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ABSTRACT 

Metal oxide nanoparticles (NPs) are finding wide range of applications in all the major 

domains of science and technology, e.g. energy, environment, catalysis, sensors and 

magnetism. Metal oxides for energy applications are further classified into different categories, 

viz. as fuel cells, solar cells, batteries, photoelectrochemical cells and as supercapacitors to 

meet the future energy demands. In view of these metal oxides, particularly ruthenium oxide 

exhibited very good supercapacitor behavior. Furthermore modification of these metal oxides 

revealed improved supercapacitor behavior. Owing to high cost of the ruthenium precursors 

alternate metal oxides are being explored. The variable valency of manganese led to 

development of manganese oxide as supercapacitors. Though copper also exhibit variable 

valency, but CuO and its nanoparticles are not widely studied as supercapacitor. This thesis 

work is therefore focused on the studies of modified CuO NPs to establish it as supercapacitor.  

The thesis comprises of FIVE chapters. The Chapter 1 consists of general introduction 

about different types of modified metal oxide nanoparticles and their applications. The focus 

has been on CuO NPs as it is known to exhibit excellent conductivity and has tremendous 

potential to be a supercapacitor and electrochemical sensor. The basic concepts involved in 

electrochemical properties for glucose sensing and supercapacitor behaviors are discussed. A 

brief literature survey on CuO NPs as electrocatalytic sensor and as supercapacitor is discussed. 

The importance of modifying the surface and lattice environment of metal oxide has been 

outlined in the context of their electrochemical properties. The focus has been on modification 

by irradiating metal oxides with low energy (keV) ion beams and by suitable capping and 

doping. From these discussions, the aim and scope of present thesis work is identified and the 

research objectives are outlined. 
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The Chapter 2 deals with the effect of low ion implantation of 50 keV N
5+

 on copper 

oxide thin films. Pulsed laser deposition technique was used with different partial pressure of 

oxygen for preparing batches of copper oxide thin films on glass substrates kept at 350 
o
C. The 

N
5+

 ion beams of particle fluences of 2.5   10
15

, 1.0   10
16

 and 4   10
16

 were used. The as-

deposited thin films were characterized by X-ray diffraction (XRD), field emission scanning 

electron microscopy (FE-SEM) and atomic force microscopy (AFM). Their optical properties 

were studied by measuring the transmittance spectra in the UV-Vis-NIR region and the band 

gap of the materials were determined from Tauc’s plot using diffused reflectance spectroscopy 

(DRS) data. The as-deposited copper oxide thin film corresponding to 80 mTorr partial 

pressure of oxygen was transformed to single Cu2O phase of crystallite size 20.2 nm when 

implanted at 1.0   10
16

 particles/cm
2
. On the other hand the film deposited at 100 mTorr partial 

pressure of oxygen resulted in formation of mixed Cu2O and CuO phases. Interestingly, this 

film upon implantation with 2.5   10
15

 particles/cm
2
 resulted in conversion to a single Cu2O 

phase with enhanced crystallinity and larger crystallite size (23.5 nm). The phase 

transformation is attributable to thermal effect due to stopping of incident beam. Implantation 

with higher particle fluence led to transformation to CuO phase with decrease in crystallinity 

and increase in electrical conductivity. 

Chapter 3 deals with synthesis, characterization and electrochemical applications of 

CuO NPs. Different capping agents e.g., triphenylphosphine oxide (TPPO), Mercaptoacetic 

acid (MAA), Triton X-100, polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) were 

used for preparing respective batches of capped CuO NPs by precipitation method. These as-

synthesized batches of capped CuO NPs were characterized by XRD that revealed monoclinic 

phase with crystallite size in the range of 7.1 nm to 11.4 nm. The FE-SEM and TEM images 



iii 
 

revealed cluster of nanoparticles of sizes similar to crystallite sizes. The photoluminescence 

studies revealed more defects in MAA capped and PVP capped CuO NPs as compared to rest 

batches of capped CuO NPs. All these batches of capped CuO NPs were investigated by cyclic 

voltammetry (CV), galavanostatic charge-discharge (GCD) and electrochemical impedance 

spectroscopy (EIS) studies. The CV plot was quasi-rectangular in shape and the specific 

capacitance was high (i.e., 94 F/g and 103 F/g) for TPPO capped and MAA capped CuO NPs at 

the scan rate of 5 mV/s. The CV studies revealed involvement of both electric double layer 

capacitance (EDLC) and pseudocapacitance (PC) characters. The supercapacitor behavior of 

the capped CuO NPs was studied by recording potential vs. time plot at different current 

densities. The conductivity of CuO NPs and electrolyte ion interactions with electrode material 

were analyzed by EIS spectrum. However, the cyclic stability of the TPPO capped CuO NPs 

