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Abstract 

Electrochromism is an electrochemical phenomenon where the optical properties of the 

materials change reversibly and persistently with the externally applied voltages. It has 

received increasing attention due to its intriguing features and tremendous applications in 

electronic displays, energy-efficient fenestrations in buildings and smart energy storage 

devices.[1] In 21st century, with the rising need for energy saving, alternative sources of energy 

and automated electronic devices with smart features, both smart windows and smart energy 

storage devices are going to be an indispensable part of future world. Among potential 

electrochromic materials transition metal oxides (TMOs) have received immense attention 

from researchers due to their natural abundance and excellent stability. However, they often 

exhibit poor performance issues such as low optical contrast, low coloration efficiency and 

slow color switching speeds, majorly due to their inadequate electrical conductivity.[2] 

Nanostructured TMOs help to overcome these issues to some extent as their high surface to 

volume ratio can reduce charge diffusion distances. 

In commensuration with the recent research works, the main objective of this thesis is 

to develop TMO nanostructures with significantly improved performance metrics and 

subsequently integrate these TMO nanostructures to build functional electrochromic smart 

windows and smart energy storage devices. To start with, anodically coloring NiO is chosen to 

demonstrate how its electrochromic performance can be boosted by varying its 

electrochemically accessible surface area. Further, the material is used to fabricate a polymeric 

gel electrolyte-based prototype device for smart window application.[3] In the next part of the 

thesis, metal organic framework (MOF) derived carbon embedded porous NiO is synthesized, 

which is capable of showing better electrochromic performance compared to the prior one. The 

material is subsequently integrated as a smart positive electrode to construct a rechargeable Zn-

NiO electrochromic battery, which demonstrates its state of charge by changing the colour from 

dark brown (charged) to transparent (discharged).[4] However, the color change, in this case, 

is monochromatic and in context of the smart energy storage, it is always desirable to have 

several shades of color to have precise knowledge about the state of charge of energy storage 

devices. Hence, in the final chapter of this thesis, V2O5 is chosen owing to its capability to 

show both cathodic and anodic coloration. MOF-derived porous V2O5 is eventually integrated 

to a functional multicolored electrochromic asymmetric supercapacitor device with 

electrochromic polyaniline as the positive electrode.[5] 
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Synopsis of the dissertation entitled “Transition metal oxide-based 

electrochromic materials for energy-saving fenestration and smart 

energy storage devices” 

 

With the rapid development of human race, heedless use of non-renewable energies is 

causing multiple issues related to pollution, global energy crisis, global warming etc.[1] 

However, with the rising demand for energy, a promising solution to this problem is to shift 

towards the use of inexhaustible energy resources such as solar, wind, tidal, geothermal energy 

etc.[2] Yet, the intermittent availability of these sources often requires energy storage and 

conversion devices like solar cells, batteries, supercapacitors, fuel cells etc.[3-5] In this 

scenario, energy saving has also become an indispensable part of modern day life. In developed 

countries, a major part (20 %-40 %) of the primary energy is expended for interior lighting and 

air-conditioning in building sectors.[6] Smart windows take a very crucial role in energy saving 

and have significant potential for abatement of the rising amount of greenhouse gases. 

Electrochromic smart windows have gained significant attention in this domain as they offer 

dynamic control over the throughput of sunray and solar heat for building comfort and 

decoration.[7] Electrochromic devices’ integration with electrochemical energy storage 

devices paves the path to the fascinating branch of electrochromic energy storage devices, 

where the modulation of energy storage level of the devices is perceived by the flamboyant 

changes of their optical states.[8] Electrochromic smart windows with energy storage 

capability can also serve as back-up power sources in energy-efficient buildings.[9] With 

modern technological advancement, these devices with smart functionalities will inevitably 

become an essential part of the futuristic smart electronic devices.[10] 

Transitional metal oxides (TMO) have become promising electrode materials for 

electrochromism and energy storage devices due to their multiple oxidation states, diversity in 

morphological characteristics, environmentally benign nature, natural abundance, chemical 

and environmental stability.[11, 12] However, their electrochemical properties are often 

retarded by poor charge transfer and ion diffusion kinetics.[13] The situation can be 

substantially improved by using nanostructured TMOs, as they endow TMOs with higher 

specific surface area and better ion/electron movements by significantly shortening ion 

diffusion paths.[12] In this context, primary objective of this thesis is to synthesize 

nanostructures of TMOs (NiO and V2O5) with superior electrochemical activities for their 

applications in electrochromic smart window and smart energy storage devices with an 
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emphasis on their physical and electrochemical aspects. With this aim, the thesis is divided into 

the following chapters: 

Chapter 1. Introduction: Electrochromic materials are a special type of smart materials, in 

which the optical properties of the material change reversibly and controllably by the 

modulation of an external potential. Hence, the start of this chapter briefly addresses different 

classes of smart materials before plunging into the main topic of discussion. Further, this 

chapter talks about the archives of this field of ‘electrochromism’. Thereafter, different sections 

and elements of an electrochromic device have been discussed in detail. Later, the importance 

of smart windows and electrochromic energy storage devices were reviewed in the context of 

global energy crisis and technological advancement. Towards the end of the chapter, the aim 

and scope of the thesis are outlined. 

Chapter 2. Multi-shelled hollow microspheres of NiO for electrochromic smart window: 

This chapter presents the synthesis of NiO multi-shelled hollow microspheres (NiO MS-HMS) 

by a glucose-based hydrothermal reaction, followed by its use as electrochromic electrodes. 

 

Figure 1: (a) X-ray diffraction patterns of the NiO samples, matched with JCPDS data, (b) 

Transmission electron microscope (TEM) image showing the existence of multiple shells of 

NiO MS-HMS, (c) switching time measurement of the samples acquired during in-situ 

electrochemical UV-Vis spectroelectrochemistry, the experiment was performed using a 
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LabVIEW-controlled, automated, homebuilt system, (d) Schematic for the prototype of NiO 

based electrochromic smart window constructed with the aid of polymer-gel electrolyte. 

The carbonaceous templates formed from the glucose molecules during the course of the 

reaction, acted as the templates for the inception of these multiple shells. NiO micro-flakes 

(NiO MF), synthesized in absence of glucose, offer lesser specific surface area compared to 

the prior one. Higher specific surface area of NiO MS-HMS improves the interfacial area 

alongside the charge transfer kinetics leading to superior electrochromic performance. Further, 

this was utilized to develop a quasi-solid prototype of electrochromic smart window, where 

KOH-soaked polymer gel was used as the electrolyte. Details of this work can be found in ref 

[14]. 

Chapter 3. A rechargeable Zn-NiO electrochromic battery: This chapter explores the 

synthesis and use of a metal-organic framework (MOF) derived carbon embedded porous NiO 

as an electrochromic material and later its integration as a positive electrode in a Zn-NiO 

electrochromic battery. The material functions better in terms of electrochromic performances 

than NiO MS-HMS, used in the previous work. As the electrodes are cycled in presence of 1 

M KOH electrolyte in a three-electrode set-up, there is a reversible switch between the redox 

couple of Ni2+ and Ni3+, which causes the transmission modulation of the electrode. 
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Figure 2: (a) Three-electrode cyclic voltammogram (CV) (solid line) at 30 mVps scan rate along 

with the in-situ spectro-electrochemistry data (dashed lines) at 525 nm for NiO@C_35 

electrode in 1 M KOH electrolyte, (b) EIS study (Nyquist diagrams) for the NiO@C samples 

and the inset shows the equivalent circuit diagram used for impedance data fitting, (c) CVs 

showing the stripping and plating of Zn and redox reactions of NiO@C_35 in three-electrode 

set-up with 1 M KOH + 10 mM ZnAc2 electrolyte, demonstrating a potential gap of 1.84 V, (d) 

Galvanostatic charge discharge (GCD) profiles at 0.5 mA/cm2 current density and the 

corresponding change in transmission modulation @525 nm 

Depending on the synthesis conditions, three samples were identified and the material with the 

best electrochromic performance was later integrated into the rechargeable electrochromic 

battery, alongside a negative Zn electrode. The battery exhibits its state of charge by 

modulating its optical transparency. It changes from dark brown to colorless as it loses charge. 

The work can be found with detailed analysis in ref [15]. 

Chapter 4. A multicolored electrochromic asymmetric supercapacitor: In the previous 

chapter, a purely monochromatic dynamic change in color of the Zn-NiO electrochromic 

battery was observed along with the continuous change of its stored energy. However, an 

electrochromic energy storage device with multiple chromatic states surely offers more control 

over the intelligent determination of its residual energy.  
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Figure 3: (a) CV data (solid line) of V2O5-1 film at 30 mVps scan rate in 1 M LiClO4/PC 

electrolyte along with the in-situ transmission modulation (dashed lines) at 485 nm (dark 

yellow) and 1000 nm (blue), (b) CV of PANI and V2O5 electrodes separately measured in three-

electrode set-up in the identical voltage window (±1 V vs Ag/Ag+) with 1 M LiClO4/PC 

electrolyte at 20 mVps scan rate, (c) ) GCD profile of MECASC at 0.12 mA/cm2 current density 

and dynamic change in transmission at 580 nm, (d) Photographs of the system at different 

voltages during charging and discharging as assigned by the red circles in Figure 3c. 

Hence, this chapter presents a work based on a multicolored electrochromic asymmetric 

supercapacitor (MECASC). Primarily, it focuses on the synthesis of a MOF-derived porous 

V2O5 material and its use as an electrochromic material. Later, it illustrates the integration of 

this material as the negative electrode in the MECASC module, where electrodeposited 

polyaniline (PANI) electrode was used as the counter electrode. During charging discharging, 

the device changes back and forth in between its multiple-colored states (yellowish green, dark 

green, greenish blue, blue and dark blue) and helps to uniquely identify the state of charge of 

the system.[16] 

Chapter 5. Summary and Future perspective: This chapter gives the summary of the whole 

thesis with an emphasis on the future outlook. 
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● Abstract 

 Smart materials are one particular outcome of the advancement in science and 

technology. Their response can be engineered in a reversible and controllable way according 

to our needs. Electrochromic materials come under a particular category of smart materials. 

This chapter introduces the reader to the term ‘electrochromism’ and its historical research 

campaigns. Further in this chapter, the structure of the electrochromic devices and different 

types of electrochromic materials are described in detail, followed by a discussion on the 

mechanism of transition metal oxides (TMO) based electrochromism and the advantages of 

using TMOs over other materials as electrochromes. In recent days, with a significant increase 

in demand for energy; energy saving and storage have become an imperative part of the society. 

In this context, energy saving electrochromic smart windows and electrochromic energy 

storage devices have received significant attention from the scientific community. Finally, this 

chapter narrows down the discussion to the requirement of nanostructured TMOs in 

electrochemical applications like electrochromism and explores the aim and scope of this 

thesis. 

1.1 Introduction to smart materials 

 Human evolution is closely interconnected to the manipulation of the environment. 

Material science utilizes physics, chemistry and engineering as tools to inspect different aspects 

of individual systems for the discovery and development of new materials. In the 21st century, 

the progress in modern technologies demands smart and intelligent materials which can change 

their properties according to our requirements. The properties of the smart materials can be 

manipulated reversibly and controllably according to the changes in the external stimuli, which 

may include mechanical stress, pressure, temperature, electric field etc. In the modern era, these 

materials offer diverse range of applications in various fields.[1] 

1.2 Types of smart materials 

 Smart materials can be classified into two basic categories. The first category includes 

the materials which undergo reversible changes in their properties (e.g., mechanical, magnetic, 

chemical, thermal or electrical) as a response to the external stimuli surrounding them, are 

usually termed as ‘Type 1’ materials. The second category of materials undergoes an energy 

conversion from one form to another, due to the external perturbations; this class of materials 

is defined as ‘Type 2’ materials.[2] 
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Table 1.1: Different categories of Type 1 smart materials [2] 

Type of smart materials Input Output 

Type 1 Property-changing 

Thermochromic Temperature difference Color change 

Photochromic Radiation (Light) Color change 

Mechanochromic Deformation Color change 

Chemochromic Chemical concentration Color change 

Gasochromic Oxidizing or reducing gas Color change 

Electrochromic Electrical potential difference Color change 

Liquid crystals Electrical potential difference Color change 

Suspended particle Electrical potential difference Color change 

Electrorheological Electrical potential difference Stiffness/viscosity change 

Magnetorheological Electrical potential difference Stiffness/viscosity change 

 

Table 1.2: Different categories of Type 2 smart materials [2] 

Type of smart materials Input Output 

Type 2 Energy-exchanging 

Electroluminescent Electrical potential difference Light 

Photoluminescent Radiation Light 

Thermoluminescent Temperature difference Light 

Chemoluminescent Chemical concentration Light 

Photovoltaic Radiation (Light) Electrical potential difference 

Type 2 Energy-exchanging (reversible) 

Piezoelectric Deformation Electrical potential difference 

Pyroelectric Temperature difference Electrical potential difference 

Thermoelectric Temperature difference Electrical potential difference 

Magnetorestrictive Magnetic field Deformation 

1.3 Chromogenic and smart glass materials 

 Chromogenic materials come under the Type 1 smart material category which changes 

their chromatic states upon exposure to different external perturbants as presented in Table 1. 

Chromogenic materials are used in mirrors, electronic displays, smart glasses etc. The 
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development of chromogenic materials is becoming increasingly important now a days for their 

applications in wide range of visibly switchable technologies.[3] 

 

Figure 1.1: Typical application of smart glass materials, adapted from ref. [4]. 

 Smart glass or switchable glass (different from the augmented-reality devices worn on 

our heads which are also called ‘smart glasses’) uses a glazing material that automatically 

responds to sunlight/temperature or is controlled manually to switch from transparent to opaque 

or tinted state to regulate the amount of light passes through the glass pane. Depending on the 

working mechanism, smart glass materials fall into two categories [5] – 

(a) Passive smart glass materials – They respond automatically to non-electrical stimuli like 

ultra-violet (UV) rays (photochromic) or temperature (thermochromic), therefore the optical 

changes can’t be controlled manually by the user. 

(b) Active smart glass materials – These respond to the electrical signals thereby delivering 

more control to the users. Electrochromic, suspended particle and liquid crystal-based devices 

come under this category and offer active applications in display screens, window panes etc. 

 

Figure 1.2: Electrochromic smart windows. Upon voltage modulation they controllably and 

selectively absorb visible and near-infrared radiation. Figure is taken from ref [6]. 
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Compared to passive smart glass materials, the demand for active smart glass materials 

is always high as the user gets the ability to dynamically control the opacity of the smart glasses 

according to the requirement. In recent days, Electrochromic materials are the most lucrative 

and fastest-growing segment among active smart glass materials due to the technological and 

applicational benefits associated with them. Global electrochromic smart glass market was 

valued at USD 1.4 billion in 2019 and it is estimated to reach the value of USD 2.6 billion by 

2027 at a compound annual growth rate (CAGR) of 9% from 2020-2027.[7] 

1.4 Basic introduction to electrochromism 

 As suggested by the name, these materials change their tint or opacity under the 

application of potential and thus lend control over the amount of heat and light passing through 

it. Under the application of voltages, these materials reversibly change their colors using a burst 

of charge/ions which causes the electrochemical redox reaction in them leading to the change 

in optical band gap of the material.[8, 9] After reaching a particular level of opacity, 

electrochromic materials with good optical memory do not require further electricity for 

maintaining the state.[9, 10] 

1.4.1 History of electrochromism 

 The journey of electrochromism started with tungsten trioxide (WO3) in 1930, when 

Kobosew and Nekrassov observed the coloration of WO3 powders by electrochemical 

reduction in acidic solution [11] (as cited in ref. [12]). In 1953, an unpublished work by Kraus 

described the reversible color change of WO3 film in 0.1 N H2SO4 solution.[12] The term 

“electrochromism” was first coined by Platt in 1961 in his paper, where he observed the electric 

field-dependent shift in optical spectra for some organic dyes dissolved in organic solvents.[13] 

Although the electrochromism came to limelight after the seminal works published by S. K. 

Deb on electrochromism of WO3, in 1969 and 1972.[14, 15] Ever since, numerous works have 

been done by different research groups in different countries. Parallel research was evolving in 

the Soviet Union and a paper came out in 1974 mentioning an earlier patented work by Malyuk 

et al in 1963, a work based on niobium oxide films.[16] In mid 1980s, nickel oxide came out 

to be another important electrochromic oxide.[17, 18] Electrochromic technology was first 

taken up by big international companies like American Cyanamid Corporation, IBM, Zenith 

Radio, Canon, RCA, Philips, Brown Boveri etc.[10] for extensive research and further 

application in information displays. Research in electrochromism got less attention after the 

rise of liquid crystal displays in late 1970s. But it again rejuvenated, when in 1984 
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electrochromic oxide materials were widely used in energy-efficient fenestrations, namely 

smart window technology.[19, 20] Currently, in 21st century the applications of electrochromic 

technology are not only confined to smart windows or electronic displays, electrochromic films 

on flexible polymer substrates have advanced their application regime to wearable electronic 

devices and camouflage attires in defence technology.[21, 22] 

1.4.2 Types of electrochromic materials 

Electrochromes can be classified into three different families (Type I, Type II and Type 

III) depending on their physical states upon electrochemical redox reactions. Type I 

electrochromes remain in electrolyte in soluble form throughout the reaction process and get 

oxidized at anode or reduced at cathode by an electron transfer reaction to show the color 

change. Type II electrochromes are soluble in their neutral form, during electron transfer 

reaction they diffuse towards the electrodes and upon reaction it becomes insoluble and makes 

colored deposition on electrode surface. Type III electrochromes are insoluble in electrolytes 

and always remain in solid form throughout the redox process and are usually synthesized or 

deposited on electrode surface.[23, 24] In this thesis, we have dealt with thin films of TMOs, 

which come under Type III electrochrome category. 

1.4.3 Structure and modes of operation of an electrochromic assembly 

 An electrochromic device adopts a two-electrode sandwiched structure, consisting of 

five or more stacked layers. These layers include an electrochromic layer, a counter or ion 

storage layer, an electrolyte layer sandwiched in between these two layers and two transparent 

conducting layers on supporting substrates at two extreme ends which serve as the electrical 

leads.[25] Generally, electrochromic and ion storage layers are mixed conductor type materials 

that conduct both electrons and ions, the electrolyte is purely an ion conductor and the 

transparent conducting layers are generally pure electron conductors.[26] In many cases, at the 

place of ion storage layer another electrochromic material is used.[27, 28] This is the most 

common configuration of any electrochromic device and it is often called a ‘battery type’ 

structure.[29] Overall performance of an electrochromic device depends on the selection and 

the synergistic performances of the constituent components. Usually, in the bleached state of 

the electrochromic device the ions like Li+, OH-, H+ reside either in the electrolyte or in the 

counter electrode layer. When electrical field is switched on, the ions migrate through the 

electrolyte to reach the electrochromic active layer and the intercalated ions cause Faradaic 

reaction to change the oxidation state and the optical properties. 
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Figure 1.3: Cross-section of a multi-layered electrochromic assembly 

Electrochromic devices can operate in two different modes, namely transmission mode 

and reflection mode. In transmission mode, both the conducting electrodes of the device are 

transparent and depending upon the opacity of the electrochromic layer, the device dynamically 

controls the light intensity passing through it. This mode is generally used in smart window 

applications.[30] Whereas in reflection mode, one of the conducting layers is replaced by a 

metallic layer like gold, silver, aluminium, platinum or alloys based on platinum or rhodium; 

which acts as the conducting reflective layer and controls the light intensity.[31] Reflective 

devices may also have metallic working electrodes with a coating of electrochromic material 

on top of it, with a transparent conducting electrode working as a counter electrode.[32] This 

mode is useful for electronic display devices and rear-view mirrors of cars. 

