this, some recommended concentrations to
reach the H.SOs electrolytes’ maximal ionic conductivities at specific
Numerous studies have been done on temperatures. The ionic conductivity of
the water is typically. If the concentration is too high or too low, electrolyte
levels can be lowered Because the H>SO. electrolyte’s maximum ionic
conductivity is attained at 1.0 M concentration. Most investigations at 25°C
employ (1.0) M H,SO. electrolyte solution, especially for those ESs that
employ electrode materials based on carbon [136].

Acid Electrolytes for Electrical Double-Layer Capacitors

The majority of comparative studies found that the EDLCs’ individual
capacitances, obtained in the H,SO4 electrolyte, are superior to those obtained
in the neutral electrolytes. The ESR of Ess with H2SO4 as the electrolyte is
typically lower than that with the impartial electrolytes because of the higher
ionic conductivity of H,SO4 [137]. Previous research has also found a
relationship between the specific capacitance of the activated carbons and the
electrolyte conductivity, with the unique capacitance multiplying with
increasing the electrolyte conductivity. Considering about the ion mobility,
which is closely related to the electrolyte conductivity, will help you
understand this. The H>SOs electrolyte-based EDLCs have higher specific
capacitances than other types of EDLCs, as is typically found. Even while
employing the same electrode materials. This could imitate the unique
interactions between the electrode materials and the electrolytes that are
brought about by particular electrolytes [138].

Acid Electrolytes for Pseudocapacitors

Due to the low power density of EDLCs, significant efforts had been made to
growth the price of the strength density with the aid of using exploring
different kind of Ess, like pseudocapacitor, for carbon-primarily based totally
electrode substances, it became observed that the specific Capacitance in
aqueous H.SO. electrolyte additionally covered a few pseudocapacitance
Contributions except the electrostatic EDL capacitance [139]. Fast redox
reactions that occurred at particular floor functions, including oxygenated
carbon species, are what are responsible for this. By adding heteroatoms or
sure-floor beneficial groups (such as anthraquinone) to the carbon material
surfaces, this pseudo capacitance may be made much greater. It must be
stressed that the electrolyte’s characteristics have a significant impact on the
pseudocapacitive properties of carbon-based materials since the surface
functionalities respond differently with different electrolytes [140].
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Strong Alkaline Electrolytes

Among of the most often utilized types of aqueous electrolytes in literature.
As contrast to more acidic electrolytes, some commercially available metal
materials, including Ni, can be used as the current collectors for ESs. Due to
its high ionic conductivity (maximum value of 0.6 Scm™ for 6 M at 25°C)
[141], KOH has been the most commonly utilized alkaline electrolyte, but
alternative base electrolytes like NaOH and LiOH have also been studied.
These alkaline electrolytes can be used in carbon-based EDLCs as well as
pseudo capacitors constructed of Ni(OH), and Cos0a4., and carbon-based
EDLCs can all use these alkaline electrolytes.

Alkaline Electrolytes for Double-Layer Electrical Capacity

The values of aqueous KOH electrolyte-based EDLC specific capacitances
and energy densities published in the literature are frequently comparable to
those of H,SO, electrolyte-based values. Strong acid electrolytes have
attracted a lot of attention, along with efforts to boost the energy densities of
ESs using base electrolytes by raising capacitance and enlarging the operating
voltage window [142]. Improving the capacitance of carbon-based electrode
materials, Pseudo-capacity contribution is introduced. The creation of
materials with high specific capacitance for pseudo-capacity [142]. In general,
the positive electrode is different from the positive electrode in these
asymmetric Ess. negative electrode. The positive electrode is a battery type
(Ex: Ni(OH)2). Also, Pseudo The Faraday reaction stores charge in a
capacitance (EX: RuO») [143]. And the (negative electrode), where electric
charge is stored EDL, is primarily an electrode made of carbon. According to
[145], KOH electrolyte effectively increases the operating cell voltages for
these asymmetric Materials, which are 1.7 V for carbon /Ni(OH), and V for
carbon/Co(OH).

Neutral Electrolytes

Together with acidic and alkaline electrolytes, neutral electrolytes have also
been thoroughly investigated for ESs [144]. This is due to their advantages,
which include (higher safety, smaller corrosion, and larger operating potential
windows). The typical conducting salts in the neutral electrolytes include Li
(like LiCl, Li2SOa, and LiClO4), Na (like NaCl, Na S04, and NaNOs), K (like
KCI, K2S04, and KNO3), Ca (like Ca (NO3)2), and Mg (like MgS0O.). Na2SO4
is the most commonly used neutral electrolyte among them and has been
discovered to be a promising electrolyte for several pseudo capacitive
materials (especially MnO»-based materials). Even though some studies have
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concentrated on EDLCs, the majority of these neutral electrolytes are used in
hybrid ESs and pseudocapacitors [146].

lonic Liquid-Based ES Electrolytes

According to standard definitions, ionic liquids (ILs), also known as low
temperature or room temperature molten salts) are salts that are formed solely
of ions (cations and anions) and have melting points below 100°C. lonic liquid
electrolytes’ overall composition, properties, and ES performance [147]. An
IL is often composed of a large, asymmetric organic cation and either an
inorganic or organic anion; this unusual combination of a particular cation and
anion contributes to the low melting point of an IL. Due to their unique
structures and characteristics, ILs have recently gained a lot of interest as
potential substitute electrolytes for ESs because of their distinctive structures
and features. High thermal, chemical, and electrochemical stability, minimal
volatility, and non-flammability are only a few of the possible benefits of ILs
in typical conditions depending on the combination of cations and anions. ILs’
physical and chemical properties are also Optimized or modified to satisfy
specific ES performance parameters, including operative cell voltage,
operating temperature range, ESR (related to ionic conductivity), and others.

Solvent-Free lonic Liquids

The main challenge in creating or choosing solvent-free ionic liquids with
strong ionic conductivity, big ESPW, and wide temperature range is to build
ILs for EDLCs [148]. It has taken a lot of effort to develop different alternative
ILs based on the tunable properties of ILs to adjust the structure of the anion,
the cation, or both as well as the IL composition itself in order to get around
these shortcomings.

Solid- or Quasi-Solid-State Electrolytes for Ess

Solid electrolyte-based electrochemical energy devices have gained a lot of
attention recently due to the constantly expanding need for wearable
electronics, wearable electronics, microelectronics, printable electronics, and
notably flexible electronics devices. There are other solid electrolytes as well
[149] not only as an ion-conducting medium, but also as an electrode
separator. Great advantages simplify manufacturing and packaging when a
solid electrolyte is used, No liquid leakage as a result of ES processing. The
principal categories of solids to date Polymer electrolytes are the foundation
of the electrolytes created for ES. Only a small amount of research has been
done on inorganic solids (e.g., ceramics).
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Design and Synthesis of QSE Films

The (porous Pl NF film skeleton) had a low ionic conductivity, but its high
porosity could store enough (gel state) PDOL/LiPFe/LiTFSI/DME, which
were components of a particular type of (commercial liquid electrolytes) and,
as a result, displayed a high ionic conductivity [150]. The following is a
description of the specific fabrication processes.

1. The porous PI NF films were fabricated with a sol-gel electrospinning
technique followed by a step-heating treatment, that is one of the most
popular techniques for (fabricating ultrafine NF films) with
controllable thicknesses and porosity. Polyamic acid PAA was
chosen as the Pi precursor.

2. The PAA sol was prepared by mixing the same molar quantity of
pyromellitic dianhydride PMDA and (4,4 -Oxydianiline) (ODA) in
N.N-dimethylformamide (DMF) solution in a (low humidity
environment).

3. At room temperature, the PMDA and ODA readily polymerized to
create PAA. White PAA NF films were electrospun from the (stable
PAA sol). To create yellow Pl NF films, the (PAA NF film) was
heated using a step heating mode. The amide groups in PAA
underwent reaction of (thermal aided immunization or closed-loop
intramolecular dehydration), resulting in the formation of imide rings
(cycloaddition and polycondensation dehydration).

4. The PAA then changed into (PI). Tensile strengths of Pl NF films
heated for 0.5 hours at various temperatures (160, 200, 250, 300, and
350°C) were compared because the heating temperature had a
significant impact on the mechanical properties of the Pl NF films.
The PI NF films had a thickness of 37 micro m. As the temperature
was fixed to 300°C, the analysis found that the Pl NF film had the
highest tensile strength of 12.35 MPa since the temperature was set
to be 300°C. The step heating mode was set as follows:

e After heating the PAA NF films at 100°C for 1 hour to remove
the organic solvents and water, the films were subsequently
heated at 160°C, 250°C, and 300°C for 0.5 hours each

e The yellow Pl NF films were produced after it was heated and
allowed to naturally cool to room temperature.
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Figure 4. Synthesis of QSE films; 1- Controllable fabrication of (Pl NF films) with a
sol- gel electrospinning followed by a step of heating. 2-Self-polymerization of
(DOL) within the porous PI NF film at the room temperature and fabrication of
(nano fibrous QSE films). 3- Surface morphology and digital photos of the (PAA NF
film), PI NF film, and nano fibrous QSE film [151] Adapted with permission from
Ref. [151] (Copyright 2022, Wiley).

e The next stage was to create dense QSE films by producing the
highly ionic conductive (quasi-solid gel) within the porous P1 NF
films. The quasi-solid gel was created in a glovebox filled with
argon where the concentrations of (H20) and (O2) were both less
than 0.1. ppm. Specifically; 1 M LiPFswere firstly dissolved into
a mixed solution of (DOL and LiTFSI) and then DME were
added into the system to form a mixed sol. After which dropped
the mixed sol into the Pl NF film and waited for one hour until
the formation of quasi-solid gel within the NF film. Also, Figure
4 shows the steps of fabrication of QSE film [151].

Complimentary Copy



Electrochemical Supercapacitors 39

Gel Polymer Electrolytes (GPES)

Due to their strong ionic conductivity, GPEs are currently the electrolytes for
solid-state ESs that have received the most research. A liquid electrolyte, such
as an aqueous electrolyte, organic solvent containing conducting salt, and IL,
make up a gel polymer electrolyte in most cases. Many polymer matrices have
been investigated for creating GPESs that use the host polymer, including [152]
Poly vinyl alcohol {PVA}, poly (-acrylic acid) {PAA}, potassium
polyacrylate (PAAK), poly (ethyl oxide) {PEO}, poly(methylmethacrylate)
[PMMA], poly (ether ketone) {PEEK}, poly(acrylonitrile)-block-poly
(ethyleneglycol)-block-poly(acrylonitrile) PAN-b-PEG-b-PAN and poly
(vinylidene fluoride-co-hexafluoro propylene) {PVDF-HFP}. The resulting
Gel polymer electrolytes are known as hydrogel polymer electrolytes because
water is used as a plasticizer. These electrolytes have some 3-dimensional
polymeric networks that can tap water in the polymer matrices primarily
through surface tension. Other than water, organic solvents like PC and (DMF)
or combinations of them such as PC-EC, PC-EC-DMC, and PC-EC have also
been commonly used as the plasticizers in Gel polymer electrolytes. The
degree of plasticization, which affects the glass-transition temperature of Gel
polymer electrolytes, is often greatly influenced by the composition ratio
between polymer and plasticizer. One of the most significant advantages of
employing solid-state electrolytes, such as Gel polymer electrolytes in ESs, is
that they allow for the construction of a wide range of flexible and adjustable
geometries for a wide range of desired applications [152].

Hydrogel Polymer Electrolyte

Being a linear polymer, poly (vinyl alcohol, or PVA) has received the greatest
research attention among the numerous host polymers for hydro gel
electrolytes. This is due to the fact that PVA is simple to prepare, has excellent
film-forming properties, is non-toxic, and is inexpensive. PVA is typically
combined with other aqueous solutions to create hydrogels, such as strong
acids like H2SO4 and H3PO4, strong alkaline like KOH, and neutral solutions
like LiCl electrolyte [153].

Hydrogel Polymer Electrolytes for Carbon-Based Electrodes

The design of the electrode/electrolyte interface for optimal performance is
crucial when gel polymer electrolytes are employed as “ES electrolytes.”
According to several studies, gel polymer electrolyte-based ESs can have poor
performance because of their restricted ability to diffuse ions or their high
interfacial resistance at the electrode/electrolyte contact. The thickness of the
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electrode layer is also found by T loannides et al. [154] to be crucial in
achieving high capacitance for PVA/H3POs-based ESs [155]. Since using
(PVA/H3PO3) hydrogel as the electrolyte, a saturation of the capacitance value
could be seen. In an aqueous electrolyte, the capacitance increases linearly
with increase in thickness of the electrode layer. This was believed to be
brought on by the ion penetration into the tissue being limited (porous
electrodes). For applications requiring a high capacity for charge storage, the
hydrogel electrolyte used in this instance might be the best option.

Organogel Electrolytes

Gel polymer electrolytes based on organic solvents mixed with carbonaceous
components to increase the working cell voltage (hybrid composites). In
general, hydrogel electrolyte has the same drawbacks as (an aqueous
Electrolyte). Due to the hydrogel electrolytes’ narrow ESPW of the aqueous
component, symmetric ESs using them may experience poor energy density
and limited operating cell voltage (hydrogel). To increase the operative cell
voltage, hydrogel electrolyte-based asymmetric ESs using the two different
electrodes with potential complementary windows have recently been
explored. It was determined that compared to the symmetric (PVA hydrogel-
based ESs), the operating cell voltage of asymmetric ESs could be greatly
improved to a high value, such as 1.8 V [155].

Structural Electrolytes

The development of load-bearing solid-state electrolytes, also known as
structural electrolytes, for some vibration devices, such as electric vehicles,
has received attention. [155]. M Monne et al. [155] prepared some {IL-epoxy
resin composites} as structural electrolytes for ESs. The morphology ionic
conductivity and mechanical properties It was discovered that the weight ratio
between IL and the epoxy resin affected different types of electrolytes. A
chamber might be provided by the optimal electrolyte, which contains 70% Il
and 30% resin.

Compatibility Current Collector

It has a significant impact on the supercapacitor’s electrochemical
performance and cycle stability. They support the electrode material and
collect electrons. The power density and capacitance of a supercapacitor are
directly impacted by (conductivity and contact resistance with the electrode
material of the current collector). High mechanical strength/modulus, low
weight, high thermal stability, high electrochemical stability, and high
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electrical conductivity should all be present in a current collector. Metal foam
and metal foil-type current collectors are used in which metal foam provides
the highest performance. For flexible supercapacitors, carbon fibers are
generally used as the (current collector) [156].

Metal Foil and Metal Foam-Based Current Collector

A supercapacitor’s charge transfer resistance and power delivery rate are
significantly influenced by the interaction between the electrode and the
current collector. Above the current collector, electrode materials are
deposited, and binders are utilized to reduce contact resistance [156]. The
electrode and current collector are sandwiched together. Polytetra-
fluoroethylene (PTFE), polybenzimidazole (PBI), polyvinylidene fluoride
(PVDF), and bitumen paint are just a few examples of the various types of
binders. Their classification is heavily influenced by the underlined (physical
and chemical properties). The material for the current collector should be
chosen so that, throughout the charging and discharging processes, it won’t
react with the electrode and electrolyte. For two electrode cells, the family of
materials known as metal foil and metal plates is frequently utilized as current
collectors. The metal foil should have a lower thickness and low contact
resistance to obtain high power performance [156].

Charge transfer occurs at the intersection of the current collector, metal
frame, and electrode material under improved conditions thanks to the metal
foil’s high contact area with the electrode material. Because they have high
mechanical adhesion and electronic connectivity with the nickel foam current
collector, several electrode materials can be employed directly with it (current
collector). When the porosity of metal foam serves as a quick transport
mechanism for electrodes, the average diffusion distance of electron transfer
lowers. The contact area at the electrode and current collector interface is
reduced since the metal foil current collector is only present on the back side
of the electrode material. Metal foam and foil impedance analyses. Metal foam
has a considerably lower charge transfer resistance than metal foil. Although
there is no discernible difference in internal resistance, the metal foil has a
charge transfer resistance that is 7 times greater than metal foams. It is obvious
that the metal foam’s porous structure allows for a uniform distribution of
electrode material inside the current collector, increasing the contact surface
and lowering charge transfer resistance. The relatively small area of contact
between the metal foil and the electrode material raises the charge transfer
resistance [156]. It is clear which superconducting magnets have a high charge
transfer resistance.
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Current Collector for Flexible Supercapacitors

The use of storage devices in flexible and portable devices is constrained by
their rigidity. For the production of flexible and wearable electronics,
flexibility is crucial. The development of flexible current collectors is crucial.
The development of current collectors with outstanding mechanical qualities,
such as high bendability and compressibility, high electrical conductivity, and
ultrathin, lightweight design, are crucial difficulties [156]. There is a severe
lack of current collector materials for flexible supercapacitor applications. The
current collector for flexible, super capacitors frequently used is (carbon fiber-
derived carbon fabrics). Carbon fabrics suffer from limited electrical
conductivity despite having strong mechanical strength and good flexibility.
Polymer film with a conducting layer and metal foil are additional materials
for flexible current collectors.

Current Collector Materials

The most popular materials for supercapacitor devices are carbon fiber-based
metal foil, polymer film, metal foam, paper-coated metal substrates, and
current collectors. Most usually used as current collectors are metals,
including gold, copper, titanium, platinum, steel, aluminum, and nickel. The
most popular current collector for supercapacitor devices is nickel-based. It
offers low contact resistance with an electrode material, good electrical
conductivity, strong mechanical strength, and inexpensive cost. Foil and foam
versions of nickel are both used [156, 157]. Aluminum-based products are less
expensive, light in weight, highly electrically conductive, and low contact
resistive (current collector). High contact resistance is the result of the
electrode material peeling off of the aluminum foil even when the working
conditions are poor. Stainless steel is frequently utilized as the current
collector in supercapacitor and battery applications because it is inexpensive
and chemically stable. High mechanical strength, good ductility, acceptable
electrical conductivity, and electrochemical stability are all characteristics of
stainless steel. In addition to its superior (physical features), it is a material
that is easily available. Stainless steel’s chemical and electrochemical stability
as a (current collector) depends on the electrolyte employed [158]. Copper is
a reddish-orange ductile current collector with strong thermal and electrical
conductivity. High electrical conductivity is provided via 3D porous structured
copper foams, a novel type of current collector. The pores in the copper foams
range in size from micrometers to millimeters. The current collector (surface
area) for high-performance super capacitors should have a high surface area
and porosity in addition to strong electrical conductivity. Ultrasonic methods
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are also used to enhance the surface area of the current copper collector by
generating mesoporous and microporous structures on the surface [156, 157].

Binders

Electrode materials are incorporated using binders in lithium-ion batteries or
supercapacitor applications. In order to maintain the layer’s structural integrity
and to ensure that active particles adhere well to the current collector, binder
ingredients bind conductive agents and active materials together [158].
Fluorinated polymeric materials, such as polyvinylidene fluoride (PVDF),
polytetrafluoroethylene (PTFE) [159], and nafion, are frequently used as
electrode supercapacitors (ESs) binder materials. Polyvinylpyrrolidone/
polyvinyl butyral (PVP/PVB), Carboxymethylcellulose sodium (CMC),
polyvinylidene chloride, and sulfonated polyetheretherketone (SPEEK) are
examples of the nonfluorinated ESs binders (PVDC). It is typically noticed
that the characteristics and composition of the binders can have a significant
impact on the performance of electrodes and the associated ESs [160].

Graphene Oxide Binder

On the other hand, the binder materials have not received much attention.
Insulating fluorinated polymer binders, which are used for the fabrication of
carbon electrodes in supercapacitors, reduce electrode conductivity, rate
performance, and capacitance [161]. Given its large specific surface area
(SSA) and affordable price, activated carbon (AC) is the most widely utilized
electrode material for commercial electric double-layer capacitors (EDLC).
However, as AC is typically employed in powder form, creating continuous
fibers from AC powders remains a significant difficulty. In order to meet the
rapid development of flexible electronics, supercapacitors (SCs) and AC
powders may be scaled up if they can be converted into the fiber. The
fabrication of AC fiber was done using a bottom-up approach with graphene
oxide (GO) as both a dispersion and a binder. The fiber has remarkable
mechanical flexibility, a high specific surface area (1476.5 m? g') and strong
electrical conductivity (185 S m™), and after chemical reduction. Using the
produced fiber as the electrode, which is free of binder, conducting additives,
and extra current collectors, an all-solid-state flexible SC was built. The fiber-
shaped SC exhibits excellent cyclability (90.4% retention after 10,000 cycles),
good bendability (96.8% retention after 1000 bends), and high capacitance
(27.6 F cm-3 or 43.8 F g1, standardized to the two-electrode volume) [162].
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A generic method was employed to create flexible, freestanding, high-
performance supercapacitor electrodes from diverse micron-sized porous
carbons using reduced graphene oxide (rGO), The effective electronic
conductivity, two-dimensional structure and high specific surface area of rGO
enable us to eliminate the addition of insulating binder, current collector and
conductive additive. The synergistic effect of rGO and carbon materials in
both aqueous and non-aqueous electrolytes makes a 3D conductive network
and widens the electrode/electrolyte interface, which improves electrode
capacitance and rate performance [163]. Highly porous activated graphene
(AG) is inserted into graphene fibres to increase the electrochemical
performance of (Fiber supercapacitors) FSCs based on electric double-layer
capacitance (EDLC). The creation of continuous and conductive graphene
fibers is made possible by wet spinning AG combined with graphene oxide
(GO) and then chemically reducing GO to reduced graphene oxide (rGO). The
FSCs’ electrochemical performance is considerably enhanced by the AG
powders with extraordinarily high surface areas, with a PVA/LICI gel
electrolyte, the rGO/AG fiber in particular achieves a specific areal
capacitance of 145.1 mF/cm2 at a current density of 0.8 mA/cm?2. This is
equivalent to areal energy and power densities for the FSCs of 5.04 yWh/cm?2
and 0.50 mW/cm?, respectively. Moreover, flexible FSCs made of rGO/AG
fibers exhibit respectable cycling performance, with 91.5% capacitance
retention after 10,000 cycles [164].

As flexible electrodes for flexible solid-state supercapacitors, carbon-
based fiber fabrics (CBFFs) are highly sought-after because to their
outstanding mechanical flexibility, high conductivity, and light weight (SCs).
The realized areal capacitance of the majority of CBFFs is still insufficient.
Unusual CBFF known as carbon nanotube fiber fabric (CNTFF) might provide
a high-performance flexible electrode replacement. The activated CNTFF
demonstrates a remarkable combination of high areal capacitance (1988 mF
cm? at 2 mA cm), excellent rate performance (45% capacitance reservation
at 100 mA cm?), and amazing cycle longevity (only 3% capacitance decay
after 10,000 cycles). The built-in solid-state SC has a maximum power density
of 30,600 W cm-2 and an energy density of 143 Wh cm-2 at 1000 W cm2[165].
With their high-power density, quick charge/discharge rate, incredibly long
cycling life, and secure working conditions, all-carbon fiber-shaped
supercapacitors (FSSCs) hold a lot of potential for powering wearable
technology. However, their low energy density precludes their employment in
practical applications due to the lack of efficient methods for highly
electrically conductive fiber electrodes with high specific capacitance. Simple
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carbonized phenol formaldehyde (CPF) resin that contains small-size (156 nm
in diameter) graphene (SG) is used to decorate graphene fiber to create a
hierarchical structure. The combination of CPF and SG produces ultrahigh
micro-porosity with narrowed micro-/meso-PSDs and enhanced electrical
conductivity, which makes it easier to store and transport ions. In a two-
electrode cell with a polyvinyl alcohol/H.SO. electrolyte, the constructed
FSSCs exhibit an ultrahigh specific areal capacitance of 391.2 mF cm?, which
is 17 times that of graphene fibers. The overall device energy density Ecell, A
is 8.7 W h cm? for aqueous electrolytes and 66.4 W h c¢cm? for organic
electrolytes at an aerial power density of 0.54 mW cm?. The FSSCs also
exhibit excellent flexibility and an extremely long cycling life (98.9%
capacitance retention after 7000 cycles) [166].

Boron and nitrogen-doped carbon (BCN) anchored on active carbon fiber
cloth (ACC) are specially designed and manufactured by immersing ACC in
a mixed solution of urea, boric acid and polyethylene oxide-propylene oxide
(P123) and then calcining, which can be used to assemble high-performance
FSSCs as electrodes. The three-dimensional (3D) cross-linked network of
BCN grown on the carbon fibers improves the transmission rate of electrons
and provides abundant electrochemical reaction sites, which are conducive to
the performance of supercapacitors. The ACC@BCN electrode exhibits an
area specific capacitance of 1018 mF cm~2 and a volume specific capacitance
of 535.8 F g ! at a current of 1 mA cm™2. Furthermore, the symmetric FSSCs
based on ACC@BCN show high energy density of 1.573 mWh cm™ and
power density of 128.7 mW cm™3, and the capacitance retention can still keep
89.5% even after 10,000 cycles [167].

Green Binders

The term “green” is widely used to express the environmental friendliness of
materials and processes. However, its meaning can significantly vary
depending on the context of use. When talking about polymeric binders, green
alternatives could be identified according to (i) processability, (ii) chemical
composition and (iii) natural availability (Figure 5). According to the first
criterion, binders soluble or dispersible in environmentally benign solvents,
such as water or ethanol, could be classified as green alternatives.
Poly(tetrafluoroethylene) (PTFE), also known as Teflons (Dupont), is highly
hydrophobic with strong C-C and C—F bonds providing high chemical and
mechanical stability, rendering it very suitable for highly resistant coatings
and membranes [168].

Complimentary Copy



46 Huda. F. Khalil, Sara Gad, Merna Fahmy et al.

HO. o
POLYACRYLATES -
Polyacrylic acid (PAA)
Polymethyl acrylate (PMA) >

TRD 202a f=mee’  Polybutyl acrylate (PBA)

(Fluoro acryclic . Polyvinyl acetate (PVA) OLIGO-AND

polymer) Pol lonitrile (PAN! POLY-SACCHARIDES:
d olyacrylonilrile ( ) Carboxymethyl cellulose (CMC)

Chitosan, Alginate, Pectine,
Amylose, Starch, Gums

ALIPHATIC POLYMERS (Xanthan, Arabic, Gellan, Matural

Polyethylene (PE) Karaya, Guar) cellulose

Polyisoprene (R=H)

Polyvinyl pyrrolidone (PVP) O;\\;‘&’RO
Polyvinyl butyral (PVB) —
Poly tetra- R=CH,COH
fluorethylene
(PTFE) PROTEINS
FF AROMATIC POLYMERS Gelatine
- Polystyrene (PS) Caseinate
FEl Polyurethane (PU)

Styrene-butadiene rubber (SBR)
i

Figure 5. Overview of the different classes of binders. Adapted with permission
from Ref. [168] (Copyright 2018, RCS).

Polysaccharide cellulose, which makes up the skeleton of plants, is a
crucial raw element for polymers. Pyranose D-glucose molecules make up
cellulose, which also has a flexible, semi-crystalline fibrous morphological
structure. These molecules are connected linearly by -(1,4) connections. Using
lignocellulosic raw materials, cellulose nanocrystals are rod-shaped particles
with exceptional crystallinity [169]. Several levels of conformation and
polymerization of cellulose macromolecules can be produced by microbes and
plants. Materials derived from Cladophora algae, bacteria, or wood, for
instance, can have various degrees of crystallinity and crystallographic forms.
The most sophisticated aqueous binder for supercapacitors is carboxymethyl
cellulose (CMC) [170]. The bulk loading of the coatings is nevertheless
constrained by shrinkage after drying. In order to find alternatives, natural
polymers like guar gum (GG), wheat starch (WS), and potato starch (PS) were
researched. The 75:25 (w/w) PS/GG ratio combination behaved nicely as
shown in Figure 6. The electrodes were examined using a SEM, heat,
adhesion, and bending tests. By permitting mass loadings larger than CMC
(7.0 mg cm?) while keeping the same specific capacitance (26 F g) and power
performance, the PS/GG blend complied with industrial production
requirements (20 F g** at 10 A g1). The specific energy at the electrode level
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increases by +45% when the mass of the current collector is taken into
consideration [171].

CcMC

cracking

Potato Starch
- Guar Gum

s _jﬂexible

Figure 6. The bending test of CMC and potato starch [171]. Adapted with
permission from Ref. [171] (Copyright 2020, Wiley).

The production of highly efficient and durable supercapacitors using
sustainable materials remains a challenge. So the production of thin film binder
electrodes is very significant for electric double layer capacitors (EDLCs)
based on onion-like carbon. The active material obtained by high temperature
treated detonation nanodiamond offers a specific surface area of 527 m? ¢!
after an additional activation step. The key to facilitate the electrode
manufacturing for this active material was the introduction of an
agglomeration step of the carbon nano-onions which qualified them for the
usage of plant-based carboxymethyl cellulose (CMC) as binder. The new
types of electrodes were successfully tested in a supercapacitor full cell setup
and benchmarked against electrodes relying on conventional fluorinated
polymer (PVDF) as binder. The green electrodes provide about 22% higher
specific capacitance of 56 F g~! at a similar durability over more than 5000
cycles, combining sustainable production with excellent performance [172].

Although they typically have a low energy density, flexible
supercapacitors are an appealing technology for the next generation of
wearable consumer devices. A complex design of binder is disclosed by a
biosynthetic process to produce flexible electrodes with outstanding
mechanical properties and electrochemical performance, inspired by the
natural structure of the spider web. With this method, an active electrode
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material can have a significant amount of ion-accessible surface area, a high
packing density, and effective ion transport channels thanks to a 3D structural
binder that is inspired by spider webs. The composite electrodes and
symmetric supercapacitors are thus able to achieve high areal capacitance of
4.62 F cm and high areal energy density of 0.18 mW.h.cm, respectively,
demonstrating a promising potential to construct flexible energy storage
devices for various practical applications [173].

Separators

The separator in an ES cell is placed between the two electrodes to avoid
contact and electron transport between the negative and positive electrodes.
The separators must meet a number of critical criteria, including: (1) low ion
transfer resistance within the electrolyte while having a strong electronic
insulating capability; (2) high chemical and electrochemical stabilities in the
electrolyte; and (3) adequate mechanical strength to ensure device durability.
ES separators are often made using thin, highly porous membranes or films
based on these parameters. As separator materials, glass fibers, polymer
membranes, and cellulose are frequently used. As is well known, the kind of
electrode, working temperature, and ES cell voltage all have an impact on
separator material selection [174]. The most often used dense separator
membranes are nafion and sulfonated Poly (ether ether ketone) (SPEEK).
Separators from these membranes are made by immersing them in sulfuric
acid solutions. The majority of nafion is made up of the hydrophobic Teflon
backbone and the hydrophilic sulfonic acid groups. However, the high cost of
these membranes, as well as the scarcity of fundamental chemicals required
for their manufacturing, is a considerable disadvantage. Figure 7 depicts the
developments gained in the materials and manufacturing techniques used to
construct separators [175].

When metal oxide fibers are used as separators, they must have
exceptional mechanical pliability, high temperature tolerance, and superior
wettability. High-performance energy systems rely largely on metal oxide-
based nanofiber separators because they have a large specific surface area,
good ion mobility, and a high rate of electrolyte retention [176]. Aluminum
silicate nanofibers are therefore a possibility for use in high performance
supercapacitor separators [177]. PVdF membrane that has been electrospun
serves as a separator in supercapacitor uses. The polymer separator
membranes were made using the electrospinning method and PVdF in various
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weight percentages (5, 10, 15, 20, and 25 wt%) suspended in 50:50 wt% THF
and DMACc solvents, respectively. As a result, it was discovered that PVdF
polymer membrane with a 20-weight percent content showed superior
structural and thermal characteristics to other membranes, making it a trust
worthy separator membrane for supercapacitors [178].
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Figure 7. The gradual growth of separator a) materials and b) manufacturing
techniques [175]. Adapted with permission from Ref. [175] (Copyright 2022, RCS)

Asymmetric and Hybrid Supercapacitor
Electrochemical devices called hybrid supercapacitors (HSCs) blend the

qualities of batteries and supercapacitors into a single asymmetric cell.
Supercapacitors (SCs) and lithium-ion batteries (LIBs) are at opposite
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extremes of the power and energy density spectrum. On one end of the Ragone
plot spectrum, LIBs use faradaic reactions to produce high energy densities
(150-250 Wh kg?); however, the power density of LIBs is limited to about
1000 W kg due to this comparatively slow reaction process. Lithium is
intercalated and de-intercalated into the active material by the faradic
mechanism, changing the molecular phase and raising the possibility of
material deterioration, which results in a short cycle life. (500-300 cycles).
Contrarily, SCs, which are based on electrostatic charge collection, involve
the quick, reversible adsorption and desorption of ions on the surface of the
active substance without phase change or chemical reactions. Asymmetric
supercapacitors (ASCs) hold tremendous promise as a substitute power source
for hybrid cars and portable electronics. The development of high-
performance anodes is an important research area because the disparity in
anode and cathode material development for ASCs continues to be a major
problem. The most recent developments in the design and production of
innovative ASC anodes, which are classified as carbon-based, metal oxides-
based, metal nitrides-based, and other anodes. Based on the findings that have
been recently released in the literature, the advantages and disadvantages of
these anodes are examined and discussed. The methods used to get around
certain problems with different anode materials are described in detail. Further
analysis and comparison of the electrochemical capabilities of ASC devices
built with these anodes is done [179].