(highest specific capacitance) was poor. Because of this, the capped CuO NPs were calcined at 

450 
o
C for 3 hours. All the electrochemical studies were repeated. The specific capacitance for 

calcined TPPO capped CuO NPs was 125 F/g at the current density of 0.2 A/g and its 

capacitance retention was significantly improved to 102%. Better specific capacitance for 

TPPO capped CuO NPs was attributed to lesser defects which are likely to be the charge 

tapping sites. The supercapacitor behavior was mostly due to pseudocapacitance character 

which is attributed to faradic process. Hence these capped CuO NPs were used as anode for 

electrochemical sensing of glucose. The limits of detection for calcined TPPO capped and 

MAA capped CuO NPs were 0.04 µM and 0.33 µM, respectively. Their linear detection range 

were 9 µM to 4.2 µM (for MAA capped) and 9 µM to 3.2 µM (for TPPO capped). The batches 

of calcined MAA capped and TPPO capped CuO NPs were for glucose determination in human 

blood and urine samples.  
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Chapter 4 deals with synthesis, characterization and supercapacitor behavior of 

increasing concentration of selenium doped (Se-doped) in CuO NPs. The exact concentrations 

of doped selenium in different batches were determined by inductive coupled plasma optical 

emission spectroscopy (ICP-OES). The XRD measurements revealed formation of monoclinic 

phase of CuO with minor shift in the 2θ value due to lattice modification by Se species. The 

FE-SEM and TEM studies confirmed morphology and size distribution of the nanoaprticles. 

All the batches of Se-doped CuO NPs were investigated for supercapacitor behavior by 

recording CV, GCD and EIS spectra. The batch corresponding to 0.45 wt% Se-doped CuO NPs 

revealed maximum specific capacitance of 140 F/g at current density of 0.2 A/g. However the 

capacitance retention after 500 cycles was poor. For this reason, as-synthesized Se-doped CuO 

NPs were calcined at 450 
o
C and were further characterized and investigated as supercapacitor. 

The supercapacitor behavior was mostly due to pseudocapacitance character. Furthermore, the 

supercapacitor behavior of the calcined 0.45 wt% Se-doped CuO NPs was studied for its 

performance at elevated cell temperature, i.e., in the range of 25 
o
C to 75 

o
C. The CV plots 

reflected the role of pseudocapacitance behavior due to faradic processes. The stability studies 

at respective cell temperature were performed for 500 cycles at 3 A/g. The capacitance 

retention after 500 cycles was 98% for cell temperature upto 55 
o
C. 

Chapter 5 deals with synthesis, characterization and supercapacitor studies of different 

batches of cobalt doped (Co-doped) CuO NPs. The exact concentrations of doped cobalt were 

determined by ICP-OES. The as-synthesized batches of Co-doped CuO NPs were characterized 

by XRD, FE-SEM, TEM, BET surface area. The photoluminescence spectroscopy study 

revealed the vacancy based defects due to Co-doping. Similarly, supercapacitor behaviors of 

these Co-doped CuO NPs were studied from CV, GCD, EIS spectra. The best result was 
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obtained for 5.77 wt% Co-doped CuO NPs which corresponded to 160 F/g specific capacitance 

at current density of 0.2 A/g. However due to poor cyclic stability, this batch of Co-doped CuO 

NPs was calcined at 450 
o
C and was studied for supercapacitor behavior. As expected, the 

calcined batch of Co-doped CuO NPs revealed high specific capacitance (140 F/g) and high 

capacitance retention of 92-95%. Such high specific capacitance and excellent capacitance 

retention are so far better specifications than those available in literature. For this reason, the 

batches of calcined 5.77 wt% Co-doped CuO NPs was used for fabricating a symmetric solid 

state supercapacitor and successfully tested between a working potential window of 0 and 2.0 

V. The energy density was determined as 5.2 Wh/kg at a current density of 0.2 A/g. This is an 

encouraging result for optimizing Co-doped CuO NPs for real time application as 

supercapacitor.  