 

Figure 1.4: Working modes of an electrochromic device (a) transmittance mode, (b) reflection 

mode 

1.4.3.1 Conducting electrodes 

These electrodes allow the transfer of electrons during the electrochromic process, 

usually coated with electrically conducting material on top of a substrate. In reflective type 

electrochromic devices, the rear conducting electrode is replaced by polished metallic layers 

as discussed earlier. For transmission type of electrochromic devices, both the electrodes 
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should be optically transparent across the visible range of the solar spectrum. Usually, glass or 

flexible polymer materials such as polyethylene terephthalate (PET), polycarbonate, 

polyimide, polydimethylsiloxane (PDMS) etc. are used as substrates.[24] These substrates are 

coated with highly doped wide bandgap oxide materials like In2O3:Sn (ITO), In2O3:Zn, SnO2:F 

(FTO), SnO2:Sb, ZnO:X (where X stands for Al, Ga, In, Si, B) etc, which are the transparent 

conducting layers.[26] Many of these oxides can have resistivity as low as 2.5x10-4 to 7x10-4 

Ωcm.[33-35] ITO is a heavily used material in this context due to its wide electrochemical 

window and high conductivity.  

Due to high production costs and health-related concerns of ITO,[36] metal and carbon-

based transparent conducting films are being developed. Metals possess nearly two orders 

higher electrical conductivity compared to conducting metal oxides, which causes the thickness 

of the metal film to be quite lesser than that of a conducting oxide with similar electrical 

conductivity, alongwith maintaining the optical transparency. Use of metal films under an 

electrochromic layer helps to avoid the activation energy barrier between the electrochromic 

film and the conducting oxide layer.[26] Metal meshes or nanowires of copper, silver on glass 

or polymer substrate can also give desired performance in terms of electrical conductivity and 

optical transparency.[37] Carbonaceous materials such as graphene,[38, 39] carbon 

nanotubes[40, 41] etc. have emerged as very potential candidates as transparent conductors. 

Apart from their high transparency in the visible and infrared region, and electrical 

conductivity, these materials are very light-weight and stretchable, which make them suitable 

for applications in flexible devices. 

Among other alternatives, transparent organic conducting polymers like poly(3,4-

ethylenedioxothiophene)-poly(styrene sulfonate) (PEDOT:PSS) are available there which can 

be produced at very low cost and show high electrical conductivity, flexibility and 

transparency; but in terms of stability these can’t match the materials described earlier.[42] 

1.4.3.2 Electrolyte layer 

 Electrolyte plays the role of the ion source and acts as the ion conductor in 

electrochemical systems. It is insulating for the passage of electrons to avoid short circuits. To 

get optimized performance from an electrochromic device, the choice of the electrolyte should 

depend on different key factors like viscosity, working potential window, ionic conductivity, 

volatility, stability etc. and the electrolyte should be optically transparent.[43, 44] Generally, 

electrolytes can be in solid, liquid or gel forms and can be categorized into four different classes 
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– liquid electrolytes, ceramic electrolytes, polymer electrolytes and inorganic solid 

electrolytes.[45-49] 

 Liquid electrolytes are produced by dissolving different alkali metal salts like lithium 

perchlorate (LiClO4), sodium sulfate (Na2SO4), lithium hexafluorophosphate (LiPF6), zinc 

chloride (ZnCl2) in aqueous medium or in polar organic solvents.[50-53] Some well-known 

organic solvents are dimethylformamide (DMF), propylene carbonate (PC), acetonitrile (ACN) 

etc. Acidic and alkaline electrolytes are also used as liquid electrolytes.[54, 55] Although, low 

viscosity of the liquid electrolytes provides very high ionic conductivity which significantly 

improves electrochromic performances, these face major hindrances in commercial world 

because of their messy handling, leakage issues etc. 

 Inorganic solid electrolytes like doped lithium borate (LiBO2), doped and undoped 

lithium niobate (LiNbO3), lithium phosphorous oxynitride (LiPON) etc are mechanically more 

robust, stable compared to liquid electrolytes and accomplish the role of protective layer in 

electrochromic devices.[56-58] But ionic mobility and flexibility are the main issues in these 

electrolytes. 

Currently, polymer-based electrolytes are getting more attention because of their 

prolonged open circuit memory, flexibility and uniform color transitions. Polymer-based 

electrolytes can be classified into four types – gel or semi-solid polymer electrolytes, solid 

polymer electrolytes, polyelectrolytes and composite polymer electrolytes. Solid polymer 

electrolytes are salts e.g., LiClO4, LiPF4, LiPF6 etc. dissolved in polar viscoelastic polymer 

matrices. Most common polymer hosts, used in electrochromic devices are poly(methyl 

methacrylate) (PMMA), poly(vinylidene fluoride) (PVDF), polyethylene oxide (PEO) etc.[43] 

In gel polymer electrolytes, some solvents or plasticizers such as propylene carbonate (PC), 

diethyl carbonate (DEC), ethylene carbonate (EC), dimethyl carbonate (DMC) etc. are 

incorporated within these polymer matrices for increasing the ionic conductivity by 

dissociating of the added salts.[24, 48] Overall, polymer gel electrolytes are of great interest as 

it provides a decent ionic conductivity as well as better flexibility to the system. 

Polyelectrolytes are different from solid and gel polymer electrolytes. These are polymers with 

their polymeric backbones covalently bonded with functional groups that carry ionic entities. 

Polyelectrolytes and polymer electrolytes are different in their ion mobilities. In 

polyelectrolytes, anions are attached to the polymer backbone, so ionic results only due to 

cationic mobility. Whereas, in polymer electrolytes both cations and anions are mobile.[44] A 
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few common polyelectrolytes are polystyrene sulfonate and polyacrylic acids.[24] Composite 

polymer electrolytes are prepared by adding ionic liquids or inorganic oxides to polymer gel 

electrolytes, which enhance the electrochemical properties and mechanical stabilities of the gel 

electrolyte.[59] 

1.4.3.3 Ion storage or counter layer 

 Ion storage layer in electrochromic devices does the charge balancing while the 

oxidation or reduction reactions occur at the working electrode. There are certain conditions 

for the choice of an ion storage layer. Firstly, if the counter electrode layer of an electrochromic 

device is a second electrochrome, it should work in the complementary regime in terms of color 

change of that of the electrochromic layer and the second is that the counter layer’s charge 

capacity should match that of the electrochromic layer. Different metal oxides, conducting 

polymers, viologens or redox active materials are used in the counter electrode as an ion storage 

layer. Use of an appropriate counter layer helps to maintain the performance of an 

electrochromic device.[60] 

1.4.3.4 Electrochromic layers 

 An electrochromic layer changes its optical properties during redox processes, 

accordingly we get to see its effects in device applications. In an electrochromic device, 

electrochromic layers can be integrated as both working and counter electrodes. The 

electrochromic layer with stronger coloration between them is named as primary electrochrome 

and the other one is called as secondary electrochrome. Depending on coloration process, 

electrochromic materials can be classified into two types, they are as follows – 

(i) Anodically coloring - Anodically coloring materials such as nickel oxide (NiO), Prussian 

blue (PB), iridium oxide (IrO2) etc. present coloration in their oxidized state  

(ii) Cathodically coloring - Cathodically coloring materials e.g., WO3, molybdenum trioxide 

(MoO3), PEDOT, titanium oxide (TiO2) etc. are colored in reduced form. 

Most of the electrochromes fall into these two categories, where their optical state 

changes between transmissive to colored states. But there are other materials that switch their 

chromatic state between two or more colors like vanadium pentoxide (V2O5), these are referred 

to as poly-electrochromic or multi-chromic materials. Since the start of the journey of 

electrochromism with WO3, different classes of electrochromic materials have come out with 

a wide range from the organic to inorganic molecules. 
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(a) Viologens – Viologens are small organic molecules precisely, di-quaternized 4,4’-bipyridyl 

salts, with a generic formula (C5H4NR)2
n+(X-)n. They have three stable redox states – (i) 

dicationic form which is colorless and the most stable state, (ii) radical cation state, produced 

via one-electron reduction of the dicationic state, which shows intense violet-blue coloration 

and (iii) di-reduced neutral form with weak yellow-brown color.[61] All the states are 

complemented by the charge balancing X- anion. Paraquat is a well-known viologen used as 

herbicide, in which alkyl ‘R’ is methyl group. 

(b) Conjugated polymers – These are macro-molecular organic chains with backbones made 

up of alternating single and double bonds through which they can conduct charges, as a result 

they are also referred to as conducting polymers. Their extended structure allows the 

delocalization of charges during redox reactions.[62] Conducting polymers that received most 

attention regarding electrochromism are polyaniline (PANI), polythiophenes, polypyrroles, 

PEDOT etc. 

(c) Metal phthalocyanines – The metal in metal phthalocyanines can be either transition metals 

like zirconium, molybdenum etc. or rare earth elements like lutetium, americium, neodymium, 

europium etc. Based on the presence of metal atoms, electrochromic metal phthalocyanines 

can be of two types, either transition metal phthalocyanines or lanthanide-based phthalocyanine 

complexes. Many of these materials show multiple shades while undergoing redox reactions 

which are associated with metal to ligand charge transfer processes.[24] The most common 

metal phthalocyanine is lutetium bis(phthalocyanine) (Lu(Pc)2). 

(d) Metal hexacyanometallates – These are a group of mixed valance materials bearing the 

generic formula Ma
x[M

b(CN)6]z, where Ma and Mb are the transition metal ions with different 

valance states. The most popular metal hexacyanometallates is prussian blue (PB), also known 

as iron(III) hexacyanoferrate(II) (FeIII
4[FeII(CN)6]3). In PB, intra-valence charge transfer 

occurs between FeIII and FeII ions. 

(e) Transition metal oxides – The most explored materials in this field of electrochromism from 

the beginning are the TMOs. Electrochromism in TMOs appears due to optical inter-valance 

charge transfer subjected to redox reaction. A few well-known electrochromic oxides are NiO, 

WO3, TiO2, MnO2, V2O5 etc. These materials are naturally abundant, environmentally benign 

and display very good environmental, chemical and thermal stabilities compared to other 

electrochromes.[24] Hence, in terms of commercial applications, these materials are highly 
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feasible and cost-effective. This thesis is primarily based on the electrochromism of TMOs and 

especially that of NiO and V2O5. 

1.4.4 Electrochromism in transition metal oxides 

 Metal oxides with transition metal centres show electrochromism. The mechanism of 

electrochromism in TMOs varies from one to another. Most of the TMOs take an octahedral 

crystal structure. Redox reactions change the valency of the metal centres and optical 

intervalence charge transfer (IVCT) between metal centres takes place, which causes the color 

change in these materials. The whole process is associated with the insertions or extractions of 

ions which do the charge balancing into the respective lattice sites.[24] 

Depending on coloration electrochromic oxides can be divided into two classes – first, 

the oxides that show coloration upon cation extraction or anion insertion that is anodically 

coloring electrochromic oxides and second cathodically coloring materials that show coloration 

upon cation insertion, Figure 1.5 presents the corresponding transition metals. Vanadium based 

oxides are intermediate types which show both cathodic and anodic coloration.[26] Oxides of 

nickel (Ni), tungsten (W), iridium (Ir) and molybdenum (Mo) show most intense colorations 

and are used as primary electrochromes, whereas the other TMOs that show less coloration 

ability are employed as counter layers or secondary electrochromes.[23] 

 

Figure 1.5: Periodic table of elements excluding lanthanoid and actinoid series, where 

transition metals at different shaded boxes, produce either cathodically or anodically coloring 

oxides. Figure is taken from ref [26] 

A few criteria are required to be fulfilled to reveal electrochromism in TMOs. First and 

foremost, the material should be redox active i.e., the bonding of that structure should allow 

the electron gain or loss. Secondly, at the time of redox coloration the charge gained should be 

dispersed via electron hopping which is often considered to be a small polaronic motion, 

associated with an ionic movement. Finally, IVCT should cause the color change of the redox 
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active material. IVCT occurs between homonuclear atoms at different sites with different 

oxidation states in single-metal oxides, or between heteronuclear atoms in binary-metal oxides 

which produces the change in absorption of the material in the electromagnetic spectrum 

associated with the color change.[23]  

Most TMOs are constituted of MO6 octahedra with a central transition metal atom M 

neighboured by six equidistant oxygen atoms. These building units arrange in an edge-sharing 

or corner-sharing manner to make the unified structure. During redox reactions, ions either 

reside on the surfaces of these octahedra or intercalate into their vacant spaces.[12] Octahedral 

symmetry is essential for the novel electronic features of TMOs. Due to crystal fields, d orbitals 

of transition metals split and form bands conventionally designated as eg and t2g. Oxygen 2p 

band is separated from them by an energy gap.[26] 

The leftmost band diagram scheme is suitable for cathodically coloring materials such 

as HxWO3 (x<0.5). For pure WO3, O2p band is completely filled and d band is totally empty 

which causes a wide bandgap for the material, making it transparent. But intercalation of ions 

and electrons partially fills the t2g band causing an optical absorption for the material.[26] 

 

Figure 1.6: Schematic band diagrams of different TMOs, figure taken from ref [26] 

 Second band diagram is convenient for anodically coloring oxides like NiOx (x>1) or 

hydrous NiO which consists of edge-sharing NiO6 octahedra. The edge-sharing arrangement 

creates some octahedral deformation in the crystal structure. Pure NiO possesses an unoccupied 

t2g band. Intercalation of electrons and ions almost completely fills the states of t2g level and 

the band gap i.e., the difference between eg and t2g levels becomes large enough to make the 

material transparent.[63]  
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The last panel presents the band diagram of V2O5 which shows both cathodic and 

anodic coloration. The crystal structure of V2O5 is constituted of either highly distorted VO6 

octahedra or most appropriately square pyramidal VO5 units. Significant deviation from 

octahedral structure causes a narrow split off d band in the band gap which gets filled by 

electron and ion injection during redox reactions and promotes the optical band gap widening. 

This unique characteristic of band structure attributes to its anodic and cathodic coloration.[29] 

1.4.5 Application of electrochromic materials 

 Ever since the discovery of electrochromic materials, electrochromic technology has 

been implemented in various fields of research and development. Apart from the applications 

of electrochromic materials in electronic information displays, smart windows, self-dimming 

mirrors etc., recently the fusion of electrochromic technology with other advanced technologies 

has given a strong impetus to its further development in the fields of wearable electronic 

devices like e-skins and sensors, smart windows with temperature control technologies for 

indoor comfort, energy harvesting and smart energy storage applications etc.[64] 

● Electrochromic technology combined with wearable device technology give rise to 

wearable electrochromic fabrics which have a great future in smart cloths, military uniforms 

with adaptable camouflage technology for use in defence, implantable displays, electronic 

skins (e-skins), skin-patch biosensor etc.[65, 66] 

● Fusion of electrochromism with sensing technology enables the direct determination of 

sensing information by naked eye. This offers potential applications in electrochromic 

biosensors, electrochromic chemosensors, electrochromic gas sensors, electrochromic 

mechanical sensors (e-skin) etc.[65, 67, 68] 

● Traditional electrochromic windows were mostly developed for modulating the 

radiation of visible wavelength regions, but heating is mainly caused due to near-infrared 

radiation. Currently the dual-band electrochromism allows us to independently control the 

visible and infrared radiation of the solar spectrum; thus, providing us with four distinct 

operational modes for the smart window namely – (i) bright and warm, (ii) dark and warm, (iii) 

bright and cool and (iv) dark and cool mode.[69-71] 

● Conventional electrochromic devices need external energy sources like batteries, 

supercapacitors for their color switching. But, the integration of energy harvesting systems 
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such as solar cells or nanogenerators with electrochromic modules makes it a self-powered 

system, eliminating the dependence on external energy sources.[72, 73] 

● Electrochromic devices and electrochemical energy storage devices possess similar 

features in terms of working principle, material properties, device configuration etc., which 

allows the casting of electrochromic materials as an active layer in batteries or supercapacitors. 

This combination namely, an electrochromic energy storage device shows its state of charge 

by a dynamic change in its color, giving it the status of a smart energy storage device.[74] 

 

Figure 1.7: Applications of electrochromic materials - (a) electrochromic window installed in 

a Boeing aircraft manufactured by Smart Tint®, (b) flexible electrochromic label produced by 

Siemens®, (c) auto-dimming rear and side view mirrors of an automobile designed by 

Gentex®, (Figure 1.7a, 1.7b, 1.7c are reproduced as presented in Figure 1.3 in ref [10]) and (d) 

schematic illustrating different applications of electrochromic technology combined with new 

advanced technologies. Figure is taken from ref [64]. (e) Working of a WO3 based 

electrochromic supercapacitor device, that displays blue color in its charged state and 

becomes transparent after discharging. Figure is taken from ref [75]. 

1.5 Climate change and exigency of alternative energies 

The growth of modern civilization and its increasing energy demand has primarily been 

supported by non-renewable energy sources like natural gas, fossil fuels etc. But, the dearth of 

fossil fuels and impending calamities like global warming and climate change, due to the 

unrestrained usage of these resources, has become alarming issues in 21st century. Hence, 

current world is shifting towards the usage of sustainable energy from renewable energy 

sources like sunlight, wind, water, geothermal resources and biomass. Significant efforts are 

being put into the development of an emission-free low-carbon society.[76] A report by 

European Commission asserts that by 2050, 55-75% of the entire energy consumption would 
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be supplied by renewable energies, which was less than 10% back in 2010.[77] Regardless of 

having numerous advantages over non-renewable energy sources, the intermittent nature of 

renewable energy sources hinders the sufficient supply of energy to different sectors. This 

imbalance between demand and availability of energy propels the development of 

electrochemical energy storage and conversion devices. 

1.5.1 Electrochemical energy storage devices 

In general, electrochemical energy devices like batteries, supercapacitors, fuel cells, 

water electrolyzers etc. maintain a sustainable energy supply with low pollution and zero 

emission to the environment. These devices overcome the temporal and geographical 

fluctuations of renewable energy sources to meet the energy requirement in energy sectors. 

Fuel cells and water electrolyzers are electrochemical energy conversion systems where energy 

is converted from one form to another. Besides, batteries and supercapacitors are 

electrochemical energy storage systems that store electrical energy by different charge storage 

mechanisms.[78] 

 

Figure 1.8: Different charge storage mechanisms in electrochemical ESDs 

Typically, in batteries the electrochemical process is based on Faradaic reactions 

governed by diffusion through the bulk electrode material, which is often slow and leads to 

high energy density. Whereas supercapacitors store charge by surface-controlled adsorption 

process by forming an electrical double layer, which leads to high power density. This doesn’t 

involve any redox reaction and is often referred to as electrical double layer capacitors (EDLC). 

There is another class of materials known as pseudocapacitive materials which exhibit surface-

controlled Faradaic reactions. But they are different from battery materials as their redox 

reactions are quite faster and not governed by bulk diffusion.[79] These materials can achieve 

high power density like supercapacitors and their energy density can be higher than EDLC. 