Asymmetric Supercapacitor

Recently, some asymmetric hybrid supercapacitors with the negative electrode
based on an EDLC activated carbon electrode and the positive electrode based
on a real pseudocapacitive metal oxide electrode (not a composite electrode)
were created. Due to their extensive operating potential, which can
significantly improve the capacitive behavior, asymmetric supercapacitors
(ASC) have emerged as a great potential option for high-performance
supercapacitors. The greater voltage and consequently higher specific energy
of these supercapacitors (up to 10-20 Wh/kg (36-72 kJ/kg)) are advantages.
Additionally, they possess excellent cycling stability. For instance, to create
an asymmetric supercapacitor, researchers used innovative skutterudite Ni-
CoP3 nanosheets as positive electrodes and activated carbon (AC) as negative
electrodes. (ASC). It has a high energy density of 89.6 Wh/kg at 796 W/kg
and stability of 93% after 10000 cycles, making it a strong choice for a next-
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generation electrode. Additionally, AC was employed as the negative
electrode and carbon  nanofibers/poly(3,4-ethylenedioxythiophene)/
manganese oxide (f-CNFs/PEDOT/MnO,) as the positive electrode. It has
excellent cycling stability (81.06 percent after 8000 cycles) and a high specific
energy of 49.4 Wh/kg [180].

Hybrid Supercapacitor

Due to their advantageous power and energy densities, hybrid supercapacitor
devices—Dbuilt with both capacitive and electrodes resembling batteries—have
been accepted as promising energy storage technologies. To enhance the total
energy storage performances of hybrid supercapacitors, the design and
fabrication of capacitive and battery-like electrode materials with high specific
capacitances, high-rate performance, and acceptable durability is essential. In
order to achieve the desired energy storage performances of hybrid
supercapacitors, metal-organic frameworks with advantageous porous
properties, tunable chemical compositions, and changeable morphologies are
developing porous crystalline materials. It was elaborated on the most current
developments of pure metal-organic frameworks, metal-organic framework
composites, and materials derived from metal-organic frameworks used in
hybrid supercapacitors. The difficulties and prospects of metal-organic
framework-based materials for hybrid supercapacitor application were also
compiled based on prior efforts [180].

Nitrogen-Doped Activated Carbon for a High Energy

Hybrid Supercapacitor

In a one-step process, nitrogen-doped activated carbons (NACs) were created.
The obtained NACs have high surface areas of up to 2900 m? g* and a
relatively low N concentration of up to 4 wt%. The NACs exhibit outstanding
rate capability and cycling stability as well as a high specific capacity of 129
mA h g1 (185 F g1) in an organic electrolyte at a current density of 0.4 A g2
With 230 W h kg™ at 1747 W kg?, the hybrid-type supercapacitor built with
NACs and a Si/C anode has a high material level energy density. After 8000
tests at 1.6 A g1, the hybrid device obtained 76.3% capacity retention [180].
It was possible to create novel N-doped activated carbons in just one process.
With a specific capacity of up to 129 mA h g and capacity retention of 86%
after 500 cycles, the obtained NAC materials demonstrated outstanding
electrochemical performance. It was discovered that the N-doping of the
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NACs enhanced efficiency. NAC and Si/C nanocomposites were used to
further assemble and test the hybrid-type supercapacitor. The hybrid system
demonstrated high energy densities of 230 - 141 W h kg* at power densities
of 1747 to 30127 W kg, which are among the highest figures recorded for
hybrid-type systems, with the optimized N/P ratio. For the hybrid-type
supercapacitor, a satisfactory long cycling stability was also attained with a
capacity retention of 76.3% after 8000 cycles [181].

Trend and Scope Beyond Traditional Supercapacitors

The development of wearable and adaptable zero-pollution technologies is
being hampered by limitations in the size reduction of electrical components,
which affect charge storage devices like batteries and supercapacitors. Due to
their power density, quick charge-discharge cycles, and intrinsic extended
cycle life, supercapacitors perform better than other energy storage
technologies. The modern market for zero-pollution energy gadgets is
presently favored by the lightweight formula and shape adaptability to meet
the demand for wearables. This prerequisite can be satisfied by carbon
nanoparticles, which are the primary component of active electrode materials
for supercapacitors and are texturally created to exhibit flexible and
stretchable qualities [182]. In this context, the most current research on novel
materials is discussed, ranging from conventional carbons to recently
developed and nanomaterials towards light, stretchable active compounds for
flexible, wearable supercapacitors. The difficulties and constraints of using
wearable energy storage devices as well as the potential of nanomaterials to
improve wearable technology are also covered. The topic of commercially
feasible wearable materials is also covered. This could spur scientists to
continue developing flexible, affordable nanostructures for energy storage,
which would lead to a variety of material-based uses. The two electrodes of a
traditional capacitor are typically parallel metal slabs that are spaced apart by
a dielectric medium. Although they have distinct parts, modern super-
capacitors perform similarly to conventional capacitors [182]. Due to the large
surface area of the carbon electrode (specific surface areas can vary from 1000
to 2000 m?/g), supercapacitors perform better than conventional capacitors
[183]. Supercapacitors composed of pure carbon or materials derived from
carbon have undergone rapid change over the past few decades. There is little
possibility that the potential working window will increase because the
majority of these traditional supercapacitors have two electrodes made of the
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same material [184]. New electronic and optoelectronic gadgets are currently
being produced all over the globe. This indicates the need for more durable
power sources with greater energy densities. Supercapacitors are currently one
of the most promising energy-storage technologies due to their many benefits,
such as high-power density, quick charging and discharging, and extended
cyclic stability. However, traditional supercapacitors are difficult to use due
to their low energy density, so researchers have been developing novel kinds
of supercapacitors [185]. A wide operational voltage window is a distinct
benefit of asymmetric supercapacitors (ASCs) assembled with two different
electrode materials, which greatly improves energy density. An exhaustive
survey of the materials created for ASC electrodes, as well as the
advancements made in the fabrication of ASC devices over the past few
decades, are covered in this critical review of recent developments in the field
of ASCs. The subject of ASCs was discussed, including its current issues and
prospects for the future. contrasting the energy and power densities of different
cutting-edge batteries and supercapacitors with ASCs [185].

A few critical considerations must be made in order to produce a high
performance asymmetric and/or hybrid storage device (supercapacitor) [184].
Maximizing an ASC’s operating voltage will result in a high energy density.
The selection of electrode materials has a big impact on the device’s voltage
range. Fundamental understanding of the various methods for widening the
voltage range in supercapacitors is lacking. However, the work function of the
metal oxides used as electrode materials is closely linked to the oxidation
reduction reaction [186]. Current collector is being created. It ought to be
incredibly resilient to any physical or toxic threats. It is preferable to use a
sturdy, long-lasting, non-corrosive, and flexible substance as the current
collector, such as metal foam or foil. Generally, supercapacitors use
electrolytes that are usually classified into three types; aqueous, i.e., ions in
water; organic, salts in organic solvents; ionic liquid; pure liquid salts [187].

Supercapacitors Application in Agriculture

The application of supercapacitors in agriculture has gained significant
attention as a promising solution for advancing sustainable power systems in
agricultural practices. This chapter delves into the various aspects of utilizing
supercapacitors in the agricultural sector, highlighting their potential to
revolutionize energy storage and power supply in farming operations.
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Soil Moisture Management

Proper management of soil moisture is crucial for optimizing crop growth and
reducing water usage in agriculture. Electrochemical supercapacitors offer
significant potential in this area. With their high-power density and fast
charge-discharge characteristics, supercapacitors can efficiently control
irrigation systems in agricultural fields [190] developed an energy
management system based on supercapacitors for efficient irrigation in
precision agriculture. The system integrated supercapacitors with sensors and
actuators to monitor soil moisture levels and deliver precise amounts of water
to the crops. This approach not only optimizes water usage but also minimizes
water wastage, leading to improved water efficiency and enhanced crop
productivity.

Precision Agriculture

Precision agriculture involves the use of advanced technologies to manage
crops and maximize yields based on real-time data and site-specific
conditions. Electrochemical supercapacitors have a crucial role to play in
powering sensors and monitoring devices used in precision agriculture [191-
197] developed an autonomous supercapacitor-powered wireless sensor
network for precision agriculture. The supercapacitors stored energy during
the day and provided a reliable power supply for sensors deployed in the field.
These sensors collected data on soil conditions, nutrient levels, and crop
health, enabling farmers to make informed decisions regarding irrigation,
fertilization, and pest control. The integration of supercapacitors in precision
agriculture improves resource allocation, enhances crop management, and
promotes sustainable agricultural practices [198-209].

Sensor Networks

In soil sciences, sensor networks are widely used to monitor and analyze soil
properties and environmental conditions. However, the reliable and
sustainable power supply for these networks remains a challenge.
Electrochemical supercapacitors offer a viable solution by storing and
delivering energy efficiently [192-198] proposed an energy harvesting and
power management scheme for long-term environmental monitoring with
wireless sensor networks. The scheme utilized supercapacitors to store
harvested energy from solar panels or other sources and deliver it to the sensor
nodes. By incorporating supercapacitors, the sensor networks can operate
autonomously and continuously, reducing the dependence on batteries and
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external power sources. This improves the scalability and longevity of the
sensor networks, allowing comprehensive monitoring and analysis of soil
conditions and facilitating research in soil sciences [193-200].

These applications demonstrate the potential of electrochemical
supercapacitors in revolutionizing soil sciences and agricultural practices.
With their clean and sustainable energy storage capabilities, high-power
density, and long-life expectancy, supercapacitors offer promising solutions
for efficient soil moisture management, precision agriculture, and reliable
power supply for sensor networks in soil sciences.

Conclusion

Electrochemical supercapacitors look to be promising and one of the primary
new devices for energy storage and power supply, with the advantages of high-
power density, high efficiency, and long-life expectancy, to fulfil the
increasing demand for clean, sustainable energy. To address this issue,
research and development efforts must be encouraged in order to identify or
seek for new electrode materials with high capacitance and a broad potential
window. ES electrode materials should have the following properties: (1) a
high specific surface area, resulting in more active sites, (2) a suitable pore-
size distribution, pore network, and pore length for facilitating high-rate ion
diffusion, (3) a low internal electrical resistance for efficient charge transport
in the composite electrode, and (4) better electrochemical and mechanical
stability for good cycling performance. In regards of ES material porosity,
nano micropores are required to achieve larger specific surface area, and these
micropores must be electrochemically accessible for ions. This chapter
discussed the most recent materials used in supercapacitor components such
as electrode materials, electrolyte materials, current collectors, binders, and
separators. A number of electrode materials were also discussed, including
carbon-based electrode materials, perovskites, conducting polymers, metal
oxides, and composite materials diverse applications of supercapacitors in
agriculture, particularly in soil moisture management, precision agriculture,
sensor networks, and other relevant areas. In a summary, the chapter describes
the principles that encourage the development and application of perovskite
oxide electrode materials and other developed materials in supercapacitors.
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Chapter 2

Electrochemical Corrosion Behavior
and Protective Properties of Coatings
Deposited from Deep Eutectic
Solvents-Assisted Plating Baths

Vyacheslav Protsenko”, ScD
Ukrainian State University of Chemical Technology, Dnipro, Ukraine

Abstract

Electrochemical deposition of various types of coatings is widely used in
modern industry to modify the physicochemical properties of product
surfaces and increase corrosion resistance when operating in corrosive-
aggressive environments. Corrosion-resistant and protective coatings
based on metals, their alloys and composites can be produced using both
traditional aqueous electrolytes and electrolytes containing non-agqueous
organic solvents and ionic liquids. Expanding the range of types of
plating baths used for electrochemical deposition of coatings opens up
additional opportunities for flexible control of microstructure, chemical
composition, morphology, and therefore electrochemical corrosion and
protective properties. This chapter reports on the electrochemical
deposition of corrosion-resistant and protective coatings from a recently
developed new generation of ionic liquids, the so-called deep eutectic
solvents (DES). Electrodeposition from DESs offers some
environmental, technological and economic advantages over traditional
aqueous and organic solvent-assisted electrolytes. The processes of
electrodeposition of coatings based on zinc, nickel and chromium from
plating baths of this type are described. The patterns of corrosion-
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electrochemical behavior and protective properties of the manufactured
coatings are characterized. The potential opportunities and prospects for
further development of electrochemical deposition of anti-corrosion and
protective coatings from DES-assisted electroplating baths are also
considered.

Keywords: corrosion resistance, protective properties, electrodeposition,
deep eutectic solvents, coating, zinc, nickel, chromium, alloy, composite

Introduction

Metal-based coatings are widely used for corrosion protection of metal
substrates due to their excellent corrosion resistance properties [1]. Among
various types of metal coatings, electrodeposited metal-based coatings are
extensively employed in industries because of their ease of application, high
adhesion, and low cost. Electrodeposited coatings are applied by the
electroplating process where the coating material is deposited on the substrate
surface by electrolysis. Electrodeposition offers advantages such as
uniformity, thickness control, and ease of application [2, 3]. In addition,
electrodeposition allows the production of nanocrystalline coatings, which
usually exhibit increased corrosion resistance and protective properties. [4, 5].
The electrochemical corrosion behavior of electrodeposited coatings is a
significant factor that determines their protective properties. Both the
corrosion characteristics of the deposited coatings themselves and their
protective properties in relation to the substrate metal can be flexibly varied
by changing the chemical composition of electroplating baths and the
electrolysis conditions.

Several factors can influence the corrosion behavior of electrodeposited
coatings, such as the composition of the coating material, the deposition
conditions, and the substrate surface preparation [1, 2]. The coating
composition can influence the corrosion behavior by affecting the anodic and
cathodic polarization behavior of the coating material. The deposition
conditions can also influence the corrosion behavior by affecting the coating
thickness, morphology, and crystal structure. The substrate surface
preparation can affect the coating adhesion and barrier properties by removing
contaminants and providing a clean and rough surface for coating deposition.
Electrochemical deposition can be carried out using pulse and pulse reverse
electrolysis, which opens up additional opportunities for adjusting the
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microstructure, composition, and corrosion and protective properties of the
resulting coatings [6].

Electrodeposited coatings can provide a barrier to the metal substrate by
preventing corrosive species from reaching the substrate surface. The barrier
properties of coatings can be affected by factors such as coating thickness,
surface roughness, and the presence of defects. Electrodeposited coatings can
also provide sacrificial anodic protection to the metal substrate, where the
coating material corrodes instead of the substrate material. The sacrificial
anode behavior of coatings is influenced by the anodic polarization behavior
of the coating material.

The protective properties of electrodeposited coatings can be enhanced by
modifying the coating composition, morphology, and crystal structure. The
composition of the coating material can be modified by adding different
alloying elements to improve the coating’s corrosion resistance. The
morphology of the coating can be influenced by changing the deposition
conditions, such as current density, temperature, and pH. These modifications
can lead to the formation of nanocrystalline coatings, which generally exhibit
improved corrosion resistance and protective properties due to their unique
structure and properties.

The formation of a “foreign” metal coating on the surface of the metal-
substrate creates a barrier that prevents contact of the substrate with an
aggressive environment. Therefore, at first glance, the patterns of corrosion
behavior of coated samples should be determined exclusively by the features
of corrosion of the deposited metal. However, a specific feature of the
electrochemical corrosion of electrodeposited coatings, which largely
determines their protective properties, is the presence of pores and cracks,
which in the presence of an aggressive environment leads to the appearance
of galvanic corrosion couples. In such galvanic microcells, depending on the
ratio of electrode potentials, the metal of the coating and the metal of the
substrate can be either the anode or the cathode. Depending on this,
electrodeposited coatings based on metals and their alloys are classified into
two groups [7]: (a) anodic coatings and (b) cathodic coatings.

Anodic coatings are formed from a metal that is more anodic (i.e., more
electronegative) than the metal substrate. Such coatings are often called
sacrificial coatings. A typical coating of this type is zinc on a steel surface.
The standard electrode potentials of the electrochemical couples Zn(11)/Zn and
Fe(ll)/Fe are —0.76 and —0.44 V, respectively. Therefore, if pores are formed
in the zinc coating, the zinc coating will perform the function of a sacrificial
anode, and the steel (iron) substrate will be polarized cathodically, preventing
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electrochemical corrosion destruction of the steel from a thermodynamic point
of view.

Cathodic coatings are formed from a metal that is more electropositive in
relation to the metal of the substrate. An example can be a copper coating (the
standard electrode potential of the Cu(l1)/Cu couple is +0.34 V) on steel. In
this case, the protection of the substrate is possible only due to the barrier
action of the coating. If there are pores in the coating, then in the formed
galvanic couple, the metal substrate will be anodically dissolved during
electrochemical corrosion. However, sometimes it is advisable to intentionally
create a large number of very small pores in the coating as it contributes to the
flow of uniform (rather than local) corrosion of the base metal. This can be
acceptable for ensuring the long-term operation of products.

Electrochemical deposition of multilayer coatings is a technique used to
enhance the corrosion resistance and protective properties of coatings [8]. In
this process, an intermediate layer is often deposited between the substrate and
the noble coating, such as nickel-chromium coatings. Typically, a layer of
bright nickel with high sulfur content is applied on top of the dull nickel layer,
making it nobler than the steel substrate. A finish layer of bright chromium is
then deposited on the bright nickel layer. Such systems offer excellent
protection against corrosion [7]. An electrodeposition procedure for a three-
layer zinc-iron-chromium coating was reported in which an intermediate iron
layer was used to ensure adhesion of chromium to zinc, resulting in a coating
with good protective properties [9].

Electrodeposition from deep eutectic solvents (DESs) has gained
increasing attention as an alternative to traditional aqueous and organic
solvents for the electrodeposition of metal-based coatings. Deep eutectic
solvents (DESs) are a new class of ionic liquids that have attracted significant
attention in recent years due to their unique properties. DESs are composed of
a hydrogen bond donor and acceptor, which form a eutectic mixture at a lower
melting point than the individual components [10, 11]. Typical examples of
DES:s include “ethaline” (a eutectic mixture of choline chloride and ethylene
glycol, in a 1:2 (mol.) ratio, respectively) and “reline” (a eutectic mixture of
choline chloride and urea, ina 1:2 (mol.) ratio, respectively) [10]. The melting
temperatures of these eutectic ionic liquids and their individual components
are listed in Table 1. It can be observed that these DESs remain in a liquid
state at temperatures close to room temperature.

DESs have several advantages over traditional solvents, such as low
toxicity, low flammability, and high biodegradability [10, 11]. DESs can also
dissolve a wide range of compounds, including inorganic salts and organic
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molecules, making them a versatile solvent for various applications, including
electrodeposition of metal-based coatings.

Table 1. Melting points of ethaline and reline
and their individual constituents

Substance or eutectic mixture Melting point, °C
ethylene glycol -12.9

urea 134

choline chloride 303

ethaline (ethylene glycol + choline chloride, a DES) —66

reline (urea + choline chloride, a DES) 12

Electrodeposition from DESs offers advantages such as low toxicity, high
conductivity, and the ability to deposit metals at lower temperatures than
traditional solvents [12-14]. The properties of DESs, such as high viscosity
and low conductivity, can affect the electrodeposition process, including the
nucleation and growth of the coating material.

In recent years, the electrochemical corrosion behavior and protective
properties of metal-based coatings electrodeposited from DESs have been
investigated in several works. This review aims to discuss the main features
and peculiarities of the electrochemical corrosion behavior and protective
properties of some types of metal-based coatings electrodeposited from DES-
assisted electroplating baths. Specifically, we will focus on the
characterization of electrodeposition and corrosion properties of coatings
based on zinc, nickel, and chromium, since these are the most important and
widespread types of corrosion-resistant and protective galvanic coatings used
in industry.

Electrochemical Corrosion Behavior and Protective
Properties of Coatings

Zinc-Based Coatings

Zinc and its alloys are an extremely common type of galvanic coatings used
in industry to protect steel surfaces from corrosion in the engineering,
automotive, and aerospace industries [15]. Usually, electrochemical
deposition of zinc and its alloys is carried out from aqueous cyanide baths,
alkaline cyanide-free baths, and acid chloride baths; all of them are, to a
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greater or lesser degree, toxic and corrosive-aggressive environments. Despite
the prevalence and availability of such industrial processes, they have a
number of disadvantages, among which hydrogen embrittlement, low current
efficiency and complications associated with wastewater treatment should be
mentioned [16]. These and a number of other disadvantages of aqueous zinc
plating electrolytes stimulate the development of new types of non-aqueous
electrolytes, in particular those based on the use of DESs [17].

The electrochemical deposition of zinc has been studied using electrolytes
based on both a eutectic mixture of choline chloride and ethylene glycol
(ethaline) [18-20] and a eutectic mixture of choline chloride and urea (reline)
[21, 22]. However, not all of the aforementioned published works investigated
the corrosion and protective behavior of the obtained zinc coatings. The
exception is the study [22], in which zinc coatings were electrochemically
deposited from an electrolyte containing 0.4 M zinc chloride and 0.1 M
thiourea dissolved in reline. Electrolysis was carried out at a temperature of
80°C using the following pulsed current regime: a pulse current density of 2.5
mA cm-2, a frequency of 1000 Hz, and a duty cycle of 50%. The resulting zinc
deposits were then modified by forming a polypropylene film on their surface
by immersing the coating in a solution of polypropylene in dimethylbenzene
at 130°C for 30 minutes, followed by washing and drying. In this way,
superhydrophobic composite layers were fabricated. The wetting angle of the
zinc coating at the interface with a drop of water before treatment was 120°,
but it increased to 170° after applying the polypropylene film. The
superhydrophobicity of the surface is a result of the cooperative effect of the
hydrophobicity of polypropylene and the porous structure of the zinc
electrodeposit. It has been shown that the formation of a superhydrophobic
deposit of zinc leads to a significant increase in the corrosion resistance of
coatings. In particular, the results of polarization measurements showed [22]
that zinc coatings without modification have a corrosion potential Ecor = —
1.072 V and a corrosion current density icor = 2.53x10# A cm. Coatings
modified with polypropylene, on the other hand, exhibit improved corrosion
resistance, with corrosion potential Ecor = —0.934 V and corrosion current
density icor = 6.92x107° A cm™.

The influence of inorganic and organic additives on the electrodeposition
of zinc from deep eutectic solvents has been researched in several publications
[23, 24]. Abbott et al., [23] studied the effect of acetonitrile, ammonia
(aqueous solution), and ethylenediamine additives on zinc electrodeposition
from electrolytes based on a mixture of choline chloride with ethylene glycol
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or urea. It was shown that ammonia and ethylenediamine act as efficient
levelers and brighteners, significantly affecting the morphology of the zinc
deposit surface. These effects contribute to the improvement of the corrosion
resistance of coatings in aqueous plating baths. Alesary etal., [24] investigated
the influence of nicotinic acid, boric acid, and benzoquinone on the deposition
of Zn from an ethaline-based solution. The additives were found to be effective
brighteners that produced highly uniform and smooth Zn coatings.

Based on the current literature, it is clear that the corrosion behavior of
“pure” zinc deposits obtained from DES-assisted plating baths is not well
studied. It is known that zinc coatings are not highly resistant in aggressive
environments, but electroplating technologies traditionally use alloying with
other metal components to increase their corrosion resistance [17].

The electrodeposition of a Zn—Ni alloy from electrolytes based on DESs
has been investigated in various publications [25-29]. Fashu et al., [25]
examined the electrodeposition of a Zn—Ni alloy from a reline-based
electrolyte with different concentrations of metal ions. The metal ions were
introduced in the form of chlorides at the following concentrations: 0.4 M
Zn(I1) and 0.1 M Ni(1l); 0.45 M Zn(I1) and 0.05 M Ni(ll); and 0.475 M Zn(ll)
and 0.025 M Ni(ll). It was found that the relatively small difference in
reduction potential between Ni(ll) and Zn(ll) ions leads to the codeposition of
both components in the alloy. The coatings contained from 10 to 50% zinc,
depending on the deposition conditions. The zinc content increased with a
decrease in Ni(Il) concentration, an increase in temperature, and an increase
in cathodic polarization. The corrosion resistance of the coatings depended on
their composition and morphology. An increase in the nickel content
contributed to the improvement of corrosion resistance (Figure 1). The highest
corrosion resistance was achieved for the Zn—Ni alloy deposited at 55 °C and
a cathodic potential of —0.8 V from an electrolyte containing 0.45 M Zn(ll)
and 0.05 M Ni(Il), which resulted from an even, dense and defect-free surface
morphology due to an optimal content of components in the coating.

Lietal., [26] studied the deposition of a Zn—Ni alloy from a reline solution
with varying water concentrations (0, 1, 3, 5, and 7 wt.%). The introduction of
a certain amount of water is a method for controlling the coating composition.
By adjusting the water concentration and deposition potential, the nickel
content in the alloy could be varied from 4 to 96 wt.%. All coatings exhibited
lower corrosion currents and more positive corrosion potentials than the steel
substrate in 3.5 wt.% NaCl solution. Corrosion resistance was increased with
increasing the nickel content. Notably, coatings with higher nickel content
showed more positive corrosion potentials than steel when the water content
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in the electrolyte was less than 3 wt.%. When the water content in the
electrolyte exceeded 3 wt.%, the Zn—Ni coatings with increased zinc content
were deposited; they showed slightly negative corrosion potentials than steel
and exhibited protective properties. The coating with a content of ~14 wt.%
Ni (y-phase) exhibited the highest protective properties against steel in 3.5%
NaCl.
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Figure 1. Corrosion potential Ecor and corrosion current density icorr in 0.35 M NaCl
solution for the Zn—Ni coatings deposited at different electrode potentials (0.45 M

Zn(1l), 0.05 M Ni(ll) at 70°C). The figure is plotted based on data from reference
[25].

Lei et al., [27] deposited a Zn—Ni alloy coating from an ethaline-based
electrolyte, modified by adding propylene carbonate to reduce the liquid’s
viscosity. Boric acid was also added to improve the surface morphology and
adhesion of coatings. The proposed electrolyte composition can be used for
the production of electrodeposited zinc-nickel alloy coatings (y-phase) with a
Zn content of approximately 81-85%, using either potentiostatic or pulse
electrolysis modes. The obtained coatings exhibit high protective properties
against corrosion of the steel substrate in an aggressive 3.5% NaCl
environment (Figure 2).

A comparative analysis was conducted on the deposition processes of Zn—
Ni alloy from electrolytes in which the solvent was either a eutectic mixture
of choline chloride and ethylene glycol (ethaline) or pure ethylene glycol as
the solvent [28]. It was found that an increase in the concentration of ethylene

Complimentary Copy



Electrochemical Corrosion Behavior and Protective Properties ... 79

glycol shifts the deposition potentials of both nickel and zinc in the negative
direction, which indicates the formation of the corresponding complexes of
nickel and zinc. Increasing the concentration of ethylene glycol (when going
from ethaline to pure ethylene glycol) reduces the difference between the
deposition potentials of the alloy components. The electrodeposition of the
Zn—Ni alloy in electrolytes of both types obeys the laws of anomalous
codeposition, where the more electronegative component (zinc) is
preferentially deposited in the alloy. From both studied of electrolytes, it is
possible to obtain coatings with the nickel content in the range from 10 to 20
wt.%, which is of great interest for industrial use in corrosion protection. At
the same time, a metastable y-phase is formed on the cathode, built of
nanocrystallites with an average size of approximately 17.4 nm and 11.06 nm
for electrolytes based on ethaline and pure ethylene glycol, respectively. Table
2 shows the systematized results obtained from corrosion measurements. The
corrosion potential of the Zn—Ni alloy is more negative than that of steel and
slightly higher than that of pure zinc. This indicates that during the
electrochemical corrosion of the zinc-nickel alloy, the zinc component
disintegrates mainly, forming a surface layer enriched with nickel. This layer
is a physical barrier that prevents further corrosion [28].
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Figure 2. Corrosion current density of Zn, Ni, Zn—Ni coatings and mild steel in 3.5%
NaCl. The figure is plotted based on data from reference [27].
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Table 2. Corrosion data for Zn—Ni alloys and Fe substrate
in 3.5% NaCl solution

Sample izzo(\gng)vs icorr (LA cm2)
Fe substrate —402 7.5
20% Ni deposited from ChCI/EG 1:2 -902 1.6
20% Ni deposited from ChCI/EG 1:4.5 -859 43
15% Ni deposited from ChCI/EG 1:4.5 ~774 3.7
12% Ni deposited from ChCI/EG 1:4.5 —853 7.9
18% Ni deposited from pure EG —-852 18.1
éi:ﬁ; Ni deposited from commercial ZnNi plating 826 118

Reprinted from [28].

Alesary et al., [30] investigated the effects of boric acid, ammonium
chloride, and nicotinic acid additives on the electrochemical deposition of Zn—
Sn alloy from an ethaline-assisted plating bath. Without additives, dark gray
coatings of unsatisfactory quality are formed. However, the introduction of
boric and nicotinic acids produces uniform and bright deposits due to their
adsorption on the cathode, which inhibits the processes of zinc and tin
deposition. The addition of ammonium chloride promotes the formation of
complexes with zinc ions, inhibiting the partial process of zinc deposition. The
presence of additives enhances the morphology, microstructure, and corrosion
resistance of coatings. The experimentally determined corrosion rates (mm
year?) are 0.0117, 0.00369, 0.095, 0.0609, 0.0305, and 0.0875 for pure zinc,
pure tin, zinc-tin alloy without additives, zinc-tin alloy with boric acid
addition, zinc-tin alloy with ammonium chloride addition, and zinc-tin alloy
with nicotinic acid addition, respectively.

Bucko et al., [31] studied the electrochemical deposition of a zinc-
manganese alloy from ethaline. They demonstrated the formation of
electrodeposited Zn—Mn coatings that exhibit good corrosion resistance in a
3% NaCl solution.

From electrolytes based on DESs, it is possible to produce not only
corrosion-resistant alloys based on zinc, but also composite coatings, which
are an electrodeposited metal matrix with embedded particles of a solid
dispersed phase [32]. For example, Marin-Sanchez et al., [33] reported
electrodeposition of Zn/Ce,03-CeO, composite coatings using an electrolyte
containing 0.3 M ZnCl; and 0.3 M CeCls-7H;0 in reline. When the cathode
deposition density varied in the range from 1.13 to 0.75 A dm2, coatings were
formed with a total cerium content of 8.30 to 1.36 at.% in the form of cerium
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oxides with different degrees of Ce oxidation (~50.6% Ce»03 + 49.4% CeOy).
The introduction of Ce203; and CeO; particles into the zinc matrix helps to
increase the corrosion resistance of coatings. In particular, the corrosion rate
of a zinc coating in an aggressive environment of 0.05 M NaCl is 2.29x10-°
A cm~2, while when cerium oxide particles are included in the coating, it is in
the range of (1.62-1.78)x10° A cm2.

It is worth noting that the literature reports on the electrodeposition of
other zinc alloys from electrolytes based on DESs, such as Zn—Co [34] and
Zn-Ti [35]. It could be argued a priori that these coatings may exhibit
increased corrosion resistance and protective properties, but corresponding
experimental studies have not yet been conducted.