This thesis work has been concluded by summarizing the salient features of 

modification of CuO NPs and their impact towards electrochemical applications e.g., as 

glucose sensing and as supercapacitor. 
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1.1.  Introduction  

 Nanomaterials have made tremendous impact in various domains of Science and 

Technology. The credit for conceptualizing versatility of nanomaterials is attributed to Nobel 

Prize winner Richard Feynman in 1959 for mentioning that “there is plenty of room at the 

bottom” and introduced the possibility manoeuvring material atom by atom [1]. In 1974, the 

term “nanotechnology” was first used by Norio Taniguchi at an International Conference on 

Industrial Production in Tokyo where he described the processing, separation, consolidation, 

and deformation of materials by one atom or one molecule [2]. The growth in nanotechnology 

occurred with the advent of sophisticated probes to image nanoscale materials and discovery of 

techniques for manipulation of surfaces with atomic resolution. Since then wide range of 

nanoscale materials are being synthesized and their applications are found in almost all the 

major areas of Science and Technology [3-8]. In this regard, metal oxide nanoparticles have 

attracted wide attention in the scientific community owing to unique tuneable properties, e.g., 

optical, electrical, magnetic, mechanical, structural, thermal and chemical properties. These 

properties are utilized for wide range of applications. Some selected applications are catalysts 

[9], photocatalysts [10, 11], sensors [12], antibacterial [13], Li ion batteries [14], solar cells 

[15], pyroelectric, piezoelectric, ferroelectric, magnetic [16], supercapacitors [17], 

photoelectrochemical cell [18]. The other salient features of metal oxide nanoparticles over 

their bulk counterparts are high surface to volume ratio, manipulation of their size, shape, 

surface area, porosity strength and stability in different environment. Different shapes and 

morphologies, e.g., spherical, nanorods, nanowires, nanocubes, nanobelts and nanotubes, 

nanoflowers, prism have been developed [19, 20]. This has been achieved by developing 

various novel synthesis methods, such as chemical precipitation, sol-gel process, hydrothermal 

process, solvothermal process, sonochemical process, electrochemical deposition, pulse laser 

deposition and thermal decomposition [21, 22]. 

1.2.1 Modification of metal oxide nanoparticles 

The metal oxide nanoparticles are found to exhibit enhanced properties by suitable 

modification of its composition and structure. For example, TiO2 nanoparticles are essentially 

large band gap materials and therefore exhibit photocatalytic properties when photoexcited by 

UV light. But by doping TiO2 with Cu and Fe, it has been possible to reduce the band gap and 

turn it into a visible light photocatalyst [23, 24]. On the other hand, though the band gaps of 
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CuO nanoparticles are in the visible region, but they were inefficient visible light photocatalyst. 

Whereas, CuO nanoparticles when modified by incorporating ZnO or graphene oxide or doped 

with Se, revealed excellent photocatalytic activity [25-28]. These examples are very 

encouraging for exploring the benefits if modified metal oxides for other applications as well, 

particularly about energy storage and sensing applications. 

Modification of nanoparticles can be broadly done by physical and by chemical 

methods. Ion implantation or ion beam irradiation is one of the well established techniques for 

modifying materials including the nanoparticles or nanostructured materials [29-32]. In 

addition energetic proton beams can also be used for patterning nanostructures [33-36.]. Ion 

implantation is a unique technique for doping atoms of interest with precise concentration and 

depth of a material. The major advantage of ion implantation over conventional chemical 

method or thermal diffusion method is the ability to introduce any atom of interest in a material 

as long as a stable ion beam can be generated from a particle accelerator. Several studies are 

reported on tuning of nanostructures with different surface properties and optical properties due 

to defects induced by ion-implantation [37-41].  Further, low energy ion beam induced 

modifications tailored the ultrafine grains of material and lattice structures, which was 

dependent on ion flux and fluence [42-43]. Such ion implanted materials were found to be good 

for some devices and healthcare applications [44-47].  

Chemical modification method can be classified into two categories, i.e., (a) chemical 

doping and (b) surface modification by with suitable ligands. There are several examples of 

doping wide range of p, d and f block elements in wide range of metal oxide nanoparticles [4, 

48]. Such studies resulted in introduction of additional energy levels within the forbidden gap. 