Battery materials engineered at nanoscales can show pseudocapacitive properties with higher 
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power density because materials with such small dimensions can adsorb ions on their surfaces 

and create short diffusion lengths for ions.[80] As a result, nanostructured materials like TMOs, 

nitrides, carbides etc usually exhibit pseudocapacitive properties.[81, 82] 

1.5.2 Context of smart windows and electrochromic energy storage 

 In concurrence with the worldwide effort of energy storage and saving, smart windows 

have become a key element for the architectural design of energy-efficient buildings. In current 

days, energy consumption in buildings in the developed countries is almost 20%-40% of their 

net primary energy.[83, 84] The energy consumption in buildings strongly depends on the 

windows, as during daytime building gets a substantial amount of sunlight and heat energy 

through windows. Along with extra decoration effects, the use of smart windows maintains 

indoor lighting and comfort by modulating the amount of sunlight passing through and 

significantly reducing the electricity consumption by the air conditioners. Thermochromic or 

photochromic materials can be used as glazing materials in smart windows, but electrochromic 

smart windows provide dynamic control to their tints and better durability over the other 

technologies.[85, 86]  

Conventional electrochromic smart windows require external voltages for their 

transition from colored to bleached state and vice versa, causing additional electricity 

consumption. However, recent development in science and technology enables further 

integration of novel functionalities with smart window technology. Due to highly alike 

structure and working principle of energy storage devices and electrochromic smart windows, 

both can be incorporated into a single platform. The energy storage functionalities with 

electrochromic smart window technology help to minimize the requirement of external 

voltages in conventional electrochromic smart windows, as these modules show self-coloration 

or self-bleaching features by exhausting the consumed energy.[87-89] These devices arranged 

in smart grid structures in green buildings can maintain the sunshine during daytime and work 

as a back-up power source to light up the building and power up other electronic gadgets after 

sunset.[90, 91] From another viewpoint, inception of these futuristic devices, namely 

electrochromic energy storage devices embark on the intelligent automation of energy storage 

devices. Electrochromic energy storage devices display their energy storage level by changing 

color intensity and allow the dynamic monitoring of the device’s state of charge in an 

interactive and intelligent manner and simultaneously protect the device from over-charging or 

over-discharging. 
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1.6 Importance of transition metal oxide nanostructures 

 Electrochemical performances of TMOs are often hindered by poor charge and ion 

transfer, which restrains them from extensive applications. The silver lining to this issue is the 

nanostructures of TMOs, as they offer very small charge diffusion paths at least in one 

dimension and very high specific surface area compared to their bulk counterpart. Large 

surface area permits fast charge transport at the electrode-electrolyte interface causing high 

electrochemical activity of the material, which promises enhanced electrochromic performance 

of the TMOs.[92] Extensive research has been performed by different groups of researchers 

around the globe on refinement of nanostructured TMOs’ electrochemical performances, either 

by obtaining different synthesis procedures,[93, 94] or by making various nanocomposites.[95-

98] 

1.7 Aim and scope of the thesis 

 Out of various TMOs; this thesis mainly deals with NiO and V2O5, which are quite 

well-known as electrode materials in the fields of electrochromism,[52, 99-103] and smart 

energy storage devices.[104-109] Primary objective of this thesis is to synthesize 

nanostructures of NiO and V2O5 with superior electrochemical activities for their use as 

electrode materials in electrochromic smart window and electrochromic energy storage devices 

applications with an emphasis to explore their physical and electrochemical features. As 

discussed in the previous section due to low electrical conductivity, electrochromic 

performances of TMOs often face challenges like low optical contrast, poor coloration 

efficiency, inferior response speeds between their chromatic states etc.,[110] which requires 

further improvement for their integration in practical device applications. To address these 

problems, this thesis is split into the following chapters: 

Chapter 1 starts with a brief introduction to different types of smart materials. The discussion 

further narrows down to the description of electrochromic materials which fall under a 

subsection of chromogenic smart materials. Major points related to electrochromic materials 

and devices are highlighted in this chapter. The remaining part of this chapter is focused on the 

need for alternative energy resources in the context of energy crisis and climate change and the 

importance of electrochromic smart windows and electrochromic energy storage devices is 

emphasized in this context. In the end, the chapter describes the need for TMO nanostructures 

in this research field and briefly discusses the objectives and extent of the thesis. 
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Chapter 2 explores how the tuning of morphology and surface area affects the electrochromic 

properties of NiO, a well-known anodically coloring TMO. In this chapter, multi-shelled 

hollow NiO microsphere sample was synthesized in a template-based synthesis technique in 

presence of glucose and the electrochromic properties were compared and contrasted with NiO 

micro-flake sample which was prepared in the absence of glucose. Later in this work, multi-

shelled hollow NiO microspheres were employed as an electrode material in a polymer gel 

electrolyte based quasi-solid electrochromic device for smart window application. 

Chapter 3 investigates the feasibility of using metal organic framework (MOF) derived NiO 

over NiO MS-HMS sample as an electrode material for its use as an electrochromic material. 

Carbon-embedded porous structure of NiO makes it a better performing material than the 

former. The electrochromic performances and other electrochemical properties of the MOF-

derived NiO samples were investigated thoroughly to obtain the most optimized one in terms 

of performance metrics. It was subsequently used as a positive electrode material to construct 

a rechargeable Zn-NiO electrochromic battery, which is capable of flaunting its state of charge 

by a color change from dark brown (charged) to colorless (discharged). 

Chapter 4 details a work based on V2O5. The chapter begins with the synthesis of MOF-derived 

porous V2O5 material which as an electrochromic electrode, demonstrated descent performance 

with multiple chromatic states. The material was further integrated as a smart negative 

electrode in a multicolored electrochromic asymmetric supercapacitor module with conducting 

polyaniline (PANI) as its positive counterpart. Multiple hues enable more control over the 

visual determination of the state of charge of the device, compared to the previous work of 

electrochromic Zn-NiO battery, where the change in color of the device was purely 

monochromatic. 

Chapter 5 summarizes the whole thesis work and emphasizes the future outlook. 
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● Abstract 

Multi-shelled nickel oxide (NiO) hollow spheres were synthesized by a facile glucose 

mediated hydrothermal route. The carbonaceous microspheres formed under reaction 

conditions were utilized as sacrificial templates for the formation of multi-shells. The shells 

with hollow interiors were formed via a single pyrolysis step. The geometry of the self-

supported multi-shelled architecture provides enhanced specific surface area, which ensures 

the intimate contact of the electrolyte to the active Faradaic sites of the material to enhance 

ionic diffusion. In this work, we employed two NiO materials, as electrochromic materials, 

formed in presence and absence of glucose. As anticipated, NiO multi-shelled hollow 

microspheres exhibit a superior modulation of optical transmission, faster coloration and 

bleaching times and yield a coloration efficiency higher than that of NiO microflakes sample, 

which was synthesized in the absence of glucose. Further, the sample with superior 

electrochromic performances was utilized to make a quasi-solid-state electrochromic device 

with the aid of a gel electrolyte, that is capable of showing reversible color change from dark 

brown to transparent. 

2.1 Introduction 

Almost over the past two decades, transition metal oxides and hydroxides have drawn 

attention owing to their fascinating properties and several technological applications. Among 

them, nickel oxide (NiO) is of prime choice due to its low cost, ease of synthesis, excellent 

electrochemical performances, and obvious environmentally benign nature.[1-3] It has been 

widely used in lithium-ion batteries,[4-6] supercapacitors,[7-9] bio-sensing applications,[10-

12] electrochromic devices[13-17] etc. 

There are several reports on NiO deployed as an electrode material in electrochromic 

application [18, 19] and it has been noticed that the electrochromic performance of a material 

hugely depends on the synthesis procedure, morphology and conductivity of the material.[18, 

20, 21] To better the overall electrochemical performance of the electrode materials, the best 

way is to enhance its surface area by tuning the morphology. Until now, different synthesis 

techniques have been explored to obtain a different morphology of NiO, such as 

nanosheets,[22] nanowires[23] and microspheres[24] to get improved performances. A variety 

of micro/nanostructures of NiO have been fabricated via sol-gel method,[25] chemical 
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precipitation,[26] electrodeposition,[27] chemical deposition,[28] pulsed laser deposition,[29] 

hydrothermal methods [30] etc. Among all these methods, the widely explored synthesis route 

is the hydrothermal technique because of its uncomplicated experimental conditions. Jiang et 

al. reported the synthesis of NiO nanorods of a 25–65-nm diameter nickel foam substrate via 

an in situ hydrothermal process.[31] Azimirad and co-workers showed how the reaction 

temperature can affect the morphology. They synthesized NiO nanoparticles, nanorods, and 

nanoworms at different hydrothermal temperatures (100 °C, 140 °C, 180 °C, and 220 °C 

respectively) for 12 h.[32] Mishra et al. demonstrated the hydrothermal growth of dense 

mesoporous NiO nanostructures on FTO substrates.[10] Zhao et al. reported the formation of 

NiO micro/nanoflowers by a hydrothermal route and analysed the role of different 

concentrations of potassium persulfate, which was acting as a structure-directing agent.[20] Ci 

et al. prepared NiO hollow microspheres through a solvothermal method using ethanol and 

water mixture as a mixed solvent in the presence of sodium dodecyl sulfate.[24] However, the 

challenge is to synthesize NiO with high surface area, which is one of the key factors for 

electrochemical applications. 

In this work, we obtained a glucose-based facile hydrothermal route for the synthesis 

of NiO multi-shelled hollow microspheres (NiO MS-HMS). Another sample with flake-like 

morphology, namely NiO microflakes (NiO MF), was synthesized under similar hydrothermal 

conditions but in absence of glucose. The morphologies of these materials are highly correlated 

with the charge transfer kinetics which affects their electrochemical properties. Herein, we 

have studied the potential of both NiO samples as electrochromic materials in detail. As 

electrochromic electrodes, NiO MS-HMS sample manifests better performances in terms of 

higher optical modulation, coloration efficiency and faster switching times. Hence, it was 

further used in the fabrication of the polymer gel electrolyte based smart window prototype. 

2.2 Experimental section 

2.2.1 Materials and chemicals 

Nickel nitrate (Ni(NO3)2·6H2O), D-(+)-glucose, and urea (CO(NH2)2) were obtained 

from Merck. Transparent SnO2:F (FTO)-coated glass substrates (sheet resistance 15 Ω/sq) were 

purchased from Sigma-Aldrich. Acrylamide (CH2CHCONH2), bis-acrylamide (C7H10N2O2), 

and ammonium persulfate ((NH4)2S2O8) were procured from Alfa Aesar. All the chemicals 

were of analytical grade and used without any further purification. FTO substrates were washed 

with soap solution, and later cleaned with water, acetone, and isopropanol respectively. 
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Throughout the experiment, milli-Q water (Millipore Direct Q3 system) was used for preparing 

all aqueous solutions. 

2.2.2 Synthesis procedure of nickel oxide hollow microspheres 

Ni(NO3)2·6H2O, urea, and glucose were dissolved in 80 mL of milli-Q water at a molar 

ratio of 1:3.7:1.5 and stirred vigorously to ensure proper mixing. The obtained solution was 

transferred to a 100-mL Teflon-lined stainless-steel autoclave and the subsequent hydrothermal 

reaction was kept in a vacuum oven at 160 °C for 24 h. After cooling to room temperature, the 

as-formed brown precipitate was collected by centrifugation and thoroughly washed with an 

ample amount of milli-Q water and dried in an oven at 60 °C. For the formation of NiO MS-

HMS, the as-obtained precipitate was calcined at 400 °C in ambient atmosphere for 3 h. The 

same protocol was employed for the formation of the NiO MF but in the absence of glucose. 

2.2.3 Fabrication of electrochromic electrodes 

5 mg of NiO MS-HMS/NiO MF sample was dispersed in 5 mL of milli-Q water. A 

homogeneous suspension was obtained after 10 min of ultrasonic agitation. To fabricate 

electrodes, 600 μL of the as-prepared suspension were drop-casted on FTO for electrochromic 

applications. The films were kept in an oven at 80 °C for 3 h to ensure better adhesion of the 

films with the substrates. 

2.2.4 Polymer gel electrolyte fabrication 

 Acrylamide (0.7 g) and bis-acrylamide (10.5 mg) were dissolved in milli-Q water (6.3 

mL). The mixture was degassed for 10 mins, then ammonium persulfate (2.8 mg) was added 

to the precursor solution. Hence, the obtained colourless solution was heated at 80 oC until a 

constant weight was attained for the xerogel.[33] The xerogel was soaked in 1 M KOH solution 

for 12 h to allow for the bulging of the polymer matrix with the electrolyte. Thus, the obtained 

quasi-solid electrolyte was a colourless, transparent polymeric gel. 

2.2.5 Sample characterizations and measurements 

The morphology of the samples was investigated by a field emission scanning electron 

microscope (FESEM, Zeiss Ultra Plus) and a transmission electron microscope (TEM, JEOL 

JEM-2200FS operating at 220 kV). Powder X-ray diffraction measurement was conducted 

using a Bruker D8 Advanced X-ray diffractometer with CuKα radiation (1.54 Å). Raman 

spectroscopy was carried out in a LabRAMHR 800 (HORIBA Jobin Yvon) instrument, 

equipped with an Ar ion laser (532 nm) operating at 10% power. Adsorption measurement was 
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performed using a Micromeritics 3-Flex pore and surface area analyser. Samples were 

evacuated under 10−4–10−5 Torr vacuum at 120 °C for 12 h. The electrochemical measurements 

were performed using the PARSTAT 2273 instrument. The FTO substrates prepared by drop-

casting NiO MF/NiO MSHMS samples were used as the working electrodes; platinum mesh 

and Ag/AgCl/Cl- electrode (saturated KCl) were used as counter and reference electrodes 

respectively. 1 M KOH solution was used as the electrolyte for electrochromic 

characterizations. Optical transmission spectra were recorded with a Shimadzu UV-3600 plus 

UV-Vis-NIR spectrophotometer. 

Kinetics measurements for the electrochromic electrodes were performed by an 

automated, homebuilt system consisting of a quartz-tungsten-halogen (QTH) lamp from 

Newport, a monochromator (Princeton Instruments SP2500), a Si photodetector (FDS 1010), 

and a custom-made LabVIEW-controlled unit for data acquisition consisting of an LCR meter 

(Agilent E4980A), lock-in amplifier (SR850) and low-noise current preamplifier (SR570) 

attached to a computer system. 

 

Figure 2.1: A sketch of the experimental set-up for doing kinetics measurement 

 The optical signal detection was performed using a lock-in based detection technique. 

Light of a particular wavelength was selected from a QTH white light source by passing it 

through a monochromator, to fall on the electrode. The potentials were applied to the platinum 

mesh and the working electrode by an LCR meter. Transmitted light intensity was detected 

using a Si photodiode. The generated photocurrent was amplified by a current preamplifier 

before its detection in Lock-in. Finally, the automated data acquisition was carried out using 

LabVIEW programming. 
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2.3 Results and discussions 

2.3.1 Structure and morphology analysis 

The crystal structure and phase purity were investigated by XRD. Figure 2.2a shows 

that all the observed diffraction peaks of NiO MF and NiO MS-HMS can be perfectly indexed 

to the face-centered cubic NiO phase (JCPDS no. 01-078-0643) diffraction peaks at 37.26°, 

43.3°, 62.9°, 75.44°, and 79.43°, indexed as (111), (200), (220) (311), and (222) crystal planes 

NiO respectively. Raman data of the samples (Figure 2.2b) shows two peaks at 503 cm−1 and 

1054 cm−1, corresponding to the one phonon (LO) mode and two phonon (2LO) modes of NiO, 

respectively.[34] 

 

Figure 2.2: (a) XRD data and (b) Raman spectra of NiO MF and NiO MS-HMS samples; 

FESEM, TEM and HRTEM images of (c)-(e) NiO MF and (f)-(h) NiO MS-HMS samples 

The morphology of the as-prepared samples was analysed by FESEM and TEM 

techniques (Figure 2.2c-h). As displayed in Figure 2.2c, the sample, synthesized in the absence 
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of glucose, has a flake-like morphology with an average size of ~ 1–2 μm. The TEM image 

presented in Figure 2.2d confirms the flake-like morphology. On the other hand, the obtained 

NiO MS-HMS sample (Figure 2.2f) is mostly comprised of aggregated primary NiO 

nanoparticles, has diameter of ~ 0.5–2 μm and possesses a hollow interior with wall thickness 

of ~ 70–80 nm. The presence of inner shells within the sphere is visible in the FESEM image 

and it is well-supported by its TEM image (Figure 2.2g), which clearly shows the presence of 

hollow interior and the inner shells with thickness of around 70 nm. The HRTEM images of 

NiO MF (Figure 2.2e) and NiO MS-HMS (Figure 2.2h) samples illustrate visible lattice fringes 

with the d spacings of about 2.08 Å and 2.41 Å, corresponding to (200) and (111) lattice planes 

of the face-centered cubic NiO structure respectively. 

2.3.2 Surface area measurement 

Following this interesting morphology, surface area measurements were carried out for 

both of the samples. N2 adsorption-desorption at 77 K resulted in type III isotherm for both 

samples, shown in Figure 2.3a and 2.3d. The specific surface areas and total pore areas of NiO 

MF and NiO MS-HMS samples were 127.26 m2/gm and 165.47 m2/gm respectively, as 

obtained by Brunauer-Emmett-Teller (BET) fitting. 

 

Figure 2.3: N2 adsorption isotherms at 77 K, BET fitting data and pore size distribution data 

of (a)-(c) NiO MF and (d)-(f) NiO MS-HMS powder samples respectively 

It can be seen from Figure 2.3c and Figure 2.3f that both of these two materials porosity 

distribution lie between 2-75 Å. Although both materials have almost similar porosity 
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distributions; pore area corresponding to pore diameter 66 Å is higher in NiO MS-HMS sample 

and the total pore volume for NiO MS-HMS is 104.07 m2/gm, also higher than that of NiO MF, 

which has a total pore volume of 85.17 m2/gm. Thus, adequate differences in specific surface 

area and total pore area were observed, that affect the overall electrochromic performances. 

2.3.3 Formation mechanism of NiO multi-shelled hollow microspheres 

 A multi-step process is involved in the formation of the NiO MS-HMS. A schematic 

illustration of the formation of the material is presented in Figure 2.4. Under hydrothermal 

conditions, the glucose present in the reaction undergoes polymerization followed by 

carbonization and finally ends up with the formation of carbon microspheres followed by a 

dehydration reaction. Dehydration takes place between the hydrophilic –OH and =C=O groups 

present on the surface of the carbon microspheres, formed by the non-dehydrated or 

incompletely dehydrated glucose and the nickel oxide hydrate, produced by the hydrolysis of 

a nickel precursor. This leads to the formation of Ni(OH)x nuclei on top of the carbon 

microsphere—a core-shell structure. Urea facilitates the alkaline medium for the formation of 

Ni(OH)x. At this point, the hydrophilic groups present on the newly formed structure again 

react with the –OH groups present in dehydrated and polymerized glucose preceding the 

formation of another shell of carbon on the exterior of the Ni(OH)x layer. Further dehydration 

reaction between the hydrophilic groups present on this carbonaceous sphere and nickel oxide 

hydrate induces the evolution of a second Ni(OH)x layer. Eventually, we get a multilayer 

growth of Ni(OH)x and carbonaceous particles. During calcination, the carbon is combusted 

into CO2, and the Ni(OH)x is transformed to NiO. The carbonaceous sphere acts as a sacrificial 

template for the formation of multi-shelled hollow microspheres of NiO.[35, 36] 

 

Figure 2.4: Schematic illustration of the formation mechanism of NiO MS-HMS using 

carbonaceous template 

2.3.4 Electrochromic performances 

 The electrochromic properties of NiO electrodes were measured after they were 

subjected to a few cycles of cyclic voltammograms (CV) in 1 M KOH solution. CVs of the 
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samples at a scan rate of 100 mVps are presented in Figure 2.5. During the anodic and cathodic 

scan, intercalation and deintercalation of the OH− ion lead to the oxidation and reduction of 

NiO and the oxidation states switch between Ni2+/Ni3+ and Ni3+/Ni2+ couples respectively. 