Thus, the use of DESs enables the expansion of the chemical compositions
available for various types of zinc alloys when compared to traditional
aqueous electrolytes. However, currently, there is a lack of research on the
corrosion behavior of these coatings, which highlights the need for further
investigation in this area as an urgent task for future studies.

Nickel-Based Coatings

The electrochemical deposition of nickel and coatings based on its alloys and
composites is one of the oldest and most widespread types of electroplating
[36-39]. Nickel coatings are used to provide corrosion protection and
decorative properties. Although nickel is a highly electronegative metal (with
a standard potential of —0.25 V for the Ni(ll)/Ni electrochemical couple), due
to its tendency to passivate, it acquires a sufficiently positive potential and
exhibits considerable resistance to atmospheric exposure, alkaline solutions,
and some acids. Nevertheless, nickel corrodes rapidly in many mineral acids.
In the nickel-iron galvanic corrosion couple, nickel acts as the cathode and
protects steel surfaces from corrosion only if the coating has no through pores
or cracks. Nickel is often applied to steel with an intermediate copper layer.
Electrodepositing several successive layers of nickel containing sulfur is a
common practice. Electrodeposition of nickel alloys can improve not only
corrosion resistance, but also other functional properties such as hardness,
wear resistance, magnetic properties, and electrocatalytic properties [39-41].

In industry, nickel coatings are primarily deposited from aqueous
electrolytes. However, recent research has explored the electrodeposition of
nickel, its alloys and composites from DES-based solutions [40-49]. It can

Complimentary Copy



82 Vyacheslav Protsenko

also be noted that a significant number of published scientific works in this
field are focused on the electrodeposition of nickel-based coatings. Below, we
will describe only those works that have characterized the corrosion behavior
and protective properties of the deposited coatings.

Nanocrystalline nickel coatings were electrodeposited on a brass substrate
using an electrolyte based on ethaline at room temperature under potentiostatic
conditions [43]. The coatings were composed of Ni nanocrystals with a face-
centered cubic lattice and an average crystallite size of approximately 6 nm.
Results showed that these electrodeposits had increased microhardness and
high corrosion resistance in an aggressive environment containing 3% NaCl.
Specifically, the corrosion potential was found to be about —220 mV and the
corrosion current density was 4.92 x 104 mA cm2 for the brass substrate,
while the corresponding values for the deposited nanocrystalline nickel
coating were approximately —-690 mV and 11.02 x 102 mA cm2. As a result,
the nickel layers acted as sacrificial anode protection for the brass substrate in
a 3 wt.% NaCl aqueous solution at room temperature.

The use of an ethaline-based electrolyte offers broad possibilities for
manipulating the micro/nanoarchitecture of electrodeposited nickel deposits
through programmed electrolysis techniques [44]. For instance, during
stationary potentiostatic electrolysis, nanoplates with sizes of 10-50 nm can
be formed on the surface, the edges of which resemble arrowheads. In pulsed
mode, depending on the duty cycle, coatings with surface morphology similar
to fingerprints are produced, lined up in a row of narrow strips and nanoplates.
When using the reverse pulse mode, flower-like clusters with a hierarchical
structure on the surface are formed. Nanostructuring of the surface leads to the
formation of superhydrophobic surfaces in the electrodeposited nickel layers,
which exhibit increased corrosion resistance in a 3 wt.% NaCl aqueous
solution. For example, the corrosion potential of the brass substrate was
approximately —0.225 V (vs. the saturated calomel electrode), whereas the
corrosion potential of the superhydrophobic nickel layer was —0.710 V, which
is significantly more negative than that of the substrate. Hence, the nickel
coating deposited from the DES-based electrolyte provides an efficient
protection of the brass surface against corrosion.

Bernasconi and Magagnin [46] investigated the electrodeposition of
nickel on an aluminum surface using a deep eutectic solvent. Interestingly, the
deposits obtained from DESs showed reduced corrosion resistance, making
them unsuitable for industrial use. However, depositing a nickel intermediate
layer from the DES-based electrolyte on the aluminum surface, followed by
the deposition of a final layer from an aqueous nickel-plating electrolyte,
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significantly improved corrosion resistance. It is suggested that the DES-
assisted plating electrolyte helps to form a well-bonded layer on the surface of
the aluminum alloy without passivating the substrate. Subsequently,
depositing nickel from water plating baths on this intermediate layer is
advisable.

It has been found that by adding water to electrolytes based on deep
eutectic solvents, several physicochemical and operational parameters of the
nickel electrodeposition process can be significantly improved [47, 48].
However, water should not be regarded as an additional solvent, but rather as
an additional source of hydrogen bonds during the formation of the deep
eutectic solvent [48]. At certain concentrations, not exceeding a certain level,
the electrolyte based on a DES retains a specific hole mechanism of mass and
charge transfer, and remains essentially an ionic liquid, without turning into a
highly concentrated aqueous solution.

The introduction of additional water into the nickel-plating electrolyte
based on DESs leads to a decrease in viscosity and an increase in electrical
conductivity, which is important and favorable from the point of view of the
potential practical application of these systems [48]. In addition, the
introduction of water into the composition of electrolytes allows controlling
the microstructure and various properties of the obtained coatings [47].
Nanocrystalline coatings with a face-centered cubic lattice are deposited from
nickel plating electrolytes based on ethaline with water additives. The average
crystallite sizes, estimated according to the Scherrer equation, ranged from 3.1
to 7.2 nm. The introduction of additional water into the DES-based nickel-
plating electrolytes resulted in an increase in the deposit microhardness and an
improvement in corrosion resistance. Figure 3 shows Nyquist diagrams for
corrosion of Ni coatings in a 0.05 M H»SO4 solution. These diagrams
(impedance hodographs) have the form of compressed semicircles with the
center located below the real axis. This indicates that the corrosion rate of
nickel coatings is determined by the charge transfer on the heterogeneous
electrode surface, which can be described by the so-called constant phase
element (CPE) [50]. To interpret the results of electrochemical impedance
measurement, the equivalent circuit shown in Figure 4 was used. This
equivalent circuit contains the polarization resistance of the electrode reaction
(Ret), the constant phase element (characterized by two parameters Q and n)
and the ohmic resistance of the solution (Rs). The calculated kinetic parameters
are summarized in Table 3.
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Figure 3. Nyquist diagrams of nickel coatings electrodeposited from electrolytes
containing ethaline+NiCl>+xH,0. Symbols represent experimental values and solid
lines reflect calculated results.
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Figure 4. Equivalent circuit simulating the electrochemical impedance
of the corroding electrode/solution surface.

An increase in the polarization resistance Rt with an increase in the water
content in the nickel plating electrolyte indicates an increase in the corrosion
resistance of nickel deposits. Simultaneously, the value of Q decreases and the
parameter n increases. Analysis of the obtained data allows us to conclude that
the introduction of additional water into the solution of NiCl»-6H>0 in ethaline
leads to a decrease in the degree of roughness and heterogeneity of Ni coatings
and an increase in their corrosion resistance in a 0.05 M H2SO4 solution [47].
It was suggested that water molecules from the nickel-plating electrolyte are

Complimentary Copy



Electrochemical Corrosion Behavior and Protective Properties ... 85

captured by the coating and absorbed on the active centers (crystal defects) of
the metal, blocking them. As a result, a continuous and stable nickel hydroxide
passivating film is quickly formed. In addition, the corrosion resistance of
coatings increases due to the leveling of the surface, which is indicated by
higher values of the parameter n.

Table 3. Calculated parameters of the equivalent circuit that simulates
the corrosion of nickel coatings in a solution of 0.05 M H2SO4
at the corrosion potential

System” Rs, Q Ret, Q Q,Qts" n

Ethaline + NiCl,-6H,0 11.37 8.45 78.81x1073 0.526
Ethaline + NiCl,-9H,0 11.22 8.81 68.24x1073 0.530
Ethaline + NiCl,-12H,0 11.49 8.85 51.04x1073 0.629
Ethaline + NiCl,-15H,0 11.05 16.32 1.24x10°8 0.985
Ethaline + NiCl,-18H,0 10.61 22.83 84.61x10° 0.991

Note: * — The numbers before H,O in the first column indicate the molar amount of water.
Reprinted from [47] by permission of Springer Nature, Copyright 2017.

The addition of a second component can improve the corrosion and
protective properties of coatings by forming an alloy with nickel [37, 39].
Wang et al., [51] reported the formation of a binary nickel-copper alloy from
a reline-based solution containing 0.6 M NiCl,-6H,0 and 0.01 M CuCl;-H20.
Unlike aqueous electrolytes, the deposition potentials for copper and nickel in
DESs are very close to each other, allowing the alloy to be deposited without
the use of special additives. By increasing the cathode current density, the
copper content in the alloy can be enriched, and alloys with copper content
ranging from 5 to 40 at.% can be formed. Polarization measurements in a 3.5
wt.% NaCl solution showed that Ni—Cu alloy coatings (~17.6 at.% Cu)
deposited from the reline-assisted plating electrolyte demonstrate greater
corrosion resistance than commercial Monel-400 alloy (~28 at.% Cu) or an
alloy with a higher copper content (~33.6 at.%), but deposited from an aqueous
electrolyte. The corrosion current densities of the coatings were found to be
3.17x107, 2.24x10°% and 1.27x10-% A cm?, respectively [51].

Yang et al., [52] described the electrolytic deposition of a Ni-Zn alloy
from an electrolyte in which 0.1 M NiCl; and 0.4 M ZnCl;, were dissolved in
reline. It was shown that nickel, as a more electropositive metal, is deposited
preferentially compared to zinc. Deposition of the Zn component occurs only
at sufficiently negative potentials, therefore its content in the coating is always
less than 50 at.% (Figure 5, a). The resulting Ni—-Zn alloy was a solid solution.
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Coatings with a Ni content of 87 at.% and above showed increased corrosion
resistance (Figure 5, b) due to the dense and nonporous microstructure.
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Figure 5. Dependences of the nickel content in the Ni—-Zn coating on the
electrodeposition potential (a) and the corrosion current density in 0.1 M NaCl
on the nickel content in the coating (b) for Ni—-Zn coatings deposited from an
electrolyte containing 0.1 M NiCl; and 0.4 M ZnCl; in reline, at 70 °C.

The figure is plotted based on data from reference [52].
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You et al., [53] demonstrated the possibility of electrodepostion of a
nickel-cobalt alloy from solutions based on ethaline. An increase in the
concentration of cobalt ions in the electrolyte allows obtaining alloys with the
cobalt content of 4% to 40%. However, introducing cobalt increases the
corrosion currents of the coating in an aggressive environment of 3% NaCl.
For example, the corrosion current densities are equal to 2.5, 3.7, 5.8 and 6.1
pA cm-2 when the cobalt content in the coating is 0, 4, 18 and 40 wt.%,
respectively. On the contrary, Li et al., [54] studied the electrodeposition of a
Ni—Co alloy from an ethaline-based electrolyte and showed that an increase in
the cobalt content leads to a certain decrease in the corrosion current density
in an aggressive environment of 3.5% NacCl. It is obvious that the data on the
corrosion behavior of this kind of electrodeposited alloy is contradictory and
require further research.

The study by Vijayakumar et al., [55] focused on the electrodeposition of
a ternary Ni—Co-Sn alloy from an electrolyte based on ethaline. The authors
also prepared Ni—Sn and Co-Sn binary alloys from the same electrolyte for
comparison. The results showed that the Ni-Co—Sn ternary alloy has potential
as an electrocatalyst for hydrogen production in an aqueous alkaline medium,
with higher current density of the hydrogen evolution reaction and greater
corrosion resistance compared to the Ni-Sn and Co-Sn binary alloysinal M
KOH solution. The corrosion current densities of Ni-Sn, Co—Sn, and Ni—Co—
Sn alloys were determined to be 1.167 x 103, 1.472 x 103, and 5.340 x 10
A cm?, respectively.

Nanocrystalline nickel-molybdenum alloys have been successfully
deposited from an electrolyte based on a reline solvent [56]. The composition
of the obtained coatings varied from 2 to 35 wt.% molybdenum, depending on
the electrolysis conditions and the electrolyte composition. The introduction
of molybdenum into nickel led to a significant increase in the corrosion
resistance of the coating, with the corrosion current density for the nickel
coating in a 0.5 M NaCl solution being 169 pA cm2, compared to only 3.94
pA cm2 for the nickel-molybdenum alloy (8-9 wt.% Mo). Notably, Ni-Mo
alloys deposited from DESs exhibited higher corrosion resistance than similar
coatings obtained from conventional aqueous electrolytes. This behavior was
attributed to the unique surface morphology of coatings fabricated from DESs,
which featured more uniform and low-defect patterns, as well as their
nanocrystalline structure. High corrosion resistance in an aggressive
environment was also observed for nickel-molybdenum coatings deposited
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from electrolytes based on a eutectic mixture of choline chloride and
propylene glycol [57].
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Figure 6. Polarization curves of nickel (1), nickel-titania (5% TiO,) (2) and nickel-
titania (10% TiO,) (3) electrodeposits in 3% NaCl. Sweep rate was 0.001 V s,

Electrolytes based on deep eutectic solvents can also be used for the
electrochemical deposition of composite coatings with a nickel matrix. It has
been established that the inclusion of a dispersed phase into the nickel matrix
contributes to a significant increase in the coating’s corrosion resistance [58—
60]. For illustration, Figure 6 shows the polarization curves characterizing the
electrochemical corrosion behavior of Ni and Ni—TiO coatings in a corrosive
medium of 3% NaCl, and the calculated corrosion parameters are summarized
in Table 4 [60]. It can be seen that the inclusion of titanium dioxide
nanoparticles in the nickel matrix and the increase in their concentration lead
to a shift in the corrosion potential towards positive values and a decrease in
the corrosion current density. This behavior is explained by the presence of a
barrier effect, which partially prevents the contact of the metal matrix with an
aggressive environment, the formation of a large number of corrosion
microcells, which contributes to the inhibition of local corrosion, and the
growth of the length of current paths during electrochemical corrosion [61].
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Table 4. Corrosion potential and corrosion current density of Ni and Ni—

TiO2 coatings in a 3% NaCl water solution extracted from Tafel analysis

Coating Ecor (MV) jeorr (MA cmM?)
Ni -508 9.31x10°®
Ni-TiO, (5%) —-451 3.45x10°®
Ni-TiO, (10%) —-408 1.28x10°°

Reprinted with modification from [60].

Thus, the use of DES-assisted plating baths makes it possible to expand
the range of various nickel alloys and composites and controllably adjust the
composition of coatings by changing the electrolysis conditions. This opens
up additional opportunities for increased corrosion resistance compared to
water systems.

Chromium-Based Coatings

As is known, electrochemical chromium plating is an extremely widespread
type of coating electrodeposition [36, 62]. The wide use of chromium coatings
is due to a number of their unique multifunctional properties. In particular,
although the standard potential of the electrochemical couple Cr(l11)/Cr = —
0.74V is quite negative, due to the ability of chromium to passivate, its surface
is covered with a thin dense protective oxide film that inhibits corrosion in
many types of aggressive environments. Chromium coatings exhibit an
attractive surface appearance, which is maintained for a very long time.
Chromium deposition is widely used for applying hard, wear-resistant and
anti-friction coatings [63].

A major disadvantage of conventional chromium plating processes is the
use of concentrated solutions of hexavalent chromium compounds, which are
extremely toxic and harmful. It is well known that the use of hexavalent
chromium is currently very limited [64]. An alternative to chromium plating
electrolytes based on Cr(VI) could be environmentally friendly chromium
plating baths based on Cr(l11) salts [65]. However, progress in this direction is
not yet fast enough due to the peculiarities of the chemistry and electro-
chemistry of trivalent chromium compounds in aqueous solutions [66, 67].

The use of DES-assisted trivalent chromium plating baths could offer a
promising alternative to conventional water electrolytes for chromium plating
[68—75]. They have several advantages over water-based analogues, including
environmental safety, a smaller volume of wastewater generated, stability of
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the chemical composition, ability to deposit various chromium-based alloys
and composites, and increased current efficiency. Chromium coatings
deposited from electrolytes based on DESs exhibit increased electrocatalytic
activity [76], attributed to their unique electrochemical properties and specific
corrosion behavior, which has been the subject of research in several
publications.

Protsenko et al., [72] described the electrodeposition of coatings from a
DES composed of 1CrCls + 2.5ChCI + 15H,0 (where the numbers before the
chemical formulae indicate molar ratios). The coatings exhibited amorphous-
type microstructures and contained chromium, carbon, oxygen, and chlorine.
It is obvious that the source of metalloids in the coating is the corresponding
components of the electrolyte. Carbon incorporation into coatings produced
from Cr(l1l) electroplating baths is a typical phenomenon, occurring by a
chemical or electrochemical mechanism [77]. The modified chemical
composition due to the introduction of metalloids and the formation of an
amorphous structure significantly changed the electrochemical corrosion
behavior of coatings. For example, the polarization curve of the anodic
dissolution of “ordinary” chromium in an acidic medium includes the classic
sections of active dissolution, passive state, and transpassive dissolution
(Figure 7, curve 1). However, coatings produced from a DES-based electrolyte
did not show a section of active dissolution, and the segment corresponding to
cathodic hydrogen evolution shifted towards more positive potentials (Figure
7, curve 2) [72]. This behavior suggests high corrosion resistance of coatings
produced from DES, attributed to the formation of a special surface protective
film enriched with carbon [78]. Carbon and its compounds with chromium,
such as chromium carbides, act as specific “cathodic agents” that shift the
corrosion potential to the area of the passive state, thereby significantly
reducing the rate of corrosion destruction.

A study was conducted to determine the corrosion resistance and
protective properties of coatings deposited from a liquid mixture containing
choline chloride, chromium (I11) chloride, and water (at a molar ratio of
2.5:1:12, respectively) [74]. Coatings with a thickness of 2.5, 5, 10, 15, and 20
um were deposited on a steel substrate. A 0.1 N Na,SO4 solution was used as
an aggressive medium with a pH of 3.0. In such an environment, chromium is
in a passive state and does not dissolve in an active state (Figure 8). Therefore,
by neglecting the dissolution rate of chromium compared to iron (steel, which
dissolves through pores and cracks in the coating), the degree of protection
(DP) can be calculated using the following equation:
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ppP =171 .100%
Js

where j is the maximum current density of anodic dissolution of steel with Cr
deposit; and js is the maximum current density of anodic dissolution of steel
without Cr deposit.
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Figure 7. Polarization dependences of deposits in 0.5 M H,SO, solution at 25°C: (1)
coatings from hexavalent chromium bath (250 g dm= CrO; + 2.5 g dm= H,S0O,) at
40 A dm2 and 45°C; (2) coatings from electrolyte containing CrCl; + 2.5ChCl +
15H,0 at 5 A dm2 and 40°C. Scan rate is 50 mV s,

The results presented in Table 5 show that the degree of protection reaches
its maximum value of 97.5% when the coating thickness increases to 5 um.
However, further thickness increase leads to a gradual decrease in the
protective properties, probably due to the cracking of the coatings and an
increase in their defectiveness [74].

Table 5. The effect of coating thickness on the degree of protection

Chromium deposits thickness (um) DP (%)
25 55.8
5 97.5
10 94.1
15 86.4
20 78.3

Reprinted from [74].
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Figure 8. Polarization curves of a steel sample (1) and steel samples coated with
chromium layers with a thickness of 2.5 um (2), 5 um (3), 10 um (4),
15 pum (5) and 20 pum (6) recorded in 0.1 N aqueous Na SO, solution (pH 3.0).

The electrochemical impedance spectroscopy method was used to conduct
a detailed study of the corrosion and protective properties of chromium
coatings. The results showed that the coating thickness of 5 um corresponded
to the highest polarization resistances of the electrode reaction and the smallest
values of capacitive components and dimensionless index in the constant
phase element, indicating the best protective and corrosion characteristics
(Figure 9, Table 6). This contradicts the commonly accepted notion that
thicker chromium coatings provide better protection against corrosion. These
findings are significant for the practical application of chromium coatings
deposited from DESs.

There are several published works devoted to the electrochemical
deposition of chromium alloys with other metals and metalloids from deep
eutectic solvents, where the corrosion characteristics of the deposits were
studied [79-83].
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Figure 9. Nyquist plots of mild steel (1) and Cr deposits on mild steel substrate (2-6)
in 0.1 N Na,SO, (pH 3.0) at open circuit potential. The thickness of chromium
deposits (um): 2.5 (2), 5 (3), 10 (4), 15 (5) and 20 (6). The inset shows the equivalent
circuit used to interpret the impedance of electrode/solution interface.

Chromium-—phosphorus coatings were deposited from an electrolyte based
on ethaline, which contained 0.3 M CrCl3-6H20, 0.2 M NaCl, and 0.05 M
NH4H2PO, [79]. The resulting coatings contained approximately 6 wt.%
phosphorus, as well as impurities of Cr,03 and Cr(OH)s in addition to the
dominant metal component. It was found that the corrosion resistance of Cr—
P alloy coatings is higher than that of “pure” chromium in an aggressive
environment of 0.1 M H2SO4, but lower in an aggressive environment of 3.5
wt.% NaCl.

Nanocrystalline coatings of Fe—Cr alloy were electrodeposited from the
ethaline-based DES without adding other organic components [80]. The
resulting coating has high corrosion resistance in an aqueous solution of 5
wt.% NaCl. This is due to the nanocrystalline structure of the coating (an
average particle size of about 1.53 nm) and the formation of a very compact
protective passive film of Cr,Os and Fe,Osz oxides. Similar results are
described in study [81].
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Saravanan and Mohan [82] demonstrated the possibility of electro-
deposition of a ternary chromium-nickel-iron alloy (with 4-15% Cr, 34-41%
Ni, and 53-61% Fe) from an ethaline-based electrolyte. Thick coatings of this
composition can compete with highly corrosion-resistant stainless steels.
Potentiodynamic  polarization tests and electrochemical impedance
spectroscopy showed that the deposited Fesse2Niz.s7Crias alloy exhibits
superior corrosion resistance in an aggressive environment of 3.5% NaCl,
surpassing the resistance of mild steel substrate. It should be noted that
deposition of Fe—Cr—Ni ternary alloys from conventional agueous solutions is
an extremely difficult task [83], and therefore, the use of electrolytes based on
DESs presents excellent prospects in this direction.

The use of DES-assisted plating baths for the electrochemical deposition
of corrosion-resistant chromium-based composite coatings remains largely
unexplored in the literature. However, there is one study [84] that reports the
production of Cr-single walled carbon nanotube (SWCNT) composite
coatings from an ethaline-based solution using pulse electrolysis. The addition
of single-walled carbon nanotube particles resulted in a significant increase in
microhardness and corrosion resistance of the coatings in an environment of
3.5 wt.% NaCl. The corrosion current densities for the chromium coating and
the Cr—SWCNT composite were 312.7 and 180.9 uA cm2, respectively.

Conclusion

The literature analysis reveals that deep eutectic solvents-based electrolytes
can be effectively utilized for the electroplating of protective and corrosion-
resistant coatings. Compared to conventional water-based plating solutions,
the advantages of DES-based systems include improved environmental,
economic, and technological factors, as well as the capability for flexible
tuning of the coatings’ chemical composition and microstructure, resulting in
improved physicochemical properties such as increased resistance to corrosion
in aggressive environments and enhanced protective characteristics. DES-
assisted electrodeposition processes can produce nanocrystalline structured
alloys based on nickel, zinc, and chromium with other metals and metalloids,
where the chemical composition and properties of the coatings can be varied
within a broad range. Additionally, the production of composite coatings from
DESs is a promising direction, as these systems provide enhanced stability
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against aggregation and sedimentation, leading to the stable formation of
composites with a high content of dispersed phase in the metal matrix.

The lack of systematic and comprehensive studies on the electrochemical
deposition of DES-based coatings and their corrosion behavior and protective
properties makes it difficult to draw clear conclusions about the potential of
these systems for practical applications. Therefore, further research in this area
is needed to establish reliable correlations between the composition, structure,
and properties of the coatings obtained, as well as to optimize the conditions
of their synthesis and application. This will help to expand the range of
technological solutions based on DES-assisted electrodeposition and to create
new materials with tailored properties and improved performance in various
fields of industry and technology.

Disclaimer

None.
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Abstract

Abundance of plastic by non-biodegradable petrochemical-based plastic
packaging materials has caused an interest in developing biodegradable
plastic using waste derived polysaccharides or starch. Therefore, this
study aims to diminish the raw material from petroleum in plastic
production besides mitigating the pollution due to nonbiodegradable
petroleum-based plastics. In this study, tapioca starch — Nicotiana
tabacum xylan composite films were successfully prepared. The
influence of Nicotiana tabacum-xylan content on the functional
properties of tapioca starch film was studied. This study used xylan-
tapioca starch to produce bioplastic films. Xylan was extracted from the
tobacco plant. The purpose of this study is to study the effect of different
ratios of sorbitol and glycerol as plasticizers on physical and chemical
properties and to investigate the optimum formulation to produce a good
quality tobacco derived bioplastic. Different ratios of sorbitol and
glycerol (wt %) (0.15S:0.85G, 0.25S:0.75G, 0.5S:0.5G, 0.75S:0.27G,
0.85S:0.15G) were formulated based on 1.0 wt % of glycerol from the
previous research. 1.0 wt % glycerol was served as an experimental
control. 0.3% of tobacco xylan was added into the formulation and acts
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as a filler. Physical properties of all bioplastic samples were determined
by conducting moisture content test, water absorption test and
biodegradability test. Bioplastic samples also undergo several
characterizations on thermal analysis, functional group analysis and
morphological analysis. The best ratio of plasticizer was sample E with
0.85:0.15 wt % Sorbitol-Glycerol. Sample E shows better result on
physical analysis with the lowest rate of moisture content, water
absorption and biodegradability. Besides, sample E also shows greater
heat stability and better surface morphology on thermal and
morphological analysis. The result also shows that the interaction
between Nicotiana tabacum-xylan and glycerol occurs between 3C-C
groups, while the other bonds are unaffected. This indicates that xylan
acts as filler loads which eventually increase the mechanical and strength
of the composite films without affecting the major properties of the
bioplastic based. This biocomposite film has high potential to be
commercially used as natural biodegradable composite film replacing
petrochemical-based plastic.

Keywords: tobacco xylan, tapioca starch, bioplastic, crosslinker, formulation

Introduction

Active food packaging has drawn much attention in recent years beyond the
inert passive containment which is helpful to extend shelf-life, monitor
freshness, display information on quality and even improve safety of the foods
and pharmaceutical products [1]. Furthermore, concern about environmental
waste problems caused by nonbiodegradable petrochemical-based plastic
packaging materials has generated an interest in developing biodegradable
plastic using waste-derived polysaccharides or starch. Literature shows that
few research works have been done on producing biocomposite films using
natural biopolymers. Huq et al. [1] successfully used alginate with cellulose
that gives better qualities in terms of its physical and mechanical properties.
Wu et al. [2] produced edible starch-alginate-based composite as packaging
for precooked ground beef patties. The result shows that edible films prepared
can serve as oxygen or moisture barriers that can preserve the food quality.
The aims of synthesizing bioplastics are to diminish the raw material from
petroleum in plastic production besides mitigating the pollution due to the
non-biodegradable petroleum-based plastics. Hence, in this study, utilizing of
xylan, natural polysaccharides from Nicotiana tabacum stalks or known as
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tobacco plant was conducted. In Kelantan, Malaysia, plantation of Nicotiana
tabacum contributes to one of the main agricultural residues. The leaves were
cut to be processed and the stalks were left as agricultural waste. In 2016,
about 1,500 tonnes of Nicotiana tabacum stalk was abundant in Kelantan. The
stalks of Nicotiana tabacum actually containing natural polymer which are
30% cellulose (450 tonnes), 30% hemicelluloses (450 tonnes), and also 40%
lignin (600 tonnes). So, there is relevancy in utilizing the source of xylan
(hemicelluloses) as biopolymer in preparing good composite film for food
packaging purposes.

Xylan, are the largest group of hemicelluloses that are unutilized valuable
biopolymers with broad potential applications. The structure and material
properties of xylan can act as a renewable raw material for bio-based plastic
production. Further studies on plasticizing xylan need to be carried out to
produce more flexible films that exhibit improved strength and oxygen barrier
properties. Although xylan has its own advantages, there is a drawback of
xylan film in terms of its high internal cohesion, which results in fragmented
and fragile films which are not suitable to be used in food packaging
applications [3]. To overcome these drawbacks, a combination of xylan and
tapioca starch gives high mechanical properties and high water resistance
biocomposite film, which are more suitable for active food packaging. The
processes involved are extraction of xylan from Nicotiana tabacum stalks and
gelatinization of tapioca starch, as well as preparation of xylan-tapioca starch
biocomposite film. This study aims to synthesis and characterizes the waste
derived bioplastics as high potential to be commercially used as natural
biocomposite film in active food packaging.

Preparation and Characterization of Tapioca Starch —
Nicotiana tabacum Xylan Composite Films

Nicotiana tabacum or tobacco were collected from local farmer at Bachok,
Kelantan. The stalks were cut into small pieces and dried under sunlight for
three days before ground to form fine powders. Then, the stalk powders
underwent xylan extraction process using dimethyl sulfoxide (DMSO)
extraction. In this process, about 15 g of stalk powder was added into 210 mL
of DMSO and stirred for 18 hours at room temperature. The mixture
containing tobacco biomass and solution was separated by filter paper. The
pH of the solution was stabilized until 5.5. About 96% (w/v) of ethanol was
added into the solution and then centrifuged at 8000 rpm for 10 minutes at 4°C
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to obtain suspended xylan. Finally, the suspended xylan was dried in an oven
at 80°C for 24 hours to form fine powders. Meanwhile, tapioca starch (food
grade; particle size of those starches ranged from 11.3 pm to 87.1 um with an
average particle size of 49.2 um and moisture content of tapioca starch is
middle of 14%) has been prior dried in an oven at 80°C for 24 hours. The
development of bioplastics films was carried out according to three
formulations as shown in Table 1. Firstly, tapioca starch-forming solutions
were prepared by dissolving 5 g of wheat starch powder into 100 mL of
distilled water. The solutions were heated in a water bath at 82°C for 30
minutes at 700 rpm, stirring to obtain solubilization and gelatinization of the
starch. Then, these film-forming solutions were cooled down to 40°C. The
plasticizer and tobacco xylan were added while stirring at 150 rpm. A defined
volume of film-forming solution was poured into a petri dish to obtain a
constant film thickness. Films were dried in laminar flow. The phase structure,
morphology and elemental composition of extracted Nicotiana tabacum xylan
were characterized by X-ray diffraction (XRD, Bruker D2 Phaser), scanning
electron microscopy (SEM, JEOL; model JSM-IT100) and energy dispersive
Xray spectroscopy (EDX), respectively. Besides that, the properties of
prepared samples were recorded by Fourier transform infrared spectroscopy
(FTIR, Nicolet Avatar 360 ESP FT-IR).

Table 1. Bioplastic formulation

Sample Tapioca starch Glycerol (wt%) Distilled water Tobacco Xylan
(Wt%) (Wt%) (Wt%)

Sample A 5 15 93.5 -

Sample B 5 15 93.2 0.3

Sample C 5 1.5 93.0 0.5

Figure 1(a) shows the XRD patterns of tobacco powder before and after
treated with DMSO extraction. The result of raw tobacco powder can be
indexed to xylan polysaccharides (amorphous) phase coexisted with Sh with
ICSD file no. 96-901-3009. However, the XRD peaks, which belong to Sb
phase were, totally disappeared after treated with DCMO extraction. Figure
1(b) shows the SEM image of extracted tobacco powder. It is clearly observed
that the extracted powders were in the form of irregular shape with an average
particle size of 100 um. The elemental composition analysis (Figure 1(c)) on
this extracted powder revealed that the C, O and S are dominated, whilst the
other elements present in small atomic percentages. Figure 2(b) illustrates
typical FTIR spectra of bioplastics samples. Sample A shows numerous
characteristics of absorption bands for tapioca starch and glycerol. Three
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characteristic absorption bands centered of 3284 cm—1, 2924 cm—1 and 1647
cm—1, corresponding to the motion of O-H stretching, C-H aliphatic stretching
and C-C stretching vibration, respectively of tapioca starch. While, the other
absorption peaks belong to glycerol [4].
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Figure 1. (a) XRD pattern of tobacco powder and extracted tobacco powder.
(b) SEM image and (c) EDX result of extracted tobacco powder.