In many cases, the doped atoms acted as a charge carrier and influenced the conducting nature 

of the host materials [49, 50]. Doping of d-block elements with unpaired electrons, e.g., cobalt 

in diamagnetic host material resulted in inducing magnetic property [51, 53]. Similarly, 

properties of nanoparticles can be modified by choosing suitable ligands as capping agent. Here 

the purpose of capping agent is two folds. They are used for stabilizing the nanoparticles. In 

addition, the functional groups in the capping agents can play important role in enhancing 

adsorption property by selective interaction with metal ions of interest [53]. Similarly, electron 

rich or electron deficient systems can be used as capping agent to manipulate the charge density 

in nanoparticles for inducing electrical conducting property [53].  
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Nagarajan et al. [54] have modified powder and thin film of CuCrO2, which have 

moderated conductivity due to presence of holes with 5% Mg doping. They observed that the 

conductivity of doped CuCrO2 powder and thin film is enhanced by 1000 times and 220 time, 

with respect to their counterpart sample, respectively. In another doped assisted modification 

they have studied effect of replacing Pb2+ of electrical insulating polycrystalline PbCu2O2 

pellets by 3% Na+, which exhibited 6 fold increase in the electrical conductivity [55]. Further, 

they have studied heavy F-doping assisted modification in SnO2 nanocrystal via simple and 

novel synthesis route with single-source precursor (KSnF3). They observed 21% of F ion in the 

sizes 5-7 nm nanocrystals of SnO2, which enhanced the photocatalytic activity of SnO2 due to 

introducing oxygen vacancies in the nanocrystals [56]. Mishra et al. [57, 58] have modified 

pure titania by zirconium oxide and TiO2-SiO2 by N-doping, which were observed to be 

thermally stables at high temperature and exhibited enhanced photocatalytic activity towards 

the reduction of Se(VI) to Se(0) owing to synergetic effect of N-doping, high surface area and 

oxygen vacancy. They have used hydrazine as N-dopant precursor which controlled surface 

area and oxygen vacancy density. In another study, Mishra et al.[59] have prepared Cr-doped 

titania nanotube in presence of ethylene glycol by electrochemical anodization of Ti-Cr alloy, 

where 0.02 At% Cr doped sample followed by annealing with 450 oC revealed maximum 

photocurrent response due to increase in crystallinity and decrease in electron-holes 

recombination after doping. Apart from doping in mixed oxide, Mishra et al. [60] have studied 

surfactant assisted modification of mixed oxide nanoparticles with cetyltrimethylammonium 

bromide (CTAB) and reported that 2 mol% CTAB yielded spherically shaped silica and 

zirconia mixed titania which were stabilized at even at high temperature i.e., 900 oC and 

exhibited good photocatalytic activity. Biswal et al. [61] have also reported surfactant assisted 

effect on catalytic activity of manganese dioxide, in which they claimed that surfactants 

increased the surface area of the nanoparticles and consequently enhanced the electrochemical 

performances. Kumar et al. [62] have reported ultra-violet absorption assisted modification in 

Al-doped ZnO bulk and thin films transport properties, where they have explained that UV 

absorption gave smooth conduction in thin film which enhanced the current response of 

heterojunction. Further, incorporation of very small amount (e.g. 0.02 At% doping) impacted 

the whole environment and chemical compositions [63, 64].  
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These above discussions on modification in metal oxide nanoparticles by different way 

such a capping, doping, ion implantation, effect of precursors, etc, suggested that these 

modified nanoparticles can be used in used/utilized in several fields of general life such as gas 

sensing, photocatalytic, biosensors, antibacterial applications, etc [4, 24, 66-67]. These 

applications as based on surface area, conductivity, oxidation active sites, porous structure of 

the metal oxide. These properties in a material are also favorable for electrochemical 

applications [18, 68-72]. Therefore the performances of electrochemical applications, e.g., 

supercapacitor and molecular sensing by metal oxide nanoparticles as an electrode can be 

enhanced by modification. For achieving best electrochemical performances the modified 

nanomaterials must follow the principle of supercapacitor and molecular sensing based on 

redox reactions at the electrode surface, which are discussed here. 

1.3 Working principle of supercapacitors 

The energy storage in the supercapacitors is based on the charge storage/accumulation 

processes, which could be achieved by two different ways; (a) by formation of electric charge 

layer on the electrode material surface, known as electric double layer capacitance (EDLC) 

mechanism and (b) by charge transfer between electrolyte and electrode material through 

interface, referred to as pseudo-capacitance (PC) mechanism. In EDLC mechanism, energy 

storage takes place by reversible accumulation of electrolyte ions at the electrolyte/electrode 

material interface. The specific capacitance of EDLCs mainly depends on the specific surface 

area of the electrode materials which is available for accumulation of electrolyte ions. The 

EDLC behavior is mostly found in carbon materials, which depends on surface or interface area 

of the porous material used as electrode. When a potential is applied between electrodes the 

cations move toward the negatively polarized electrode/electrolyte interface, while negatively 

charged ions (anions) move towards the positively polarized electrode/electrolyte interface to 

neutralize the generated holes in the electrode materials. The hydrodynamic motion of the ionic 

species in the diffused layer and subsequent accumulation of ions at the close proximity of the 

electrode surface is given by Stern model, which takes into account of Helmhotz model and 

Gouy-Chapman model. The total capacitance of such an electrode can be derived from the 

equation: [73] 

1/Ct = 1/CH + 1/Cd 
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where, CH and Cd represents capacitance due to Helmholtz layer and capacitance due to double 

layer, respectively.  