 

Figure 2.5: CVs of the samples in 1 M KOH at 100 mVps scan rate with Pt mesh as counter and 

Ag/AgCl/Cl- as reference electrode 

Thus, NiO can change its optical properties according to the following reaction [37] – 

NiO + OH-  ↔  NiOOH + e- 

The coloration process is associated with the oxidation of the NiO layer and hence the 

formation of NiOOH. Similarly, the reduction of the NiOOH layer to NiO leads to the 

bleaching of the film.  

 

Figure 2.6: Transmission spectra of (a) NiO MF and (b) NiO MS-HMS films at different 

voltages; digital photographs of NiO MS-HMS film at its (c) bleached and (d) colored state  

Ex-situ transmission measurement was performed within a wavelength range of 280–

800 nm and a bias window of −0.6 V to +1 V. Transmission spectra of the samples under the 

application of different voltages are shown in Figure 2.6. Transmission modulation (defined as 

the difference between the colored and bleached state transmissions of an electrochromic film) 

reaches its maximum value of ~ 47% at 600 nm wavelength for NiO MS-HMS film (Figure 
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2.6b), which was significantly greater than that of the NiO MF film, which shows ~ 36% 

transmission modulation at 600 nm (Figure 2.6a). The films exhibit maximum coloration at the 

potential of +1 V (vs Ag/AgCl/Cl-) (dark brown) and it gets bleached at −0.6 V (vs Ag/AgCl/Cl-

) (transparent). Photographs of a typical NiO MS-HMS film at its bleached and colored states 

are presented in Figure 2.6c-d. 

 Coloration efficiency (CE) for an electrochromic material is defined as the ratio of the 

change in optical density (ΔOD) and the intercalated charge per unit area of the film (Q), where 

change in optical density is given by ΔOD = log (Tb/Tc); Tb and Tc denote the transmittance at 

the bleached and colored state of the films at a particular wavelength [38] (λ = 600 nm in this 

case). Estimated ΔOD of the NiO MS-HMS electrode is ~ 3.14 times greater than that of the 

other sample. Calculated CE for a NiO MS-HMS electrode at 600 nm is 85.3 cm2/C, which is 

significantly higher compared to the CE of NiO MF sample (36 cm2/C). 

 

Figure 2.7: Switching response of the NiO MF and NiO MS-HMS films at 600 nm by applying 

+ 1 V and − 0.6 V 

Switching time is another crucial analytical property of electrochromic materials. It is 

the time, required to reach 90% of the total optical modulation.[39] For this measurement, 

optical transmission of the films at 600 nm was measured as a function of time by applying 

switching voltages between + 1 V and − 0.6 V (Figure 2.7). Coloration and bleaching response 

times for NiO MS-HMS are 6.7 sec and 2.7 sec, respectively, which are significantly faster 

than those of the NiO MF samples, which show a switching time of 12.7 sec and 6.1 sec. Larger 

specific surface area of NiO MS-HMS sample significantly increases the contact between the 

sample and the electrolyte which boosts ion intercalation and deintercalation in the material, 

leading to these faster temporal spectral responses under alternating potentials. Bleaching times 

are faster than the coloration times in transmission metal oxides, such as MoO3, NiO, and WO3 
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because, in bleaching cycle, the back emf (electromotive force) acts in the same direction of 

applied bias, and therefore a higher driving force is available for electron ejection.[40] In the 

present study, the coloration bleaching kinetic profile remains unchanged for many cycles. Our 

materials’ electrochromic performances in terms of switching time (coloration and bleaching) 

and coloration efficiency (CE) are compared with the reported ones and presented in Table 2.1. 

Table 2.1: Comparison of electrochromic performances of our samples with reported ones 

Samples Switching times (sec) CE (cm2/C) References 

Coloration Bleaching 

Porous NiO/RGO 7.2 6.7 76 Cai et al.[18] 

Porous NiO 9.1 13.3 45 Cai et al.[18] 

NiO4.75 film - - 23 Uplane et al.[19] 

NiO nanoflake film 12.2 7.4 33.9 Cai et al.[41] 

TiO2/NiO core-shell 

nanorod array 

6.8 14.8 60.6 Cai et al.[41] 

Co-doped NiO 

nanoflake array 

5.4 3.4 47.69 Zhang et al.[42] 

NiO micro/nano 

flowers 

1.3 3.2 49.8 Zhao et al.[20] 

Electrodeposited 

NiO films 

5.7 7.4 49 Browne et al.[43] 

NiO MF 12.7 6.1 36 This work 

NiO MS-HMS 6.7 2.7 85.3 This work 

 
2.3.5 Electrochemical impedance analysis 

The electrochemical impedance spectroscopy (EIS) further confirms that NiO MS-

HMS is a better performer than NiO MF with quicker charge transfer kinetics. An EIS 

experiment was performed over a frequency range of 10 mHz to 20 kHz at an open circuit 

voltage superimposed with an AC voltage of 10 mV. Nyquist plots of the samples are (Figure 

2.8) comprised of two partial semicircles; a small semicircle at high frequency is shown in the 

inset of Figure 2.8. The first point at the high frequency region is associated with the series 

resistance (R1) of the electrolytes and the electrical contact of the working electrode. The small 

semicircle at the high-frequency region is the characteristic of the charge transfer resistance 

(R2) at the electrolyte and counter electrode (Pt mesh) interface. The second semicircle 

corresponds to the charge transfer resistance (R3) at the working electrode and the electrolyte 

interface, which emerges due to the difference in conductivity between the sample (NiO 
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MF/NiO MS-HMS) and the aqueous electrolyte (KOH).[44] The obtained impedance spectra 

and the fitted parameters provided in Table 2.2 clearly show that the charge transfer resistance 

of NiO MS-HMS is significantly lower than that of NiO MF. The hollow structures of NiO 

MS-HMS provide a larger reaction surface that can accelerate the ion transport and hence 

possess lesser charge transfer resistance establishing the material as a better performer for 

electrochromic application.  

 

Figure 2.8: Electrochemical impedance spectra of the films in 1 M KOH (vs Ag/AgCl/Cl-) 

Thus, we have utilized this material for fabricating a prototype for the electrochromic smart 

window with the aid of polymer gel electrolyte. 

          Table 2.2: Fitted circuit resistive elements for Electrochemical Impedance Spectra 

Sample R1 (Ω) R2 (Ω) R3 (Ω) 

NiO MF 12.36 2.565 123.25 

NiO MS-HMS 12.65 0.649 32.19 

 

2.3.6 Prototype for electrochromic smart window 

Synthesis of the gel electrolyte is described in the experimental section. Photograph of 

the 1 M KOH-based free-standing gel electrolyte is shown in Figure 2.9a. We have sandwiched 

the gel electrolyte between the NiO MS-HMS film and a transparent FTO, which acted as the 

counter electrode to assemble the quasi-solid-state electrochromic smart window. Figure 2.9b 

presents the schematic of the device. The photographs of the module at its bleached (− 0.8 V) 

and colored state (+ 1 V) are illustrated in Figure 2.9c-d respectively. 
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Figure 2.9: (a) Photograph of the free-standing gel-electrolyte, (b) schematic illustration of the 

device; photograph of the device at (c) − 0.8 V and (d) + 1 V applied potential 

2.4 Conclusion 

NiO MS-HMS was successfully synthesized by the glucose mediated hydrothermal 

reaction. The presence of glucose plays a key role in the formation of carbonaceous templates 

for the successive growth of multiple shells. As an electrode material for electrochromic 

application, NiO MS-HMS flaunts an all-round better performance in comparison to NiO MF. 

The morphology of NiO MS-HMS provides enhanced specific surface area for charge transfer 

reactions, which becomes highly beneficial for electrochemical applications. It presents 

superior electrochromic performances in terms of higher optical modulation, coloration 

efficiency and faster switching responses than that of NiO MF films. NiO MS-HMS electrode 

was further integrated into a quasi-solid-state electrochromic device, which displays a 

distinctive color change. In a nutshell, the material NiO MS-HMS, that we have synthesized in 

this work through a simple, cost-effective route, plays a crucial role in electrochromic 

applications with fast charge transfer kinetics, which makes it a competent candidate for 

electrochromic smart windows. 
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● Abstract 

In this era of intelligent automation, smart energy storage devices are highly sought 

after due to their capability to reveal their state of charge by a visual color change. In principle, 

this is typically obtained by integrating electrochromic materials which demonstrate a change 

in optical band gap during redox reactions as electrodes in batteries/supercapacitors. In this 

work, metal organic framework (MOF) derived carbon embedded NiO (NiO@C) has been used 

as the electrochromic material which demonstrates high coloration efficiency and very fast 

switching speeds between its chromatic states compared to the previous work based on NiO 

multi-shelled hollow microspheres. Here, carbon embedded porous structure improves the 

charge transfer kinetics of NiO significantly and makes MOF-derived NiO@C a potential 

candidate to be integrated as a smart positive electrode in an alkaline zinc (Zn) battery to 

construct a rechargeable Zn-NiO electrochromic battery, which visually displays its energy 

storage level by changing its color from dark brown (charged state) to colorless (discharged 

state), making it a potential candidate for smart window and smart energy storage applications. 

3.1. Introduction 

 Currently, the most studied electrochromic materials include organic molecules such as 

viologens, conducting polymers, Prussian Blue and transition metal oxides (TMO). Among 

TMOs, nickel oxide (NiO) is comprehensively studied because of its high theoretical capacity, 

natural abundance and low structural deformation.[1, 2] Yet, NiO-based electrodes suffer from 

poor electrochemical performances such as slower switching times, low conductivity, low 

coloration efficiency etc. So, it’s required to effectively develop NiO material with higher 

electrical conductivity with faster ion diffusion kinetics. Carbonaceous materials like reduced 

graphene oxide, carbon nanotubes incorporated NiO have been already synthesized for 

improved electrochemical applications.[3, 4] Recently, in template-based synthesis, metal 

organic frameworks (MOF) have been used to synthesize NiO.[5, 6]  

MOFs are a promising class of organic-inorganic hybrid crystalline materials, 

composed of metal ion centers and organic linkers with large structural and chemical 

diversities. These materials come up with very high surface area and tunable pore dimensions. 

A few MOFs with redox active organic ligands have been utilized as electrochromic 

materials.[7-9] Yet, the application of most of the MOFs is still limited in this field because of 
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their redox inactive nature. However, MOFs being crystalline in nature, possess a nice long 

range ordered structure with uniform pores. Thus, recently MOFs have been exploited as 

sacrificial templates to derive several carbon embedded transition metal-based nanostructures 

including NiO.[10-14] 

In this work, an electrochromic rechargeable battery is presented to visually illustrate 

the feasibility of energy storage and retrieval in a single module. NiO based electrochromic 

devices and energy storage devices have highly alike working principle, which allows us to 

integrate both into a single platform. Carbon-embedded NiO samples (NiO@C) are prepared 

from a reported Ni-MOF in a subsequent 2-step pyrolysis process. Carbon embedded porous 

structure of the materials enables easier access to the active Faradaic sites and assists facile ion 

intercalation/deintercalation to ensure better all-round electrochemical performances. NiO 

electrodes are prepared on transparent conducting FTO substrates in a binder-free spray coating 

technique. The electrochromic characterizations of the synthesized materials are performed 

thoroughly in an alkaline medium of 1 M KOH in a three-electrode set-up. This MOF-derived 

NiO@C is introduced as a positive electrode material to fabricate an economically viable smart 

Zn-NiO battery by incorporating a mixed alkaline electrolyte system consisting of 1 M KOH 

and 10 mM ZnAc2. To the best of our knowledge, this is the first report of a rechargeable Zn-

NiO electrochromic battery. 

3.2. Experimental section 

3.2.1. Chemicals and materials 

Nickel chloride (NiCl2,6H2O), p-benzenedicarboxylic acid (PTA), N,N-

dimethylformamide (DMF), Zn foil, zinc acetate (ZnAc2), potassium hydroxide (KOH) beads 

were procured from Alfa Aesar. Transparent SnO2:F (FTO) coated glass substrates (sheet 

resistance 15 Ω sq-1) were purchased from Sigma Aldrich. All the chemicals were of analytical 

grade and used as purchased. FTO substrates were cleansed with soap solution, and later 

washed with isopropanol, ethanol and copious amount of water respectively under ultrasonic 

treatment. Throughout the experiments, for the preparation of all aqueous solutions, reagent 

grade mili-Q water with 18.2 MΩ cm resistivity (Millipore Direct Q3 system) was used. 

3.2.2. Material synthesis 

 Ni MOF was synthesized by a solvothermal reaction according to the report of Yang et 

al.[15] Typically, 166 mg of PTA was dissolved in 5 ml of DMF at room temperature under 

constant stirring. Then, 10 ml aqueous solution of NiCl2,6H2O (356.54 mg) was added to the 
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above solution very slowly. The mixture was then stirred for 1 h continuously, later transferred 

to a 40 ml teflon lined stainless steel autoclave and kept in an oven at 120oC for 24 h. After the 

reactor cooled down to room temperature, the precipitate was collected by centrifugation and 

washed with DMF and ethanol several times before drying the final product in air for 12 h at 

70 oC to obtain the Ni-MOF powder. Based on the report of Liang et al,[16] a two-step pyrolysis 

procedure was followed to convert the MOF powder to NiO@C. Light green colour Ni-MOF 

powder was transferred to a ceramic crucible and kept in a tube furnace at 400 oC for 1 h under 

Ar-H2 (97-3) gas flow, the heating rate was 5 oC min-1. Afterwards, the sample was subjected 

to another heat treatment under air at the same temperature for different time durations (20 min, 

35 min, 50 min) to obtain the desired products denoted as NiO@C_20, NiO@C_35 and 

NiO@C_50 respectively. 

3.2.3. Preparation of NiO@C films on FTO 

All films in this work were fabricated on FTO by spray coating technique. Prior to spray 

coating, spraying solutions were made by dispersing the samples in isopropanol and the 

substrates were masked with scotch tape to fix the area of the electroactive material. Then, the 

dispersion was sprayed on FTO kept at 70 oC on top of a hot plate with a commercially available 

airbrush (ANMSALES AB-130) using N2 as a carrier gas at a constant pressure. The distance 

between the FTO and the airbrush nozzle was ~ 12 cm and the nozzle diameter of the airbrush 

was ~ 0.3 mm. After each spray, an appropriate time was given to dry the FTO. 

3.2.4. Sample characterization and measurements 

The morphology of the samples was observed by field emission scanning electron 

microscope (FESEM, Zeiss Ultra Plus) and transmission electron microscope (TEM, JEOL 

JEM-2200FS operating at 220 kV). Powder X-ray diffraction (XRD) patterns were recorded in 

Bruker D8 Advanced X-ray diffractometer with Cu Kα radiation (1.54 Ao). Raman 

spectroscopy was carried out in LabRAM HR 800 (HORIBA Jobin Yvon) instrument, 

equipped with a He-Ne Laser (632 nm) operating at 10% power. Thermogravimetric (TGA) 

and differential scanning calorimetry (DSC) analyses were performed in a Mettler Toledo 

TGA/DSC 1STARe system between 30 to 800 oC temperature in presence of air. X-ray 

photoelectron spectroscopy (XPS) measurements of V2O5 samples were carried out using 

monochromatic and micro-focused AlKα radiation with an energy of 1486.6 eV (Thermo 

Kalpha+ spectrometer). BET Surface area measurement was performed using Quantachrome 

NOVAtouch LX1 instrument at liquid N2 temperature (77 K). Prior to the measurement, all 
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samples were heated under vacuum at 100 oC for 12 h to remove impurities. The 

electrochemical measurements were performed using the CH instrument (CHI760E). For in-

situ spectroelectrochemistry measurements, an Ocean Optics system comprised of a 

Deuterium-Halogen lightsource (DH-2000-BAL), optical fibers (200 μm core diameter) and a 

spectrometer (FLAME-T-XR1-ES) had been used. For all three-electrode measurements, FTO 

plates spray coated with NiO@C were used as working electrodes, platinum wire and 

Ag/AgCl/Cl- (1 M KCl) were employed as the counter and reference electrodes respectively. 

3.3. Results and discussions 

3.3.1. Structural and morphological characterizations 

 Figure 3.1a shows that the XRD pattern of as synthesized Ni-MOF powder matches 

well with the reported simulated pattern (CCDC 638866).[15] Prior to the pyrolysis of the 

sample, thermal decomposition behaviour of Ni MOF was monitored through the TGA/DSC 

measurement presented in Figure 3.1b. Initial weight loss between 30-150 oC was primarily 

ascribed to the loss of solvated water molecules. The weight loss between 150-430 oC was 

assigned to the thermal decomposition of the Ni-MOF to yield NiO,[17] the strong endothermic 

peak at ~ 410 oC in the DSC curve indicates towards the rapid change in the material during 

the formation of NiO.  
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Figure 3.1: (a) XRD pattern of the as-synthesized Ni-MOF and the reported data of CIF – 

638866, (b) TGA and DSC data of Ni MOF, (c) XRD pattern of the annealed samples, Ni@C 

and NiO@C_35, (d) XRD data of NiO@C_20 and NiO@C_50 samples 

Figure 3.1c shows the XRD data of Ni@C (Ar-H2 annealed sample, dark cyan graph) 

and the two-step annealed sample i.e., NiO@C_35 (wine red graph). The XRD pattern of 

Ni@C sample matches well with the JCPDS card no.- 01-087-0712. It confirms the presence 

of face centered cubic metallic Ni phase, along with a small hump at 26.4o in the data, showing 

the presence of graphitized carbon (corresponding to the (002) crystal plane) in the sample, 

generated due to the carbonization of the organic ligands. All the peaks belonging to MOF 

vanished after the pyrolysis. All the observed diffraction peaks of the twice annealed sample 

can be perfectly matched to the face centered cubic NiO phase (JCPDS no.- 01-047-1049), 

indicating a good crystallinity of the material. The diffraction peaks at 37.26o, 43.3o, 62.9o, 

75.44o, and 79.43o corresponds to the (111), (200), (220), (311) and (222) crystal planes of NiO 

respectively. XRD patterns of the other two samples (NiO@C_20 and NiO@C_50) can be 

found in Figure 3.1d. 

 

Figure 3.2: (a) SEM, (b) TEM, (c) HRTEM image and (d)-(g) the elemental mapping data for 

Ni@C sample 

The morphological and structural characterizations of the materials were performed 

using SEM and TEM techniques. Carbon distributions over the samples were examined by 

energy dispersive X-ray (EDX) study. FESEM and TEM images presented in Figure 3.2a and 

3.2b respectively, show the morphology of the Ar-H2 annealed Ni@C sample. Porous structure 

of the sample with nickel (Ni) nanoparticles embedded in graphitized carbon layer is evident 

from the HRTEM image given in Figure 3.2c. It illustrates the lattice fringes with a spacing of 

0.18 nm that corresponds to the crystal plane of Ni (200) and circular lattice fringes generated 
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from the graphitized carbon present in the sample. This is well supported by the EDX mapping 

data shown in Figure 3.2e-3.2g of Ni@C, where the region of interest is shown in Figure 3.2d. 