With addition of Nicotiana tabacum-xylan, the FTIR spectra for samples
B and C displayed same pattern with sample A. However, there is one
characteristic absorption band centered at 759 cm—1 (8C-C linkages) was
shifted to the lower wavenumber (758 cm—1). This shifting is assigned due to
the addition of Nicotiana tabacum-xylan promoted the carbon bonding
interactions among glycerol and Nicotiana tabacum xylan and increases the
distance of 6C-C bond of glycerol. However, the other peaks are unaffected,
due to the Nicotiana tabacum xylan atoms is not interact with other atoms
from tapioca starch and glycerol.
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Figure 2. (a) An image and (b) FTIR spectrum of composite films.

Effect of Glycerol and Gluteraldehyde towards Performances
of Nicotiana tabacum/Starch Derived Bioplastic

Mainly bioplastic uses native starches as its main ingredients. But bioplastics
made from native starches easily crumble into bits when dried in ambient
conditions. Strong intermolecular hydrogen bonding between the amylose and
amylopectin macromolecular network chains [5,6] is responsible for the brittle
nature of starches. Tobacco is used as raw material as it is easy to get for
example this tobacco being picked in. Crosslinking has been used to improve
the properties of regenerated proteins fibers. The most frequent plasticizer
used in bioplastic production is glycerol, which is a small molecule which non-
toxic that lessens intermolecular interactions and increases intermolecular
spacing by gaining access to the polymer chains through hydrogen bonds and
increasing stretch ability [7]. Glycerol can strongly affect the functional
properties of starch-based coatings and films [8] (Basiak et al., 2018). This
study aims to study the effect of glycerol and glutaraldehyde on the bioplastic
films from Nicotiana Tobaccum. The optimum bioplastic will be known after
the chemical test and characterization of the bioplastic being applied.

The powders of Tobacco stalk were mixed with DMSO solution in 14ml/g
for the ratio. Then, the solution to be extracted was left overnight at room
temperature for 18 hours. The extraction was then centrifuged at 5000 rpm for
20 minutes, followed by neutralization (pH 5.5) with glacial acetic acid. For
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the crystallization process, 95% of ethanol was added at double the volume of
the extraction. Then, the solutions were centrifuged at 8000 rpm for 10
minutes at 4°C. The xylans were produced after the sample was dried in a
drying oven until a constant weight was obtained and ready to produce
bioplastics.

The development of bioplastics films was carried out according to three
formulations, as shown in Table 2 and Table 3. The solutions were heated on
hot plate while stirring until to obtain gelatinization of the starch. The
plasticizer and tobacco xylan were added while stirring. A defined volume of
gelatinized solution was poured into a petri dish using syringe to obtain a
constant film thickness. The films were dried in room temperature.

Table 2. The formulation for glycerol bioplastic

Sample Tapioca starch Glycerol (wWt%) Distilled water Tobacco Xylan
(wt%) (Wt%) (wt%)

Sample A 5 0.5 93.2 0.3

Sample B 5 1.0 93.2 0.3

Sample C 5 15 93.2 0.3

Sample D 5 2.0 93.2 0.3

Sample E 5 25 93.2 0.3

After all the sample for Table 1 have been tested to get the optimum
sample, test using mechanical analysis (Tensile test, water activity test,
biodegradability test, and moisture content test) being applied. For
characterization used Fourier — Transform Infrared Spectroscopy (FTIR).
Then, the optimum sample follow the Table 2 and being tested using
mechanical analysis and FTIR analysis to find a optimum sample.

Table 3. The formulation for glutaraldehyde sample

Sample Tapioca starch Distilled water Tobacco Xylan GL (uL)
(wt%) (Wt%) (Wt%)

Sample A 5 93.2 0.3 10.0

Sample B 5 93.2 0.3 20.0

Sample C 5 93.2 0.3 30.0

Sample D 5 93.2 0.3 40.0

Sample E 5 93.2 0.3 50.0

Table 4 and Figure 4 shows the biodegradability test result for glycerol
and glutaraldehyde. We can see that for Glycerol, sample D have the highest
rate which is 99.28% and sample B has the lowest rate which is 46.48%. For
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glutaraldehyde the degradation rates of glycerol are higher than
glutaraldehyde. This is because adding the glutaraldehyde decreases the
degradation rate. Hanafi & Zaaba [8] studied that when glutaraldehyde added
the degradation become decrease because a higher density of chemical
crosslink among polymer chains which make it a strong influence of
crosslinking on the degradation.

Table 4. Percentage of biodegradability test for glycerol sample

Sample Days

7 14 21 28 35 42
A 11.83% 17.86% 25.10% 32.91% 45.28% 86.17%
B 21.14% 22.95% 26.03% 30.61% 36.57% 46.48%
C 10.46% 20.65% 23.03% 37.29% 52.97% 64.73%
D 12.79% 27.57% 35.5% 45.79% 73.81% 99.28%
E 15.28% 33.44% 40.74% 50.14% 59.03% 69.27%

Table 5. Percentage of soil burial test for glutaraldehyde

Sample (uL) Days

7 14 21 28
10 6.37% 12.2% 18.06% 22.67%
20 9.49% 20.10% 26.31% 36.86%
30 5.73% 13.60% 19.09% 31.23%
40 9.71% 18.16% 24.64% 31.46%
50 11.24% 18.6% 24.53% 32.01%

For the water activity test, glycerol sample B which contain 0.5 wt%
Glycerol has the highest water absorption rate while Sample E, which contain
2.5 wt% glycerol have the lowest water absorption rate. For glutaraldehyde,
Glutaraldehyde shows that it has lower absorption rate compared to the sample
only using the Glycerol. This is because according to H. Ismail & Zaaba N. F
[8] studied that heterogenous crosslinking produced more highly hydrophobic
structures. The network structure prevented the water molecules from
dissolving and improved the water resistances of the films.

For Moisture content in However the trend line show that while the
glycerol content increase this indicates that moisture content of bioplastics
also decreasing. For the Glutaraldehyde, all the samples also show the
moisture content increasing. But from the result, we can see that sample using
Glutaraldehyde are low moisture content rate compare to the sample that only
using Glycerol.
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For the tensile test, for the result of glycerol indicated that additives give
effect to the mechanical properties. The elongation at break increase slowly
with increase in glycerol. Adding glycerol here is to overcome the brittleness
caused by strong intermolecular forces. Sample B show the highest elongation.

For FTIR spectra in glycerol samples, it shows that the spectrum for raw
tobacco which is 3342.01 of wavenumber that represent medium N-H
stretching for aliphatic primary amine were shifted downward and to the right
for the glycerol samples, which around 3282.40 wavenumber which is strong
abroad O-H stretching for carboxylic group. The spectrum of tobacco and
glycerol shows to the similar functional groups of monomer units in the
polymeric chains.

For FTIR Analysis for Glutaraldehyde, the functional groups for the
bioplastic for Glutaraldehyde are aliphatic phosphates, aliphatic primary
amides, alkynes monosubstituted, aliphatic hydrocarbons and primary
aliphatic alcohols. Based on the spectrum in tobacco, there is a 3342.01
wavenumber that represent medium of N-H stretching were change shifted to
the right at around 3282.52 which is strong broad O-H stretching. It is change
from aliphatic primary amine to carboxylic acid. Another one was 1011.24
wavenumber from raw tobacco was shifted upwards when with the glycerol
sample which are 1643.79 which is alkene. It can be identified that all the
samples of glutaraldehyde have similar peaks which correspond to the similar
functional groups. The strong and broad absorption band around 3550- 3200
cm-1 are the characteristics of peaks of —OH stretching, which its compound
class is alcohol. Other peaks observed at around 3100 — 3000 which is medium
absorption correspond to C-H stretching. Then, at around 1336 its have
medium absorption of O-H bending.

From the research work, both glycerol and glutaraldehyde are suitable to
use as plasticizer and crosslinker for the bioplastic from Nicotiana tabacum
with tapioca starch. However, the mechanical of bioplastics from glycerol and
glutaraldehyde show different result from different quantity.

It is shown that, the sample that use only glycerol, sample B (1.0 wt% of
glycerol) is the optimum sample because it have the lowest degrade rate which
is shown its have longest shelf life, low moisture content, have high elongation
at break and strain at break for the tensile. But, after additional 20 pL
glutaraldehyde it shown its optimum form other volume of glutaraldehyde.
This is because it have lowest rate of water activity, and have highest young
modulus. The degradation of bioplastic both of glycerol and glutaraldehyde
shown the positive result which is shown it benefit and useful for the future
study.
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Characterization of Tobacco Derived Bioplastic Based on Tapioca
Starch with Different Ratios of Sorbitol and Glycerol as Plasticizers

Plastic are polymers with round up of similar chemical subunits called
monomer. Plastics are usually natural polymers with high molecular mass and
frequently contained different substances. Plastics are typically engineered
which are mostly derived from petrochemicals. However, these plastics are
usually formed as non-renewable and non-degradable properties which can
lead to pollution. They could be widespread across the earth, no matter
whether it’s on land or in the oceans because of their harmful properties which
are low density, non-degradable, and commonly robust materials that can
affect the environment and cause biological harm [9]. Bioplastic is types of
plastic that produce from natural biopolymers includes starches, cellulose
derivatives, chitosan/chitin, gums, proteins such as animal or plant-based and
lipids. However, because of their low mechanical strength, the bioplastics
application has been limited. In this era, high performance bioplastic should
be considered to meet the higher requirements than standard or engineering
plastics. This is because, high performance plastic can be varied from standard
and engineered plastics in terms of stability, chemical resistance, price,
quality, production quantity and mechanical properties.

In most studies, due to their strong mechanical properties, synthetic fibers,
such as glass and carbon fibers are usually involved as fortifications in
bioplastic production [10]. Furthermore, the synthetic fibers also cause
harmful effect towards the environment which is because of their non-
biodegradable characteristic towards the environment [11]. Lignocellulosic
fibers are biodegradable, renewable and widely available compared to
synthetic fibers. However, the fibers consist of low density, competitive
specific mechanical properties, and a relatively low cost [12]. Because of their
properties such as renewable and environmentally friendly, the demand of
natural fibers has seen drastically increase in recent years. These natural fibers
have many advantages as filler, which for example, lower cost, light weight,
low density, high strength to weight ratio, biodegradability, and thermal
characteristic improvement [13].

Xylan Extraction Process

The raw materials used is Nicotiana tobacum stalks. The tobacco stalks were
cut into small pieces and were grind into fine powder before undergo drying
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process until the tobacco is completely dried. Tapioca starch was purchased
from local store in Jeli, Kelantan.

Extraction of xylan was conducted by dimethyl sulphoxide (DMSO)
extraction which produced the water-soluble hemicellulose. Tobacco stalks
powder were then mixed with DMSO solution with approximately 14mL/g
ratio. The extraction process then was left overnight at room temperature for
18 hours. The extract was centrifuged at 5000 rpm for 20 minutes followed by
neutralization (pH 5.50) with glacial acetic acid. Then crystallization process
was taking place by addition of 95% of ethanol at double volume. The solution
was then centrifuged at 8000 rpm for 10 minutes at 4 °C. The xylan that
obtained after the samples were dried in drying oven with a constant weight.
Pure xylan was stored until further use.

Bioplastics Development

Six bioplastic films were prepared using casting method. It consists of 5 wt%
tapioca starches. To see the effect of Glycerol, 1.0 wt% which was the
optimize formulation for bioplastic from the previous research. The glycerol-
based bioplastic was act as the control for this project. The glycerol
formulation is as shown in Table 6.

Next, other five samples were proceeded to another formulation to see the
effect of different ratio of sorbitol and glycerol as plasticizer. Five different
concentration of different ratio sorbitol and glycerol were used for effects of
sorbitol. The concentration of the mixture was based on optimize formulation
which is 1.0 wt% from the previous research. 5 different formulations were
casted on each petri dish for the effects of different ratio of glycerol and
sorbitol is as shown in Table 7.

In the development of bioplastic, 0.3 wt% of tobacco xylan was used
based on the optimize amount of xylan in the previous research. The most
optimized samples were determined through mechanical test which are tensile
strength test, texture analysis, biodegradability test and moisture content test
and for characterization is using FTIR analysis, SEM analysis and TGA
analysis and XRD analysis.

Table 6. The formulation for the effect of glycerol

Sample Tapioca starch ~ Glycerol Distilled Tobacco
(Wt%) (Wt%) water (Wt%) xylan (wt%)
Sample Control 5 1.0 93.7 0.3
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Table 7. The formulations for the effect of different ratio
of sorbitol and glycerol

Sample Tapioca Sorbitol Glycerol Distilled Tobacco Xylan
starch (wt%)  (wt%) (wt%) water (Wt%) (wt%)

Sample A 5 0.15 0.85 93.7 0.3

Sample B 5 0.25 0.75 93.7 0.3

Sample C 5 0.5 0.5 93.7 0.3

Sample D 5 0.75 0.25 93.7 0.3

Sample E 5 0.85 0.15 93.7 0.3

Physical Characterization of Xylan-Tapioca Starch Bioplastic Films

Biodegradibility Test
The best bioplastic formulation undergoes biodegradable analysis.
Biodegradation process were run according to soil burial test. The samples
were tested by using soil burial test. In this method, samples were cut into 2.0
[ cm] ~2. The soil was collected near the roots of plants and stored in
different containers for different samples. Samples were buried inside the soil
at a depth of 3 cm for 42 days under the conditions of the room. The results
being recorded in every 7 days. Scanning Electron Microscopic (SEM) images
of the specimen were taken before and after the testing for visual inspection.
The rate of biodegradation is calculated by mass reduction calculation.

Moisture Content Test

By measuring the weight loss of films, the moisture content were estimated.
The samples were cut into square pieces of 2.0 cm2. The samples then were
weighed accurately. The dry film mass was recorded upon drying in an oven
at 100°C until a fixed dry weight is acquired [13]. Each film treatment was
used with two replications and the moisture content will be measured.

Water Absorbtion Test

By measuring the weight of films, the adsorption were estimated. The samples
were cut into square pieces of 2.0 cm2. The samples then were weighed
accurately. Water activity test shows the amount of water absorbed by the
bioplastic film samples using different plasticizer which is glycerol, and
different ratio of glycerol and sorbitol. In this method, samples were cut into
2.0 cm2 and the result be determined by immersing the samples in water for
60 minutes. The results being recorded in every 15 minutes.
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Morphological Analysis (SEM)

The surface, cross section and morphologies of bioplastics were noted using
SEM. The bioplastic samples were cut into smaller piece and submerged into
liquid nitrogen for 1 min then were fractured. The samples were mounted
vertically double-sided carbon 37 adhesion foil in order to hold the sample.
SEM was used to determine the physical condition and surface morphology
under several magnifications. The samples will be tested before and after
biodegradability test.

Thermal Analysis (TGA)

TGA was used to measures the weight changes associated with thermal event.
TGA was used to determine the compositional analysis and thermal stability.
It also predicted the short-term and long-term thermal stability.

Chemical Characterization of Xylan-Tapioca Starch Bioplastic Films

Functional Group Analysis (FTIR)

FTIR spectroscopy was used by observing changes in the chemical bonding
of molecules to classify the surface chemistry of the prepared membranes.
FTIR spectra was computed by using FTIR Nicolet Nexus 670, USA over a
wave number range of 4000-425 cm-1. The FTIR was equipped with an
OMNI-sample attenuated total reflection (ATR) smart accessory and coupled
to a diamond crystal operated at incidence angle of 45 °. With a resolution of
4 cml, every spectrum that was recorded as the average of 32 scans will be
taken. FTIR was used to determine the composition of functional group of
xylan and bioplastic films.

Results and Discussion
Xylan-Based Bioplastic Film Development

The result for the formulation shows that the bioplastic film can be formed
after being dried at room temperature for 4 days in the Petri dish. The film can
be easily peeled off from the Petri dish. The bioplastic is thin and can be used
for stretchable food wrapping. Bioplastic for the glycerol formulation have
been taken from the optimize formulation from previous experiment and act

Complimentary Copy



116 S. Roshayu Hassan, A. Zaid Azri bin Zakaria and M. Johari Abu

as a control for this experiment. Then, the formulation is improvised by
combining two plasticizers which is different ratio of sorbitol and glycerol
based on the previous formulation.

Bioplastic Development Based on Glycerol and Different Ratio
of Glycerol and Sorbitol as Plasticizer

The formulation results show that the bioplastic film can be formed after being
dried at room temperature for 4 days in the Petri dish. The film can be easily
peeled off from the Petri dish. The bioplastic is thin and can be used for
stretchable food wrapping. For sample D and sample E, the bioplastic shows
that the surface is likely more flexible than samples A, B and C. This might
be because of the higher content of glycerol in the formulation. This is because
glycerol acts as a plasticizer that improves bioplastic flexibility. Apart from
that, the addition of glycerol can improvise hydrogen bonds just so the
distance between molecules of biopolymer appears tenuous. Moreover, the
strained condition between biopolymer compounds increases the flexibility of
bioplastic samples [14]. Moreover, the combination of sorbitol and glycerol
as a plasticizer shows a more durable bioplastic film than the control bioplastic
film, which only uses glycerol as a plasticizer. This is because, increasing the
concentration of different types of plasticizers such as sorbitol and glycerol
can increases the durability of bioplastic films. The low molecular size of the
plasticizers allows them to move within the polymer chains of intermolecular
space which reducing the strength of the intermolecular hydrogen bond,
thereby the molecular mobility is increasing. Nevertheless, the change in type
of plasticizers greatly impacted the durability of their subsequent bioplastic
films at the same plasticizer concentration. It was observed that sorbitol-
glycerol-plasticized bioplastic films exhibit greater flexibility, followed by
glycerol-plasticized bioplastic films [15]. Table 8 shows six samples of
bioplastic for glycerol-plasticized bioplastic film and different ratio of sorbitol
and glycerol plasticized bioplastic.

Physical Characterization of Xylan-Tapioca Starch Bioplastic Films
Moisture Content Test

Moisture content is the amount of moisture in the sample given as a percentage
of the sample's original (wet) weight. Dry content is the amount of solids left
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after drying given as a percentage of the sample's original (wet) weight. In this
method, samples were cut into 2.0 [cm] 72 and the result be determined by
using a drying oven with 100°C in 45 minutes. The results are recorded in
every 15 minutes.

Table 8. Six samples of bioplastic for glycerol plasticized bioplastic film
and different ratio of sorbitol and glycerol plasticized bioplastic film

Sample
CONTROL
(1.0 wt% glycerol)

A
(0.15 wt% sorbitol, 0.85 wt%
glycerol)

B
(0.25 wi% sorbitol, 0.75 wt%
glycerol)

C
(0.5 wt% sorbitol, 0.5 wt%

glycerol)

D
(0.75 wit% sorbitol, 0.25 wt%

glycerol)

E
(0.85 wt% sorbitol, 0.15 wt%

glycerol)
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Table 9. Rate for moisture content of tobacco derived bioplastic

Sample  No. of sample Before  15min 30 45 Average of
drying min min moisture content
© rate (%)

Control 1. 0.039  0.034 0.032  0.031

2. 0.049  0.044 0.041  0.040

Average 0.044  0.039 0.037  0.036

Moisture content rate (%) 11.36 17.05 1932 15091
A 1. 0.048  0.040 0.039  0.038

2. 0.053  0.047 0.046  0.046

Average 0.051 0.044 0.043  0.042

Moisture content rate (%) 13.86 1584 16.83 1551
B 1. 0.044  0.040 0.039  0.038

2. 0.048  0.042 0.042  0.041

Average 0.046  0.041 0.041  0.040

Moisture content rate (%) 10.87 1196 1413 12.32
C 1. 0.031  0.029 0.026  0.025

2. 0.032  0.030 0.029  0.027

Average 0.032  0.030 0.028  0.026

Moisture content rate (%) 6.35 12.70 1746  12.17
D 1. 0.050 0.045 0.046  0.045

2. 0.045  0.039 0.038  0.037

Average 0.048  0.043 0.042  0.041

Moisture content rate (%) 10.52 1158 13.68 11.92
E 1. 0.041  0.033 0.032  0.030

2. 0.042  0.039 0.037  0.035

Average 0.039 0.036 0.035  0.033

Moisture content rate (%) 7.69 1026 1538 1111

Table 9 shows the rate of moisture content for control which is glycerol
based bioplastic. The temperature used in this test was 100°C. This is because
if the temperature is too low or the retention time is too short, all of the water
might not be driven off. If the temperature value is too high, it can degrade the
polymer and actually generate water in some cases. After 45 minutes of
drying, all samples shows the rate of moisture content are increasing over time.
The glycerol-based bioplastic which act as a control shows a highest average
of moisture content rate which is 15.91%. Followed by Sample A, 0.15:0.85
Sorbitol-Glycerol (15.51%), Sample B, 0.25:0.75 Sorbitol-Glycerol (12.32%),
Sample C, 0.5:0.5 Sorbitol-Glycerol (12.17%), Sample D, 0.75:0.25 Sorbitol-
Glycerol (11.92%) and Sample E, 0.85:0.15 Sorbitol-Glycerol (11.11%). This
is because as time passed, the increasing of moisture content rate was
attributed to the loss of water from the bioplastic, creating a more rigid and
brittle plastic.
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Furthermore, an addition or higher amount of glycerol in the mixture
caused leaching from the bioplastics and absorption of atmospheric moisture
by the plastic. This caused the increase in moisture content. This may make
this material unsuitable for most uses as the resultant absorption of water
would change the bioplastic properties decreasing its tensile strength.
Throughout the study, Sample E shows more stability in terms of moisture
content. This is because the sample is maintaining a moisture content between
at average of 11.11% which is the lowest rate compared to other samples. This
can be due to the high molecular structure that is similar to units of glucose to
the sorbitol, creating greater molecular interactions between sorbitol and the
chains of intermolecular polymers. Resultantly, the chances of sorbitol
reacting with water molecules is decreased [15]. Therefore, the more addition
of the concentration of sorbitol, the less moisture content rate of the bioplastic
films.

Water Absorption Test

Water activity test shows the amount of water absorbed by the bioplastic film
samples using different plasticizers which is glycerol, and different ratios of
sorbitol-glycerol bioplastic films. In this method, samples were cut into 2.0 [
cm] 72 and the result be determined by immersing the samples in water for
60 minutes. The results being recorded in every 15 minutes.

Table 10 shows the result of water absorbtion test for glycerol (control)
and different ratio of sorbitol-glycerol plasticized bioplastic. Water absorption
test or hydrophobicity test is to identify water resistance of bioplastic or
biofilm so that the bioplastic is suitable to be used for packaging purposes.
This test was based on the percentage of weight gain of polymer following the
presence of water after undergoes film swelling. Water absorption is important
to know whether the production of bioplastic is already compatible with the
nature of synthetic plastic as the packaging plastic used to sustain the food
packaging quality is water resistant. It is observed that the biofilms produced
cannot reduce the hydrophilic properties to the maximum. This might be
because both sorbitol and glycerol have high hydrophilic properties.

Based on the result shows glycerol plasticized bioplastic shows the
highest average of water absorption rate which is 327.12%. Followed by
Sample A, 0.15:0.85 Sorbitol-Glycerol (296.40%), Sample B, 0.25:0.75
Sorbitol-Glycerol (281.70%), Sample C, 0.5:0.5 Sorbitol-Glycerol (273.66%),
Sample D, 0.75:0.25 Sorbitol-Glycerol (272.70%) and Sample E, 0.85:0.15
Sorbitol-Glycerol (158.84%). Muller et al., 2008 stated that glycerol is more
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hydrophilic and has a better ability of plasticizing than sorbitol. Therefore, the
water absorption rate increase as the amount of glycerol added increase.
Additionally, the solubility in water increased with the use of hydrophilic
plasticizers. Glycerol used in the production of bioplastic provide greater
solubility on starch-based bioplastic relative to sorbitol. Therefore, sample E
shows better result than all samples as the lowest water absorption rate.

Table 10. Rate for water absorption of tobacco derived bioplastic

Sample  No. of sample Before 15 30 45 60 Average
immersion  min min min min of water
(9) absorption
rate (%)
Control 1. 0.031 0.129 0.131 0.136 0.159
2. 0.028 0.081 0108 0.119 0.145
Average 0.030 0.105 0120 0.128  0.152
Water absorption 25593 305.08 33220 41525 327.12
rate (%)
A 1. 0.042 0.152 0159 0.165 0.179
2. 0.046 0.162 0166  0.221  0.224
Average 0.044 0.157 0.163 0.193 0.202
Water absorption 256.82 232.18 338.64 357.95 296.40
rate (%)
B 1. 0.049 0.182 0.198 0.213 0.217
2. 0.048 0.159 0.163 0.173 0.176
Average 0.049 0.171 0.181 0.193 0.197
Water absorption 25155 27216 297.94 305.15 281.70
rate (%)
Cc 1. 0.046 0.126 0.132 0.162 0.165
2. 0.047 0.189 0192 0.210 0.214
Average 0.047 0.158 0.186 0.186 0.190
Water absorption 238.71 24839 300.00 307.53 273.66
rate (%)
D 1. 0.043 0.131 0.144 0.155 0.192
2. 0.044 0.141 0.145 0.192 0.197
Average 0.044 0.136 0.145 0.174 0.195
Water absorption 212.64 23218 298.85 347.13 272.70
rate (%)
E 1. 0.046 0.107 0118 0.115 0.168
2. 0.053 0.106 0.110 0.144 0.157
Average 0.050 0.107 0114 0.130 0.163
Water absorption 11515 130.30 161.62 228.28 158.84
rate (%)

Biodegradibility Test

The samples were tested by using soil burial test. In this method, samples were
cut into 2.0cm?. The soil was collected near the roots of plants and stored in
different containers for different samples. Samples were buried inside the soil
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at a depth of 3 cm for 42 days under the conditions of the room. The results
being recorded in every 7 days.
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Figure 3. Rate for biodegradability of tobacco derived bioplastic.

Table 11 and Figure 3 shows the rate of biodegradability for glycerol
(control) and different ratio of sorbitol-glycerol plasticized bioplastic. In order
to form a good food packaging, it is best if the rate of biodegradation is not
too fast. This is because, the food packaging will decompose during the food
wrapping in certain surrounding condition that allows. In this study, all the six
samples were buried at the same depth in the pot filled with soil. Based on the
result shows no significant differences between all the samples. However, all
the samples shows weight loss over time. Sample control shows the greatest
average of biodegradability rate which is 27.18%.

While Sample E, 0.85:0.15 Sorbitol-Glycerol shows the least average of
biodegradability rate which is 18.09%. This might be because, of samples
were kept in a dry and closed location. Therefore, the samples could not absorb
too much humidity from the environment. Hence, microorganisms did not
show up in the sample. The difference of the rate between the six samples
might be due to the addition of sorbitol in the bioplastic production. Based on
this study, loss of weight (%) of the bioplastic film is caused by sorbitol added
to the formulation of bioplastic. Bakry et al., [16] stated that the higher
molecular weight of sorbitol leads to reduced solubility of water in the
bioplastic film polymer chains compared to the film plasticized with only
glycerol (control). Increased in sorbitol concentration in the bioplastic film
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will generate less reaction of proteolytic enzyme, less microbial growth and
reaction of hydrolysis. Thereby reducing the rate of bioplastic film
biodegradation [17]. Therefore, sample E shows the best biodegradability rate
among all the samples because it took a longer time to biodegrade, so it can
withstand a longer time of wrapping.

Table 11. Biodegradability test for six samples of bioplastic films
on 28th and 42nd days

Days
Days 28 of
biodegradability test

Days 42 of
biodegradability test

Morphological Analysis (SEM)

The surface, cross section and morphologies of bioplastics were noted using
SEM. The bioplastic samples were cut into smaller piece and submerged into
liquid nitrogen for 1 min then were fractured. The samples were mounted
vertically double-sided carbon 37 adhesion foil in order to hold the sample.
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SEM was used to determine the physical condition and surface morphology
under several magnifications. The samples will be tested before and after
biodegradability test under 1000x magnification.

SED 13 0aY WD
Savgre

BED MMV WO CAD My gl &
Lo iin

.

BED MMYAO Vs FOEE MY 1B e — BED WMV WD e P EAR W G1A0 M

Figure 4. SEM micrograph of six samples of xylan-tapioca starch bioplastic films
before biodegradability test under 1000x magnification.

The results of SEM bioplastic with different ratio of plasticizers and 0.3%
of fillers (tobacco xylan) were tested. Figure 4 shows the SEM micrograph of
surface morphologies of xylan-tapioca starch bioplastic. From the figure
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shown, it can be seen that the all of the samples shows a smooth surface of
bioplastic. However, there are some clumping that can be seen on the surface.
This might be because distribution of fillers is not evenly distributed and filler
clumping occurs which can result in the low mechanical properties of
bioplastics produced, due to the buildup of fillers so that interactions between
the filler and the matrix do not occur. Better compatibility and mixing
techniques are needed such as using ultrasonic processing to increase filler
distribution [18].

Figure 5. SEM micrograph of four samples with optimize formulation of xylan-
tapioca starch bioplastic films after 42 days of biodegradability test under 1000x
magnification.

Figure 5 shows SEM micrographs of four samples which is sample control
(1.0 wt % Glycerol), sample A (0.15:0.85 Sorbitol-Glycerol), sample C
(0.5:0.5 Sorbitol-Glycerol) and Sample E (0.85:0.15 Sorbitol-Glycerol). This
is to compare the surface morphologies of bioplastic with the highest
degradation rate and the lowest degradation rate. Figure shows non-
homogeneous morphology structure. In the surface morphologies, it can be
observed that there are voids, edges, holes and poor interfacial adhesion. Few
propagations of cracks in the bioplastics surface indicates poor components
bonding. The roughness of the surface of higher content of glycerol as
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plasticizers increased. Therefore, sample control who has the highest glycerol
content shows more cracks and holes compared to sample E which has the
lowest degradation rate.

Chemical Characterization of Xylan-Tapioca Starch Bioplastic Films

Functional Group Analysis (FTIR)

FTIR spectroscopy was used by observing changes in the chemical bonding
of molecules to classify the surface chemistry of the prepared membranes.
FTIR was used to determine the composition of functional group of xylan and
bioplastic films.
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3331.93
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Figure 6. Functional group analysis of tobacco xylan.

Figure 6 shows the FTIR analysis of tobacco xylan. The FTIR data
analysis shows that all hemicellulosic fractions clearly exhibited the standard
hemicellulosic fraction of signal pattern and also had a particular maximum
band in the region of 1,200-1,000 cm-1. At 1,600 cm-1, the absorption seen in
all spectra is predominantly correlated with absorption of water [19]. Bands
between 1,166 and 1,000 cm—1 are representative of xylans. Denise, S et al.,
2008 stated that an absence of a signal around 1,720 cm-1 for carbonyl
stretching in all four spectra, implied that alkali treatment did not substantially
assault the glycosidic bonds and hemicellulose hydroxyl groups under the
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conditions provided. The wide peak at 3332 cm-1 where the maximum is
located, resulted from the OH group’s fundamental stretching vibration. The
prominent band around 3332 cm—1 represents the vibrations of the
hemicelluloses hydroxyl stretching and involvement of water in hydrogen
bonding. The absorbances at 2918, 1732, 1623, 1372, 1317, 1239, 1019 in the
spectra are hemicelluloses associated. The absorbance of lignin-related around
1,500 cm—1 is rather weak and poorly resolved which shows the low level of
lignin associated in the hemicelluloses.
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Figure 7. Functional group analysis of tobacco derived bioplastic.