On the other hand, pseudocapacitance is a faradaic process where the electrolyte ions undergo 

fast and reversible redox reactions with electroactive species at the electrode material 

surface/interface when potential is applied across the electrodes. Here charges are transferred 

from electrolyte ions to electoactive species. The conducting polymers, transition metals, metal 

oxides and metal hydroxides reveal pseudo-capacitance behavior due to presence of electro-

active sites for faradaic reactions. Transition metal oxides/hydroxides have attracted much 

attention as pseudocapacitor materials due to their good electrical conductivity, multivalent 

oxidation states and free intercalation of the protons inside or outside of the oxide/hydroxide 

electrode materials during the redox reaction [4].  

1.4 Working principle of non-enzymatic glucose sensing  

The non-enzymatic glucose sensing by electrochemical method is performed via 

oxidation of glucose on the surface of electrode. The analyte, i.e., the glucose is adsorbed on to 

the electrode surface. Here the d-electrons of the metal substrate presumably form a suitable 

bond with the adsorbate [18]. It has been evident in numerous publications [75–79] that 

electrooxidation of glucose and many other organic molecules coincide with the onset of 

adsorbed OHads. But it does not take into account the role of hydroxyl radicals. Burke [80] 

discussed the importance of this hydrous oxide layer on the electrocatalytic process, and 

proposed the ‘Incipient Hydrous oxide adatom Mediator’ model (IHOAM). This was based on 

the observation that ‘active’ surface metal atoms undergo a pre-monolayer oxidation step that 

forms an incipient hydrous oxide layer of reactive OHads mediating oxidation and inhibiting 

reduction of kinetically slow electrode reactions. Considering this effect, both the activated 

chemisorption model and the IHOAM model can be implemented onto different metal-based 

glucose sensors; such as Pt, Au, Ni, Cu, etc, metal alloy-based sensors like, Au-Pt, Cu-Ni, Pt-Ir, 

Cu-Ni etc, carbon based materials such as MWCNTs, SWCNT, Cu-CNTs-GCE, Cu 

NPs/SWCNTs/GC, etc and metal-metal-oxide based materials such as, CuO NWs-Cu modified 

GCE, Cu-TiO2, Au-Ni(OH)2, Cu-Cu2S etc. Among all different types of glucose sensing 

material Cu-based materials are found to be one of the promising candidates due to their 

availability and outstanding catalytic ability. The electrocatalytic oxidation of glucose on 
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copper based materials was proposed by Fleischmann et al., who claimed that the copper II/III 

transition occurs at 0.65 V vs. SCE potential on 0.1 M KOH solution. This oxidation potential 

was too close to bulk oxygen evolution. But, the observations revealed a clear indication of 

copper (III) in the apparent charge under the peaks. However, other redox peaks of copper 

clearly identified with the oxidation of copper (I) to copper (II) states and corresponding 

reduction evident in CV studies [81–83]. 

 1.5 Modified metal oxide nanostructures for supercapacitors 

Supercapacitor principle indicates the role of charge/energy storage in the materials. 

This can be appropriately, done with a materials which have large surface area, uniform 

distribution of pores and excellent conductivity to reduce charge transport time, etc. This can be 

achieved by an appropriate modification of material. The modification can tune the properties 

of nanoparticle metal oxides that are being used extensively for energy storage due to different 

types of nanostructures of increased specific surface area and multioxidation states ions owing 

to enhanced redox reaction. The architecture related modifications in metal oxide nanoparticles 

has been well discussed by Jiang et al. for electrochemical performance [18]. They have 

discussed several types of schemes such as metal oxide/metal hydroxides, metal 

oxide@carbon/conducting polymers, metal oxides and conducting textiles/paper, metal 

oxides@conducting substrates and pure phase metal oxide nanostructure, as given in Fig. 1.1 

and concluded that pure phase metal oxides revealed lower electrochemical performance as 

compared to their modified counterparts.  