 

Figure 3.3: FESEM, TEM, HRTEM images and the elemental mapping images for NiO@C 

samples; (a)-(g) NiO@C_20, (h)-(n) NiO@C_35 and (o)-(u) NiO@C_50 

Figure 3.3 shows the microstructures of NiO@C samples which are mainly composed 

of NiO nanoparticles. TEM images of these doubly annealed samples in Figure 3.3b, 3.3i and 

3.3p illustrate that, NiO nanoparticles possess a particle size of ~ 10-20 nm. HRTEM images 

in Figure 3.3c, 3.3j and 3.3q exhibit the presence of typical lattice fringes with 0.21 nm and 

0.24 nm spacings corresponding to (200) and (111) lattice planes of NiO, surrounded by 
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circular lattice fringes (d = 0.34 nm) of carbon. Existence of carbon in the samples is confirmed 

by the elemental mapping data (Figure 3.3e to 3.3g is of NiO@C_20, Figure 3.3l to 3.3n of 

NiO@C_35 and Figure 3.3s to 3.3u is of NiO@C_50) and it can be realized that with increasing 

annealing time gradually the carbon content in the sample decreases. 

 

Figure 3.4: XPS data including survey spectrum and de-convoluted spectra for (a)-(d) 

NiO@C_20, (e)-(h) NiO@C_35 and (i)-(l) NiO@C_50 samples 

To further investigate the phase and carbon content of the samples, X-ray photoelectron 

spectroscopy (XPS) measurements have been performed (Figure 3.4) on all NiO@C samples. 

High resolution data as presented in Figure 3.4b, 3.4f and 3.4j exhibit the Ni 2P3/2 peak which 

consists of the main peaks at 853.8 eV and 855.8 eV. The peak at 853.8 eV is assigned to the 

Ni2+ oxidation state, which is linked to the Ni-O octahedral bonding of cubic NiO structure. 
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The second peak at 855.8 eV corresponds to the Ni3+ state. The peak at 860.9 eV is related to 

shakeup processes (satellite peak) of NiO.[18] Similarly, 2P1/2 is also comprised of two peaks 

at 872.5 eV and 879.4 eV, which are related to the Ni2+ state and the satellite peak 

respectively.[19] The binding energy of O 1s spectra can be deconvoluted to 3 oxygen states 

(Figure 3.4c, 3.4g, 3.4k). The peaks at 529.2 eV, 531.1 eV and 532.9 eV correspond to Ni-O-

Ni, Ni-OH and adsorbed water respectively.[18] High resolution C 1s spectrum consists of 3 

peaks presented in Figure 3.4d, 3.4h and 3.4l. Peaks observed at 284.5 eV, 285.9 eV and 289.1 

eV are assigned to C-C, C-ONi and C-O bonds respectively.[20] According to the XPS study, 

the carbon contents of NiO@C_20, NiO@C_35 and NiO@C_50 are 44.29%, 23.45% and 

20.67% respectively. 

3.3.2. Surface area measurements of the samples 

Further, N2 adsorption desorption measurements at 77 K were performed to check the 

surface area and the pore size distributions for our NiO@C materials (Figure 3.5). According 

to IUPAC classification, all the materials show type IV isotherms with hysteresis loops in high 

 



 Chapter 3 

 

Ph.D. Thesis, Anweshi Dewan, 2022   63 | P a g e  
 

Figure 3.5: N2 Adsorption desorption isotherms, BET fittings and BJH pore size distribution 

plots for (a)-(c) NiO@C_20, (d)-(f) NiO@C_35 and (g)-(i) NiO@C_50 respectively 

relative pressure region (0.8-0.99) revealing the mesoporous nature of the samples as presented 

in Figure 3.5a-3.5c.[21] The Brunauer-Emmett-Teller (BET) surface areas are found to be 71.1, 

63.66 and 57.5 m2/gm for NiO@C_20, NiO@C_35 and NiO@C_50 samples respectively 

(Figure 3.5d-3.5f). Barrett-Joyner-Halenda (BJH) method was used to calculate the pore size 

distributions of the samples. Interestingly, the increase in air annealing time (from 20 to 50 

min) resulted in the decrease in specific surface area because of the increase in pore radius from 

2.1 nm to 2.4 nm and gradually diminishing pore of radius 3.7 nm (Figure 3.5g-3.5i). Overall, 

the mesoporous structures of the samples allow faster ion exchange with electrolyte and favor 

good electrochemical performances. 

3.3.3. Electrochromic studies 

Electrochromic properties of all the samples were investigated with the help of the 

spectro-electrochemical technique via a three-electrode setup in presence of 1 M KOH as the 

electrolyte. Before going into the details of spectro-electrochemical data, let’s understand the 

mechanism behind the colour state switching of NiO, which is attributed to the reversible 

change of Ni ions in between different valence states. Upon application of bias, the OH- ions 

present in the KOH electrolyte either intercalates (during anodic scan) or deintercalates (during 

cathodic scan) which causes the oxidation or reduction reaction of the NiO material between 

Ni2+ and Ni3+ oxidation states, given by the following reaction[22] 

NiO (bleached) + OH− ↔ NiOOH (coloured) + e− 

 

Figure 3.6: Cyclic voltammogram (CV) of NiO@C_35 electrode in three-electrode set-up at 20 

mVps scan rate in 1 M KOH electrolyte 
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The obtained transmission spectra for all NiO@C samples (from 325 nm to 1000 nm) 

at the two extreme biases (vs Ag/AgCl/Cl-) were presented in Figure 3.7a-3.7c. The films 

reversibly change their colors from transparent (bleached at -0.5 V) to a dark brown state 

(colored at +0.7 V). Optical modulation (ΔT) is an important property for the electrochromic 

materials, given by ΔT = Tb(λ) – Tc(λ), where Tb and Tc are defined as the transmittances of 

the bleached and coloured states respectively at a certain wavelength. The blue curves in Figure 

3.7a-3.7c present the optical modulation spectra for the NiO@C films. The graphs reveal that 

the highest ΔT values for the films can be obtained at ~ 525 nm and these are presented in a 

tabulated form in Table 1. The comparison of the transmittance values in coloured and bleached 

states along with the transmission modulation values for all 3 samples is presented in Figure 

3.7d. With the increase in air annealing times, the gradual increment in the ΔT value can be 

noticed as a result of the decrease in carbon content in the samples.[16] 

 

Figure 3.7: (a)-(c) Transmission spectra (coloured and bleached state) and the transmission 

modulation (ΔT) plots of NiO@C electrodes, (d) comparison of transmittance values (colored 

and bleached state) and optical modulation values at 525 nm wavelength 

Cyclic voltammetry (CV) (solid lines) and in-situ transmittance measurements (dot-

dashed lines) were performed for NiO@C_35 electrodes to check the modulation of optical 

response at a particular wavelength (λ = 525 nm) with the applied bias (Figure 3.8a). Digital 
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photographs of a typical NiO@C_35 film at colored and bleached states are also shown in 

Figure 3.8a. The transmittance of the film changes in a nice dynamical way, consistent with 

the change in current density. During anodic scan (indicated by blue solid arrow), intercalation 

of OH- species results in the formation of NiOOH, which leads to the decrement in 

transmittance (blue dashed arrow) and just the reverse phenomenon occurs at the time of 

cathodic scan (black dashed arrow). 

 Figure 3.8b illustrates the temporal spectral response of the films under alternating 

potentials (-0.5 V and +0.7 V) at 525 nm. Switching time for the electrochromic materials is 

defined as the time required to achieve 90% of its full optical modulation.[23] Switching times 

for all the films, which are quite faster are presented in Table 1. Graphitized carbon present in 

the samples results in the faster response of the films, thus with increasing air annealing time 

the switching times also elongate as the carbons get oxidized with increase in annealing time. 

Interestingly here bleaching times for the films are relatively long compared to the coloration 

times. Two possible statements are there to explain this phenomenon – (a) while ion 

intercalation takes place, the possible lattice deformation tries to obstruct the movements of 

incoming ions, but the presence of carbon in the material tries to hasten the process up to a 

certain level, and (b) during deintercalation of ions, the built-in electric field at the interface 

works in the opposite direction of ionic movement, resulting the longer bleaching time.[24] 
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Figure 3.8: (a) CV (solid line) at 30 mVps along with the in-situ spectro-electrochemistry data 

(dashed line) at 525 nm, (b) switching time data upon application of alternatively with 15 s 

interval, (c) coloration efficiency plot, (d) stability of electrodes upon cycling 

Coloration efficiency (CE) is yet another important analytical parameter for 

electrochromic materials which tells us about the requirement of power during electrochromic 

switching. It is defined as the ratio of change in optical density (ΔOD) and injected/extracted 

charge density per unit area (mC/cm2).[25] CE can be calculated from the following formula – 

       CE = log (Tb/Tc) / (Q/A) 

In this work, CE values for the materials were calculated at λ = 525 nm from the slope of the 

ΔOD vs charge density graph, shown in Figure 3.8c. Obtained values are presented in Table 1 

and the highest CE value of 135.16 cm2/C was obtained for NiO@C_35 films. 

Stability measurement of the films is very crucial for electrochromic materials, it’s a 

measure of the degradation of films upon cycling, which mainly depends on the ion trapping 

and operational conditions. Optical transmittances for all electrodes after certain cycles are 

presented in Figure 3.8d. Films retain nearly 90% (Table 1) of the initial optical modulation 

value even after 1500 cycles for NiO@C_20 and NiO@C_35 films. Retained performance 

after cycling is a little less (~ 85.5%) in case of NiO@C_50 films. 

Table 3.1: Comparison of ΔT values, switching times, coloration efficiency and retained 

electrochromic performance after 1500 cycles for all the films 

Films  ∆T (%) (at 
525 nm) 

Coloration 
Time (s) 

Bleaching 
Time (s) 

CE (cm2/C) Electrochromic 
stability retained 
after 1500 cycles 

NiO@C_20 30 1.2 3.37 124 90.5% 

NiO@C_35 35.18 1.4 3.48 135.16 90% 

NiO@C_50 39.2 1.6 3.79 108.3 85.5% 
 

3.3.4. Scan rate dependent cyclic voltammetry measurement 

To check the current contributions introduced by Faradaic and non-Faradaic processes, 

CV at varying sweep rates from 10 to 70 mV/s were performed for all three different electrode 

materials, presented in Figure 3.9. The peak current densities of CV and the scan rate follow a 

power law relation, given by i = avb; where, v is the scan rate and a, b are adjustable parameters, 

which are calculated from the linear plot of log(i) vs log(v). The value of the parameter b is 0.5 

when the process is diffusion limited Faradaic process and when the process is originated from 

surface controlled non-diffusion related process, the b value is 1. In our cases, the obtained b 
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values are close to 0.55, which specifies the overall process is mostly dominated by diffusion-

controlled process. Thus, total current response (i), a combination of two quantities – a1v and 

a2v
1/2, which correspond to capacitive (electrical double layer capacitance and surface 

dominated pseudo capacitance) and diffusive processes respectively, can be expressed 

according to the following formula.[26] From the graph of i/v1/2 vs v1/2 for NiO@C_35 

electrode, the coefficients a1 and a2 are calculated as shown in Figure 3.9e and the current 

responses are separated, as illustrated in the histogram plot in Figure 3.9f. The diffusion current 

contribution is seen to gradually decrease with increasing scan rate. 

i = a1v + a2v
1/2 

or, i/v1/2 = a1v
1/2 + a2 
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Figure 3.9: Scan rate dependent CV data and log(i) vs log(v) plots for (a) NiO@C_20, (b) 

NiO@C_50; data for NiO@C_35 sample (c) scan rate dependent CV data, (d) log(i) vs log(v) 

plot, (e) i/v1/2 vs v1/2 plot, (f) histogram plot to show current contributions with scan rate 

3.3.5. Impedance measurements on NiO@C electrodes 

Further, electrochemical impedance spectroscopy (EIS) measurements were carried out 

in a three-electrode system using 1 M KOH as electrolyte. Figure 3.10a presents the Nyquist 

plots and the fitted data for all the samples. Each plot consists of a semicircular part presented 

in the inset of Figure 3.10a, which is the high frequency-controlled region and the inclined line 

at low frequency arises due to the ionic diffusion.[27] Impedance data were fitted in ZSimpWin 

software using an equivalent circuit provided in Figure 3.10b, where Rs is the bulk/solution 

resistance, Rct is the charge transfer resistance, Cdl is the double layer capacitance, W is the 

Warburg impedance related to ion diffusion process and Q represents the constant phase 

element. Larger radius of the semicircle refers to a higher Rct value, and a steeper slope points 

towards a quicker ion-diffusion rate.[28] Lowest Rct value of 21.5 Ωcm2 was noticed for 

NiO@C_20. The electrochemical parameters are presented in the following Table 3.2. With 

the increase in air annealing time of the samples, carbon content gradually decreases, which is 

very consistent with the trend seen in charge transfer resistances. 

 

Figure 3.10: (a) EIS study (Nyquist diagrams) for all three NiO@C samples and (b) equivalent 

circuit diagram used for impedance data fitting 

Table 3.2: Fitting parameters for impedance data for all three samples 

Films  Rs (Ωcm
2) Rct (Ωcm

2) Cdl (F/cm2) Measurement 
error (%) 

NiO@C_20 4.091 21.5 5.923x10-8 < 4.547 

NiO@C_35 4.561 24.12 5.19x10-8 < 4.226 

NiO@C_50 5.331 29.81 4.378x10-8 < 3.682 
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The overall superior performance of these MOF-derived NiO@C samples can be 

ascribed to the carbon embedded porous structure of the materials which facilitates the facile 

ion intercalation/deintercalation. It opens up a lot easier access to the active Faradaic sites to 

ensure better exposure of the active material to the electrolyte, alongwith the improvement in 

structural stability. It’s been noted that due to the presence of more carbon in NiO@C_20, it 

shows lower charge transfer resistance, high electrochromic stability; but the films fabricated 

out of it provide less optical transmittance in its pristine and bleached state compared to the 

other samples and the transmission modulation values obtained from those are also less (Figure 

3.7d). From that standpoint, NiO@C_35 is a better candidate than NiO@C_20 and due to the 

presence of embedded carbon, it also provides better electrode stability besides having lesser 

charge transfer resistance than NiO@C_50. Thus, further in this work, for electrochromic 

battery application films made out of NiO@C_35 are deployed as the electrode materials. 

3.3.6. Electrochromic battery measurements 

Our electrochromic battery is comprised of Zn foil as anode and NiO@C_35 as 

negative electrode in an alkaline solution of 1 M KOH with an optimized concentration of 10 

mM ZnAc2. All the galvanostatic charge discharge measurements along with in-situ 

transmission modulation data and cycling test were done in a two-electrode cell. To check the 

feasibility of this assembly in battery application, prior to all measurements CVs (at 50 mV/s 

scan rate) for Zn foil and NiO (Figure 3.11a) were separately checked in a 3-electrode system 

(Ag/AgCl/Cl- as reference and Pt wire as counter electrode) in the above mentioned mixed 

electrolyte system. Redox peaks originated due to the stripping/plating of Zn corresponding to 

the conversion of [Zn(OH)4]
2-/Zn [29] are located at -1.3/-1.61 V and the peaks located at 

0.6/0.17 V represent the Ni3+/Ni2+ redox couples. A large potential gap of 1.84 V is noticed 

between Zn and NiO, which allows us to implement this pair as a battery system in our work. 

In this system, Zn undergoes oxidation to form Zn2+ and simultaneously Ni3+ undergoes 

reduction to turn to Ni2+ during electricity generation. The electrode and overall cell reactions 

are depicted by the following equations [30] –  

Negative electrode reaction - Zn + 4OH-  ↔  [Zn(OH)4]
2- + 2e- 

Positive electrode reaction -  2NiOOH + 2e-  ↔  2NiO + 2OH-  

           Overall reaction - 2NiOOH + Zn + 2OH-  ↔  2NiO + [Zn(OH)4]
2-     
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The CV data for the assembled 2 electrode system at different scan rates (1 to 70 mVps) at a 

voltage range of 1.4 to 2.15 V are presented in Figure 3.11b. The calculated b value from log(i) 

vs log(v) plot is 0.61, given in the inset of Figure 3.11b, indicating the overall reaction is guided 

by diffusion-controlled kinetics. Introduction of ZnAc2 in KOH electrolyte betters the 

reversibility of redox reaction of Zn metal and cyclic stability of the whole battery unit.[31] 

 

Figure 3.11: (a) CV showing the stripping and plating of Zn and redox reactions of NiO@C_35 

in a three-electrode set-up with 1 M KOH + 10 mM ZnAc2 electrolyte, (b) scan rate dependent 

CV data in 2 electrode system, inset shows log(i) vs log(v) plot with corresponding linear 

fitting (c) charge-discharge profiles at different current densities and the corresponding 

change in transmission modulation @525 nm (d) galvanostatic charge-discharge profiles at 

different current densities, (e) coulombic efficiency values at different current densities, (f) 

rate capability plot 
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Transmission modulation data at a wavelength of 525 nm, synchronized with the 

charging-discharging of the battery were collected at 2 different current densities 0.5 and 1 

mA/cm2, given in Figure 3.11c. The specific capacity of the battery is correlated with its colour. 

When it is in fully charged state, its opacity increases and looks dark brown in colour. In its 

discharged state, the colour fades out, corresponding to a transmission modulation of ~ 30%.  

To investigate the charge storage capability of the battery, galvanostatic static charge-

discharge (GCD) measurements of our system were performed in the same potential range as 

that of the 2 electrode CV at different current densities ranging from 0.2-2 mA/cm2 (Figure 

3.11d). At lower current densities the obtained discharge capacity is higher than the charging 

capacity, similar phenomenon has been observed by other researchers also.[32] This might be 

due to the reduction of dissolved oxygen or the insertion of cations present in the electrolyte at 

lower current densities.[32, 33] As a result of this, higher coulombic efficiency at lower current 

density was observed and when the current density starts to increase the coulombic efficiency 

gradually reaches the value of 100%. Figure 3.11e presents the coulombic efficiency values at 

different current densities. 

As depicted in the rate capability plot, presented in Figure 3.11f, the specific capacity 

varies from 85.3 to 33 mAh/m2 as the discharge current density varies from 0.1 to 1.5 mA/cm2. 

The reversible discharge capacity of the battery falls slightly from 46 to 44.8 mAh/m2 at a 

current density of 0.7 mA/cm2, corresponding to a capacity retention of 97.4%. Similarly at 0.1 

mA/cm2 discharge current density, capacity drops from 85.3 to 81.4 mAh/m2, which is 

equivalent to 95.4% capacity retention. Thus, it shows good stability of the electrochromic 

battery. A comparison of our data with other reported literatures is presented in Table 3.3 which 

shows a decent performance with a relatively high discharge capacity. 