Figure 7 shows FTIR analysis of six bioplastic films. The analysis is to
compare the FTIR spectra of glycerol plasticized bioplastic (control) and
different ratio of sorbitol-glycerol plasticized bioplastic. At 3273, 3278, 3282,
3284, 3286 cm-1, the peaks of bioplastics shows characteristic of O-H
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stretching, the wavenumbers of 2927 until 2929 cm-1 shows stretching of C-
H, 1644-1646 cm-1 shows a water bending 6(O-H), 1336-1338 cm-1 shows
stretching of CH2, 1076-1077 cm-1 shows stretching of C-O-C bond and 994
and 997 cm-1 (pyranose ring) [20]. Most of the signature peaks occurred at
the same wavenumber with the increase of sorbitol in the bioplastics.
Moreover, the O-H peaks were changed to a higher wavenumber with the
increase of glycerol content in the bioplastic. This is due to weakening of
hydrogen bonds formation between molecules of starch due to the creation of
hydrogen bonds with glycerol between certain starch molecules [21]. In
comparison, when the glycerol content was increased, the C-O-H peak
corresponding to the crystalline starch at 995 cm-1 displayed a higher
intensity. This finding revealed that the crystalline part of starch increased
after gelatinization, leading to improved mechanical properties of bioplastics
[22].

Conclusion

The current study manifested that xylan-tapioca starch with different ratios of
plasticizers can be used for developing optimized formulations to produce
good bioplastic films in terms of physical and chemical properties. Using
plasticizers helps to overcome brittleness and enhance the flexibility of
bioplastic film. Different plasticizer types and concentrations were exploited
to investigate their effect on xylan-tapioca starch bioplastic films' physical and
chemical properties. The results demonstrated that plasticizer type and
concentration influence film morphologies, moisture content, biodegrade-
bility, and water absorption. The optimized result obtained in this study was
sample E (0.85:0.15 Sorbitol-Glycerol) which shows a low moisture content
rate, water absorption, and biodegradability suitable for food packaging
application. Sample E also shows better heat stability and morphology.
However, further research regarding the mechanical, thermal, and barrier
properties of xylan-tapioca starch bioplastic films should be conducted to
select the most suitable film for food packaging applications.

Disclaimer
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Abstract

Cobalt-based Metal-Organic frameworks (Co-MOF) are promising
materials with many practical applications. This study aims to present
recent advances in Fourier Transform Infrared (FTIR) studies of Co-
MOFs, including the identification of characteristic vibrational bands, the
detection of guest molecules, and the investigation of changes in the
infrared spectrum that are influenced by temperature. The research
approach utilized is a Systematic Literature Study (SLR). As a result,
FTIR spectroscopy is known to be very useful for identifying the typical
structure of functional groups in Co-MOF, such as peaks at around 595
cm! (Co—O vibration), 1162 cm™' (N-C stretching of the imidazolium
ring), and 1580 cm™ (C=N vibration are attributed to the presence of the
triazine ring). Overall, FTIR spectroscopy is a valuable technique for the
characterization and understanding of Co-MOF, and its combination with
other analytical methods can provide comprehensive insights into their
properties and applications.
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Introduction

Metal-organic frameworks (MOFs) are a versatile class of porous and
crystalline hybrid materials, composed of both organic and inorganic
components. MOF is one of the popular subjects that has been well-studied
and reviewed (Nandiyanto, 2019; Shidig, 2023; Nordin et al., 2018). MOFs,
also referred to as porous coordination polymers (PCPs), are gaining
increasing attention due to their potential for functional applications in various
research fields. These materials consist of metal ions or clusters, which are
linked together by organic ligands, creating a unique and tunable porous
structure (Jiao et al., 2019; Ren et al., 2020).

MOFs possess remarkable features, including large surface areas that
typically range from 1000 to 10,000 m?/g, high porosity, and tunable
structures. In comparison to traditional porous materials like zeolites and
activated carbons, MOFs offer greater flexibility in customization (Zhou et al.,
2012). As the result of their interesting structural properties, such as low
density, large surface area, customizable pore functionality, and structural
flexibility make MOFs highly useful across a broad spectrum of potential
applications, including gas sorption, heterogeneous catalysis, separation, drug
delivery (Wu & Yang, 2017), sensing, and proton conductivity (Pettinari et
al., 2017). Despite their numerous advantages, MOFs are typically bulky
materials with large sizes, and they exhibit certain weaknesses in terms of their
chemical stability (Xiao et al., 2020). To fulfill the practical application of
MOFs materials, considerable attention has been given to strategies aimed at
modifying MOFs materials.

Numerous research groups have extensively studied transition-metal-
based MOFs, particularly Co-MOF, due to their favorable properties. In
practical applications, derivatives of Co-MOF are more commonly used than
the pure form or its composites (Zheng et al., 2017). Co-MOF are often used
as precursors, which are then synthesized into various forms, such as Co-
related oxides and sulfides, with differing morphologies. Co-MOF and their
composites often act as templates for other active components to enhance the
overall properties of the materials (Hua et al., 2019). A study by Zhang et al.
(2020) revealed that Co-MOF with nano block microspheres form give the
highest specific capacitance, indicating that the nanonization of Co-MOF can
significantly enhance their energy storage performance. Based on the previous
study, it can be inferred that the structure of the Co-MOF is a crucial role in
its performance for these applications. To gain a deeper understanding of the
structural and surface properties of Co-MOF, an FTIR study can be conducted.
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FTIR works by measuring the absorption of infrared radiation by the
sample. The absorption occurs at specific wavelengths corresponding to the
vibrational frequencies of the chemical bonds in the sample. By analyzing the
resulting spectrum, it is possible to identify the functional groups present in
the sample and their vibrational modes (Baudot et al., 2010; Eid, 2021; Y.
Jiang et al., 2011). In Co-MOF, the FTIR spectrum can be used to identify the
functional groups of the organic ligands, such as carboxylic acids, amines, and
imines, and confirm their coordination with the cobalt ions. The presence of
characteristic absorption bands at specific wavenumbers indicates the
formation of specific chemical bonds and coordination modes. For example,
the presence of a peak at around 1600 cm™ is indicative of the carboxylate
group in the organic ligand, while the presence of peaks at around 3400 cm-!
and 1620 cm™ indicates the presence of amino groups (Sahoo et al., 2020;
Sargazi et al., 2014). Unfortunately, the characterization of intermolecular
interactions in Co-MOF using FTIR can be challenging since the infrared
spectrum of the material can be complex and difficult to interpret
(Ovchinnikov et al., 2016; Rakipov et al., 2022; Tatulian, 2019).

However, several methods can be used to extract information about its
intermolecular interaction. One common approach is to analyze the changes
in the infrared spectrum upon different types of stimuli, such as changes in
temperature, pressure, or gas exposure (Smiechowski, 2021; Tatulian, 2019).
These changes can provide information on the interactions between the
organic ligands, cobalt ions, and guest molecules within the MOFs structure.
For instance, if the Co-MOF contains guest molecules that can be adsorbed
and desorbed, such as gases or solvents, FTIR can be used to monitor the
changes in the vibrational modes of the guest molecules as they are adsorbed
or desorbed from the MOFs. By comparing the spectrum of the guest
molecules in the MOFs to that of the pure guest molecules, it is possible to
determine the strength and nature of the interactions between the guest
molecules and the MOFs structure. Hence, this chapter provided the
characterization of Co-MOF by FTIR spectroscopy analysis by the Systematic
Literature Study (SLR) method of several journal articles. Also, this study
presents a comprehensive and in-depth review of Co-MOF characterization by
FTIR regarding its intramolecular and intermolecular interaction.
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Literature Review
Co-MOFs Characterized by FTIR Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a widely used technique for
the molecular-level characterization of materials through their infrared
absorption spectra. The instrument used to obtain the absorption spectrum of
a compound is called a spectrophotometer, with the Fourier transform
spectrophotometer being a faster alternative to the traditional method. This
technique involves the absorption of infrared radiation by the functional
groups of the sample, which causes a change in their electric dipole moment.
In this case, the FTIR technique is used to identify molecules based on the
absorption pattern of infrared radiation generated by the functional groups
within the molecule. FTIR spectroscopy has several advantages, one of which
is its ability to identify functional groups such as C=0, C-H, or N-H. Another
advantage is FTIR can measure all types of samples including solids, liquids,
and gases (Mohamed et al., 2017).

Figure 1 shows a schematic of the FTIR instrumentation. There are three
main components of the FTIR spectrometer including the interferometer, the
sample compartment, and the detector. The instrument operates by emitting
infrared radiation from a light source, which passes through the interferometer
and reaches the detector after interacting with the sample. The signal is
amplified and converted to a digital signal using an analog-to-digital
converter. The interferogram is then transformed into a spectrum through a
fast Fourier transform algorithm. Currently, the Michelson interferometer is
the most widely used type of interferometer in FTIR. The Michelson
interferometer is the central component of the FTIR spectrometer, which
consists of a beam splitter, a fixed mirror, and a movable mirror. The beam
splitter is designed to split the incoming light into two beams, one of which is
transmitted to the fixed mirror while the other is reflected to the movable
mirror. The two beams are then recombined at the beam splitter, and the
resulting beam interacts with the sample before reaching the detector (Khan et
al., 2018; Rosas-Casarez et al., 2014). When the two beams are in phase, the
resulting interference is constructive, which means that the amplitude of the
combined beam is greater than that of the individual beams. When the two
beams are out of phase, the resulting interference is destructive, which means
that the amplitude of the combined beam is less than that of the individual
beams. The interference pattern can be observed by detecting variations in the
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intensity of the combined beam as the position of the moving mirror is varied.
By analyzing this interference pattern, information about the sample being
studied can be obtained (Escobar-Barrios et al., 2012).

In Fourier transform infrared (FTIR) spectroscopy, the IR range is
typically divided into three smaller regions. The near-IR region (NIR) spans
from approximately 4000-10,000 cm™, while the mid-IR region (MIR) ranges
from 4000-400 cm™*. The far-IR region (FIR) extends from 400-10 cm™. When
IR photons interact with molecules, it can cause groups of atoms to vibrate
relative to the bonds between them. Similar to electronic transitions, these
vibrational transitions correspond to specific energies, and molecules absorb
IR radiation only at certain frequencies and wavelengths. The MIR region
includes the frequencies corresponding to the fundamental vibrations of nearly
all functional groups and a diverse array of bonds, including those found in
metals, within both organic and inorganic compounds. While the MIR
spectrum is frequently employed for sample analysis, both FIR and NIR
spectra can also offer valuable insights into the characteristics of the samples
being studied (Shabanian et al., 2020).

FTIR spectroscopy can provide valuable information about compounds
like MOFs that have OH groups in their structure. Using FTIR, the analysis of
modifier molecules in the surfaces of MOFs can be done. MOFs are structured
porous materials made up of metal ions or clusters that are linked together by
organic compounds to form coordination networks with one, two, or three
dimensions (Hu et al., 2015). The Co-MOF, which is a common type of MOF,
has gained considerable interest due to its outstanding characteristics that
show potential for significant applications. FTIR analysis of Co-MOF can
provide valuable information about the nature and strength of the chemical
bonds between cobalt ions and organic ligands that make up the framework.
Carboxylic acids are one of the most common functional groups in Co-MOF.
These groups are formed when a carboxyl group (-COOH) is attached to an
organic ligand. Carboxylic acids are acidic and can form hydrogen bonds with
other molecules, making them important for the stability and reactivity of Co-
MOF (Bhadra et al., 2022).

Amides are another functional group that can be identified in Co-MOF
using FTIR. Amides are formed when a carbonyl group (-C=0) is attached to
an amino group (-NH>) in an organic ligand. Amides are important for the
mechanical strength and stability of Co-MOF, as they can form hydrogen
bonds and other interactions with neighboring ligands. Imines are a less
common but still present functional group in Co-MOF. Imines are formed
when a nitrogen atom (-N) is double-bonded to a carbon atom (-C) in an
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organic ligand. These groups are important for the electronic properties of Co-
MOF, as they can participate in electron transfer reactions and other chemical
processes.

» Gathering a broad range of journal articles across various search platforms and
publications, such as Google Scholar, Science Direct, and Springer (The keywords used
in the search included Co-MOF structural characterization using FTIR, IR spectra, FTIR

Step | Co-MOF, and characterization Co-MOF).

Planning

+ Reviewing the titles and abstracts of the articles identified in the search to determine the
criteria (The articles should have details about Co-MOF and must not include any form
of other composites).

* Extracting relevant data from the articles, include the type of Co-MOF studied. the
Step 2 functional groups present, and the FTIR spectroscopy method used.

Review * Analyzing the extracted data to identify key in the literature related to the

characterization of Co-MOF using FTIR spectroscopy. /,

* Summarizing the findings in a systematic literature review that includes the introduction,
the methods section, the results section, and the discussion section.

Step 3
Report

Figure 2. Method for conducting an SLR on the characterization of Co-MOF
using FTIR spectroscopy.

Method

The present study employed a Systematic Literature Review (SLR) approach
to investigate the structural characterization of Co-MOF using FTIR (Figure
2). SLR is a methodical approach to reviewing literature that involves a
structured and transparent process to identify, evaluate, and synthesize all
available evidence on a specific research question. Its objective is to minimize
bias by conducting comprehensive literature searches and considering the
transparency, transferability, and replicability of the reviewed journal
(Mengist et al., 2020). Detailed information for the use of FTIR is explained
in previous studies (Nandiyanto et al., 2019; Nandiyanto et al., 2023; Sukamto
& Rahmat, 2023; Obinna, 2022).
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Table 1. The spectral interpretations of Co-MOF

FTIR

Peak Assignment . Reference
Instrumentation
. . N FTIR Jasco-680 (Rahmati &
1 .
3432 cm O-H stretching vibration. spectrometer Rafiee, 2021)
1638 cm-! Asymmetrical stretching
vibrations of C=0 bond (COO"). FTIR — 4100 type A, | (Naseemetal.,
~ Symmetrical stretching vibrations | JASCO Inc. 2022)
1
1475 em of C=0 bond (COO).
. C_=N \_/lbratlon (strong s_tretchlng FTIR Jasco-680 (Rahmati &
1580 cm vibration bands are attributed to .
S spectrometer Rafiee, 2021)
the presence of the triazine ring).
1482-14 A tric vibrati fC-H
8,1 68 symmetric vibrations of C ATR-FTIR Bruker (Tranetal.,
cm bonds. Vertex 70 2020)
~1307 cm™! C—H bending movements.
1162 em-! N-C stretching of the ATR-FTIR Bruker (Zhang et al.,
imidazolium ring. Tensor Il 2020)
808 et the out-of-plane bending motion FTIR — 4100 type A, | (Naseemetal.,
of 0-C=0 JASCO Inc. 2022)
_ — FT-IR Bruker (Liu et al.
| . )
595 cm Co—O vibration. TENSOR27 2019)

Results and Discussion

This section of the article provides a concise overview of the characterization
of Co-MOF using FTIR by various research groups within or without the
composite. The purpose of including this information is to enhance the
comprehension of peak definitions obtained by understanding the
methodologies employed in the Materials and Methods section of different
studies. Table 1 presents a comprehensive record of spectral frequencies of
Co-MOF by compiling and summarizing the spectral interpretation studies
conducted thus far.

According to research conducted by Chen et al., Co-MOF was prepared
by mixing Co(NOs3),-6H.0 with a solution of 2-methylimidazole in ethanol.
The mixture was then stirred for 6 hours and heated at 100°C for 24 hours.
The FTIR spectrum (Figure 3) of the Co-MOF and Co-MOF/g-C3N4
composites with different compositions of Co-MOF was obtained using a
spectrophotometer, and the spectral features were analyzed. The absorption
peak at 3432 cm™! in Co-MOF is due to the stretching vibration of O-H in the
H>O molecules that are adsorbed within the Co-MOF structure. Two peaks
detected at 1649 and 1383 cm™! represent the asymmetric and symmetric
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stretching vibrations, respectively, of O=C-O that is bonded to Co. From the
article, Co-MOF could act as an electron donor to promote the visible-light
photoactivity of g-CsN. nanosheets for CO; reduction. Wang et al., (2020)
characterize the functional group of Co-MOF synthesized using FTIR by the
simple solution method as shown in Figure 4. The FTIR spectra showed
absorption bands at 3455 cm-t, which corresponds to O-H stretching vibration,
and at 2923 cm, which corresponds to the C-H stretching vibration of
thermoplastic polyurethane (TPU). Additionally, the spectrum showed
absorption bands at 1643 c¢cm™* and 1375 cm, which correspond to the
asymmetric and symmetric stretching vibrations of the C=0 bond in Co-MOF,
indicating the successful synthesis of Co-MOF. As a comparison of the results
of FTIR, salicylaldehyde (SA) and 4,4-Diaminodiphenyl methane (DDM) are
selected to synthesize ligand (HzL) and were used to show that Co-MOF was
synthesized. For the application, Co-MOF can be used as a synergistic flame
retardant in TPU due to its high thermal stability and good flame retardancy.
The addition of Co-MOF to TPU significantly improved the flame retardant
properties of TPU, including an increase in limiting oxygen index (LOI) and
a decrease in peak heat release rate (PHRR).

The FTIR spectrum of the Co-MOF obtained from the reaction between
cobalt nitrate hexahydrate and oxalic acid is presented in Figure 5. The FTIR
spectra showed prominent peaks at 3432 cm™, 1651 cm™, and 1391 cm™. The
peak at 3432 cm™ is attributed to the O-H stretching vibration in adsorbed
H20 molecules within the Co-MOF structure. The peaks at 1651 cm™ and
1391 cm™ correspond to the asymmetric and symmetric stretching vibrations,
respectively, of the O=C-O bonded to Co in the Co-MOF structure. The FTIR
analysis provides evidence for the presence of water and organic functional
groups in the Co-MOF structure. These functional groups are important for
the adsorption of humic acid from water. The presence of O=C-O groups in
the Co-MOF structure indicates that the material has the potential to interact
with the humic acid, which contains carboxylic groups. The FTIR analysis
supports the potential use of Co-MOF as an effective adsorbent for humic acid
removal from water (Naseem et al., 2022).

The presence of functional groups in the synthesized Co-MOF material
mixed with composites covalent organic framework (COF) based on
melamine and terephthaldehyde (based on Rahmati & Rafiee, (2021)) was also
determined through FTIR. Figure 6 presents the FTIR spectra of Co-MOF,
COF, Co-MOF-NHz, and Co-MOF/COF. The peak at 3432 cm™' in Co-MOF
corresponds to the O—H stretching vibration of adsorbed H,O molecules in the
Co-MOF structure. The two absorption peaks at 1649 and 1383 cm™! indicate
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the asymmetric and symmetric stretching vibrations of the O=C—-O bonded to
metal cobalt. The FTIR spectrum of Co-MOF/COF shows new stretching
vibrations at 1575, 1501, and 1380 cm™!, which arise from the C=N, C=C, and
C—N bonds, respectively, indicating condensation and tautomerization.

Co-CN50 W

Co-CN10
Co-CN2

Intensity (a.u.)

80 240 80 80 750 7%

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FTIR spectra Co-MOF. (Figures were adopted from Chen et al., 2020).

N s o o - -

;f“f._f_"_’_'fff_"f_._'

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 4. FTIR spectra of DDM, H,L, and Co-MOF. (Figures were adopted from
Wang et al., 2020).
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Figure 5. FTIR spectra of Co-MOF and oxalic acid di-hydrate (Figures were
adopted from Naseem et al., 2022).

The FTIR analysis of Co-MOF is influenced by several factors that can
affect the obtained results. One of the factors is the addition of other materials
to the Co-MOF structure, which can result in changes in the spectral pattern.
For instance, the incorporation of melamine into the COF structure in the Co-
MOF/COF nanocomposite leads to strong stretching vibration bands at 1551
and 1475 cm™! (C=N vibration), indicating the successful incorporation of
melamine. Similarly, the functionalization of Co-MOF with ethylenediamine

results in new absorption peaks at 3423 and 3247 cm™', assignable to the
stretching vibrations of NH, groups, and at 2965 and 2914 cm™,
corresponding to the stretching vibrations of C-H bonds of ethylenediamine.
The presence of these additional materials in the Co-MOF structure can alter
the vibrational modes of the bonds, leading to changes in the FTIR spectra.
Therefore, the interpretation of the FTIR results of Co-MOF should take into
account the influence of other materials that may be present in the sample

(Srinivasan et al., 2020).
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Figure 6. FTIR spectra of Co-MOF (a), COF (b), Co-MOF-NHj; (c), and Co-
MOF/COF (d) (Figures were adopted from Rahmati & Rafiee, 2021).

Strauss et al. (2019) explored the effect of incorporating TTF
(tetrathiafulvalene) into Co-MOF-74 on its electrical conductivity and gas-
sensing properties. The addition of TTF not only increased the electrical
conductivity of the Co-MOF-74-TTF composite, but it also caused changes in
the infrared (IR) spectra. Specifically, the peak at 1586 cm™ (corresponding to
C=C stretching in the benzene ring) shifted to lower frequencies in the
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composite, indicating an interaction between TTF and the Co-MOF-74. This
change in the IR spectra could provide insight into the mechanism of
conductivity enhancement in the Co-MOF-74-TTF composite. The study
demonstrated the potential of using TTF as a dopant to tune the properties of
MOFs for various applications. Figure 7 displays a comparison of the IR
spectra of Co-MOF-74 and Co-MOF-74-TTF, wherein the vC=0 band
appears at the typical peak of around 1700 cm™. In the range of 3000 to 3500
cm?, Co-MOF-74 exhibits the VOH stretching, which is likely due to the
presence of —-COOH groups and water molecules. This stretching is observed
to be less intense for Co-MOF-74-TTF, indicating that the inclusion of TTF
within the pores could lead to reduced water adsorption.

——Co-MOF-74-TTF
——Co-MOF-74

Absorbance / a.u.

T T T 1 T T ' 1 T I T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm”

Figure 7. Co-MOF-74 IR-spectra compared to Co-MOF-74 infiltrated with TTF.
(Figures were adopted from Strauss et al., 2019).

Another factor that can impact the IR spectra is temperature changes. The
research of H. Jiang et al., (2016) was about characterized of Co-MOF-74
before and after the reaction by FTIR spectroscopy. The FTIR spectra showed
that the stretching vibration peaks of the carboxylic groups (C=0) and
hydroxyl groups (O-H) in the Co-MOF-74 structure decreased with increasing
temperature, indicating that the adsorption strength of NH3; on Co-MOF-74
was weakened by the elevated temperature. This weakening of adsorption
strength caused a decrease in the catalytic activity of Co-MOF-74 at higher
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temperatures. Additionally, the FTIR spectra also showed that the stretching
vibration peak of NH;z (at 1385 cm™) decreased at higher temperatures,
indicating that NHs was desorbed from the Co-MOF-74 structure. This
desorption of NHz from the structure at higher temperatures contributed to the
decrease in the catalytic activity of Co-MOF-74.
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Figure 8. FTIR spectra of (i) TPN-COF, (ii) Co-MOF, and (iii) Co-MOF@TPN-
COF. (Figures were from Liu et al., 2019).

Figures 8 show FTIR spectra of the Co-MOF-on-TPN-COF hybrid
showed characteristic bands of both Co-MOF and TPN-COF. The peak at
1600 cm! corresponded to the stretching vibration of the aromatic ring, while
the peak at 1400 cm* corresponded to the C-N stretching vibration of the TPN-
COF structure. The presence of the Co-MOF was confirmed by the
characteristic peaks at 1380 cm™* and 1520 cm*, which corresponded to the
COO- stretching vibrations. The FTIR spectra of the hybrid material were
further investigated by monitoring changes in the spectra upon the addition of
Ampicillin. The results showed a decrease in the peak intensity at 1600 cm,
which corresponded to the stretching vibration of the aromatic ring, indicating
the interaction between the Ampicillin and the hybrid material. The observed
changes in the FTIR spectra were attributed to the binding of the aptamer
probe to the Ampicillin, leading to a change in the local environment of the
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hybrid material and the disruption of the n-m interactions between the TPN-
COF structure and the Co-MOF. This study demonstrates the potential of the
Co-MOF-on-TPN-COF hybrid material as an ultrasensitive and selective
platform for the electrochemical detection of antibiotics.
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Figure 9. ATR-FTIR spectra of the Co-MOF (Figures were adopted
from L. Zhang et al., 2020).

FTIR and ATR-FTIR are two methods of infrared spectroscopy. FTIR is
commonly used for analyzing powdered samples by mixing them with a KBr
powder matrix. On the other hand, ATR-FTIR is a surface analysis technique
that does not require additional materials or holders for the samples. In
addition, Co-MOF was also characterized using ATR-FTIR in a study
conducted by L. Zhang et al., (2020) (Figure 9). ATR-FTIR analysis was
carried out to confirm the structural properties of both Co-MOF and Co(OH)a.
The results showed that the peaks at 1619 cm™' and 1583 cm™' were due to the
asymmetric stretching vibrations of vas (COO-), whereas the peaks at 1382
cm™' and 1502 cm™! corresponded to the symmetric stretching vibrations of vs
(COO-). In addition, a peak at 1162 cm™' was observed, indicating the N-C
stretching of the imidazolium ring. These stretching vibrations were found to
shift too much lower wavenumbers when compared with the carbonyl
frequencies of the free H.BDC ligand (vC=0 = 1682 cm™!), indicating the
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presence of a coordinated carboxylate group. These peaks were not observed
in the IR spectrum of the MOF-derived Co(OH).. Instead, a new peak was
observed at 3633 cm™!, which was assigned to O—H stretching vibration, and
the peaks at 1441 cm™!, 1071, 827, and 747 cm™! corresponded to the v3, v1,
v2, and v4 modes of the carbonate ion, respectively.

In summary, our review of the literature on FTIR analysis of Co-MOF
materials reveals that this technique is a powerful tool for characterizing the
chemical composition and structure of these materials. Our analysis of the
FTIR spectra from different Co-MOF materials shows that characteristic
peaks can be identified for different types of linkers, ligands, and metal
centers, allowing for a detailed understanding of the material’s chemistry.
However, the interpretation of FTIR spectra can be complicated by factors
such as sample preparation, measurement conditions, and the presence of
overlapping bands. Future studies should aim to validate FTIR results using
complementary techniques and to further refine the interpretation of FTIR
spectra in Co-MOF materials.

Conclusion

In summary, FTIR spectroscopy is a valuable analytical technique for studying
the chemical composition and structure of Co-MOF materials. The presence
of a peak at around 1600 cm™ is indicative of the carboxylate group in the
organic ligand, while the presence of typical peaks of Co-MOF at around 595
cm™! indicates the presence of Co—O vibration. The interaction of Co-MOF
with other molecules can be identified through changes in absorption peaks,
whether it be a shift in wavenumber, intensity change, or the appearance of a
new peak. Through analysis of the literature, this chapter shows that FTIR can
provide information on the types of chemical bonds and functional groups
present in Co-MOF materials, as well as the effects of different synthesis and
treatment conditions on the material’s properties.
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Abstract

This chapter aims to explain how to characterize the structure of the
organic metal cobalt framework-74 (Co-MOF-74) material using
scanning electron microscopy (SEM). The method used in this research
is Systematic Literature Review (SLR). The results of the study explain
that the Scanning Electron Microscope method is very effective and
useful in characterizing the structure of the Co-MOF-74 material due to
its success in accurately determining the morphology, size, and
agglomeration of the Co-MOF-74 material. Most of the morphological
shapes of the Co-MOF-74 material are spherical and hexagonal. This
research is useful to produce the best Co-MOF-74 material design for
future research through structural characterization information using
SEM.
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Introduction

Metal-Organic Framework (MOF) is a unique crystalline material made of a
metal center and organic ligands. MOF is one of the popular subjects that has
been well-studied and reviewed (Nandiyanto, 2019; Shidig, 2023; Nordin et
al., 2018). MOF also has a distinctive crystal structure, a large surface area,
and varied catalytic activity, so it has been widely used as a heterogeneous
catalyst (Huang et al., 2018; Zhao et al., 2014; Zhou et al., 2019). MOF can
be separated easily and reused in catalytic reactions because of its polymeric
nature and organic-inorganic hybrid arrangement in its structure (Sun et al.,
2017). In addition, the morphology, size, and surface of MOF crystals have a
significant impact on their catalytic properties and applications (Khan &
Shahid, 2022). MOF crystal size and morphology have been controlled by
various techniques to date, including composition tuning, process parameter
management, and coordination modulation which have succeeded in
producing unique structures with attractive features (Dang et al., 2017; Li et
al., 2018). However, until now the synthesis of MOF with simple techniques
has been very difficult because of the varied MOF structures and other factors
that influence them.

MOF-74 is a type of MOF material that contains 2,5-dihydroxytereph-
thalic acid as an organic ligand and various transition metals as nodes. This
material has been widely used as a heterogeneous catalyst because of its large
surface area, stable structure, and many unsaturated metal sites (Ruano et al.,
2015). Several experiments have been carried out before to make MOF-74, for
example, MOF-74 which is shaped like a flower, has the highest ability as a
catalyst (Zhang et al., 2022).

The Co(ll) ion in Co-MOF-74, also called CPO-27-Co, is linked together
by a 2,5-dioxido-1,4-benzenedcarboxylate linker (Co2(dobdc)) (Dietzel et al.,
2005). According to the absorption test using in-situ IR microscopy detection,
the crystal structure (trigonal space group 148, R-3) is characterized by linear
micropores (1.1 nm) with a hexagonal cross-section parallel to the ¢ axis of
the crystal (Chmelik et al., 2014). The Co(ll) ion is penta-coordinated by the
linker, and its sixth coordination site (usually controlled by a water molecule)
is exposed to the interior of the pore channel. Concerning host-guest
interactions, Co-MOF-74 is a very interesting system because of its structural
characteristics, which include catalysis (Valvekens et al., 2014), gas
adsorption (Dietzel et al., 2009; Strauss et al., 2018), and gas sensing (Strauss
et al., 2019). The channel also allows for water-mediated proton conduction
(Hwang et al., 2018).
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Electron microscopy (EM) is a technique that can be used to characterize
the structural properties of Co-MOF-74, such as Scanning Electron
Microscope (SEM). SEM is a tool used to analyze the morphological
characteristics and ultrastructural analysis of various materials (Klang et al.,
2012). In EM, the interaction of a material with an electron beam produces an
electron micrograph, which is then converted to an image. Many variables,
such as the energy of electrons, the density of the material, the atomic number
of the element, and the topography of the material’s surface, can affect this
interaction. Various forms of electrons, such as secondary electrons and
backscattered electrons, are usually generated by the interaction of electrons
in the atoms of the material, which can be elastic or non-elastic. Scattering of
the electron beam over the surface of the sample will cause SEM to create an
image of the surface (Suga et al., 2014).

Several scientists have characterized the structure of Co-MOF-74 using
different types of SEM tools. Co-MOF-74 with a hexagonal spherical
morphology and crystal sizes reaching micrometers has attracted the attention
of researchers recently (Gong et al., 2020; Javed et al., 2020; Jodlowski et al.,
2020; Strauss et al., 2018). The researchers varied the temperature conditions
to activate the Co-MOF-74 crystals (Liang et al., 2021) or the solvent mix
when synthesizing these crystals (C. Huang et al., 2020). These findings will
be discussed further in this article.

Unfortunately, more thorough data collection has not been carried out
regarding the determination of the Co-MOF-74 structure using SEM
instrumentation. The systematic literature review (SLR) of several articles will
be used further to explain the structure determination of Co-MOF-74 using
SEM in this chapter. This discussion will provide an in-depth analysis of the
establishment of the Co-MOF-74 structure over the previous five years.

Literature Review
Co-MOF-74

The Co(ll) ion in Co-MOF-74, also called CPO-27-Co, is linked together by
the 2,5-dioxido-1,4-benzenedcarboxylate linker (Co2(dobdc)) shown in
Figure 1 (Dietzel et al., 2005). According to the absorption test using in-situ
IR microscopy detection, the crystal structure (trigonal space group 148, R-3)
is characterized by linear micropores (1.1 nm) with a hexagonal cross-section
parallel to the c axis of the crystal (Chmelik et al., 2014). The Co(ll) ion is
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penta-coordinated by the linker, and its sixth coordination site (usually
controlled by a water molecule) is exposed to the interior of the pore channel.

octahedrally
coordinated Co"

1D pore system
11A diameter

" open metal sites
lining the channels

linker

- 1 2,5-dioxido-1,4-
‘ ‘ benzenedicarboxylate

Figure 1. The crystal structure of Co-MOF-74, Co(ll) is octahedrally coordinated
with exposed metal sites lining the inside of the pore, and the organic linker 2,5-
dioxido-1,4-benzenedcarboxylate (Figure adapted from (Strauss et al., 2018).