RuO2 is well known single phase material for electrochemical performances i.e., for 

supercapacitor. Zheng et al. [84] demonstrated the specific capacitance of 720 F/g for hydrous 

RuO2 and further they enhanced its supercapacitance performance by modifying it with 

hydrogen. Before Zheng et al., Conway et al. [85] was the first person who introduced the 

concept of supercapacitance to scientific community in 1975 by explaining the cyclic 

voltammetric curve nature of RuO2. They purposed that redox reactions are taking place in 

successive electron transfer process at reaction centres (Ru2+, Ru3+ and Ru4+), whereas proton 

transfer process involves the conversion of OH¯ to O2¯ sites in the metal oxides. Further 

explanations of charge storage mechanism of hydrous RuO2 demonstrated the charge storage is 

not limited to ion diffusion process as generally observed in battery applications, and the 
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electrochemical impedance spectroscopy (EIS) of RuO2 based materials did not revealed 

electrostatic capacitance behavior. Conway et al. has explained the difference between battery 

and supercapacitor behavior by demonstrating different oxidation/reduction of Ru taking place 

at different potentials. Moreover, Sugimoto et al. [86] reported different types of RuO2 

nanostructures developed by the use of layered and colloidal ruthenic acid as promising 

candidate for supercapacitor which comprised of higher kinetics than conventional battery type 

electrodes. 

 

Fig. 1.1 Different types of metal oxide and their modified metal oxide systems studied as 

supercapacitors 74 

This was the key invention on supercapacitor which demonstrated that supercapacitor 

can have higher energy density than conventional battery. Owing to overcome the energy 

density problem of battery, researchers started working on supercapacitors. Hu et al. [87] 

reported maximum specific capacitance of 1340 F/g for RuOx.nH2O at scan rate of 25 mV/s. 

Further RuO2 has been used for supercapacitors with different metal oxide such as, SnO2, WO3, 

MnO2, NiO, VOx, TiO2 to formed composite electrode [88–90]. However Ru based electrodes 

are expensive and are also toxic, which forced scientific community to develop alternate low 
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cost and environmental friendly electrode material as supercapacitor. The Mn-based materials 

were found to be alternative of Ru-based electrode materials owing to their theoretical specific 

capacitance ranging from 1100 to 1300 F/g. It has multi oxidation/reduction potential in neutral 

electrolyte such as Na2SO4, K2SO4 or NaCl [91]. Thus MnO2 also exhibited desirable 

rectangular CV curve in neutral aqueous electrolyte solution in the working potential window 

range of 0 to 0.9 V vs. Ag/AgCl [91]. This charge storage mechanism was explained on the 

basis of CV and X-ray photoelectron spectroscopy studies which revealed variation of surface 

oxidation states from III to IV in CV measurements. In another words, the charge storage 

process of MnO2 involved only surface redox reactions not the bulk parts of the materials. The 

scientific community made tremendous effort and studied supercapacitor behavior of different 

morphologies of MnO2 nanostructures with different supporting materials like CNT, graphene, 

metal oxide composites, etc. In this regard, Chen et al [91] fabricated nanostructured/MnO2 

supercapacitor which showed very good 1230 F/g specific capacitance and 96% capacitance 

retention after 10000 cycles at current density of 5 A/g. Cheng et al. [92] reported an 

asymmetric supercapacitor made up of graphene as negative electrode and MnO2/graphene as 

positive electrode, which could work in the potential window rage 0-2.0 V and revealed 30.4 

Wh/kg energy density. Bhagwan et al. [93] reported supercapacitance of Mn3O4 nanoparticles 

in two different electrolytes, where they concluded that nanostructured material with high 

surface area revealed maximum specific capacitance in both the electrolytes but this was higher 

for KCl electrolyte as compared to Na2SO4 due to smaller size of K+ ion than Na2+ ion. In 

another study based on nanostructured nanofibers of Mn3O4, the same group fabricated a 

symmetric solid state supercapacitor device which revealed 75 Wh/kg and 2 kW/kg energy 

density and power density, respectively and 93% capacitance retention after 1500 cycles [94]. 

The solid state supercapacitors can be fabricated in three different ways; (i) symmetric 

supercapacitor which typically consists both electrodes of same material with same mass 

loading. Most of the commercials supercapacitors are made of carbon materials in symmetric 

configuration that can work in larger potential window 0 to 2.7 V [68]. (ii) Asymmetric 

supercapacitors which are made of two different electrode materials, i.e., these can be of same 

material with different mass loading or may be of two types of materials. (iii) Hybrid 

supercapacitor that consist electrodes of two different charge storage behavior, i.e., one must 
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have electric double layer capacitance behavior and other should be of pseudocapacitance 

behavior. 