 



 Chapter 3 

 

Ph.D. Thesis, Anweshi Dewan, 2022   72 | P a g e  
 

Figure 3.12: (a) Specific discharge capacity (20% decay in capacity after 350 cycles) and 

coulombic efficiency data with cycling @1 mA/cm2 current density, (b) voltage and 

transmission modulation (at 525nm) with time before and after cycling 

Cycling performance of the battery was checked for 1900 cycles (Figure 3.12a) at a 

current density of 1 mA/cm2 and the corresponding average coulombic efficiency is found to 

be nearly 100% excluding a few initial cycles. 20% decay in capacity is observed after 350 

charge-discharge cycles. NiO electrode’s stability has been already demonstrated in Figure 

3.8d, which is quite decent upto 1500 cycles, but in case of the battery system, comparatively 

faster capacity degradation is noticed mainly because of the formation of Zn(OH)2 or ZnO and 

dendrite growth on the Zn electrode.[30] Charging discharging plots at 0.5 mA/cm2 current 

density along with the in-situ transmission modulation at 525 nm before and after cycling study 

are presented in Figure 3.12b, where only 4.3% decrement in the transmission modulation 

value is perceived. 

Table 3.3: Comparison of discharge capacity, and transmission modulation with other NiO 

based electrochromic energy storage works reported in the literature 

System Electrolyte Storage type Transmission 
modulation 

(%) 

Capacity or 
Capacitance  

Reference 

NiO/PB // 
hex-WO3 

1 M 
LiClO4/PC 

Supercapacitor 67.6% at 630 
nm 

11.5 mF/cm2 
at 0.05 

mA/cm2 

Pan et 
al.[34] 

rGO-NiO 
nanoflake // 

WO3 
nanowire 

LiClO4 - PVA 
polyelectrolyte 

Battery 43% at 750 nm 
and 62% at 
2000 nm 

75 mAh/g at 
1 A/g 

Xia et 
al.[35] 

Li-doped 
NiO (3 

electrode) 

1 M 
LiClO4/PC 

Supercapacitor 66.5% at 550 
nm 

13 mF/cm2 
at 0.1 

mA/cm2 

He et 
al.[36] 

NiO // 
MoO3-

W0.71Mo0.29O3 

1 M 
LiClO4/PC 

Battery 41.9% at 632.8 
nm 

2.33 
mAh/m2 at 

0.05 
mA/cm2 

Li et al.[37] 

Hierarchical 

porous NiO  

(3 electrode) 

1 M KOH Supercapacitor 41.8% at 650 
nm 

2.08 F/cm2 
at 1 mA/cm2 

Zhou et 
al.[5] 

ITO/NiO  

(3 electrode) 

1 M KOH Supercapacitor 8.6% at 550 
nm 

1.99 mF/cm2 
at 0.05 

mA/cm2 

Dong et 
al.[38] 

NiO-Ag-NiO 

 (3 electrode) 

1 M KOH Supercapacitor 24.3% at 550 
nm 

9.49 mF/cm2 
at 0.05 

mA/cm2 

Dong et 
al.[38] 
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NiO 
nanoflake (3 
electrode) 

1 M KOH Supercapacitor 40% at 632.8 
nm 

74.8 mF/cm2 
at 10 mVs 

Chen et 
al.[39] 

Co-doped 

NiO 

(3 electrode) 

1 M KOH Supercapacitor 52% at 630 nm 88.24 
mF/cm2 at 

0.4 mA/cm2 

Xue et 
al.[40] 

Co-doped 
NiO/FTO 
// Fe2O3 

Nylon 
membrane 

soaked in 1 M 
KOH  

Supercapacitor --- 10.8 mF/cm2 
at 0.4 

mA/cm2 

Xue et 
al.[40] 

Zn // 
NiO@C_35 

1 M KOH + 
10 mM ZnAc2 

Battery 28.6% at 525 
nm 

85.3 
mAh/m2 at 
0.1 mA/cm2 

This work 

 

 

Figure 3.13: (a) GCD profile at 0.7 mA/cm2 along with the corresponding transmittance data 

of the EC battery; (b) photographs of the electrochromic battery at different stages of charging 

and discharging as designated by red circles in Figure 3.13a; (c) schematic of the Zn-NiO 

electrochromic battery (red lines show the processes involved during discharging and green 
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lines show the processes during charging); digital photograph of the device in its (d) charged 

state and (e) discharged state 

Figure 3.13a presents the charge-discharge profile at 0.7 mA/cm2 synchronized with 

the transmittance curve at 525 nm and the corresponding pictorial depiction of the 

electrochromic battery at different stages is illustrated in Figure 3.13b as designated by red 

circles in the GCD curve of Figure 3.13a. A prototype device (2.5 cm x 4 cm) is assembled to 

show its applicability in electrochromic battery displays. The schematic configuration of the 

device along with the half cell reactions is presented in Figure 3.13c. Two devices connected 

in series can light up a commercial green LED for about 10 mins. The photograph of the battery 

in its coloured state with illuminated green LED is presented in Figure 3.13d. Figure 3.13e 

shows the discharged state of the battery where the window is relatively transparent. 

3.4. Conclusion 

 In summary, MOF-derived NiO@C has been utilized to fabricate electrochromic 

electrodes and is capable of demonstrating high coloration efficiency (~ 135.16 cm2/C) with 

faster switching speeds (~ 1.4 s for coloration and ~ 3.5 s for bleaching). The carbon embedded 

porous structure of this material promotes its charge transfer kinetics which sequentially results 

in its superior electrochromic performances. Later, this electrochromic NiO is used alongside 

a Zn foil to construct a smart rechargeable battery, which is capable of storing charge when 

coloured and provides electrical current while being bleached. Our Zn-NiO electrochromic 

battery shows a high discharge capacity of 85.3 mAh/m2 at 0.1 mA/cm2 current density and 

retains almost 80% of its capacity after 350 cycles at 1 mA/cm2 current density. Moreover, the 

appreciable point of our electrochromic battery is that it consumes power only during 

coloration. It eliminates the requirement of energy consumption during the bleaching process, 

whereas current consumption for the traditional electrochromic windows is often both ways, 

which is a major drawback in present global scenario. Apart from all the merits of this work, 

there are still some major challenges in this work that can be addressed. Our device needs to 

provide external bias for coloration (charging) which refrains it from practical application, 

which can be addressed by integrating a photovoltaic cell with it.[35] 
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● Abstract 

 Modern technological trends in smart electronic devices demand more intelligent 

automation. Simultaneous integration of energy storage and multicolor electrochromism in a 

single device improves the user-device interfacing based on a salient human-readable output. 

In this work, primarily a metal organic framework (MOF) derived V2O5 was synthesized which 

as an electrochromic material, shows high optical modulation, with very fast switching speeds. 

The multiple coloration states of V2O5 electrode make it worthy for further integration as a 

smart negative electrode in a multicolored electrochromic asymmetric supercapacitor, where 

electrochromic polyaniline electrode serves as the positive and counter electrode. The device 

demonstrates a high coloration efficiency as well as high areal capacitance and energy density. 

By virtue of its different chromatic states during charging and discharging, visual tracking of 

the state of charge of the supercapacitor can be realized more distinctively which was lacking 

in our previous work on Zn-NiO electrochromic battery, as there the color change was purely 

monochromatic, from dark brown to colorless. In that context, such energy storage devices 

where gradual change in color is perceived with different level of charge storage, may have 

promising practical applications for futuristic smart multifunctional electronic devices. 

4.1. Introduction 

Electrochemical capacitors or supercapacitors (SC) have gained widespread attention 

due to their fast charge discharge rate, long life along with important advantages to meet the 

urgent demand for high power density.[1, 2] With the recent evolution of electronic devices, 

the applications of SCs are extended to multi-functional and smart devices like self-charging 

SCs,[3] flexible wearable SCs,[4] shape-memory SC,[5] thermo-responsive SC,[6] self-

healable SC,[7] electrochromic SC [8, 9] etc. Exploiting the configuration of an asymmetric 

SC, these devices could be implemented in different applications including smart windows for 

indoor light and temperature controls, adaptive camouflages, aesthetic multicolor displays with 

energy storage functionality etc. Multi-colored electrochromic asymmetric supercapacitors 

(MECASC) with different chromatic states will allow precise control over the modulation of 

light along with the real-time monitoring of the charge content of the device for its sustainable 

use by averting overcharging and over-discharging.[10-12] 
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Among existing electrochromic materials, the most studied ones are based on TMOs 

and conducting polymers. Reportedly, conducting polymers such as polyaniline (PANI) are of 

great interest due to their low cost, ease of synthesis, high electrical conductivity, rich color 

states, high theoretical capacity etc.[13] On the other hand, among TMOs, V2O5 is highly 

sought after in the field of electrochromism as it is the only TMO that can demonstrate both 

anodic and cathodic coloration upon reversible intercalation/deintercalation of alkaline cations 

(e.g., Li+); which makes it suitable for multicolor displays. In addition, it has high theoretical 

capacity which makes it a strong contender for a wide variety of electrochemical 

applications.[14] 

However, bulk V2O5 often suffers from serious volume expansion over cycling, poor 

ion diffusion kinetics, long switching times, low electrical conductivity etc.[15] To subdue 

these limitations, a lot of research has been done to make different micro-nanostructures of 

V2O5 and hybrid materials by incorporation of carbonaceous materials into them.[16, 17] 

Recently, metal organic frameworks (MOF) are used as a template for the synthesis of TMOs. 

MOFs are an emerging class of hybrid crystalline materials assembled via the coordination 

bonds between organic ligand molecules and metal ion centers, with huge chemical and 

configurational heterogeneities. These materials possess very high surface area and tunable 

pore sizes. Owing to their long range ordered porous structure with periodically arranged metal 

clusters, MOFs are used as sacrificial templates in the synthesis of porous metal oxides, sulfides 

and porous carbon embedded hybrid materials including V2O5.[18-23] 

In the present work, a MECASC is shown, that is constructed by stacking MOF-derived 

V2O5 and PANI films as the negative and positive electrodes respectively in propylene 

carbonate solvent containing 1 M LiClO4 as the electrolyte. The module visually exhibits the 

stored energy level by different colors as well as demonstrates the feasibility of redemption of 

the acquired energy during bleaching. MOF-derived V2O5 samples are synthesized by two 

different pyrolysis procedures. Carbon leftovers alongwith the porous structures of the V2O5 

samples provide the ions of the electrolyte, a hassle-free access to the reaction sites to enhance 

the charge transfer kinetics. Thorough electrochemical characterizations of the V2O5 electrodes 

and separately the capacitance measurements of both V2O5 and PANI electrodes are carried 

out in 1 M LiClO4/PC medium in a three-electrode set-up. In a two-electrode configuration, a 

functional MECASC device is fabricated having a wide potential window up to 2 V with the 

option to visually judge the state of charge of the device. 
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4.2. Experimental section 

4.2.1. Chemicals and materials 

Vanadium trichloride (VCl3), p-benzenedicarboxylic acid (PTA), aniline, N,N-

dimethylformamide (DMF), propylene carbonate (PC) and lithium perchlorate (LiClO4) were 

acquired from Alfa Aesar. Transparent SnO2:F (FTO) coated glass substrates with sheet 

resistance of 15 Ω sq-1 were obtained from Sigma Aldrich. All the chemicals were of analytical 

grade and used as received without any further modification. FTO substrates were washed with 

soap solution, later rinsed with isopropanol, ethanol and ample amount of water respectively 

under ultrasonic treatment. During the experiments, aqueous solutions were prepared using 

reagent grade milli-Q water with 18.2 MΩ cm resistivity (Millipore Direct Q3 system). 

4.2.2. Material synthesis and electrode fabrication 

4.2.2.1. Synthesis of negative electrode material (V2O5) 

MIL-101(V) (Vanadium MOF or V-MOF) was synthesized via a solvothermal reaction 

route following the report of Carson et al.[24] According to the report, 166 mg of PTA (1 

mmol) and 157 mg of VCl3 (1 mmol) were first added to 5 ml of absolute ethanol. The mixture 

was then kept on a Tarson 3002 spinix vortex shaker for 10 min until the solution turns green. 

Then the whole precursor solution was transferred to a 30 ml teflon-lined autoclave. The 

autoclave was then heated in an oven at 120 °C for 48 h. After the reaction got over, the 

autoclave was very slowly cooled down to room temperature (slow cooling is very important 

to obtain crystalline MOF). The obtained product was then washed with ethanol and separated 

by centrifugation. The activation of MOF was performed by heating it in DMF under N2 gas 

flow for 3 h at 70 °C, and subsequent heating in ethanol for 3 h at 70 °C under N2 flow. Finally, 

obtained green product was dried under vacuum at 120 °C for 16 h, which resulted in fluffy 

green V-MOF powder. Further to obtain V2O5 from V-MOF, two different annealing 

procedures were followed. In the first procedure, according to the report of Liang et al.[25], a 

two-step pyrolysis technique was followed where in the 1st step V-MOF powder was 

transferred to a ceramic boat before transferring it to a tube furnace, where it was annealed at 

370 oC for 1 h under Ar-H2 (97-3) flow and in the 2nd step, the sample was put through another 

heat treatment for 30 min under airflow, to obtain the product, designated as V2O5-2 throughout 

this chapter. Further, in the second procedure, V-MOF was directly annealed at 370 oC for 30 

min under air. The product obtained from this process is labelled here as V2O5-1. 
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4.2.2.2. Fabrication of V2O5 films on FTO 

All V2O5 films in this work were prepared on FTO using spray coating. The dispersion 

required for spray coating was prepared by dispersing the samples in isopropanol and milli-Q 

water mixture. Part of the substrates was covered with scotch tape to fix the geometrical area 

of electroactive material on the electrode. Subsequently, the dispersion was spray-coated on 

FTO and kept on a hot plate at 70 oC with an air-brush (ANMSALES AB-130, nozzle diameter 

~ 0.3 mm; purchased from Amazon) using Ar as a carrier gas at a fixed pressure. The gap 

between the FTO and airbrush nozzle was maintained at ~ 12 cm. After each spray, adequate 

time was provided to dry the FTO. 

4.2.2.3. Synthesis of positive electrode material (PANI) 

PANI was deposited on FTO substrates by electrodeposition technique following a 

report of Mohd et al.[26] The electrolyte solution of 0.5 M Aniline in 1 M H2SO4 was used for 

the deposition. Upon application of a positive bias, aniline monomers get oxidized to radical 

ions triggering the polymerization reaction to occur.[27] All films were deposited for 150 sec 

at + 0.75 V using a potentiostatic technique in a three-electrode system with Pt wire as counter 

and Ag/AgCl/Cl- as reference electrode. After deposition, the films were washed with copious 

amount of milli-Q water and dried under vacuum at room temperature. 

4.2.3. Material characterization and electrochemical measurements 

The morphological characterizations of the samples were performed by field emission 

scanning electron microscope (FESEM, Zeiss Ultra Plus) and transmission electron 

microscope (TEM, JEOL JEM-2200FS operating at 220 kV). Powder XRD measurements 

were carried out in Bruker D8 Advanced X-ray diffractometer with Cu Kα radiation (1.54 Ao). 

Thermogravimetric analysis (TGA) was done on a NETSZCH TGA-DSC system and the 

samples were heated under ambient atmosphere from room temperature to 600 °C at a rate of 

5 °C min−1. Raman spectroscopy experiment was conducted in LabRAM HR 800 (HORIBA 

Jobin Yvon) set-up, using a He-Ne Laser (632 nm, working at 10 % power). X-ray 

photoelectron spectroscopy (XPS) measurements of V2O5 samples were carried out using 

monochromatic and micro-focused AlKα radiation with energy of 1486.6 eV (Thermo Kalpha+ 

spectrometer). BET Surface area was measured using Micrometrics ASAP 2460 volumetric 

gas adsorption analyzer instrument with liquid N2 at 77 K temperature. Before measurement, 

all samples were heated at 120 oC for 12 h under vacuum for removing impurities and pore 

opening.  
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The electrochemical measurements were carried out in the CH instrument set-up 

(CHI760E). For in-situ spectro-electrochemistry data, an Ocean Optics set-up consisting of a 

Deuterium-Halogen lightsource (DH-2000-BAL), optical fibers (200 μm core diameter) and a 

spectrometer (FLAME-T-XR1-ES) was used. In all electrochromic and energy storage related 

measurements, 1 M LiClO4 in PC was used as electrolyte. For all three-electrode based 

experiments, FTO plates spray-coated with V2O5 or electro-deposited PANI films on FTOs 

were utilized as working electrodes, platinum (Pt) wire and silver (Ag) wire were employed as 

the counter and reference electrodes respectively. 

4.3. Results and discussion 

4.3.1. Negative electrode material (V2O5) 

4.3.1.1. Structural and morphological properties 

The XRD pattern of the activated V-MOF is presented in Figure 4.1a, which matches 

well with the reported simulated XRD pattern (CCDC no.- 605510).[24, 28, 29] Before going 

ahead with the samples for further processing, TGA/DSC measurements were performed. As 

it can be seen from Figure 4.1b, the initial weight loss of the sample between 30-100 oC was 

ascribed to the desorption of adsorbed water and solvent molecules. The weight loss of 14.4% 

in between 100-300 oC was attributed to the decoordination of H2O molecules from the 

vanadium trimers as well as the removal of guest molecules from the pores of the MOF 

structures. Finally, the weight loss of 52% beyond 300 oC leads to the decomposition of the 

structures and removal of carbon skeleton towards the formation of fluffy yellow V2O5 

samples.[22, 24] In differential scanning calorimetry (DSC) measurement, the said change in 

the material is also reflected as a strong endothermic peak centered at ~ 370 oC indicating the 

structural collapse of the MOF during the formation of V2O5. Figure 4.1c presents the XRD 

data of V2O5 samples. XRD patterns of both 1-step and 2-step annealed samples corresponding 

to different crystal planes match well with the orthorhombic V2O5 phase (JCPDS card no.- 01-

072-0433), indicating the crystalline nature of the samples. 

Raman spectroscopy measurements were carried out on both samples. Raman spectra 

(Figure 4.1d) highlight several well-resolved peaks at ~ 145, 199, 286, 305, 405, 482, 527, 703 

and 995 cm-1 which are the characteristic peaks of crystalline V2O5. The vibrational Raman 

active modes are associated with vanadium-oxygen-vanadium bending vibrations, translational 

modes and vanadium-oxygen stretching modes. The highest intensity peak centered at 145 cm-

1 corresponds to the bond deformation between different molecular units in the plane of layers, 
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also termed skeleton bending vibration. The peak at 995 cm-1 is attributed to the stretching 

mode vibration related to V=O bond.[30] 

 

Figure 4.1: (a) XRD pattern of the activated V-MOF (purple) and the reported data CIF – 

605510, (b) TGA and DSC data for V-MOF, (c) XRD data of V2O5 samples alongwith JCPDS 

card (01-072-0433) data, (d) Raman data for both V2O5 samples 

Morphological characterizations of the samples were conducted by FESEM and TEM 

measurements. Figure 4.2a illustrates the morphology of V2O5-1 sample, the sample mainly 

consists of irregularly shaped V2O5 nanoplates of dimensions ranging between 30-90 nm. 