SEM (Scanning Electron Microscopy)

In general, there are two types of microscopes: optical microscopes and
electron microscopes, or what is commonly called a Scanning Electron
Microscope (SEM). Optical microscopes have been invented in the last two
centuries. However, SEM has different characteristics and features from OM
(Abdullah & Mohammed, 2019), which are described in Table 1.

The concept of SEM dates to the thirteenth century, when the electron
microscope was first introduced in 1933 by two physicists named Ruska and
Knoll. The equipment is called a Transmitted-Electron Microscope (TEM)
with a magnification that is greater than an optical microscope (Savage et al.,
2018). In 1938, Von Ardenne added a scanning coil to TEM resulting in a new
system, namely the Scanning Transmission Electron Microscope (STEM)
with a voltage of (23 kV) at a magnification (8000x) and a resolution (50-100
nm). Since then, the system has been called the SEM system (Goldstein et al.,
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2003). Zworykin, Hillier, and Snyder presented a description of the new SEM
system in 1942. At this stage, the three scientists used the role of secondary
electron emission to create topographical contrasts that were easy to identify
(Tahaet al., 2022).

Table 1. The difference between OM and SEM

oM SEM
Working Principle Light Electron Emission
Number of Lenses One lens Two magnetic lenses
Lens magnification 400 — 1000x 300.000x
In the form of living cells or In the form of dead material
Objects inanimate matter (color adjusts only (object color is black and
the object) white)
Cost . Affordable Relatively Expensive Relatively
Analysis

In 1952, Oatley, Smith, and McMullan developed an electrostatic SEM
lens using a voltage (40 kV) that produced a two-dimensional scanning
system. O. Wells also devised a new stereoscopic pair in 1953 to examine the
third dimension in micrographs. Pease also built the SEM V system using
three magnetic lenses in 1963. After that, the SEM system continued to be
developed and recorded in history until it reached a commercially usable state
in 1968 (Goldstein et al., 2003). During 1991-1993, Danilatos researched the
effect of the environment on the specimens studied. The latest evolution of
SEM is to digitally produce images that are displayed on the computers used
today.

SEM is a versatile, sophisticated instrument that is usually used to observe
material surface phenomena. The sample is shot with high-energy electrons,
and the ejected electrons are analyzed. The results can be obtained in the form
of information about the topography, morphology, composition, orientation,
crystallography, etc., of a material. SEM is considered a leading tool capable
of achieving high-quality images of material even at a 1 nm scale (Ahmed &
Jackson, 2014).

The SEM source will generate electrons that pass through the anode. The
source will be focused by a series of magnetic lenses on a nano-sized spot, as
shown in Figure 2a. The interaction of the beam with the sample surface is
shown in Figure 2b to produce secondary electrons, back-scattered electrons,
Auger electrons, x-rays, and heat. The small diameter raster beam allows full
capture of electrons on the sample surface. Secondary electrons are low-
energy electrons that are ejected from the sample by inelastic scattering of
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high-energy electrons. These low-energy electrons are located close to the
sample (nanometers), which allows it to produce an image of the sample
surface morphology, which will be captured by the detector. The resulting
interaction will release photons that will be directed to the photomultiplier
tube device. In this way, a 2D distribution of electrons is created that matches
the morphology of the sample. Meanwhile, backscattered electrons will
produce crystallographic images through the projection of Kikuchi lines (,
2012).

Electron Electron Gun
-

(a) (b) Incident Beam
Magnetic
Lens
Sear Back d
A4 X-ravs ackscattere
’ Electrons
Secondary
Auger Electrons
Electrons

Secondary
Electron
Detector

Specimen

Figure 2. SEM tool scheme (a) and sample-beam interaction in SEM (b)
(Walock, 2012).

Method

The characterization of the structure of Co-MOF-74 using SEM in this study
is reviewed through the Systematic Literature Review (SLR) method. The
SLR method is a method that critically identifies and assesses relevant
research. This method will collect and analyze data from these studies. The
goal of the SLR is to identify all empirical evidence that fits the relevant
criteria of an article that has been predetermined to answer a particular
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research question or hypothesis. By using an explicit and systematic method
when reviewing articles and all available evidence, bias can be minimized,
thereby providing reliable findings for making conclusions and decisions
(Lame, 2019).

Reviews of this journal article were searched using the Google Scholar
page using several keywords such as SEM, Co-MOF, characterization, and
electron microscopy. Articles that have been found have several requirements
to be used in this review article, which are described as follows:

1. Articles must contain information about pure Co-MOF-74 without
any dopants or other composites.

2. The article must display the results of SEM images and analysis of
the Co-MOF material.

3. Articles must contain information regarding the structure and
morphology of the Co-MOF.

Avrticles that meet the standards will be selected and displayed in Table 2.
The quality of the journal is generated by publishers based on the Scimago
Journal Rank (SJR).

Results and Discussion

In this section, the state-of-the-art for SEM is presented, which is used to
characterize the structure of Co-MOF-74. Table 3 displays and summarizes
some of the SEM parameters used in the characterization of Co-MOF-74.

Huang et al., (2020) characterized the morphology of Co-MOF-74, which
was synthesized using the solvothermal method with several modifications.
He made six modifications to the Co-MOF-74 crystal that had been
synthesized using DMF solvent added to water. The six types of modifications
of Co-MOF-74 have different percentages of water in the DMF solvent. Figure
3a is a Co-MOF-74 crystal that is inserted into the DMF solvent alone without
the addition of water. The resulting low crystallinity and aggregate form
spherical crystals. The particle size of these crystals is close to 170 um. Figure
3b shows the addition of water to the DMF solvent as much as 10 vol% which
produces a different crystal morphology than before. The resulting crystals
change shape like a flower and the crystallinity becomes longer and thinner.
Meanwhile, the crystal size decreased to 150um.
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Furthermore, Figure 3c shows the addition of 20 vol% water to the DMF
solvent. The flower-like crystal length decreased to in the range of 70-150 pum.
However, the degree of aggregation decreases, and the size of the crystallites
increases with an increasing proportion of water in the solvent. The shape of
the crystals will change very clearly when the water content is increased at 30
and 50 vol% periodically, as shown in Figures 3d and 3e. In some cases, the
crystals that aggregated originally turned into scattered crystals with a spindle
shape, and the size of the crystals increased as the portion of water added
increased as well. However, the morphology and size of the crystals changed
again when the water content reached 60 vol%, and most of the particles
became single spherical crystals with an average size of 20 pm (Fig. 3f). It can
be seen that the DMF:H20 solvent has an important role in the formation of
morphology and crystal size.

The crystal size and morphology of Co-MOF-74 have also been
characterized by Javed et al., (2020) as shown in Figure 4. In this study, Co-
MOF-74 crystals were prepared using the precipitation method. In this study,
Co-MOF-74 crystals were dissolved using a DMF:H20:EtOH solvent mixture
with a ratio of 1:1:1. SEM results produce spherical single crystals. The
crystalline particle size is about 550 um long and about 100 um wide.

Figure 4. SEM results of Co-MOF-74 crystals (Image adapted from (Javed et al.,
2020)).
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Liang et al.,, (2021) have characterized Co-MOF-74 samples under
different temperature conditions. In this study, Co-MOF-74 crystals
underwent several modifications by being activated at different temperatures.
Figure 5 shows the SEM images obtained from the synthesis results. From the
seven images, the resulting crystals are relatively uniform, which shows that
the crystals are very stable even when given different conditions. In addition,
the thermal stability of Co-MOF-74 is also carried out in free air. Co-MOF
exhibits relatively strong stability up to 150°C (Figure 5a-5d).

The SEM results of the Co-MOF-74 crystal showing pores schematically
are shown in Figure 6 (Strauss et al., 2018). According to previous studies,
this Co-MOF-74 crystal will have a one-dimensional pore structure with a
pore size of around 1.1-1.2 nm which is shaped like a honeycomb. The results
show the presence of Co-MOF-74 crystals in various hexagonal spherical rods
measuring 100-200 pm (length) and 20 pm (width) which are presented in
Figure 6a. Meanwhile, Figure 6b shows that the one-dimensional pores are
parallel to the long axis of the Co-MOF-74 crystal, as described in previous
IR microscopy studies (Chmelik et al., 2014; Dietzel et al., 2009).

Jodlowski et al., (2020) have succeeded in synthesizing and characterizing
the crystal structure of Co-MOF-74. This study used a DMF:H20 solvent
mixture of 20:1. The results show that the Co-MOF-74 crystals have a
thickness lower than 20um in every single crystal formed (Figure 7). This can
be caused by the growth of MOF perpendicular to the surface of the support.
Thus, the crystals tend to fill the free space between crystals rather than
continuing the growth of crystals from existing crystals. The morphology of
Co-MOF-74 forms a more regular hexagonal.

Figure 6. (a,b) SEM results of Co-MOF-74 crystals showing pores schematically
(Image adapted from (Strauss et al., 2018)).
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C

40 um

Figure 7. Co-MOF-74 SEM results at 2000x magnification (Image adapted from
(Jodtowski et al., 2020)).

Figure 8. SEM results of Co-MOF-74 crystals (Image adapted from (Gong et al.,
2020)).
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Gong et al., (2020) successfully synthesized and characterized the crystal
structure and morphology of Co-MOF-74 using SEM. They synthesized Co-
MOF-74 crystals using a DMF:H20:EtOH solvent mixture of 1:1:1, as
previously done. When MOF-74 has been added by Co2+, the crystal
morphology is in the form of a fine spherical spindle with a length of 900 nm
and a width of 6-12 um, as shown in Figure 8. When a Co atom binds to MOF-
74, it will increase the length of the crystal and decrease the width of the
crystal, which was considered a result consistent with previous studies (Chen
et al., 2015; Grant Glover et al., 2011).

Conclusion

Based on the results of searches and investigations from researched literature
studies, characterization of the Co-MOF structure using Scanning Electron
Microscopy is considered effective and very useful in analyzing the structure
and morphology of Co-MOF so that the design criteria for Co-MOF
applications can be better designed. In this study, the structure and
morphology of Co-MOF have a spherical and hexagonal shape. Meanwhile,
the crystalline properties and crystal size of Co-MOF can be determined from
the SEM photos that have been produced.
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Abstract

This chapter aimed to provide an in-depth explanation of the thermal
characterization of pure and modified Co-MOF-74 materials (Mn, TTF,
NDHPI, and Ni) using Thermogravimetric Analysis (TGA). The analysis
was carried out using Systematic Literature Study (SLR) method with six
Q1-Q2 journal articles that are relevant to the topic. According to the
study’s findings, TGA is highly useful for examining the thermal
characteristic profile of both pure and modified Co-MOF-74. The
presence and quantity of additional materials inserted into the MOF
framework can be determined via TGA. TGA analysis is highly helpful
for figuring out the temperatures at which materials’ constituent parts
degrade as well as researching thermal phenomena including solvent
evaporation, the breakdown of MOF or ligand structures, and metal
oxides formation. In general, the mass reduction in the resulting TGA
Co-MOF-74 occurs in two stages: solvent evaporation and
decomposition of the MOF/ligand structure. The atmospheric
circumstances employed in the TGA analysis, such as the atmospheric
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conditions of N3 and air, have an impact on the TGA profile as well. The
findings of this study are anticipated to serve as a basis for information
in the development of modified Co-MOF-74.

Keywords: Co-MOF-74, pure, modified, thermal characterization, TGA

Introduction

Metal-organic frameworks (MOFs) are materials with a wide range of
applications ranging from separation, storage, catalysts, adsorbents, and
electrode materials. MOF is one of the popular subjects that has been well-
studied and reviewed (Nandiyanto, 2019; Shidig, 2023; Nordin et al., 2018).
One of the MOF derivatives, namely MOF-74, is a material with a honeycomb
structure with a pore size of about 1.2 nm which is formed by a combination
of divalent ions and 2,5-dihydroxyterephthalic acid (Xie et al., 2020a). This
chapter specifically discusses MOF-74 which is synthesized using the divalent
Co ion (Co-MOF-74).

Several studies have shown promising applications of Co-MOF-74 for
COI/CO, separation materials, solid phase extraction, gas detection, solvent-
free aerobic oxidation, and supercapacitors (Evans et al., 2020; Mendiola-
Alvarez et al., 2020; Pliekhov et al., 2018; Strauss et al., 2018; Xie et al.,
2020b; Young et al., 2018). In fact, in some cases, organic and inorganic
additive elements such as Mn, TTF, NDHPI, and Ni are added to the Co-MOF-
74 network to improve the performance of the Co-MOF-74 material for certain
functions. In each of these applications, the framework or network between
MOF, Co, ligands, and additive elements is expected to be stable and difficult
to decompose under extreme conditions such as high temperatures. Therefore,
the thermal characterization of the Co-MOF-74 material is a crucial step in
determining the scope of application of the Co-MOF-74 material.

The thermal characteristics of Co-MOF-74 can be analyzed using a
Thermogravimetric Analysis instrument (TGA). TGA is a method of thermal
analysis to determine mass degradation along with temperature variations
(Ghodke et al., 2021). In TGA, the mass of the sample is measured over time
with a uniform change in temperature. TGA can provide physical and
chemical information about a material by evaluating changes in mass due to
heat treatment. In modern chemical engineering, researchers apply TGA to
obtain conversions, kinetics, and mechanisms for each process with changes
in mass using isothermal, non-isothermal, and quasi-isothermal methods
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(Saadatkhah et al., 2020). In TGA, the mass of the sample decreases as the
sample decomposes, volatile compounds evaporate, or the oxidation state
decreases. Meanwhile, in a reactive environment, such as an air environment
(O2), samples containing transition metals can experience an increase due to
the reaction of metals with air (Coker et al., 2012).

Several studies have reported physical and chemical phenomena related
to the thermal characteristics of Co-MOF-74, including solvent evaporation,
oxide formation, decomposition of MOF structures, and decomposition of
organic ligands (Evans et al., 2020; Strauss et al., 2018; Young et al., 2018).
However, data collection for determining the thermal characteristics of Co-
MOF-74 using the TGA method has not been carried out in a more
comprehensive and in-depth manner. Therefore, in this chapter, the thermal
characterization of modified Co-MOF-74 using TGA will be discussed further
through Systematic Literature Studies (SLR) of several journal articles. This
study contains a comprehensive and in-depth study of the thermal
characterization of pure and modified Co-MOF-74 from 2018-2022 using 6
journal articles Q1-Q2.

Literature Review
Co-MOF-74

Co-MOF-74, also known as CPO-27-Co, is a MOF material with 5 oxygen
atoms originating from the 2,5-dihydroxyterephthalic acid (H:DOBDC)
ligand in the coordination area of each Co?* ion with the sixth coordination
position occupied by a guest molecule (Dietzel et al., 2010; Strauss et al.,
2018). Upon activation, the coordinated guest molecule disengages, so that the
Co?* central site has an open coordination position (Liang et al., 2021).

The structure and building blocks of Co-MOF-74 are shown in Figure 1.
Each atom coordinates with 3 oxygen atoms from carboxylates and 2 oxygen
atoms from hydroxyl groups (Xie et al., 2020b). Meanwhile, the sixth metal
Co atom binds to a hydrogen peroxide molecule or a solvent molecule. Water
and solvent molecules can be easily removed by heating and vacuum. This
process opens the active site on Co-MOF-74. Thus, it is often referred to as
the activation process. Generally, water and solvent removal treatments are
carried out when Co-MOF-74 is to be used as a catalyst (Jiang et al., 2016).
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(@

Figure 1. Building block (a) and framework structure (b) from Co-MOF-74. (Figure
was adopted from Sladekova et al., 2021).

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is an analytical technique used to
determine the thermal stability of a material and its volatile component
fractions by monitoring the weight change that occurs when the sample is
heated at a constant rate (Rajisha et al., 2011). At TGA, samples can be
analyzed at a constantly decreasing temperature or isothermal temperature.

TGA is a low-cost quantitative and qualitative analysis technique that
requires a small sample. However, TGA is a destructive analysis (the sample
cannot be reused after analysis) and the results of the analysis may be
inaccurate due to the presence of volatile components in the sample
(Mansfield et al., 2010). Common applications of TGA include
(Nasrollahzadeh et al., 2019):

1) material characterization through analysis of decomposition
characteristic patterns,

2) study of degradation mechanisms and reaction Kinetics,

3) determination of the organic content in the sample,

4) determination of inorganic content in the sample,

which may be useful for corroborating material structure predictions or simply
for chemical analysis.

Generally, TGA is used to study thermal (physical and chemical)
phenomena such as absorption, adsorption, desorption, evaporation,
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sublimation, decomposition, oxidation, and reduction (Loganathan, Valapa, et
al., 2017). TGA can also be used to identify the presence of molecules that are
present in very small amounts because the decreasing mass curve of the
sample is very sensitive. Factors that can affect changes in mass in TGA
analysis are (1) sample mass and volume, (2) sample form, (3) shape and
nature of the sample container, (4) type of TGA analysis atmosphere, (5)
atmospheric pressure at the chamber, and (6) heating and cooling rates.

Figure 2 shows the schematic diagram of the TGA instrument. The
thermal balance is an important unit of the TGA instrument (Figure 3;
Loganathan, Ravi, et al., 2017). The thermal balance is composed of an
electronic microbalance, sample container, furnace, temperature programmer,
and recorder. The thermal balance consists of clamps that serve to hold the
arms of the microbalance. After the clamp is released, the balance will return
to the zero position. To avoid zero offsets, the thermobalance cannot be moved
while it is holding the microbalance arm. The thermal balance is usually left
for 15-20 minutes after the sample is placed. In the TGA curve, the y-axis is
the percentage of mass loss and the x-axis is the temperature (or time, and
most of the time the direct heating rate) (Lozano-Peral et al., 2020).

TN
{ Balance ] Monitor weight change

\, L »

\. v 1

|
Monitor Temperature |
1] Thermocouple type K 1_| | |
L F > e
i Data acquis

Needie valve T ition system

Flowmeters
0.47 Limin.

Heating tube: Ceramic Tube 0.05 x 0.74 m.
Sample basket: Ceramic Crucible 3-4 g

Temperature

- Program Temperaturecontrol |er

N2z

Exhaust gas

Exhaust gas
+ vapor

L]

Oli condenser unit filled with dry ice

P
Necia s _‘_F
lsedle valve
Filter paper Flow meter 0.47 Limin.
Vacuum pump

Figure 2. Schematic diagram of a TGA instrument (Figure was adopted from
Unapumnuk et al., 2012).
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Figure 3. Schematic diagram of the thermobalance on the TGA unit (figure was
adopted from Loganathan et al., 2017).

Method

In this study, the thermal characterization of pure and modified Co-MOF-74
using the TGA instrument was studied using the Systematic Literature Review
(SLR) method. SLR is a research method for identifying and critically
assessing relevant research and for collecting and analyzing data. SLR aims to
identify all appropriate empirical evidence to test certain hypotheses and/or
develop new theories. In addition, SLR can be used in evaluating the validity
and quality of existing findings to reveal weaknesses, inconsistencies, and
contradictions (Xiao & Watson, 2019). Detailed information for how to search
documents for SLR is reported elsewhere (Azizah et al., 2021; Al Husaeni et
al., 2022).

Journal articles analyzed in this study were searched using Google Scholar
with publication years ranging from 2018 to 2022. The keywords used
included Co-MOF-74, modification, materials, composite, and TGA. Articles
are selected based on the relevance of the journal article title to the topic. The
article must contain information on the thermal characterization of pure Co-
MOF-74 or Co-MOF-74 modified by some additives. Six articles that met the
criteria were selected and presented in Table 1.
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Results and Discussion
TGA Profile of Pure Co-MOF-74

Evans et al. (2020) investigated the relationship between the temperature of
reduction activation and the thermal decomposition of Co-MOF-74. The
thermogravimetric analysis showed that the activation temperature and
reduction temperature did not damage the structure of Co-MOF-74. The
gravimetric curves show solvent release at < 350 °C, thermal decomposition
at 350-400 °C, and solvent decomposition at ~550 °C (Figure 4).

3
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Figure 4. TG curves of Ni-MOF-74 and Co-MOF-74 under an N, atmosphere
(Figure was adopted from Evans et al., 2020).

Mendiola-Alvarez et al. (2020) investigated the degradation of Co-MOF
analyzed using TGA (Figure 5). The first stage of mass loss (< 200 °C) was
caused by the removal of the solvent adsorbed on the sample. The
disintegration of the MOF structure led to the second step of mass loss for Co-
MOF-74 at about 300 °C. After a temperature of 800 °C, the mass of the
sample is relatively stable.
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Figure 5. TGA curves of Co-SIM-1, Co-MOF-74, and Co-DABCO (Figure was
adopted from Mendiola-Alvarez et al., 2020).

TGA Profile of Modified Co-MOF-74

Modification with Mn

To ensure the catalyst was not destroyed in the SCR reaction gas,
thermogravimetric tests were carried out under atmospheric air conditions to
determine the activation temperature and decomposition temperature of the
catalyst. The mass reduction in the MOF-74-Co catalyst was more drastic
compared to the mass reduction in the MOF-74 catalyst with a combination of
Co and Mn (MOF-74-Mn-Co). Three stages of mass change were observed in
the temperature range of 0-600 °C, with details as follows.

i.  First stage: desorption of HO and CH3OH at around 120 °C
ii.  Second step: removal of DMF around 225 °C, except for sample
MOF-74-Zn
iii.  Third stage: collapse or damage to the MOF structure at around 275
°C, except for the MOF-74-Zn sample

Based on these data, the temperature selection in the second stage can be
used to remove H,O, CH30OH, dan DMF in the activation stage. The selection

Complimentary Copy



178  Gabriela Chelvina Santiuly Girsang and Asep Bayu Dani Nandiyanto

of the activation temperature is crucial for ensuring that the catalyst has been
fully activated and that the structure of the catalyst has not been damaged.

In addition, the thermal stability of the samples under N2 and air
atmospheric conditions was also studied. The sample TGA curve under N
was comparable to that in an atmosphere of air. The main difference found is
the mass drop temperature. The catalyst has better thermal stability in the N>
atmosphere compared to the air atmosphere.

Modification with Tetrahiafulvalene (TTF)

Figure 6 shows the TGA of Co-MOF-74 and Co-MOF-74-TTF under the N>
atmosphere. Results are normalized at 100 °C. The TGA of empty Co-MOF-
74 (without TTF) at air conditions showed a mass reduction of 26.4% at 100
°C associated with adsorbed water. The Co-MOF-74-TTF sample has a lower
water content compared to MOF without TTF (5.7% mass reduction). This
also shows the success of TTF in filling MOF pores.

c._19438% e Co-MOF-74-TTF

90 i ~ Co-MOF-74
80 <

70
60 —

50

Weight / %
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30 4

20 + '

1 . I ¥ 1 . 1 b 1 b T
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Temperature / °C

Figure 6. TG curves of Co-MOF-74 and Co-MOF-74-TTF (Figure was adopted
from Strauss et al., 2018).

The TGA curve results from Co-MOF-74-TTF was in between the TGA
results from Co-MOF-74 and pure TTF. Based on the TGA, the TTF that was
successfully incorporated into the Co-MOF-74 network was approximately
169%wt.
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Modification with N,N'-Dihydroxypyromellitimide (NDHPI)

Figure 7 compares the TGA profiles of the Co-MOF-74 and Co-MOF-
74@NDHPI samples. The first mass loss (22%) at 30-150 °C was due to
moisture loss. The second mass loss started at 250°C where the Co-MOF-74
structure was damaged and the organic linker underwent decomposition.
Modification with NDHPI increased the maximum decomposition
temperature of the ligand from 290 °C to 315 °C. This is because NDHPI has
a high decomposition temperature of 320 °C. The TGA results show that the
number of NDHPIs that have successfully entered the Co-MOF-74 network is
5%.

100
80 -
60 -
!‘)'e
=z
40 -
20 -
Co-MOF-74
----- Co-MOF-74 @ NDHPI
0 ' ; '
0 200 400 600
T,°C

Figure 7. TGA curves of Co-MOF-74 and Co-MOF-74@NDHPI (Figure was
adopted from Pliekhov et al., 2018).

Modification with Ni

The thermal decomposition of NiCo-MOF-74 and Co-MOF-74 was studied
using TGA in N2 atmosphere and air as shown in Figure 8. In the N
atmosphere, the TGA profiles of NiCo-MOF-74 and Co-MOF-74 showed a
decrease in mass through two stages.

i.  The first stage (25-200 °C) indicates evaporation of the solvent.
ii.  The second stage (280-500 °C) shows the decomposition of MOF-74.
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The curves are further shown to be stable after 800 °C, indicating no loss
of mass due to decomposition or phase transformation.

In the air atmosphere, mass loss also takes place in two stages. The first
stage occurred due to solvent evaporation. The second step at 200-350 °C can
be associated with the decomposition of the network/framework to form metal
oxides. Based on the TGA results, NiCo-MOF-74 and Co-MOF-74 can be
heated at 800 °C under atmospheric N2 conditions to obtain hybrid materials.
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Figure 8. NiCo-MOF-74 TGA curve under N and air atmospheric conditions
(Figure was adopted from Young et al., 2018).

Based on the literature that has been described, Table 2 shows a summary
of the TGA profile findings summary of pure and modified Co-MOF-74.
Atmospheric conditions such as N2 and air can affect the results of the TGA
profile of Co-MOF-74. In addition, the additive material in the Co-MOF-74
matrix can affect the thermal decomposition of MOF and the thermal stability
of the material.
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Conclusion

TGA is an effective technique for analyzing the thermal profile of pure and
modified Co-MOF-74. TGA can show the amount and presence of additive
materials incorporated into the MOF framework. TGA analysis is used to
determine the degradation temperature of components in materials and to
study thermal phenomena (evaporation of solvents, decomposition of MOF or
ligand structures, and formation of metal oxides). Atmospheric conditions, for
example, N2 and air, can significantly affect the thermal profile of Co-MOF-
74. The results of this study were expected to be used as a basis for information
in the development of modified Co-MOF-74.
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Chapter 7

The Structural Characterization of Co-MOF
Using a Transmission Electron Microscope
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Abstract

This chapter aims to provide an in-depth explanation of how to
characterize the structure of currently prepared Co-MOF materials using
a Transmission Electron Microscope (TEM). The study method used is a
Systematic Literature Study (SLR). From the study results, TEM electron
microscopy methods are known to be very effective and very useful for
characterizing the structure of Co-MOF materials because of their
successfulness in accurately determining the morphology and size of Co-
MOF materials. Most of the morphological forms of pure Co-MOF are
polyhedron and rodlike shapes. Determination of this structure is useful.
Thus, the design criteria for the application of Co-MOF can be better
designed. In the future, the results of this study are expected to be used
as a basis for information on the structural characterization of Co-MOF
using TEM.
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Introduction

Metal-Organic Framework (MOF) is a unique crystalline material made of a
metal center and organic ligands. MOF is one of the popular subjects that has
been well-studied and reviewed (Nandiyanto, 2019; Shidig, 2023; Nordin et
al., 2018). Co-MOF material is a type of material consisting of a cobalt metal
framework coordinated with organic molecules, which are usually referred to
as ligands. This material has an orderly crystal structure and has small pores
in it. Thus, it can be used for various applications, such as gas absorption and
catalysis (Ren et al., 2023).

Co-MOF can be used as a catalyst in various chemical reactions, such as
hydrogenation, dehydrogenation, oxidation, and transformation of other
organic compounds (Guo et al., 2023). In addition, the adaptable pore structure
of the MOF allows for the development of more efficient and selective
catalysts. Co-MOF can also be used as gas storage. The pore structure of Co-
MOF can be adapted to capture gases such as hydrogen, carbon dioxide,
methane, etc. This makes Co-MOF a promising choice in gas storage
applications (Thanasamy et al., 2023).

Co-MOF can be used as a base material for the manufacture of sensors
which are highly sensitive to various compounds, including gases, chemicals
and heavy metals (Manjula et al., 2023). For example, Co-MOF can be used
for the detection of mercury compounds in water or air. Co-MOF also shows
potential as a battery electrode, because its porous structure can increase the
surface area available for electrochemical reactions. On the whole, Co-MOF
offers a variety of promising applications in various fields and continues to be
an interesting research subject for scientists (Shi et al., 2023).

The crystal form of Co-MOF varies depending on the type of organic
molecule used in its synthesis. Several forms of Co-MOF crystals include
hexagonal prism crystal forms, cubic crystal forms, tube crystal forms, and
rhombic dodecahedron crystals. To find out the structural form of Co-MOF,
structural characterization was carried out using several instrumentations,
especially the Scanning Electron Microscope (SEM) and Transmission
Electron Microscope (TEM) (Klang et al., 2012; Fan et al., 2019). TEM will
produce a two-dimensional projected image of the sample resulting from the
electron beam that penetrates the sample (Rehn et al., 2018; Suga et al., 2014;
Susi et al., 2019).

Judging from its various uses, Co-MOF is an interesting material to study
and develop further. However, discussions regarding the characterization of
the Co-MOF structure in a comprehensive manner are still rare. Thus, it is
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important to study the characterization of the Co-MOF structure, especially
using TEM instrumentation.

Literature Reviews
Transmission Electron Microscopy

TEM is an electron microscopy technique that uses electrons as a light source
that passes through a material and projects an image on a fluorescent screen
or camera sensor. This technique is often used for material characterization,
because of its ability to produce material images at the nanometer to sub-
angstrom scales (Tang & Yang, 2017).

TEM is one of the most important and powerful electron microscopy
techniques used in materials characterization and materials science. This
technique was first developed in 1931 by Ernst Ruska and Max Knoll in
Germany (Zhou et al., 2023).

Ruska and Knoll built the first electron microscope by using a needle-
shaped electrode to produce a source of electrons and an electromagnetic lens
to focus the electrons. At first, these microscopes could only achieve a
resolution of about 50 nm, but with developments in technology and
improvements in instrument design, the resolution can increase to about 0.1
nm or even less (Zhou et al., 2023).

In 1933, Ruska succeeded in producing the first drawing of a metal sample
using TEM, and the technique has developed rapidly since then. In 1940,
James Hillier and Albert Prebus from the United States introduced the concept
of dual magnetic lenses to increase image resolution. Later in the 1950s,
electron diffraction techniques were integrated into instruments, enabling
direct measurements of crystal structure and material composition (Tang &
Yang, 2017).

Until now, TEM techniques continue to be used in a variety of
applications in the fields of materials, environmental science, biology, and
others. This technique has enabled scientists to study the internal structure and
properties of materials at very high levels of resolution, thereby enabling the
development of more advanced and efficient technologies. Electron
microscope also has been used for understanding the morphology of the
material, specifically its size (Yolanda & Nandiyanto, 2022).
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TEM is a material characterization technique that uses electrons as a
radiation source. This technique is usually used to study the structure and
properties of materials on an atomic and molecular scale (Rostamabadi et al.,
2020).

In TEM, electrons are passed through a thin sample so they can penetrate
and produce an electron diffraction pattern. This electron diffraction pattern is
then used to determine the crystal structure of the sample (Grimley & LeBeau,
2019).

In addition, TEM can also be used to measure the energy spectrum of
electrons emitted or absorbed by a sample. This spectrum can provide
information about the electronic structure of the sample, including bond
energies and valence energies (Grimley & LeBeau, 2019).

Other techniques frequently used in TEM are low-energy electron
spectroscopy (EELS) and photoelectron spectroscopy (XPS). EELS allows the
measurement of the energy spectrum of electrons absorbed by the sample,
while XPS allows the measurement of the energy spectrum of electrons
emitted by the sample (Grimley & LeBeau, 2019).

In this series, TEM makes it possible to study the crystal structure,
electronic properties, and surface chemistry of materials. However, TEM is
different from XRD that focuses only directly on the diffraction of crystal
structure (Fatimah et al., 2022). TEM analyzes on the morphology of crystal.
Therefore, this technique is very useful in materials research and development,
including in the fields of electronics, energy, and catalysis (Grimley &
LeBeau, 2019).