In addition to the above process, ion implantation has also been used to tune the 

electrochemical performances of these metal oxides. Tian et al. [44] has modified indium tin 

oxide electrode with 20 keV nickel ions at a particle fluence of 5 × 1016 ions/cm2 and they 

observed nickel NPs with average sizes of 25-35 nm developed on the surface of ITO electrode 

played important role. The Ni nanoparticles were characterized by scanning electron 

microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). They used the ion implanted 

electrode for non-enzymatic glucose sensing application. The pristine ITO did not revealed any 

glucose oxidation peak while modified ITO revealed oxidation peak at 0.55 V. The Ni/ITO 

electrode revealed 189.5 µAmM-1cm-2 and linear detection range from 1 µM to 350 µm with 

lower detection limit of 0.5 µM. Further such studies were done by same group (Hu and 

cowokers) [95-97] by doping Ni, Pt, and Ag particles with ion beam induced modifications in 

indium tin oxide (ITO) thin film at different particle fluencies and energies and investigated 

their electrochemical performance by observing electrocatalytic oxidation of formaldehyde and 

electrocatalytic activity towards methanol. 

Based on the above discussions, we can conclude that the metal oxides having multi-

oxidation states and good conductivity; can be used for applications involving electrocatalytic 

activity like, energy storage and sensing. In view of this, a comprehensive literature search was 

done in Scopous using keyword: ‘metal oxides as supercapacitor’ in documents: Articles, 

Abstracts and Keywords. A total of 2779 documents till 2016 were obtained. A pie chart was 

constructed to find out the frequency distribution of the published work on different metal 

oxides as supercapacitor. Notably, manganese oxide and nickel oxide were most widely studied 

(Fig. 1.2). The category of “other metal oxide given in the Pie chart corresponded to mixed 

oxide, and modified oxides. Notably, the number of publications on CuO as supercapacitor was 

very small (i.e., 0.35%), in-spite of higher theoretical capacitance (~1800 F/g) as compared to 

MnO2 (theoretical capacitance = 1100-1300 F/g). Furthermore, copper oxide abundant and it is 

a well known conducting semiconductor material. It can exist as multioxidation states and 

therefore satisfies all the conditions to behave as a good supercapacitor.  
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Fig. 1.2 Pie chart diagram showing distribution of various metal oxides published as supercapacitor up 
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Fig. 1.3 Pie chart showing metal oxide nanoparticles used in electrocatalytic glucose sensing. 
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This suggested that modifications in CuO nanoparticles can enhance the specific 

capacitance behavior, and it might be used for commercial applications like MnO2 and NiO 

based supercapacitors. Therefore we have selected this to enhance supercapacitor behavior 

through chemical modifications.  

However, compared to supercapacitor applications, the use of CuO nanoparticles as 

glucose sensor are more. This is reflected to the pie chart showing distribution of various metal 

oxides as glucose sensor published up to 2016, revealed from Scopus search (Fig. 1.3). It 

appears that CuO offer excellent electrocatalytic property based on which the glucose sensing 

was done.  

1.6 Modification in copper oxide nanoparticles 

Like other metal oxides, copper oxide nanoparticles have attracted much scientific 

attention as it favour tuning of its properties such as electrical conductivity, stability, surface 

area, nanostructures, etc, by modifications to enhance the performances in wide range of 

applications, e.g. gas sensing, biosensors, thermal conductors, photodetectors, supercapacitors, 

lithium ion batteries, storage media, pollutant removal/degradation systems [98-105]. 

Therefore, the studies of modified copper oxide properties have been under taken by several 

scientists. For example, Li et al.[106] have reported array of nanoflower-like, nanowires and 

nanosheets of CuO grown over Cu foam by anodization of copper foam followed by thermal 

treatments and used it for electrochemical performances. They observed that specific 

capacitance of CuO nanostructures depends upon surface morphology and dimensions of the 

nanostructures. The maximum specific capacitance observed for CuO nanosheet structure was 