Lower magnification TEM data is presented in Figure 4.2b, and is concurrent with the FESEM 

images, exhibiting the presence of very thin nanoplates in the sample. The high-resolution TEM 

(HR-TEM) data (Figure 4.2c) of the sample depicts the presence of lattice fringes with spacing 

of 0.35 and 0.6 nm which correspond to the (210) and (200) crystal planes of orthorhombic 

V2O5 respectively. Similar sort of morphology was also observed for V2O5-2 sample, as 

illustrated in Figure 4.2h-4.2j. Further, EDX mapping measurements were performed on both 

of the samples to check the presence of different elements e.g., elemental carbon alongwith 

vanadium and oxygen as shown in Figure 4.2d-4.2g (and in Figure 4.2k-4.2n). Carbon mapping 

images (Figure 4.2g and Figure 4.2n) for both the samples look almost similar and a very small 

amount of carbon presence was observed. The amount of carbon for both the samples was 

quantified using XPS measurements as discussed later. 
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Figure 4.2: FESEM, TEM, HRTEM images and EDX data for elemental mapping of (a)-(g) V2O5-

1 and (h)-(n) V2O5-2 sample 

The surface chemical states of the samples were analyzed through XPS measurements 

as presented in Figure 4.3. Figure 4.3a and Figure 4.3b present the survey spectra for the 

samples which show the peaks corresponding to the vanadium, oxygen and carbon in the 

sample in accordance with the EDX mapping data (Figure 4.2d-4.2g and Figure 4.2k-4.2n). 

From XPS measurement, the carbon content in V2O5-2 and V2O5-1 samples were quantified 

and found to be almost in a similar range, 12.47% and 12.43% respectively. Core level spectra 

of V2p show two major peaks at 517.2 eV and 524.8 eV, which correspond to V2p1/2 and V2p3/2 

(Figure 4.3b and Figure 4.3f). On deconvolution, the weaker and broader peaks at 516.3 eV 

and 523.6 eV are related to the presence of V4+ oxidation states and relatively stronger peaks 

(at 517.3 and 524.9 eV) are assigned to the V5+ states of V2O5.[20, 21, 31] The O1s spectra 

provided in Figure 4.3c and Figure 4.3g, can be deconvoluted into three peaks. The most 

intense peak at 530 eV corresponds to the existence of V-O bond in V2O5. The peak that 

appeared at 531 eV is due to C-O bond and the peak that emerged at 532.6 eV is related to 

either O=C-O or the adsorbed H2O molecules.[20, 32-34] Figure 4.3d and Figure 4.3h present 

asymmetric C1s peaks, which were resolved into three peaks. The dominant peak at 284.5 eV 
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arises due to the presence of graphitized carbon (C-C and C=C) in the sample generated due to 

the denaturation of the carbon skeleton during the annealing of the sample. The peak located 

at 286.1 eV is associated with C-O bonds and the smallest peak at 288.5 eV is related to C=O 

groups.[33, 35] Therefore, XPS data concludes the presence of graphitized carbon in both the 

samples almost in similar quantities. 

 

Figure 4.3: XPS data including survey spectra and the deconvoluted spectra of (a)-(d) V2O5-1 

and (e)-(h) V2O5-2 samples 
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4.3.1.2. Surface area measurements of the V2O5 samples 

Further, N2 gas adsorption measurement (Figure 4.4) at 77 K was carried out to check 

the surface areas and pore size distributions of the V2O5 samples. The adsorption isotherms 

exhibit typical mesoporous nature of the samples. The surface areas of the samples were 

calculated by BET fitting (Figure 4.4b and Figure 4.4e) and the specific surface area was found 

to be higher (178 m2/g) for V2O5-1 sample than V2O5-2 sample (112 m2/g). Non-local pore size 

distribution (NLDFT) method was used to calculate the pore-size distribution of the samples 

as shown in Figure 4.4c and Figure 4.4f. Longer annealing time of V2O5-2 (because of 2-step 

annealing process) reduces the pore volume in comparison to only air annealed V2O5-1 sample. 

Overall, the mesoporous structures of the samples are expected to ensue facile ion exchange 

with the electrolyte towards better electrochemical performance. 

 

Figure 4.4: N2 gas adsorption isotherms at 77 K, BET fitting and NLDFT pore size distribution 

data for (a)-(c) V2O5-1 and (d)-(f) V2O5-2 samples 
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4.3.1.3. Electrochromic studies on V2O5 electrodes 

Electrochromic properties of V2O5 electrodes were examined in a three-electrode set-

up as mentioned in the experimental section using an in-situ spectroelectrochemical technique. 

Before analyzing the spectro-electrochemistry data, let’s check the electrochemical process, 

that is responsible for the electrochromism of V2O5. The whole process of reversible color 

change is mostly dependent on the reversible Li+ ion intercalation and deintercalation in V2O5 

electrodes causing a redox reaction that leads to the change in the oxidation state of vanadium 

and consequently to different chromatic states. In Figure 4.5, the cyclic voltammogram (CV) 

of a V2O5-1 electrode at 7 mVps scan rate features two pairs of redox peaks and the 

corresponding electrochemical reaction is stated as follows [36] – 

V2O5 + xLi+ + xe-  ↔  LixV2O5  (0 ⩽ x ⩽ 1) 

where x is the mole fraction of the intercalated Li+ ions. Based on the amount of inserted Li+ 

ions, different crystal phases of V2O5 are designated. The 1st redox couple corresponds to the 

change of α-V2O5 (0 < x < 0.1) to ε-V2O5 (0.35 < x < 0.5) and the 2nd redox couple is ascribed 

to the conversion of ε-V2O5 to δ-V2O5 (0.9 < x < 1) and vice versa.[37, 38] 

 

Figure 4.5: Cyclic voltammogram (CV) of V2O5-1 electrode in three-electrode set-up at 7 mVps 

scan rate in 1 M LiClO4/PC electrolyte 

The transmission spectra for V2O5 samples were collected during the cathodic scan (+1 

V to -1 V vs Ag/Ag+ electrode). Figure 4.6a demonstrates the transmission spectra for V2O5-2 

electrode at the two extreme voltages alongwith the optical modulation data (blue curve), which 

is defined as the difference between the transmittance at colored and bleached state of an 

electrochromic material at a particular wavelength λ (i.e., ΔT = Tb(λ) – Tc(λ)). The analogous 

data for V2O5-1 electrodes is given in Figure 4.6b. Interestingly, it was observed for both the 

materials that the transmittance in the visible and near-infrared region changes reversibly upon 
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applying voltages. Higher ΔT values of about 35 % at 485 nm and 26.5 % at 1000 nm were 

obtained for V2O5-1 electrodes. Figure 4.6c illustrates the transmission spectra for V2O5-1 

electrodes at different voltages. Corresponding photographs of the films at different voltages 

are shown in Figure 4.6d. The film reversibly switches its color from yellow (+1 V) to bluish 

gray (-1 V). In in-situ spectroelectrochemistry measurement, the transmission modulation of 

V2O5-1 film was closely monitored at 485 nm and 1000 nm, illustrated in Figure 4.6e (dotted 

lines). The dynamical changes of transmittances (indicated by arrows) are commensurate to the 

modulation in current density. 

 

Figure 4.6: Transmission spectra of (a) V2O5-2 and (b) V2O5-1 films at two extreme potentials 

alongwith the transmission modulation spectrum (ΔT) (blue lines), (c) transmission spectra of 

V2O5-1 films under different biases, (d) corresponding film photographs at those potentials, 

(e) CV data (solid line) of V2O5-1 film with in-situ transmittance data (dashed lines) at 485 nm 

(dark yellow) and 1000 nm (blue) 

Switching time for the electrochromic materials is described as the time required for 

attaining 90% of the total optical modulation under the application of an alternating potential. 

Switching times were measured at 485 nm (Figure 4.7a) and 1000 nm (Figure 4.7b) 

wavelengths separately by applying +1 V and -1 V bias. The data for both samples are 

presented in Table 1. Although each sample contains graphitized carbon almost in close 

quantity, because of the higher surface area of V2O5-1 sample, it manifests faster switching 

times compared to V2O5-2 electrodes. Coloration efficiency (CE) of an electrochromic material 
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is an important parameter in terms of estimating the power requirement for electrochromic 

switching. This is defined as the ratio of change in optical density (ΔOD) to the intercalated or 

deintercalated charge density (mC/cm2).[39] CE can be calculated from the following formula 

stated as – 

         CE = log (Tb/Tc) / (Q/A)      (2) 

CE values were calculated at 485 nm and 1000 nm from the slope of the ΔOD vs charge density 

graphs, as shown in Figure 4.7c and Figure 4.7d. Achieved CE values for both material 

electrodes are presented in Table 1. V2O5-1 electrodes excel over V2O5-2 electrodes, since their 

higher surface area provides a lot more active Faradaic sites for the electrochemical reactions. 

 

Figure 4.7: Switching times of V2O5-1 and V2O5-2 at (a) 485 nm and (b) 1000 nm under 

alternating potential with 15 s interval, coloration efficiency plot of both samples (c) 485 nm 

and (d) 1000 nm 

Table 4.1: Comparison of optical modulation values, switching times and coloration efficiency 

values of V2O5-2 and V2O5-1 electrodes 

Sample ΔT (%) Coloring time (s) Bleaching time (s) Coloration eff. 
(cm2/C) 

485 nm 1000 nm 485 nm 1000 nm 485 nm 1000 nm 485 nm 1000 nm 

V2O5-2 28.5 20.4 3 2.4 5.3 3.2 42.96 13.1 

V2O5-1 35 26.5 2.9 2.1 3.4 2.6 56.51 24.5 
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4.3.1.4. Impedance measurement on V2O5 electrodes 

Electrochemical impedance spectroscopy (EIS) measurements were conducted in a 

three-electrode set-up for a better understanding of the charge transfer kinetics of V2O5 

electrodes. The study was performed using an AC signal of 10 mV amplitude with a frequency 

range of 10 mHz to 100 kHz at the open circuit voltage.  

 

Figure 4.8: (a) Nyquist plots of the V2O5 samples, and (b) the equivalent circuit diagram used 

for fitting impedance data 

Figure 4.8a presents the Nyquist plots alongwith the fitted data. An equivalent circuit was used 

for modelling the EIS data (Figure 4.8b), where W is the Warburg impedance, ‘R’s denote 

resistances and ‘Q’s denote the constant phase elements (CPE) which refer to the non-ideality 

of the electrodes. It is defined as Q = (Q0*(jω)α)-1; where, Q0 is the pseudo-capacitance and α 

is a dimensionless parameter, which accounts for the non-ideality, when α is 0, it’s purely 

resistive and for ideal capacitors, α is 1.[40] R1 in the circuit is attributed to the bulk solution 

resistance. The depressed semicircle in high and medium frequency regions of the spectra is 

due to two different types of charge propagation phenomena within the system. The first 

process, modelled with a resistor (R2) in parallel to a CPE (Q1) at high frequency region is 

either related to the passage of Li+ ions through a passivation film or through the 

electrode/electrolyte interface. The resistance R2 arises due to the mismatch in conductivity at 

the interface during the charge transfer process. The second process at the medium frequency 

region is mainly attributed to a Faradaic process limited by the adsorption of Li+ ions on the 

surface of V2O5 electrodes. In the circuit diagram, it is presented by a parallel combination of 

a resistor R3, which is associated with the resistance of the electro-adsorption process and a 
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constant phase element Q2, related to the redox active surface phenomenon. W corresponds to 

the solid-state diffusion of Li+ ions through the pores of V2O5 nanoplates. The final circuit 

element Q3 is linked to the charging of a crystalline structure by Li+ ion intercalation at very 

low frequencies.[41, 42] Additionally, from EIS data analysis, it can also be realized that the 

overall electrochemical reaction of V2O5 electrodes is governed by both diffusion and 

adsorption processes. Different resistive elements introduced to explain different physical 

processes are compared in Table 4.2 for the electrodes. Analyzing the impedance data and 

previous results it can be concluded that the overall reaction kinetics and electrochromic 

performances of V2O5-1 material are superior to that of V2O5-2 due to its higher surface area. 

Hence, V2O5-1 electrodes were deployed for further measurements related to energy storage. 

Table 4.2: Comparison of resistance values obtained from modelling the Nyquist plots 

Films  R1 (Ωcm2) R2 (Ωcm2) R3 (Ωcm2) Measurement 
error (%) 

V2O5-1 43.87 50.2 58.1 < 3.31 

V2O5-2 45.31 97.1 60.3 < 2.95 
 

4.3.1.5. Scan rate dependent cyclic voltammetry measurement 

Scan rate dependent CV data were collected for both V2O5 electrodes for separating the 

current contributions originating from surface and diffusion-controlled processes. CV 

measurement performed at varying scan rates from 2 to 100 mVps was presented in Figure 4.9a 

for V2O5-2 electrode. With the increase in scan rate the anodic and cathodic peaks shift towards 

more positive and negative potentials respectively, which indicates that there is concentration 

polarization of Li+ ions at the electrode-electrolyte interface at a higher scan rate.[43] The peak 

current densities of CV and the scan rates are connected by a relation; i = aʋb, where ʋ is sweep 

rate and a, b are adjustable parameters. When b is close to 1, it suggests the reaction is governed 

by a surface-controlled process and for the reactions purely influenced by diffusion process, b 

value is nearly 0.5. Figure 4.9b presents log(i) vs log(ʋ) plot and the extracted b value is ~0.72 

for V2O5-2 electrode, which implies that the reactions are controlled by both surface and 

diffusion-controlled processes. As presented in Figure 4.9c and Figure 4.9d, a similar 

measurement was done for V2O5-1 sample also and b value was found to be ~ 0.74 suggesting 

the involvement of similar reaction mechanisms. The current response (i) depends on surface-

controlled (a1ʋ, includes electrical double layer capacitance and surface controlled redox 

pseudo-capacitance) and diffusion-controlled processes (a2ʋ
1/2), total current can be written as 

a combination of both, as given below – 
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i = a1ʋ + a2ʋ
1/2 

or, i/ʋ1/2 = a1ʋ
1/2 + a2 

From the slope and intercept of the graph, i/ʋ1/2 vs ʋ1/2 (Figure 4.9e), a1 and a2 coefficients are 

determined and in the histogram plot of Figure 4.9f, deconvoluted current contributions are 

presented at different scan rates for V2O5-1 sample.[18] With increase in scan rate the 

contribution of diffusion towards total current gradually decreases as Li+ ions do not get 

sufficient time to intercalate into the material. 

   

Figure 4.9: Scan rate dependent CV data and log(i) vs log(ʋ) plot for (a)-(b) V2O5-2 and (c)-(d) 

V2O5-1 samples, (e) i/ʋ1/2 vs ʋ1/2 plot for V2O5-1 electrode and (f) histogram plot shows the 

decoupling of current contributions with scan rate 
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4.3.1.6. Electrochromic supercapacitor measurement on V2O5 electrode 

Galvanostatic charge-discharge (GCD) data (Figure 4.10a) for V2O5-1 electrodes were 

recorded over a potential window of +1 V to -1 V (vs Ag/Ag+) at varying current density from 

0.02 mA/cm2 to 0.7 mA/cm2. The non-linear discharge curves consist of different segments – 

(a) an IR drop at the start of discharge can be seen due to the internal resistance of the system, 

(b) a steep linear section is due to the electrical double layer formation and (c) the plateau 

regions in each segment of the GCD profiles, which arise due to the Faradaic reactions, 

confirming the pseudocapacitive nature of V2O5.[44, 45] The areal capacitances were 

calculated from the charge-discharge data according to the standard formula presented as 

follows [46]– 

Ca  =  (I*Δt)/(A*ΔV) 

where I is the discharge current density, Δt is the discharge time, A is the geometric area of 

working electrodes and ΔV is the IR drop corrected potential window. Highest areal 

capacitance value, obtained from charge-discharge graphs was 13.44 mF/cm2 at a discharge 

current density of 0.02 mA/cm2. As the discharge current density increases to 0.7 mA/cm2 the 

areal capacitance value decreases to 11.89 mF/cm2, sustaining 88.5% of its capacitance value 

at 0.02 mA/cm2. 
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Figure 4.10: (a) GCD plots at different current densities, (b) comparison of areal capacitances 

calculated from CV and GCD measurements, (c) in-situ transmission data at 485 nm 

synchronized with the GCD data at different current densities 

Capacitance values for V2O5-1 electrodes were also extracted from the CV data based on the 

following equation [47]– 

Ca  =  ꭍ idV/(2*ʋ*A*Δv) 

where ꭍ idV is the area under the curve of a CV at a specific scan rate, ʋ is the scan rate of CV, 

A is the geometrical area of the electrode and Δv is the potential window in which CV is 

recorded. The areal capacitance values obtained from CV curves (Figure 4.9c) varies from 14.6 

to 12.64 mF/cm2 with scan rate ranging from 2 to 70 mVps and these values are presented in 

Figure 4.10b to confirm the agreement of results derived from both CV and GCD techniques. 

In-situ optical response at 485 nm synchronized with the GCD curves at two different current 

densities are presented in Figure 4.10c. During charging the color of the electrode turns yellow 

and the corresponding transmittance goes down, while the color gradually changes to bluish 

gray during discharging and the transmittance goes up. Overall, an optical contrast value of 

~34% at 485 nm is exhibited by the V2O5-1 electrode upon charging and discharging in a three-

electrode system. 

4.3.2. Positive electrode material (PANI) 

PANI is a conducting polymer, which consists of two main repeating units, namely 

reduced benzenoid and oxidized quinoid rings, relative abundance of which decides the 

oxidation states and the electrical and optical properties of PANI.[48] PANI exists in three 

discernible oxidation states. During electrochemical reactions, it switches between these states 

and gives rise to different colors and properties. These three prominent states are – (i) 

completely reduced leucoemeraldine base (LB) state containing only benzenoid units, which is 

nearly transparent or light yellow in color, (ii) fully oxidized pernigraniline base (PEB) state 

(blue in color) consisting of repeated units of benzenoid and quinoid rings and (iii) partially 

oxidized emeraldine base (EB) state (green in color) which is the most stable form of PANI in 

ambient atmosphere.[48, 49] Figure 4.11 presents the typical structures of PANI with different 

colors, during redox reactions in electrolytes containing X- anions. 

Electronic energy bands of a common conducting polymer evolve due to the overlap of 

∏ orbitals. In neutral state, their bandgap is defined as the difference between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), 
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similar to other semiconducting materials and colors appear due to the intrinsic ∏-∏* electronic 

transitions. Removal or addition of electrons along with the movement of charge balancing 

counter ions causes the structural changes in the polymeric chains, leading to the evolution of 

positively or negatively charged polaronic and bipolaronic states respectively. Oxidation of 

conducting polymers leads to the generation of mid-bandgap states as shown in Figure 4.11b, 

and successively creates new lower energy electronic transitions lying in the near-infrared 

wavelength range. Electronic transitions involving these mid-bandgap states and HOMO, 

LUMO levels give rise to the rich variety of hues in conducting polymers.[50, 51] 

 

Figure 4.11: (a) PANI structures at their different oxidation states and the corresponding redox 

reactions, where X- is an anion, figure taken from ref. [52], (b) schematic shows the electronic 

transitions and change in the band gap for a common conducting polymer upon oxidation, 

figure taken from ref. [51] 

4.3.2.1. Morphology and material characterization 

As mentioned in the experimental section, PANI films were electrodeposited on FTO 

substrates. The images of the film at different magnifications, presented in Figure 4.12a-12c, 

show that the film consists of an array of nanofibers of PANI. This porous nature of the film is 

conducive to the passage of ions and increases the effective contact area of the electrode 

material with the electrolyte. 
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The chemical thumbprints were manifested by ATR-FTIR spectrum as reported in 

Figure 4.12d. The peak at 790 cm-1 is due to out of plane bending vibration of C-H on the 

benzenoid rings. The absorption peak at 1128 cm-1 corresponds to the in plane vibration of C-

H present in the aromatic rings. The peaks at 1244 cm-1 and 1295 cm-1 are attributed to the 

stretching of C-N bond of aromatic amine. Presence of benzenoid and quinoid ring vibrations 

of the PANI chains are confirmed by the absorption peaks at 1483 cm-1 and 1558 cm-1 

respectively.[10, 26, 27] 

 

Figure 4.12: (a)-(c) FESEM images and (d) ATR-FTIR data of PANI film 

4.3.2.2. Electrochemical measurements on PANI electrodes 

Spectroelectrochemical studies of PANI electrodes were performed in 1 M LiClO4/PC 

electrolyte in a similar three-electrode set-up like V2O5 electrodes. The electrochemical 

reaction that drives the interchange of PANI within its different forms can be given as [53, 54]– 

PANI  (LB)  +  nClO4
-  ↔  (PANIn+)(ClO4

-)n  (EB)  +  ne- 

(PANIn+)(ClO4
-)n  (EB)  +  nClO4

-  ↔  (PANI2n+)(ClO4
-)2n  (PEB)  +  ne- 

Two pairs of redox peaks arise in the CV profile of PANI due to the doping/dedoping of anions, 

as presented in Figure 4.13. The first redox couple at lower potentials is attributed to the 

transition between LB and EB state and the second pair of peaks is due to the switch between 

EB and PEB state as described in the above reactions. 
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Figure 4.13: CV of PANI film in three-electrode set-up at 20 mVps scan rate in 1 M LiClO4/PC 

 Transmission spectra of PANI electrodes at different potentials (during anodic scan 

from -1 V to +1 V vs Ag/Ag+ electrode) are shown in Figure 4.14a. The corresponding film 

photographs are displayed in Figure 4.14b. The transmission data at two terminal potentials 

(+1 V and -1 V vs Ag/Ag+) and the corresponding optical modulation spectra are plotted in 

Figure 4.14c. Highest change in transmittance in PANI films was found nearly 75% at 650 nm. 