Following are the steps in material characterization using TEM:

1. Sample preparation. The sample to be analyzed must be carefully
prepared to ensure good image quality. The sample to be observed is
usually very thin (less than 100 nm) and is prepared by slicing or
thinning techniques. The sample is then placed on a TEM grid made
of metal or carbon (Zhao & Liu, 2022)

2. Electron injection. Electrons are obtained from an electron tube, then
accelerated and focused on the sample. The electrons then pass
through the sample and spread elastically or inelastically within it.
This process produces lots of secondary electrons and backscattered
electrons, which will form the image of the sample (Zhao & Liu,
2022)

3. Image analysis. The images produced by TEM can show various
material characteristics, such as morphology, crystal structure, and
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compositional distribution. Several analysis techniques that can be

performed on TEM images are:

o Electron Diffraction (Electron Diffraction): A technique used to
identify the crystal structure of a sample, through analysis of
electron diffraction by the crystal lattice (Smith et al., 2023).

o Energy Dispersive Spectroscopy (EDS): A technique used to
analyze the distribution of chemical elements in a sample, by
analyzing the energy spectrum produced by electrons interacting
with the sample (Smith et al., 2023).

e EELS: A technique used to analyze the energy spectrum of
electrons that lose energy when interacting with a sample (Smith
etal., 2023).

TEM and SEM are two electron microscopy techniques used for material
characterization. Although both use electrons to form images, their working
principle, equipment, and output are very different (Inkson, 2016).

TEM uses electrons to penetrate a sample, similar to the way X-rays
penetrate objects. Electrons passing through the sample form a 2D image on a
fluorescent screen or CCD sensor. With this technique, we can see the internal
structure and microstructure of materials on the nanometer to angstrom scale,
with very high resolution. The advantage of TEM is the ability to obtain
information about the distribution of chemical composition and
crystallography of materials directly (Inkson, 2016).

Meanwhile, SEM uses electrons to scan the sample surface and map the
surface topography and morphology. SEM beams electrons to the sample to
form a 3D image of the surface. This technique has a lower resolution than
TEM but can be used to examine larger samples and provides information
about the shape, size, and distribution of grains on the surface of the sample.
In addition, SEM can also provide information about the chemical
composition of surfaces using X-ray energy dispersive detectors (Inkson,
2016; Williams, 2008).

In selecting the appropriate technique for material characterization, it is
important to consider the information to be obtained, the sample size to be
observed, and the scale of resolution required. If you want to see the internal
structure and microstructure of materials on the nanometer to angstrom scale,
then TEM is a more appropriate choice. However, if you want to map the
shape, size, and distribution of the grains on the surface of the sample, then
SEM can be a more appropriate choice (Grimley & LeBeau, 2019).
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TEM instrumentation consists of several main parts as shown in
Figure 1, namely the electron source, electromagnetic lens system, detection
system, and image processing software (Tang & Yang, 2017).

Objective apertune

Objective lens

Projector lenses

Fluorescent screen

Figure 1. Instrumentation of TEM image, adopted from Tang & Yang (2017).

Electron Source The electron source in TEM usually uses a tungsten
filament or LaB6 (lanthanum hexaboride) as the electron source. This electron
source is placed at the top of the instrument column and is equipped with a
heating system to generate electrons which are directed to the sample. The
electron source also has a current and voltage regulating system to produce
electrons with the desired energy (Tang & Yang, 2017).

Electromagnetic Lens System The electromagnetic lens system in TEM
consists of a series of electromagnetic lenses that are used to focus and
accelerate electrons before they reach the sample. Electromagnetic lenses
usually consist of a condenser lens and an objective lens. The condenser lens
is used to focus electrons on the sample, while the objective lens is used to
focus electrons that have passed through the sample so that high-resolution
images can be produced. There are also other electromagnetic lenses such as
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aperture lenses and magnifying lenses which are used to control the number
of electrons passing through the sample (Tang & Yang, 2017).

Detection System The detection system in TEM is used to collect
electrons that have passed through the sample and form an image. There are
two types of detection systems commonly used in TEM, namely photographic
film systems and digital camera systems. In a photographic film system,
electrons passing through the sample will produce an image on the
photographic film, whereas, in a digital camera system, electrons passing
through the sample will produce an electronic signal which is then converted
into a digital image (Tang & Yang, 2017).

Image Processing Software After the image has been captured by the
detection system, image processing software is used to process and analyze
the image. This software is usually equipped with features such as contrast
adjustment, noise reduction, image positioning, and advanced image analysis
such as particle measurement, diffraction pattern analysis, and identification
of crystal structures (Tang & Yang, 2017).

In addition to the main components above, the TEM instrument is also
equipped with various supporting components such as a vacuum control
system to avoid contamination, a temperature control device to control the
sample temperature, an alignment control device to adjust the sample position,
and an electromagnetic lens. All of these components work together to
produce very detailed drawings and information about the structure and
properties of the material being examined (Tang & Yang, 2017).

Co-MOF

The Co-MOF structure, as shown in Figure 2, consists of a cobalt atom bonded
to an organic ligand molecule via a coordinate bond. This structure forms an
ordered crystal framework, and tiny pores form within it between the ligand
molecules. The pore size can be adjusted by changing the size of the ligand
molecule used (Singh et al., 2021).

The advantage of the Co-MOF material is that its pores are very small.
Thus, it can absorb large amounts of gas molecules. This makes Co-MOF
especially useful for applications such as gas storage and purification. In
addition, Co-MOF can also be used as a catalyst in chemical reactions, because
it can effectively catalyze chemical reactions (Shi et al., 2023). However, Co-
MOF materials also have some drawbacks. One of them is its low stability in
an acidic or alkaline environment, so it needs special handling to maintain its

Complimentary Copy



194 Silvia Widiyanti, Risti Ragadhita and Asep Bayu Dani Nandiyanto

stability. In addition, the process of making Co-MOF also requires quite a lot
of time and costs (Shi et al., 2023).

In further research, the addition of other elements into the Co-MOF
structure such as other metals or non-metal atoms, can improve its properties
and performance. Thus, it can be applied in a wider variety of applications
(Singh et al., 2021).

Figure 2. Co-MOF structure. Figure was adopted from Singh et al. (2021).

Methods

The structural characterization of Co-MOF using TEM in this study was
investigated through a Systematic Literature Review (SLR) method. SLR is a
research method and process for identifying and critically assessing relevant
research, as well as for collecting and analyzing data from that research. The
purpose of the SLR is to identify all the empirical evidence that fits the pre-
determined inclusion criteria to answer a particular research question or
hypothesis. By using explicit and systematic methods when reviewing articles
and all available evidence, bias can be minimized, thereby providing reliable
findings from which conclusions can be drawn and decisions made (Snyder,
2019).

The journal articles reviewed in this study were searched through various
search media and journal publications such as Google Scholar, Science Direct,
Springer, and MDPI. The keywords used to browse these articles include Co-
MOF structural characterization TEM, electron microscopy, TEM of Co-
MOF, and Co-MOF structural characterization.
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The articles being searched were selected according to the following
criteria.

1. Articles must contain information related to pure Co-MOF without
any kind of dopants or composites.
2. The article contains information regarding the structure of Co-MOF.

Results and Discussion

Singh et al. (2021) has synthesized three heteroleptic Co(11)-MOFs ie catena-
[(diaqua-( pu2 -bgdc- kO,0)-(phen- kN,N)-cobalt (11)] ( 1), {[Co(pa)(4.4’-
bipy)(H20) (CH30H)] DMF} n (2), and [Co(ia)(bpe)0.5(H20)] n (3), (H2bqgdc
= 2,2-biquinoline-4,4’-dicarboxylic acid, phen = 1,10-phenanthroline), (Hzpa
= pamoic acid) (Hzia = ita- conic acid, bpe = 1,2- bi(4-pyridyl)ethane). As
shown in Figure 3, Among Co(Il)-MOFs, 1 displays small-sized crystals in
the entire morphology of material along with pores visible in the TEM image
(measuring scale 200 nm). sharp contrast, the entire morphology of 2 exhibits
elongated rectangular-shaped nanocrystals assuming multiple crystallographic
orientations in TEM images Interestingly, 3 comprises uniformly organized
porous morphology like silica in its TEM image.

E d=0.478 nm
i {112)

Figure 3. TEM image of Co-MOF. The image was adopted from Singh et al. (2021).

Xie et al. (2022) synthesized Co MOFs. Briefly, 0.582 g of Co(NO3).
6H,0 was dissolved in 40 mL of dimethylformamide (DMF) containing 20
mL ethanol. Then, 0.344 g of 2,5-Thiophenedicarboxylic acid (Tdc) and 0.312
g of 4,4’ -bipyridine (Bpy) were added to this mixture by continuously
agitating for 60 min. After that, the mixture was placed in a Teflon liner, which
was heated at 105°C for 72 h. And then cooling down to room temperature,
the mixture was centrifuged (6500 rpm), and washed with ethanol. Finally, the
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product obtained was dried in a vacuum oven at 45°C for 12 h. The result as
shown in Figure 4 that the synthesized Co-MOFs nanocomposite was a rodlike
structure with a diameter of about 500 nm (Xie et al., 2022).

Shi et al. (2023) synthesized Co-MOF with 765 mg 2-methylimidazole
and 582 mg Co(NQO3); -6H20 powders were dissolved into 25 mL anhydrous
methanol, respectively. After then, the as-resulted 2- methylimidazole solution
was rapidly injected into Co(NOs), -6H.0 solution with continuous stirring
for 5 minutes. After that, the mixture was kept still at room temperature for 24
hours. At last, the suspension was treated by filtration, washing, and drying at
60°C. As shown in Figure 5 the pristine ZIF-67 exhibited a typical polyhedral
shape with a size of about 500 nm.

-

[

Figure 4. Co-MOF morphology, adopted from Xie et al. (2022).

Figure 5. Co-MOF Morphology, adopted from Shi et al. (2023).

Ren et al. (2023) synthesized Co-MOF by carrying out 182.48 mg of
cobalt nitrate hexahydrate and 205.00 mg of 2-methylimidazole were
dissolved in 5 mL of anhydrous methanol to form a transparent pink solution
(solution A) and a colorless solution (solution B), respectively. Solution A was
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then added to solution B in a dropwise manner and ultrasonicated for 30 min.
After centrifugation, the precipitate is washed with methanol and dried to
obtain 3D ZIF-67 crystals. The obtained 3D ZIF-67 was dispersed in 5 mL of
anhydrous methanol, mixed with another solution A, transferred to a 20-mL
Teflon stainless steel autoclave, and stored at 120°C for 60 min. Finally, the
product was centrifuged, washed with anhydrous methanol, and dried to obtain
yellow Co-MOF nanosheets. The result as Figure 6 showed that 3D ZIF-67

has a regular dodecahedron structure with a diameter of 1 um.

1 pm

Figure 6. Co-MOF morphology from Ren et al. (2023).

B JE-2100
1

ql\‘i‘ M;A :

Figure 7. Co-MOF morphology. Image was adopted from Guan et al. (2023).

Guan et al. (2023) synthesized Co-MOFs by carrying out Co(NOs): -
6H,0 (0.582 g) that was dissolved in DMF-water (V/V = 1:1, 20 mL) and
mixed solvent system. Then, Tdc (0.344 g) and Bpy (0.312 g) were added to
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the above solution under stirring for 1 h. Subsequently, the mixtures were put
into an autoclave lined with Teflon and allowed to react at 105°C for 72 h.
After cooling to room temperature, the mixtures were filtered, washed three
times with ethanol, and dried overnight in a vacuum at 40°C. The results in
Figure 7 showed that the synthesized Co-MOFs are rod-shaped 1D
nanostructures with a diameter of 300 nm.

Conclusion

This study showed that TEM is indeed effective and very useful to characterize
Co-MOF especially to know the structure and shape of Co-MOF. We can
conclude that Co-MOF has varied shapes from porous, rectangular,
polyhedron, and dodecahedron to rodlike shapes. With a range of sizes from
0.3-1 pm.
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Abstract

A high performance of PbZrTixOs (PZT) solid solutions at x = 0.45 —
0.50 at the morphotropic boundary is still the target indicator for newly
developed environmentally friendly ferroelectric materials. However,
despite their wide application, the physical nature of the properties of
some PZT compositions between the tetragonal and rhombohedral
phases still remains unclear. In addition, in some cases, the method for
obtaining this material predetermines its characteristics. The low-
temperature synthesis using a special precursor was applied to obtain the
PZT morphotropic finely dispersed powders in an equilibrium state with
a partial ordering. These powders were obtained by single-stage low-
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temperature firing of precursors at 7 = 650°C and 700°C in a uniform
equilibrium state without intermediate phases. The synthesis regimes are
chosen in accordance with the order-disorder phase transition tempera-
tures calculated within the framework of the elastic cation-anion bond
model, that assumes the participation of diffusion processes and the order-
ing possibility. X-ray phase studies confidently confirmed the previously
undescribed properties of the powders studied by us: a tetragonal struc-
ture with the lattice parameters ratio ¢/a < 1 and a ferroelectric phase
transition to the cubic phase at 7 = 300°C. Obtained in the same way, but
by annealing at T = 800°C, the nanopowder had ¢/a >1, traditional for
PZT, and a phase transition temperature of 350°C. The purity, stoichiom-
etry and resistance to thermal cycling up to 7 = 1200°C of the newly
obtained PZT phase were confirmed. The piezoelectric activity and fer-
roelectric properties of these powders surface have been confirmed by the
piezoresponse force microscopy and Kelvin probe force microscopy. It
is shown that the unusual aforementioned characteristics of PZT powders
are not related to the particle size. Our assumptions on the influence of
the partial ordering in the B-sublattice on the properties of the unusual
T1 phase and the possibility of the partial ordering in the B-sublattice are
confirmed.

Keywords: oxides of the perovskite family (OPF), PZT solid solution, mor-
photropic phase boundary, phase state, x-ray diffraction, scanning probe mi-
croscopy, atomic ordering

Introduction

Lead zirconate-titanate PbZr;_,Ti,O3 (PZT) solid solutions are known due
to their high-value and practically important ferroelectric-piezo-characteristics
(Cheng et al.,2010), which ensure their wide application in electronics, acous-
tics, and piezotechnics. This is especially true for the compositions near the
morphotropic phase boundary between the tetragonal and rhombohedral phases
(x =0.45—0.50). It is noteworthy that the method to prepare makes it possible
to control the properties and phase composition of PZT. For example, the char-
acteristics of materials obtained by "bulk"-like methods (solid state reactions,
simple ceramic route, single crystals manufacturing) may differ both from "sol-
gel"-like nanoparticles and from "film"-like coatings. The reasons for the dif-
ferences are not always completely clear, and this circumstance does not reduce
interest in possibilities of application of the aforementioned methods. Hence,
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studies on the PZT morphotropic region continue, testifying to the complex-
ity and diversity of its properties and the physical reasons that determine them
(Schonau et al., 2007; Frantti et al., 2002; Panda, 2017; Ohno et al., 2007), and
reviews attract interest.

Upon obtaining of a new material, it is desirable to control its characteristics
with the least effort/cost, preferring variations in technological modes of manu-
facturing, rather than the chemical composition. The present chapter is devoted
to the method based on using the solid-phase synthesis to obtain morphotropic
finely dispersed PZT powders and to study their properties. To understand the
relationship between the composition of morphotropropic PZT and their macro-
scopic physical properties, it is necessary to obtain single-phase compositions
in an equilibrium state and to analyze their phase states. Thus, we mainly con-
sider this method, and almost do not touch on others, including the preparation
of films. In addition, far beyond the scope of this work, a detailed review on the
relationship between preparation methods and material properties is given.

The most traditional method for obtaining PZT solid solutions is based on
solid-phase reactions involving simple oxides (PbO, TiO, and ZrO,). Sam-
ples are synthesized by traditional methods at 800 — 900°C and then sintered
at temperatures 7 > 1200°C (Eremkin et al., 2012; Lee et al., 1999; Okazaki,
1976) or sintered once at a high temperature (Cordero et al., 2008; Necira et
al., 2012; Hammer and Hoffmann, 1998). There is a known method for ob-
taining PbZr;_,Ti,O3 from phases being rich in PbTiO3 and Zr, far from the
morphotropic boundary, where the final product is obtained as a result of a se-
quence of simple phase reactions of mixed oxides (Hammer and Hoffmann,
1998; Jaffe and Cook, 1971; Chandratreya et al., 1981). In this sequence of
reactions, the Ti atom is incorporated into the already formed perovskite lattice
with an excess of Zr. In this method, it is not possible to achieve the desired
maximum single-phase state and a uniformity of the final product, even with
the maximum homogeneity of the charge. Hence, the disadvantage of this path
is the inhomogeneity on the microlevel, that leads to variations in the piezoelec-
tric properties (Panda, 2017). In some cases, homogenization is achieved only
during subsequent sintering above 1000°C (Eremkin et al., 2012).

The synthesis from simple oxides without the formation of intermediate
phases becomes possible by a mechanoactivation (Lee et al., 1999). This
method requires annealing at a high temperature (7" = 1000 — 1200°C), which
is accompanied by a significant loss of lead above 1000°C (Necira et al., 2012;
Jaffe and Cook, 1971; Okazaki, 1976). In order to avoid the lead deficiency
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in the final product (in the target material), a mixture with an excess of PbO is
often used, which is to be evaporated during firing. Without careful control over
the sintering atmosphere, the grain boundaries of the obtained ceramics are en-
riched in PbO (Hammer and Hoffmann, 1998). When firing below 1000°C, the
evaporation of lead oxide is insignificant (Necira et al., 2012; Jaffe and Cook,
1971; Okazaki, 1976), which justifies the expediency of lowering the synthesis
temperature.

An alternative method to perform the synthesis of PZT from simple oxides
is the B-site precursor method based on the reaction from PbO and lead-free-
precursor Zrj_,Ti, O, (Eremkin et al., 2012; Matsuo et al., 1965; Tashiro et al.,
1989) as follows:

Zr1_xTixOy + PbO — PbZr_Ti,03. (1)

In this case, the formation of the PZT phase occurs directly, without the for-
mation of any intermediate phases, including PbTiO3, and also avoiding the
Zr gradient in the reaction zone. This method provides favorable conditions
for chemically homogeneous solid solutions of PZT in an equilibrium state. A
study on these solid solutions is of particular interest because of the possibility
of creating an equilibrium phase state. The implementation of the one-stage
method (1) can make it possible to obtain a material with unusual crystallo-
graphic characteristics. There is a report on the use of this synthesis method to
obtain ceramics based on PZT (Robert et al., 2001).

The structure of the OPF lattice of the ABj sB{ ;O3 composition al-
lows different degrees of structural ordering, which significantly affects the
ferroelectric-piezo-characteristics (Setter and Cross, 1980; Chu, Setter and
Tagantsev, 1993; Sakhnenko and Ter-Oganessian, 2018; Sakhnenko et al., 1972;
Vasala and Karppinen, 2015). The ordered alternation of two sorts of B-cations
favors the emergence of polar systems of atomic displacements in the A- and
O-sublattices. Depending on the technological conditions of the preparation,
some of them can exist in an ordered state, disordered state (Setter and Cross,
1980; Chu, Setter and Tagantsev, 1993; Vasala and Karppinen, 2015), or in a
state with an intermediate degree of the structural order. This makes it possi-
ble to control the macroscopic properties of the material through it structural
ordering. A well-known example is a significant difference in dielectric permit-
tivities of PbScy sTag 503 ceramics with different degrees of order (Setter and
Cross, 1980; Chu, Setter and Tagantsev, 1993). In some cases [Pblng sNbg 503
(Ohwada et al., 2008; Bokov, Rayevsky, 1989) and PbScy 5Nby 503 (Bokov,
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Rayevsky, 1989; Zhu et al., 2008)], it can be controlled by varying technological
parameters. In principle, such an ordering in the B-sublattice can be formed in
morphotropic PZT solid solutions near binary perovskite 1:1 (PbZrg 5Tig 503),
but the description of the ordered state of these compositions is not yet found in
the literature.

The possible ordering in the B-sublattice of PZT in the morphotropic region
was modeled in (Hayn, 2013) by combining the results of the ab-initio Density
Functional theory (DFT) and Monte Carlo (MC) calculations. The thermody-
namically equilibrium structure was presented as a mixture of several preferred
structural motifs with a little difference in formation energies between them.
The size of ordered local polar regions, that may be formed at on almost zero
diffusion of B-cations, was considered to be too small. In a case of probabilistic
overcoming of entropy, the preferential ordering in these structures is possible
even at low temperatures. This does not correspond to the common practice of
sintering PZT ceramics with subsequent rapid cooling to the temperature region
of the stable ferroelectric phase (Hayn, 2013; Kingon Clark, 1983). At com-
monly used high temperatures, this technology does not provide an advantage
of any particular configuration, which deliberately destroys the possibility of
ordering, instead of stimulating diffusion (Hayn, 2013). Calculations predicted
the formation temperature of chaotic alloys above 2000 K. This value is "out-
side the stability region of cubic perovskite" and means that PbZry 5Tip 503 - is
to be in an always ordered state (Hayn, 2013).

So far, these predictions have not been verified experimentally, at least for
commonly used synthesis methods, including film technologies. There are two
possible reasons for lack of descriptions of the ordered state in the PZT solid
solution system. Firstly, when synthesized from simple oxides, a nonequilib-
rium state is formed therein. Secondly, high annealing temperatures are applied
that exceed the temperature of the ordering state existence. Perhaps, a new way
to prepare the material or a specific application of one of the known methods is
needed. There is a need for a technology for obtaining morphotropic PZT solid
solutions, which can provide a phase equilibrium in the resulting material and
lower the synthesis temperature. Such methods are described by (Matsuo et al.,
1965 and Hayn, 2013), but in order to use these methods, it is important to know
an estimate of a possible value of the ordering temperature 7, of cations in the
B-sublattice. This can be obtained in two ways: the first way is based on first-
principles calculation, and the second way is based on a simpler semi-empirical
model. In the latter, the temperature 7,, of the order-disorder phase transition
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is estimated in terms of the cation-anion elastic bond model (Sakhnenko and
Ter-Oganessian, 2018; Sakhnenko et al., 1972). For a large number of repre-
sentative perovskite compounds, this approach gives a plausible estimate of 7,4
and, therefore, we apply it to PZT.

The aim of our research is to obtain the most probable (equilibrium) phase,
which has the possibility of some ordering in the B-sublattice. For this, the
possible values of T,,; were estimated, and then, at various low sintering tem-
peratures, a one-stage low-temperature synthesis was performed according to
(1) without intermediate phases from the lead-free precursor Zry 50Tip 4302 and
PbO. Nanopowders of the morphotropic PbZrg 5, Tig 4303 solid solution were
obtained, and their crystal structure and electrical/piezoactivity were studied.

The present chapter is organized as follows: in Section 2, the thermody-
namic description of the ordering of cations in the B-sublattice is used to cal-
culate the dependence of the temperature 7,; on the degree of the structural
ordering s for the tetragonal solid solution with the PbZrg 50 Tip 4303 composi-
tion. This result was used in the synthesis procedure described in Section 3.
Section 4 consists of several parts as follows: crystallographic characteristics
of obtained materials were determined by X-ray diffraction methods (XRD),
and the stoichiometry, temperature stability, phase purity, and homogeneity of
these material were confirmed (Section 4.1). Scanning probe microscopy (SPM)
methods were used to confirm the electrical activity (Section 4.3). That result
made it possible to refine the lattice structure by XRD methods (Section 4.4)
and to study the temperature phase transition (Section 4.5). Then, the possibil-
ity of the influence of the particle size on the phase transition temperature was
verified (Section 4.6).

Order-disorder Phase Transition in 1:1 Binary
Perovskites AB, ;Bjj ;O3

The distribution of cations in 1:1 binary perovskites AB ;B ;O3 is described
by the parameter of the degree of structural order:

NB/ —NB//

N /2 |’ 2

=]

which values can vary from 0 for a completely disordered state to 1 for an or-
dered state. In Eq.(2) Ng and Ny are the number of atoms in the B’- and
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B’ -sublattices, each of which consists of N, / 2 sites. To consider the order-
ing of cations in B-sublattices, the model of cation-anion elastic bonds is used
(Cordero et al., 2008; Necira et al., 2012). It is assumed that above, the order-
disorder phase transition temperature 7,4, only a disordered state can exist, and
below T4, an ordered state can arise due to diffusion processes. This yields the
relation for the maximum achievable due to diffusion processes for the value of
sat T<T,,:

KT1n1+S

= 3(kg +kpr )u’s, (3)
where K is the Boltzmann constant, kg and kg» are the stiffness coefficients
of unstrained B’-O and B”-O, and u is the displacement of oxygen from the
centrosymmetric position in the ordered state.

For the FF'm3m space group, which describes the cubic phase of binary per-
ovskite, the oxygen atoms are located in the Wyckoff position 24e (x; 0; 0). For
a disordered state, the average B’-O and B”-O distances are the same and cor-
respond to the oxygen coordinate x = 1/4. In the ordered state, the difference
in the lengths and stiffnesses of the unstrained B’-O and B”-O bonds leads to a
shift of oxygen to the (1/4+u; 0; 0) position. Since this displacement is related
to ordering, it exists in all phases, including the cubic one.

For the perovskite structure a good approximation for the stiffness coeffi-
cients of B-O bonds is kg = npy, where np is the B-cation valence value, and y
is a constant (Sakhnenko and Ter-Oganessian, 2018; Sakhnenko et al., 1972).
When generalizing the data on the bulk modulus and lattice parameters for a
number of known ABO3 perovskites, the value of y was estimated to be 70 N/m
(Sakhnenko and Ter-Oganessian, 2018).

According to (3), the degree of order, which is maximally achievable as a
result of the order-disorder phase transition, vanishes at T > T,4, i.e., s =0, and
increases upon cooling, reaching 1:

3(kp + kg )u?
Toa=——"p 4
The calculation of 7,, values for many ABj<Bj<O3 binary perovskites
(Sakhnenko and Ter-Oganessian, 2018) showed good agreement with their
structural characteristics. An important general conclusion follows from work
by (Sakhnenko and Ter-Oganessian, 2018): compounds, for which the 7,4 val-
ues are too high (i. e. technologically unachievable), are in an ordered state,
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compounds with 7,; much lower than the synthesis temperature are disordered
in any way of their preparation. For compounds with technologically achievable
T,a, the degree of order s can be controlled.

The proposed approach to the implementation of the sintering process is
based on the assumption that 7,; > T¢. In this case, there is no reason to be-
lieve that the diffusion of B-cations is equal to zero (as in work by Hayn, 2013),
and the problem of explaining the formation of local polar ordered regions is
removed. In practice, this means that ordering due to diffusion processes can be
obtained by prolonged firing at lower (compared to commonly used) tempera-
tures. The possibility of forming ordered structures will make it possible to test
models of preferred structural motifs from (Hayn, 2013) or propose and discuss
new ones.

To calculate the value of 7, from (4), the u? values of the squared oxygen
displacements for the ordered PZT phase are required. They were obtained by
refining high resolution neutron data for both isotropic and anisotropic displace-
ment models in the cubic phase (Zhang et al., 2011). Because this estimate is
based on a model, the actual order-disorder transition temperature may differ
slightly from the predicted temperature.

Figure 1 shows the dependence of the maximum degree of ordering s on
the reduced temperature (7 /T,,) plotted according to (4) for the tetragonal
PbZr( 5, Tig 4803 solid solution. The obtained value of T,; = 913 K (640°C)
is approximately equal to the lowest synthesis temperature for this composition
(Tashiro et al., 1989), however much lower than the known published estimates,
which reach 2000 K [according to (Hayn, 2013)].At room temperature, samples
synthesized below T,, should be in a highly ordered state when measured (as
for s > 0.95 in Fig. 1). However, according to the assumption, ordering is pos-
sible only due to the diffusion of B-cations, which is "kinetically hindered" and
practically absent at T < T¢ (Erhart, Albe, 2007; Islam, 2000). If this is a case,
then the degree of order achieved in synthesis at a sufficiently low temperature
cannot be higher than that provided by the diffusion mechanism at the same
temperature. Then just these values of s will be revealed by room-temperature
measurements.

These considerations substantiate the possibility of obtaining the ordered
state of PbZry 53Tig.4703 during the synthesis at temperatures below those usu-
ally used at the synthesis of PZT Section 2. For this, the long-term synthe-
sis from a lead-free precursor according to the procedure described in book by
(Jaffe and Cook, 1971), and in work by (Sakhnenko and Ter-Oganessian, 2018)

Complimentary Copy



Phase States and Surface Electrical Activity ... 209

600

C
-~
(=3
S

200

T, temperature, °C

o

-200

0.0 02 S04 06 08 10
Maximal ordering degree, s

Figure 1. Dependence of the ordering temperature 7,; on maximum ordering
degree s for PbZrg 5o Tig 4303.

is suitable to a largest extent. Previously, pure perovskite PbZrg 53Tig 4703 pow-
der was obtained by (Eremkin et al., 2012; Lee et al., 1999 ; Okazaki, 1976;
Matsuo et al., 1965; Tashiro et al., 1989) from Zry 53Tip 470, and PbO by sin-
gle firing at 650°C (Tashiro et al., 1989); however, a detailed XRD study of the
resulting phase was not performed.

Experimental

PbZr 52Tig 4803 powders were prepared by single firing at various temperatures
from the range of 7=650-800°C. The annealing temperature and time values we
are used to designate the samples: for example, PZT 650-4 is obtained by firing
at 650°C for 4 hours.

Synthesis was performed according to the methodology (Eremkin et al.,
2012; Lee et al., 1999 ; Okazaki, 1976; Matsuo et al., 1965; Tashiro et al., 1989)
from the extra "pure" grade PbO and "pure" grade fine ZrysyTig4302 pow-
der lead-free precursor, synthesized by hydrothermal technique at Ural Plant
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of Chemical Reagent:

Raw materials were weighted in accordance with the PbZrg s, Tig 4303 sto-
ichiometry, and then water-mixed in a ball mill for 48 h. After drying, the
mixture was briquetted and synthesized by single firing in a closed platinum
crucible at 7 = 600 — 800°C. According to work by (Necira et al., 2012; Jaffe
and Cook, 1971; Okazaki, 1976), below 1000°C, the evaporation of lead ox-
ide is negligible, and therefore, firing at this temperatures is carried out under
normal conditions, as a rule. Nevertheless, a PbO-enriched atmosphere was cre-
ated. For this, tablets were placed in the crucible onto a PbO powder bed and
covered with a massive PbO plate.

The phase composition of the samples and data for the analysis of XRD pro-
files were obtained by the powder method on a Rigaku Ultima IV diffractometer
with filtered Cu-K radiation and a standard powder sample holder. Temperature
studies were performed on an Anton Paar 1000 temperature attachment with a
temperature stability of at least 0.5°C on a DRON 7 diffractometer with fil-
tered CoKa radiation. In the UltimalV and DRON-7 diffractometers, a B-filter
was used on the scattering side of the X-ray source without a monochromator.

Results and Discussion

Crystallographic characteristics were determined and the stoichiometry and
single-phase nature of the powders synthesized in Section 3 were proved. Sec-
tion 4.1 is devoted to this proof. Section 4.2 is devoted to the in-situ synthesis.
SPM methods are applied to verify the presence of electrical activity and fer-
roelectric properties in Section 4.3. After that, it became possible to refine the
structure and estimate the ordering in Section 4.4. In Section 4.5, the polymor-
phic phase transition is studied, and reasons for differences between the ordinary
T phase and the newly obtained T1 phase with an unusual unit-cell parameter
ratio (tetragonality) ¢/a < 1 are discussed. The influence of the size effect on
the obtained results is estimated in Section 4.6.

Crystallographic Properties

The X-ray diffraction patterns of the obtained samples do not have superstruc-
tural reflections (Fig. 2). This indicates that, starting from the synthesis temper-
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ature of 650°C, samples with the perovskite structure are formed without any
impurity phases. Samples synthesized at lower temperatures contain traces of
raw materials. A similar result was described in (Tashiro et al., 1989) when
obtaining a similar PbZry 53Tip 4703 composition from PbO and Zry 53Tip 4702
raw materials (SAKAIChem. Co., ZT0-5347).

The full powder diffraction pattern of the PZT 650-4 sample corresponds
to the tetragonal symmetry of the reduced perovskite cell. The inset in Fig.
2 shows the profiles of its characteristic reflections (100) and (200). Also, in
accordance with the rules for splitting reflections for a tetragonal unit-cell, re-
flections (111) are single, and (400) are split into two components {(200)T +
(0h0)T} and (00A)T with an intensity ratio of 2:1. The weaker component (00/)
corresponds to the larger Bragg angle; therefore, the tetragonal unit cell param-
eter ¢ is smaller than the parameter a. Such a ratio ¢/a < 1 has not been previ-
ously described in the PbZr,Ti; O3 system. This new phase with an unusual
tetragonality ¢/a < 1 is denoted as T1. In this case, the commonly detected
tetragonal phase, denoted as T, is characterized by a unit-cell elongated along
the polar axis, for which ¢/a > 1 (Zhang et al., 2011; Noheda et al., 1999;
Noheda et al., 2000; JCPDS 33-784).

The structure of the PZT 650-4 sample obtained under the conditions
described by (Vasala and Karppinen, 2015) corresponds to an ideal per-
ovskite. To analyze what happens about the crystallographic characteristics of
PbZry s52Tig 4303 with a change in the temperature and duration of a single fir-
ing, samples were synthesized at 700°C and 800°C. At these temperatures, long
exposures are used, since diffusion processes are necessary for the formation of
an equilibrium state (Section 2), which requires a considerable time. They con-
tribute to obtaining an ordered state in binary perovskites. For example, ordered
Pb(Scg 5Tag.5)O3 ceramic was obtained by (Chu, Setter and Tagantsev, 1993) at
sintering at 950°C for 110 h.

Powder XRD data shows that all samples belong to the tetragonal perovskite
phase and do not contain impurities. According to the X-ray phase analysis
(XPA) reflection profiles obtained at room temperature, the PbZrg 5oTig 4303
composition can be formed in one of two different structural states, depending
on the firing temperature. Phase T1 with the "inverse" tetragonality ¢c/a < 1 is
obtained after a single long firing at 650°C and 700°C for 100, 200, 300 and
400 h. A single firing at 800°C for 100 h (PZT 800-100) leads to the formation
of the well-known tetragonal T phase with ¢/a > 1. In the inset to Figure 2
compares the (£00) reflections for the PZT 650-4 and PZT 800-100 samples are
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Figure 2. The full XRD powder pattern of PZT 650-4 sample. The inset con-
tains the reflections {400} for samples PZT 650-4 (T1) and PZT 800-100 (T)
for comparison.

given for comparison.

In-situ Synthesis

In the XRD study on the PbZrj s, Tig 4303 sintering process, the powder mix-
ture was heated at a rate of 10 deg/min. Full-scale data recording began at
T = 650°C (from the ex-situ powder diffraction data, this value was consid-
ered the minimum temperature for the formation of the pure perovskite phase).
Hereafter results were obtained during the isothermal exposure. To minimize
the registration time, scanning was carried out with a step of 0.04 deg and an
exposure time of 1 s; temperature attachment Anton Paar-1000 with filtered
CoKo radiation.

X-ray diffraction patterns of the in-sifu process obtained after a 15-min ex-
posure at 650°C showed the presence of only a pure perovskite phase without
any impurity phases. The data obtained during a 4-h isothermal exposure con-
sistently showed the presence of pure cubic perovskite, without a noticeable
change in the shape of the reflection profiles (Fig. 3). The XRD pattern of the
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Figure 3. XRD powder patterns of PbZr 5, Tig.4803: (a) in-situ data, recorded
during exposure at 650°C; (b) initial components mixture at 20°C.

obtained sample showed the presence of the tetragonal T1 phase with tetrago-
nality ¢/a < 1 at room temperature.

To analyze the temperature stability of the sample synthesized in-situ, two
heat treatment cycles were carried out. Firstly, the sample was heated up to
700°C without removing it from the Anton Paar chamber and kept at this tem-
perature for 2 h. Then, after cooling, the sample was annealed ex-sifu for 1 h
at 1200°C in a layer of PbO powder. Secondly, after cooling, the sample was
ex-situ annealed for 1 h at 1200°C in a PbO powder bed. Both XRD patterns
at room temperature, obtained after the first and second annealing stages, are
almost identical to those shown in Figs. 2 for the PZT 650-4 sample. This
indicates the stability of the T1 phase with respect to the heat treatment up to
1200°C.
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Electrical Activity of the Sample Surface

To be able to further refine the lattice structure of the nanodisperse powders syn-
thesized in Section 3, it is necessary to verify their electrical activity. Taking into
account the small particle sizes, the methods of the scanning probe microscopy
(SPM) were applied. Usually they are used to study surface properties, but they
are quite suitable for powders like those studied by us. During measurements,
the surface of the sample should retain the characteristics of the initial material
as fully as possible and be dense enough so that the particles do not stick to the
SPM probe. Since the heat treatment is undesirable, a special technique was
developed: the synthesized powder was mixed with a 5% Nafion solution for
4 h until a homogeneous emulsion was obtained, which was then applied as a
monolayer on a conductive substrate pre-treated with a 0.001% Nafion solution
(for a better adhesion), and then dried for 24 h in a desiccator. The resulting
layers completely retained the properties of the original material and met the
requirements of SPM measurements. However, due to the inevitable adhesion
of particles, the appearance of larger fragments was possible. Therefore, at
first, the conformity of the studied surface objects with the source material was
checked. To evaluate the presence (or absence) of foreign inclusions, the homo-
geneity of morphology was studied. Only then the results of measurements of
the electrical potential and piezoresponse can be related to the electrical activity
of the synthesized powders. Finally, the possibility of electrical switching of the
samples was verified.

Relief, piezoelectric response (PR) and surface electrical potential were
measured on the Veeco Multimode VS SPM. MESP probe with k ~3.6 N-m~!,
resonant frequency fp = 63.69 kHz. The results are presented in Figs. 4 — 6
and in Table 1. The Ag layer served as the conducting substrate. The elec-
trical potential was measured by non-contact force microscopy with a Kelvin
probe (SKPM), the height of the probe above the surface was 40 nm. Then,
without changing the probe (MESP is suitable for both methods), the ampli-
tude and phase of the PR were measured at a frequency f,. in a vicinity of the
contact resonance frequency. This choice of the f,. value ensured the highest
response amplitude and made enabled us to avoid an attachment of particles
weakly bound to the sample surface to the SPM probe. In addition, the analy-
sis of the PR phase image contrast can provide information on the direction of
the polarization vector (Proksch and Kalinin, 2015). Surface relief images were
recorded simultaneously with the electrical characteristics of the surface.
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Morphology. The histograms of surface particle size distribution and the
results of roughness measurements are shown in Fig. 4 and in Table 1. Surface
roughness values are as follows: ~ 30 —40 nm for PZT 700-100, ~ 40 — 50 nm
for PZT 650-4 and ~ 180 — 220 nm for PZT 800-100.

Table 1. The surface roughness of the T1 sample: R, (arithmetic) and R,
(quadratic) for the entire scan area (10 x 10 ,umz) and for a smaller area
(~ 10— 15% of the entire scan). The data were averaged over several mea-
surements

The entire scan | The smaller part

area of the scan area

Sample R;,nm | Ry, nm | R;, nm | Ry, nm
PZT 700-100 264 330 31 40
PZT 650-4 190 231 41 53
PZT 800-100 321 408 181 222

Figure 4(a) shows the histograms of the height distribution of the sample
surface for the entire scanned area (bottom) and for three surface areas 1, 2, and
3 marked with a white rectangle in Fig. 4(a), 4(b), 4(c). These rectangles have
the same area and contain both small and large particles. All the histograms
in Fig. 4(a) have the form of a wide distribution with the main maximum near
~400 nm (for the 1st, 3rd regions and for the entire scan) and a noticeable con-
tribution of particles ~ 30 — 70 nm in size. [For the 2nd region, the distribution
in Fig. 4(a) looks narrower, which is due to the features of the larger particle
surface, Fig. 4(c)]. The shapes of all the histograms do not have fundamental
or sharp differences and are generally similar. This evidences in favor of the
homogeneity of the surface characteristics of the samples.

On all the histograms shown in Fig. 4(a), the contribution from the region
corresponding to small particles (less than ~100 nm) is noticeable. The larger
the proportion of fine particles, the clearer and wider the maximum(s) on the
histogram in Fig. 4(a). So, in region 1, the distribution of particles up to ~100
nm in size is almost flat; for region 2, there is a maximum between ~ 30 — 50
nm; and for region 3, a maximum in the region of ~ 30 —40 — 70 nm. These
values are consistent with the particle sizes estimated above from the roughness
data in Table 1. For larger particles, the histograms in Fig. 4(a) have pronounced
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Figure 4. Characteristics of relief and electrical potential of surface areas 3.3 x
3.3 um? of sample PZT 650-4. (a) Histograms of sample surface height distri-
bution. The upper plots (numbered 1, 2, and 3) correspond to the sections along
midline inside the rectangular areas in Fig. 4(c) with the same numbers. (b)
Electrical potential (top) and relief (bottom) along the thick white lines drawn
through the midpoints of regions 1, 2, and 3 in Fig. 4(c). (c). The height image.

maxima, the width of which is most likely due to the coalescence of small par-
ticles into larger ones.

Electric potential. Figure 4(b) shows cross-sections of the potential images
(top three curves) and relief (three bottom curves) along the midline of the rect-
angular areas depicted in Fig. 4(c), shown as a thick white line in Fig. 4(c).
Large particles [their size apparently corresponds to the main maximum in the
histograms in Fig. 4(a)] have an electrical potential with a maximum value of
~ 30 — 60 mV, see Fig. 4(b). The size of such particles is less than ~0.9—1.1
pm. For them, the shape of the cross sections of the potential [Fig. 4(a)] and the
distribution of the surface relief [Fig. 4(b)] correlate with each other. The elec-
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trical potential of larger particles [from ~1.1 to 3 um in Fig. 4(b), on the right
side of the rectangles in Fig. 4(c)] varies from ~ 1 mV to 10 mV; its sign may
change. It is possible that such particles are formed by smaller ones, with a size
of ~ (30 —70) nm. When sticking together, they form larger ones, the electrical
potential of which is several tens of millivolts, which corresponds to the value
mentioned above. In general, potential measurements confirm the presence of
charged particles on the sample surface. There are no sharp in homogeneities in
the potential distribution, which may indicate lack of foreign inclusions.

Piezoresponse. The piezoelectric activity of the surface of PZT 650-4 pow-
der particles was verified by comparing the simultaneously recorded PR ampli-
tude, PR phase, and relief (Fig. 5). To avoid any occasion, the scan size (10 x 10
um?) is chosen larger than for the charged regions in Fig.4. The comparison was
carried out for sections drawn through three typical sections of the PR phase
image [highlighted by thick white lines in Figure 5(a)]. The phase/amplitude
signal values of the 1st, 2nd, and 3rd sections differ strongly (Fig. 5). In ad-
dition, the graphs of the upper row in Fig. 5 clearly show changes in the sign
of the PR phase near ~1 uym (for the 1st region) and between 1 and 2 ym (for
the 2nd region). Such changes are completely analogous to those discussed by
(Proksch and Kalinin, 2015), which explained the opposite signs in the phase
contrast PR for oppositely directed polarization vectors of electrical domains on
a rough surface, when the frequency f,. approached to the contact resonance
value. Hence, it can be assumed that the 1st and 2nd sections correspond to
piezoelectrically active areas, and the 3rd section (without a response) is to be
considered as a background. All this testifies to the piezoelectric activity of the
sample, surface from PZT 650-4 particles and the presence of regions with op-
positely directed polarization vectors, i.e., electric domains. The conclusion on
the piezoelectric activity can also be drawn from the amplitude dependences of
PR (see graphs of the middle row in Fig. 5). Their changes are located near the
same points as for the PR phase (see graphs of the upper row in Fig. 5), despite
their more complex shape and the presence of a larger background.

Evidence for PR activity was obtained by the contact PR method. Hence,
it is necessary to make sure that this result is not occasional. Figure 5 (a)—(c)
shows the PR phase images obtained at different frequencies f,.. These images
confirm the piezoelectric activity of the same surface areas 1, 2 and 3 in Fig. 5.
Moreover, at a frequency f,. = 13 kHz, the contrast is increased: the boundaries
of small (with a size of ~ 10~®m) electrically active fragments on the sample
surface are more clearly defined. This frequency dependence reminds that was
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Figure 5. Comparison of the piezoresponse and surface topography of the PZT
650-4 sample for the same area of 10 x 10 um? at different frequencies f,,.: 400
kHz (a), 13 kHz (b), and 8 kHz (c). Characteristics are presented as sections
along white lines 1, 2, 3, the position of which on the surface is shown in the
image (a) and not shown for (b) and (c) to make the difference in image contrast
more noticeable for different frequencies. Columns 1, 2 and 3 are sections of the
image (on the right) at the corresponding f,. value for the PR (top row-phase,
middle row-amplitude) and surface height (bottom row).

observed previously and should be typical for a piezoactive material. (Bo et al.,
2010; Bunin et al., 2016; Bunin et al., 2015; Vasudevan et al., 2017).

Finally, the surface topography (see bottom row plots in Figure 5) does not
correlate with changes in the PR phase or PR amplitude (see top and middle row
plots in Figure 5). In this case, the PR amplitude depends linearly on the V.
amplitude. These features, as well as the above consideration of piezoelectric
activity, confirm the piezoelectric nature of the electromechanical response of
the sample surface prepared from PZT 650-4 powder particles.
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Testing the initial synthesis components for their possible piezoelectric ac-
tivity gave a negative result. SPM measurements did not show the presence of
particles, or areas that would differ strongly in their properties.

Switching. The possibility of the electrical switching in the PZT 650-4 was
tested using PFM under the same experimental conditions. The result is shown
in fig. 6. The nature of the switching depends on the magnitude and polarity of
the bias: at 10 V, a change in the polarity of the bias reverses almost the entire
contrast of the surface image (see the upper part of Fig. 6), and at 2 V, as the
switching affects only part of it (see the lower part of Fig. 6). A similar situation
was observed for the hysteresis dependence of the polarization on the external
field in a thick Pb(Zr( 3Tip7)O3 film (Bdikin et al., 2008). As the histograms
in Fig. 6 show, the values of the PR amplitudes are localized in two fairly
narrow ranges corresponding to multidirectional displacements of the surface.
This confirms the piezoelectric properties of the PZT 650-4 sample, in which
a large displacement switches almost the entire surface by 180°, and a smaller
one switches only part of it, and in general, SPM measurements indicate the
ferroelectric nature of the behavior of the PZT 650-4 sample.

Verification by SPM methods confirmed the electrical activity and possi-
bility of ferroelectric properties of the PZT 650-4 fine powder. This establish
the approach to the treatment of the structure refinement for the T1 phase. The
homogeneity and lack of sharp anomalies in the SPM morphology data and
electrical activity favor our assumption on the single-phase sample proposed in
Section 4.1.

Structure Refinement

For binary perovskites ABj, sB{) sO3, the structural ordering parameter s in (2)
can be obtained from p being the probability that B-atoms occupy the 4a-
position of the space group Fm3m (Stenger et al., 1979):

s=2p—1. (6)

The parameter p refers to refined structural parameters and is determined by
the XRD method. For binary perovskites 1:1, it is sufficient to set p values in the
range of 0.5 < p < 1, because from the point of view of the crystal lattice struc-
ture, the lattice arranging of B’ atoms with p = 0 (1) is similar to that at p = 1
(0) for B” atoms. Therefore, we will further assume that p = 0.5 for the com-
pletely disordered structure AB{, sB{j sO3 and p = 1 for the completely ordered
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Figure 6. PR images of 10 x 10 um? scans of the PZT 650-4 sample surface
at biases V. = 2 V and £10 V, and their amplitude distribution histograms
(located on the left/right in the corresponding PR image). Some representative
areas are marked with ovals for convenient comparison of their PR contrast
dependence on the bias polarity. PR values are in mV (20 mV corresponds to 1
nm in height).

structure. The experimental accuracy of determining p in the structure refine-
ment procedure depends on the intensities of superstructural reflections due to
the ordering of atoms. For PbZrjsTig 503, the calculated intensities of these
XRD reflections are small even for the case of a completely ordered structure
withs = 1.

The cationic stoichiometry and lattice parameters of all obtained
PbZry52Tig 4303 powders were determined by the full-size Rietveld method.
A consequence of the possible ordering of B-cations in the T1 phase sample
should be a change in it symmetry with a doubling of the reduced perovskite
cell and the appearance of XRD superstructural reflections. However, due to
the approximately equal values of the scattering coefficients of titanium and zir-
conium, their intensities turn out to be too low even with complete ordering at
s = 1. Therefore, for the Rietveld analysis, a reduced ABOj3 perovskite cell with
polar group P4mm was used, with atomic coordinates z = 0 and 0.5 as the initial
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approximation for all the atoms.

XRD precise powder data for Rietveld analysis were collected on a Rigaku
Ultima IV diffractometer, with filtered CuK o radiation and with 6-26 scanning
in the range of 20 = 10° — 100°. The structure was refined using the PowderCell
software (Kraus, Nolze 1996). The reflections were fitted to the pseudo-Voigt
function of the peak shape with refinement coefficients U, V and W of the Cagli-
oti function:

H=Utan’0+Vtan0+W. (7)

The lattice parameters, atomic filling and displacement factors z for cations, and
isotropic thermal factors B for all atoms we refined.

As a result, it was found that the samples of the T1 phase obtained by the
synthesis method (5) are single-phase. This is confirmed by our comparison
to the simulation results under two different assumptions: (1) a single-phase
system model, in which it is assumed that the sample consists only of a pure T1
phase, and (2) a two-phase system model, in which the sample is formed by the
T + A phase (ordinary tetragonal T and another one labeled A).

A comparative analysis of the (200) reflection splitting for the tetragonal
phase of these models is shown in Fig.7. The single-phase model enables us to
consistently explain the observed ratios of the intensities of the components of
the key XRD reflections. On the contrary, to explain them in the two-phase T
+ A model, it is necessary to assume that the sample contains at least 50% of
the additional phase A. This can be, for example, a monoclinic phase (see the
example of the formation of the z (200) reflection profile in the two-phase model
in Fig.7, where the additional phase is designated by M). In addition, in this case
it is necessary to explain the ratio of intensities characteristic of the T1 phase,
which is possible only with a specific combination of the lattice parameters of
the T and A phases. However in this case, with a change in the external influence
(for example, temperature), the lattice parameters of the A and T phases will
begin to change independently of each other, which will affect the integral shape
of the reflection. Such an effect is not exclude and was found earlier in field
studies (Medvecky et al., 2007). Therefore, we verified this possibility in special
measurements, which did not reveal significant changes in the XRD profile for
any of the reflections in the entire temperature range under consideration. In
general, the two-phase model requires the simultaneous fulfillment of several
conditions and is not confirmed by experimental verification. This means that
the single-phase model is correct, and the unusual "inverse" tetragonality ¢ < a
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is a feature of a new low-temperature- synthesized T1 phase.
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Figure 7. Splitting of reflections (200) in the tetragonal phase. (a) Phase T with
¢ > a; (b) Phase T1 with ¢ < a. (c) Artifitial superposition of the tetragonal T
and monoclinic M phases during the formation of a pattern similar to that shown
for the T1 phase.

The material composition, calculated from the refined coefficients of crys-
tallographic sites occupation by Pb, Ti, and Zr atoms, coincides with the nomi-
nal value within the experimental error. The tetragonality ¢/a < 1, determined
from the shape of the main reflections, is reliably confirmed by the good con-
vergence of the full XRD pattern.

The refined crystallographic data for all synthesized PbZrg 5, Tig 4303 pow-
ders are summarized in Table 2. For all the samples, the refinement was carried
out in the same route, and the obtained reliability factors R, did not exceed 6%.

The neutron and X-ray diffraction data (Frantti et al., 2002) were used to
plot the dependence of the unit-cell volume on the zirconium concentration x
in PbZr,Ti;_,O3 solid solutions. For the zirconium atomic molar concentra-
tion range 0 < x < 0.8, the volume V(in A3) of the formed ABO; unit cell is
described by the following linear function:

V =8.75x+63.05. 8)
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Relation (8) was tested on experimental data on the lattice structure of
PbZr, Ti;_,O3 solid solutions with x = 0.40 — 0.50 (Panda, 2017; Noheda et
al., 1999; Noheda et al., 2000; JCPDS 33-784; Medvecky et al., 2007). For
them, the value of the average discrepancy between the nominal and calculated
composition did not exceed 4%. Then the calculation was performed for the
PbZr s55Tig 4303 powders obtained by us of phase T1. It gave a concentration
of zirconium from 0.50 to 0.52 (Table 2), which confirmed their stoichiometry
and phase purity.

Table 2. Lattice parameters of PbZr 5,Tip.4803 powders calculated according
to the linear law (Frantti et al., 2002). x is the atomic molar concentration of
zirconium.

Sample | Phase | a, A c, A c/a |V, A3 IV, A x
650-4 T1 4.091 | 4.037 | 0987 | 67.54 | 4.072 | 0.52
700-100 T1 4.088 | 4.042 | 0989 | 67.57 | 4.073 | 0.51
700-200 T1 4.086 | 4.043 | 0990 | 67.48 | 4.071 | 0.51
700-300 T1 4.086 | 4.043 | 0989 | 67.51 | 4.072 | 0.51
700-400 T1 4.085 | 4.041 | 0989 | 67.41 | 4.070 | 0.50
800-100 T 4.068 | 4.119 | 1.013 | 68.16 | 4.085 | 0.58

Polymorphic Phase Transition

The polymorphic phase transitions in PbZrg 5, Tig 4803 powders have been stud-
ied by XPA. Changes in the lattice parameters were recorded in the temperature
range from 20 — 500°C. XRD patterns of all the samples were obtained in the
same mode: cooling from 500°C in steps of 10°C and holding for 15 min at
each point before the next measurement. To measure the temperature depen-
dence of the phase composition upon cooling from the paraelectric phase, the
(110), (111), and (220) reflections were selected from the XPA data.
Methodology. At first, XRD-powder patterns were registered at room
temperature. Then the sample was heated in the diffractometer chamber to
T = 500°C (significantly higher than the Curie temperature) and hold at this
temperature for 1 h. After such exposure in the cubic phase, the XRD data were
measured in the cooling mode. Then, after 7 days of the exposure at room tem-
perature, the measurement procedure was repeated. Within the experimental
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error, the results of the two measurements coincided.

The temperature dependences of the lattice parameters of the T1 phase sam-
ples are practically the same. For all of them, in the temperature range of
300 — 500°C, the existence of a pure cubic perovskite phase was established.
At 300°C, the asymmetric broadening of the reflections (h00) indicates a transi-
tion to a tetragonal phase with the tetragonality ¢/a < 1. These distinct changes
in the profiles of the (111) and (200) reflections are shown for samples PZT
650-4 [Fig. 8(a)] and PZT 800-100 [Fig. 8(b)]. The difference in the ¢/a ratio
in the low-temperature T and T1 phases is clearly shown. When the PZT 650-4
sample is cooled to T' =~ 300°C, a noticeable splitting of the (200) reflection is
observed, which is characteristic of the ratio ¢/a < 1. Above T = 300°C, there
are no splitting and broadening of the XRD reflections. It is important that there
is no splitting even at 7 = 350°C, which is known to be the transition tempera-
ture for PbZrg 5,Tip 4803 (Tashiro et al., 1989; Noheda et al., 1999), Fig. 8(a).
On the contrary, for the PZT 800-100 sample, the splitting of the (200) reflec-
tion, which is characteristic for the tetragonality ¢/a > 1, appears at T = 350°C,
Figs. 3 and 8(b).
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Figure 8. Temperature changes in the XRD reflections shape: (a) PZT 650-4
and (b) PZT 800-100 samples. The gray arrows mark the transition temperature
from the cubic phase to the tetragonal one.

Temperature dependences of the lattice parameters a and ¢ of the PZT 650-
4 powder in Figs. 9(a) are similar for all samples of the T1 phase. All these
dependences confirm the transition to the tetragonal phase at 7 = 300°C and
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the absence of anomalies at the phase transition temperature at 350°C. Simi-
lar dependences for the PZT 800-100 sample shown in Fig.9(b) demonstrate
tetragonal-to-cubic phase transition just for 350°C.

|
4101@ @ o °® (@)
e0® Y
< o ® Cubic
A4.08 |
=% | _J
§ Tertagonal (T1) | L X TY YIS
72}
g
54.06 o0 Ooq
°0” o7
S404 |- o O |
4.02 1O |
] ] L ] 1 L L
4.14 |- I (b)
of; l O I .
Zan | O I Cubic
g DDDDDD
S4.10 | oo |
8 Tertagonal (T) &
< mm [
408 | "
. = .I.I
H gh 1
4.06 -
| ] [P | ] ]
0 100 200 300 400 500

Temperature, °C

Figure 9. Temperature dependence of lattice parameters: (a) PZT 650-4 and (b)
PZT 800-100 samples. In the tetragonal phase, open and closed symbols denote
the a and c lattice parameters, respectively.

In Sections 4.1, 4.4 and 4.5 the stoichiometry and single-phase purity of the
samples were proved, which were confirmed by the SPM data (Section 4.3).
Now the reasons for the difference between the T and T1 phases are possible
to consider. Our ideas on the ordering of B-cations in the PZT 650-4 and PZT
700-100 samples are best suited for this. Such an assumption is confirmed by
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the data from various works: a decrease in the temperature of the maximum
permittivity for PbScg 5Nbg O3 with an increase in the degree of ordering in
(Zhu et al., 2008), extrapolation of the inverse temperature dependence of the
permittivity for cubic PbScg 5Tag 503 (Chu, Setter and Tagantsev, 1993). The
latter also indicates a decrease in the ferroelectric instability temperature in the
ordered compound.

The calculated temperature value 7,; = 640°C was obtained for PZT in Sec-
tion 2. The range of experimental values 650 < T,4 <~ (750 — 800)°C was
estimated from the T1 and T phases synthesis temperatures. In this range, the
degree of ordering is the highest possible with s = 0.4 — 0.6 calculated accord-
ing to (3) and (4).This explains lack of superstructural reflections in the XRD
patterns of the T1 phase samples. Because of the approximately equal values of
the scattering coefficients of Ti and Zr (they scatter in antiphase), the intensities
of the XRD superstructural reflections are low even in highly ordered PZT com-
positions. In addition, the s values are quite low, and the polycrystalline powder
is not completely homogeneous. This significantly complicates the detection of
the ordered phase by other experimental methods.

Size/Strain Analysis

Another possible reason for the decrease in the phase transition temperature
may be the size effect. This is to be verified, since our results of SPM measure-
ments (Section 4.3) confirmed the low-size of the powder particles under study.
For PbZr, Ti; O3 solid solutions, the critical particle size D¢, below which T¢
decreases, is 25 — 50 nm (Ohno et al., 2007; Wang et al., 2018; Ishikawa et al.,
1998; Ohno et al., 2002). We use the XRD data to estimate the particle size D
for the T and T1 phases of our samples.

In the conventional Williamson—Hall method, the dependence of the Bragg
reflection width on the average size of the coherent diffraction region (i.e., on
the particle size D) and microstrain € is written by the linear equation as follows:

Bcos® = kA/D+4esinb. 9)

where D is the mean size of coherently diffraction region (particle size); B (in
rad) is the FWHM width of the Bragg reflection; A = 0.154051 nm is the wave-
length of CuKa; radiation; € = Ad/d is the mean uniform lattice distortion
(microstrain) and k = 0.9 is Scherer factor for spherical particles. The intercept
and slope of the linear dependence (9) graph determine the values of D and €.
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Williamson—Hall plots for all PZT samples are shown in Fig. 10(a). Silicon
standard corrected values B (Rigaku Corporation) are obtained from Rietwed
analysis. It turned out that they are well described by a linear dependence,
without differences between the graphs for the T and T1 phases. The calculated
values of the particle size D and microstrains € are given in Table. 3 and in fig.
10b.
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Figure 10. (a) Williamson—Hall plots for the PbZrg 5, Tig 4303 powders. Linear
fits for all plots are shown by solid lines. (b) Lattice parameters and tetragonality
values vs crystalline size D for the T1 phase (closed symbols) and T phase
(open symbols) for PbZrg 5, Tig 4303 samples listed in Table 3. Open square —
for PZT 800-100, stars — for set of the PZT 700 samples, triangle correspond
to conventional phase of the PZT. Circles and square symbols corresponds to
designations in Figure 9.

Table 3. Particle size D and microstrain € = Ad/d.

Sample Phase | D, nm €
PZT 650-4 T1 76 0.0065
PZT 700-100 | T1 69 0.0056
PZT 700-200 | T1 59 0.0050
PZT 700-300 | T1 84 0.0055
PZT700-400 T1 67 0.0054
PZT 800-100 T 76 0.0049

For all the samples studied by us, the determined parameters vary within the
interval of D = 59 — 84 nm. This means that, they exceed the estimated value of
the critical grain size 40 — 50 nm. Moreover, the D value for the T phase sample
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(75 nm) is not the end point of the D interval, but approximately corresponds
to its middle. So, for all the T1 phase samples, the lattice parameters and its
ratio ¢/a are almost independent on the particle size D [Fig.10(b)].Therefore,
the crystallite sizes for these samples are far from critical, and this is consistent
with the value of D¢ = 40 — 50 nm obtained by (Ohno et al., 2007; Wang et
al., 2018; Ishikawa et al., 1998; Ohno et al., 2002). The results of this section
clearly demonstrate that the unusual crystallographic characteristics of the T1
phase are not related to the size effect.

Conclusion

To study and understand structural features of compositions from the mor-
photropic region, it is necessary to obtain samples in an equilibrium state. This
requires low-temperature the synthesis using special precursors, and not from
simple oxides. The use of this approach enabled us to obtain finely dispersed
PZT powders in the equilibrium state with partial ordering.

PbZry 52Tig 4303 nanopowders were obtained by low-temperature single-
stage firing from PbO and Zry 5,Tip 430, precursors. The synthesis tempera-
tures were estimated in terms of the elastic cation-anion bond model , which
assumes the necessity for diffusion to form a sufficiently significant ordering.
This is favored by the long annealing times used in the work. The advantage of
the single-stage synthesis method to obtain PbZrg 5,Tip 4303 is the formation of
the most possible homogeneous equilibrium state, as in works by (Eremkin et
al., 2012; Matsuo et al., 1965; Tashiro et al., 1989).

The synthesis proceeded without the formation of any intermediate phases,
including PbTiO3 and Zr-enriched phases being significantly far from the target
composition, is in agreement with the results by (Hammer and Hoffmann, 1998;
Jaffe and Cook, 1971; Chandratreya et al., 1981; Eremkin et al., 2012; Matsuo
et al., 1965; Hayn, 2013). Despite lack of the lead evaporation at 650 — 800°C
(Necira et al., 2012; Jaffe and Cook, 1971; Okazaki, 1976), the synthesis was
carried out in a closed crucible in an atmosphere of PbO vapor. Samples ob-
tained in this way do not contain lead vacancies or areas of lead excess.

The phase purity, stoichiometry, and tetragonal lattice symmetry of the sam-
ples were confirmed by presize powder XRD studies, including in-situ synthe-
sis, temperature studies of XRD reflection changes, and Rietveld refinement.

It has been established that, depending on the firing temperature,
PbZr 52Tig 4303 samples can be obtained in one of the two different structural
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states:
— A single firing at 800°C (PZT 800-100) produces a well-documented
tetragonal phase T with tetragonality ¢/a > 1 and a tetragonal-cubic
phase transition temperature T = 350°C;
— Samples synthesized at 650 and 700°C (PZT 650-4 and PZT 700-100)
had unusual properties:
— At room temperature, they are in the tetragonal phase T1 with the
unusual tetragonality ¢c/a < 1;
— At Tc = 300°C, they transform into the cubic phase.

To the best of our knowledge, such a phase in the PZT system has not been
previously described.

The electrical activity of the surface of samples in the T1 phase samples was
confirmed by Kelvin probe force microscopy and PR force microscopy. The
possibility of switching is shown, which confirms the possibility of ferroelectric
properties for samples of this phase. These data allowed its structure refinement.

The unusual properties of the T1 phase can be due to the ordering of
B-cations, which is favored by the synthesis conditions determined from the
elastic cation-anion bond model. This result is in agreement with the studies
on other similar OPFs: PbScysNbg 503, PbScysTags03 (Chu, Setter and
Tagantsev, 1993; Zhu et al, 2008; Stenger et al, 1979).
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