In-situ optical modulation of the film at 650 nm was measured by CV at 30 mVps scan rate, 

presented in Figure 4.14d. 

 

Figure 4.14: Transmission spectra and (b) digital photographs of PANI electrodes at different 

applied biases; (c) transmission data at +1 V and -1 V alongwith the optical modulation spectra 
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(orange curve); (d) CV data of PANI film (wine curve) at 50 mVps scan rate as well as the in-

situ change in transmission at 650 nm (blue dotted line). 

Scan rate dependent CV data for PANI electrode is shown in Figure 4.15a. Figure 4.15b 

presents the log(i) vs log(ʋ) plot and b value comes out to be nearly 0.9. Further, the plots 

shown in Figure 4.15d conclude that although the current density of PANI films mostly 

emerges due to the capacitive process, contribution also comes from the intercalation of ions 

into the material.  

    

Figure 4.15: (a) Scan rate dependent CV data for PANI electrode, (b) log(i) vs log(ʋ) plot, (c) 

i/ʋ1/2 vs ʋ1/2 plot and (d) deconvoluting current contributions with scan rate 

Figure 4.16a presents the GCD data of PANI film at varying current densities. Areal 

capacitance value ranges from 13.69 mF/cm2 to 11.1 mF/cm2 as current density switches from 

0.02 mA/cm2 to 0.7 mA/cm2. Alike the V2O5 electrodes, the charge-discharge profiles, in this 

case, are also non-linear, which point towards the presence of surface-controlled Faradaic 

processes. The areal capacitance values for PANI films were also extracted from CV curves. 

Highest value obtained was 12.3 mF/cm2 at 10 mV/s scan rate. The obtained values are 

compared in Figure 4.16b. With the increase in scan rate of CV or the current density in charge-

discharge, the areal capacitance value decreases due to the inaccessibility of reaction sites of 

the active material.[55] The in-situ change in transmittance at 650 nm during charging-
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discharging of PANI electrodes at different current densities are presented in Figure 4.16c. 

During charging, the structural units of PANI get oxidized, which demands the doping of ClO4
- 

ions into the film to maintain the charge balance and the process is accompanied by a 

transmittance drop in PANI films. During discharging, reduction of PANI takes place with the 

simultaneous return of ClO4
- ions to the solution and the film gains its transparency again. 

 

Figure 4.16: (a) GCD curves at different current densities; (b) comparison of areal specific 

capacitance values obtained from CV and GCD data; (c) in-situ change in transmittance at 650 

nm synced with GCD curves at different current densities. 

4.3.3. Multicolored electrochromic asymmetric supercapacitor 

CV curves collected for both V2O5 and PANI electrodes in 1 M LiClO4/PC electrolyte 

in three-electrode set-up are presented in Figure 4.17, which sustain our choice of using V2O5 

as negative electrode and PANI as positive electrode in assembling multicolored 

electrochromic asymmetric supercapacitor (MECASC) for voltage window up to 2 V.  

To obtain better performance from an asymmetric supercapacitor, the charge balance 

between its two electrodes should be maintained; i.e., q+ = q-, where q+ and q- correspond to 

the charges of positive and negative electrodes respectively and q = I*Δt, where I and Δt are as 

defined earlier. In order to do that, the first step was to take the charge-discharge profile of 
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V2O5 electrode at a fixed current density, then accordingly the electrodeposition time (150 sec) 

of PANI film was so adjusted that, the PANI film matches the capacity of V2O5. 

 

Figure 4.17: CV of PANI and V2O5 electrodes separately measured at three-electrode set-up in 

the identical voltage window (±1 V vs Ag/Ag+) with 1 M LiClO4/PC electrolyte at 20 mVps 

scan rate 

4.3.3.1. Electrochemical measurements 

Two-electrode CVs of the MECASC were performed in a potential window of 0-2 V at 

varying scan rates from 10 to 100 mVps (Figure 4.18a). Semi-rectangular shape of CV along 

with the presence of redox peaks affirms the synergistic effect of both double layer capacitance 

and pseudo-capacitance.[56] During anodic scan, Li+ ion intercalates in V2O5 electrode and 

simultaneously ClO4
- ions get doped into PANI film. During discharging, both cations and 

anions leave the materials and get to the electrolyte besides producing electricity. The half-cell 

reactions and the overall cell reaction for the whole process can be depicted as – 

Positive electrode  –  (PANI2nx+)(ClO4
-)2nx + 2ne-  ↔  PANI + 2nClO4

- 

Negative electrode  –  LixV2O5  ↔  V2O5 + xLi+ + nxe- 

Overall  –  2nLixV2O5 + (PANI2nx+)(ClO4
-)2nx  ↔  2nV2O5 + xPANI + 2nxLiClO4 

The contribution of Faradaic and surface controlled processes in current contributions were 

investigated, as shown in Figure 4.18b-d. The plots of log(i) vs log(ʋ) at different voltages are 

given in Figure 4.18b and the extracted b values signify that the overall reaction is dominated 

by surface controlled capacitive process. Separation of capacitive and diffusive contribution in 

current at different scan rates is presented in Figure 4.18d. 
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Figure 4.18: (a) CV of MECASC measured in two-electrode set-up at varying scan rates, (b) 

log(i) vs log(ʋ) plot for the asymmetric supercapacitor system at different voltages, (c) i/ʋ1/2 vs 

ʋ1/2 graph, (d) separating the current contributions at different scan rates 

4.3.3.2. Spectro-electrochemistry and supercapacitor measurements 

Transmission spectra of MECASC were taken at different voltages during anodic and 

cathodic scans within the voltage window of 0-2 V, as presented in Figure 4.19a-b. 

Transmission spectra at two end voltages and the optical modulation spectra of the system are 

shown in Figure 4.19c. Transmission modulation reaches the highest value of ~13.5% at 580 

nm. At 0 V, the whole system looks yellowish green in color (individually, V2O5 and PANI 

films colors are yellow and yellowish green respectively) and with the increase in applied bias 

PANI and V2O5 gradually get oxidized and reduced respectively. In consequence, the color of 

the device changes to dark blue (where V2O5 and PANI films change to bluish gray and dark 

blue color respectively). CV profiles (at 30 mVps sweep rate) at different working voltage 

windows are presented in Figure 4.19d alongwith the dynamic changes in transmissions at 580 

nm; which are well consistent with the change in current density. As the voltage window 

increases beyond 1 V, surface-redox reactions start to appear prominently, accompanied by the 

increase in optical modulation value up to 40% of its initial value as depicted in Figure 4.19d. 
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When operational voltage gradually increases from 1 to 2 V, the energy density calculated 

according to the equation; E=1/2*CV2 elevates from 1.17x10-3 to 2.93x10-3 mWh/cm2. 

 

Figure 4.19: Gradual change in transmission spectra of MECASC during (a) anodic and (b) 

cathodic scan; (c) Transmission spectra of the device at two terminal voltages and the optical 

modulation spectra (dotted line), (d) CV at varying potential windows with the simultaneous 

in-situ transmission changes at 580 nm 

 

Figure 4.20: (a) GCD profiles at different current densities, (b) in-situ transmission changes at 

580 nm in harmony with GCD profiles at two different current densities. 

GCD measurements (Figure 4.20a) for the MECASC module were performed at 

different current densities ranging from 0.05 to 1.2 mA/cm2 within the operational voltage 
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window of 2 V. Presence of nonlinearity in GCD profiles indicates the existence of Faradaic 

reactions in PANI and V2O5. Areal capacitance touches a maximum value of 12.27 mF/cm2 at 

0.05 mA/cm2 current density with an energy density of 2.21x10-3 mWh/cm2. At 24 times higher 

current density of 1.2 mA/cm2, 58.2% areal capacitance value i.e., 7.14 mF/cm2 can be retained 

compared to that at 0.05 mA/cm2 and the energy density decreases to 5.7x10-4 mWh/cm2. 

Figure 4.20b presents the optical modulation synced with GCD profiles at two different current 

densities. Optical modulation at 580 nm reduces from 13.7% to 12.9% with the increase in 

current density from 0.07 to 0.12 mA/cm2 with a simultaneous decrement in areal capacitance 

from 10.63 to 9.52 mF/cm2. The probable reason behind this is the inaccessibility of active 

electrode materials for charge storage as there is a limitation in the migration of ionic species 

with the increase in current density.[57] 

 

Figure 4.21: (a) GCD profile of MECASC at 0.12 mA/cm2 current density, (b) photographs of 

the system at different voltages during charging and discharging as assigned by the red circles 

in Figure 4.20a; (c) switching times of the module at 580 nm by applying 0 V and 2 V potential 

alternatively with 20 s interval; (d) coloration efficiency of the system at 580 nm. 

Figure 4.21a shows the GCD profile of MECASC at 0.12 mA/cm2 current density. The 

photographs of the module are presented in Figure 4.21b at different instants of charging and 

discharging as shown by the red circles in the GCD curve in Figure 4.21a. This well coordinated 
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behavior of color changes (yellowish green, dark green, greenish blue, blue and dark blue) 

during charging-discharging of the electrodes helps to uniquely identify the state of charge of 

the system. Further to understand the performance of MECASC system, the switching times 

and the coloration efficiency were calculated. Switching times were determined according to 

the description previously given in section 3.1.2, by applying potentials alternating between 0 

V and 2 V. Calculated coloration and bleaching times for the system were 16.4 s and 12.9 s 

respectively. Further, coloration efficiency (CE) was calculated at 580 nm wavelength 

according to Equation 2 and a high CE value of 137.2 cm2/C was obtained for the module. 

 

Figure 4.22: (a) Cycling performance of MECASC up to 7000 cycles; (b) GCD profiles of the 

system at 0.12 mA/cm2 and dynamic in-situ transmission modulations at 580 nm before and 

after cycling. 

Cycling performance is a measure of the life span of a device for practical applications. 

By conducting the cyclic stability measurement at a high current density of 1 mA/cm2, it is 

observed that the supercapacitor can sustain nearly 50 % of its initial capacitance value after 

7000 cycles (Figure 4.22a). This kind of capacity decay is quite common among V2O5 

electrodes.[35, 38, 58, 59] The galvanostatic charge-discharge (GCD) curves of the module at 

0.12 mA/cm2 current density alongwith the dynamic change of its transmission at 580 nm 

wavelength before and after cycling are presented in Figure 4.22b. After cycling, transmission 

modulation value at 580 nm reduces by ~ 18.47 % of its initial value. There is lowering in 

transmittance of the bleached state, which may be caused due to the trapped charge inside the 

electrodes because of repeated cycling.[60, 61] 

The morphology of both V2O5 and PANI films were examined by FESEM technique. 

Figure 4.23 and Figure 4.24 present the FESEM images of V2O5 and PANI electrodes 

respectively at different magnifications (10 μm and 1 μm) before and after cycling. 
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Figure 4.23: Morphology of V2O5 films before (a)-(b) and after (c)-(d) cycling in 2-electrode 

system at different magnifications 

 

Figure 4.24: Morphology of PANI films before (a)-(b) and after (c)-(d) cycling in 2-electrode 

system at different magnifications. 

 For the V2O5 electrode, dark patches were noticed on the films after cycling as 

presented in Figure 4.23c and Figure 4.23d, which are absent in the image, illustrated in Figure 

4.23a and Figure 4.23b before cycling. The patches could be the portions of the electrode from 

where chunks of electrode materials were peeled off during cycling. Figure 4.23b and Figure 



 Chapter 4 

 

Ph.D. Thesis, Anweshi Dewan, 2022   108 | P a g e  
 

4.23d illustrate these aspects with better clarity. This is occurred due to the mechanical stress 

generated during ion intercalation-deintercalation,[62] causing the capacity fading for V2O5-

based materials as mentioned in previous reports.[15, 63, 64] Additionally, no visible color 

change of the electrolyte was noted after the cycling test. According to other reported 

literatures, V2O5 tends to dissolve in aqueous electrolyte during cycling;[32, 36] on the contrary 

organic electrolytes effectively decreases the dissolution of V2O5 and increase the stability of 

the electrodes. From Figure 4.24a and 4.24c, not much change in PANI electrode is observed 

before and after cycling. Closer inspection reveals that the diameters of the pores in the PANI 

film increased after cycling as presented in Figure 4.24b and 4.24d. 

Prototypes of the MECASC (2.5 cm x 4 cm) were assembled to demonstrate the 

practical applicability. The devices were connected in series, which lit up the green LED for 

almost 7 mins. The photograph of the devices is presented in Figure 4.25a in their charged 

states with green LED glowing. Figure 4.25b shows the discharged state of the devices with 

yellowish green color and LED in off state. 

 

Figure 4.25: photographs demonstrate (a) charged and (b) discharged states of the devices, 

connected in series; insets show the state of LED in both cases 

4.4. Conclusion 

MOF-derived V2O5 has been successfully synthesized and employed as an 

electrochromic electrode, which shows large optical modulations with very fast switching 

times and descent coloration efficiencies. Later the V2O5 film was used as the negative 

electrode for the fabrication of a multicolored electrochromic asymmetric supercapacitor 

alongside an electrodeposited PANI film, which was deployed as the positive electrode. Owing 

to its multiple-colored states at different stages of charging and discharging, it enables the direct 

determination of its energy storage level by naked eye. As an electrochromic energy storage 

device, it demonstrates a high coloration efficiency of 137.2 cm2/C and an areal capacitance of 
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12.27 mF/cm2 with an energy density of 2.21x10-3 mWh/cm2 at 0.05 mA/cm2 current density. 

Moreover, this operates as an energy-efficient electrochromic device by eliminating the 

requirement of energy during bleaching as it recycles the energy stored during charging. In a 

nutshell, this work resolves the issue of monochromatic color change of a smart energy storage 

device by its voltage dependent distinct colored states and it is a new stride towards the 

intelligent automation of the energy storage devices. 
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5.1. Summary 

 To date, electrochromic technology has significantly evolved with ample number of 

researches. In recent days, clubbing electrochromism with other advanced technologies has 

further fostered it towards various technological excellences in terms of multifunctional 

devices. However, there are still plenty of rooms for development in this field. Considering the 

impending environmental concerns, current researches are largely devoted to energy saving, 

alternative energies and energy storage. This thesis mainly dealt with the electrochromism in 

transition metal oxide nanostructures and highlighted its application in energy saving smart 

windows and electrochromic energy storage devices. 

 Three research works are put forward in this dissertation. The first project explored the 

synthesis of hollow microspheres of NiO with multiple self-supported shells, composed of NiO 

nanoparticles and later its application in electrochromic smart windows. This work also showed 

how the change in morphology of a material influences its electrochromic performances. For 

featuring the practicability of the material as an electrochromic electrode, a polymer gel 

electrolyte-based quasi-solid state smart window prototype was demonstrated in this work. 

 

Figure 5.1: Graphical abstract for the work presented in Chapter 2 

 Next, carbon-embedded porous NiO was synthesized from a nickel MOF with 

improved charge transfer kinetics and electrochromic performances, compared to the previous 

work. The material was later integrated as a positive electrode in an electrochromic Zn-NiO 

battery, where the device’s color dynamically changes with its state of charge. It consumes 

power only during coloration and eliminates the requirement of energy consumption during 

bleaching process with an energy retrieval function. The colour changes from dark brown to 

colourless in due course of discharging. Electrochromic smart windows with energy storage 
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functionalities can also be used as back-up power sources in energy efficient buildings in 

absence of sunlight. 

 

Figure 5.2: Graphical abstract for the work presented in Chapter 3 

 The color change of the Zn-NiO electrochromic battery was perceived to be 

monochromatic. But, an electrochromic energy storage device with multiple shades 

undoubtedly assists in better visual determination of its energy storage level. Therefore, the 

final section of this thesis dealt with that issue. A porous V2O5 material was synthesized from 

a vanadium MOF. As an electrochromic electrode, it demonstrated decent performance with 

more than one chromatic state. This V2O5 electrode was later used as the smart negative 

electrode to assemble a multicolored electrochromic asymmetric supercapacitor module with 

PANI as the positive electrode. 

 

Figure 5.3: Graphical abstract for the work presented in Chapter 4 
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5.2. Future perspectives 

Smart windows and electrochromic energy storage devices both have witnessed 

remarkable development in past few years and have great scopes in future technological 

applications. The research works performed in this thesis are confined to laboratory scale. For 

advancement to commercial applications, further research is required on different aspects of 

device engineering which often remain unnoticed due to the high-end technology requirements. 

At the same time, development of high performing electrochromic materials is undoubtedly 

important too. In the last few years, a fascinating field of dual-band electrochromism has 

emerged with the aid of the plasmonic colloidal oxide nanocrystals. Due to the creation of 

localized surface plasmon resonance absorption in the near-infrared region, plasmonic 

electrochromism evolves in transparent metal oxide nanocrystals. Thus, the control over both 

visible and near-infrared regions of the electromagnetic spectrum will play a key role in next 

generation smart windows.[1] 

Additionally, in comparison to the commercially available lithium-ion batteries and 

supercapacitors, electrochromic energy storage devices are still far from significant market 

entry as considerable improvements are required in this field. Self-rechargeable and self-

powered electrochromic energy storage devices bring new prospects in this field of futuristic 

smart electronic devices and energy-efficient self-sustainable smart windows.[2] Development 

of cost-effective and environmentally safe electrolytes and electrode materials with novel 

structures, rational designs and superior performances is highly needed alongside the 

integration of advanced technologies with electrochromics to achieve high performing 

multifunctional electrochromic energy storage devices.[3] Fundamental researches are 

extremely important for the advancement in material synthesis routes (like reversible metal 

electrodeposition [4]), to have the basic structural understanding of the materials, as well as to 

understand the electrochemistry at the electrode-electrolyte interfaces for promoting the 

sustainable growth of this domain.[5] 
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