212 F/g at current density of 0.41 mA/mg as compared to specific capacitance of nanoflower 

and nanowires of CuO (159 F/g and 102 F/g, respectively). The difference in specific 

capacitance was attributed to surface morphology of CuO nanostructures which basically 

influence the specific capacitance by three ways; (a) the electrical resistance; (b) the electrolyte 

ion diffusion inside the pores; and (c) the specific surface area of CuO thin film. The 

capacitance retention was found to be 85% for nanosheet CuO nanostructure after 850 cycles at 

current density of 0.41 mA/mg in charge-discharge process, while nanowire CuO nanostructure 

showed 86% after 600 cycles and nanoflowers revealed 98.3% capacitance retention after 400 

cycles at same current density. Mostly the decrease in the specific capacitance during the initial 
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50 cycles was around 8.1%. Pendashteh et al. [107] reported anchored CuO nanoparticles on 

graphene oxide nanosheet via an electrostatic coprecipitation method followed by thermal 

treatment and their applications as a supercapacitor. They have studied electrochemical 

behavior of different symmetric configurations of CuO and GO such as; layer-by-layer coated 

CuO on GO network (GO/CuO), and composite electrodes along with their individual 

electrochemical performances. They observed that composite system revealed better specific 

capacitance (245 F/g) at current density of 0.1 A/g as compared to the respective pure 

components of CuO (125 F/g) and GO (120 F/g), and the layer-by-layer coated electrodes (155 

F/g). The capacitance retention of the composite electrode was found to be 79% after 1000 

cycles at current density of 0.25 A/g. Lower specific capacitance of layer-by-layer coated CuO 

on GO network (CuO/GO) attributed to poor electrical contact of nanoparticles with GO as also 

reflected from cyclic stability studies. The GO was used for providing a conductive network to 

the CuO nanoparticles for better electron transfer process. Nwanya et al. [108] have developed 

binderless and without capped nanosheet-like and nanorode-like CuO nanostructured thin film 

on indium tin oxide (ITO) substrate by successive ionic adsorption and reaction (SILAR) 

method for a good pseudocapacitor electrode application. They have studied two batches of 

CuO nanostructured thin films deposition, i.e., (1) 10 cycles for nanosheet-like nanostructure 

and (2) 40 cycles for nanorod-like nanostructure. They found that the nanostructured CuO thin 

film revealed average grain of size 30-50 nm for the batch of 10 and 40 cycles of deposition. 

The average pore size distribution was 12.0 nm and 12.5 nm, for 10 cycles and 40 cycles 

deposited CuO nanostructured thin films, respectively. They observed maximum specific 

capacitance 566.33 F/g for nanosheet-like CuO nanostructed thin film, while 211.87 F/g for 

nanorods-like CuO nanostructured thin film at scan rate of 5 mV/s. The nanosheet-like CuO 

nanostructured thin film electrode revealed long-term cyclic stability (capacitance retention) 

100% at current density of 50 A/g for 1000 cycles which was attributed to no loss of redox 

reactions. Further the specific energy and specific power of the nanosheet-like CuO thin film 

were determined as 127.29 Wh/kg and 53.13 kW/kg at current density of 6.25 A/g and 50 A/g, 

respectively. Some other literature reports published on CuO nanostructures with different 

modification like, deposition on conducting substrates, composite with carbon materials, 

deposition on carbon materials, different types of nanostructures and different types of metal 

oxides composites  are presented in Table 1.1. The improvement in the supercapacitor 

properties and the reason for improvement are categorically discussed.  
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Similarly, a few studies are reported on the uses of copper oxide nanoparticles and copper-

vanadium mixed oxide for Li-ion batteries [102, 109]. In addition CuO and Cu2O are also being 

studied for photochemical energy conversion application and solar water splitting applications, 

respectively [110, 111]. 

Besides energy applications, copper oxide nanoparticles were also explained for 

alternate electrochemical applications. In this regard, CuO grown on Cu was synthesized by 

hydrothermal method revealed excellent glucose sensing property. Different morphologies e.g. 

chrysanthemum-like, candock-like and dandelion-like revealed efficient sensitivity 3252 µA 

mM-1 cm-2, 4078 µA mM-1 cm-2 and 5368 µA mM-1 cm-2, respectively. All different 

nanostructured non-enzymatic glucose sensors revealed good interference property with 

dopamine, ascorbic acid, uric acid, and other carbohydrate compounds [112]. 
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Table 1.1 Different types of modified CuO nanomaterial and their applications as supercapacitor 

Materials Fabrication Factor 

effecting 

properties 

Improvement in its properties Reason for improvement Ref 

Cu2O@Cu Electro-

chemical 

deposition 

Nanoneedle 

arrays 

Energy storage, cyclic stability, high 

capacitance of 862.4 F/g and 

excellent cycling stability upto 20000 

cyles; asymmetric capacitance, 

energy density = 35.6 Wh/kg at 0.9 

kW/kg 

Needle arrays led to enhancement in 

surface area resulted in increase in the 

number of electrolyte ion interaction, 

copper oxide development on Cu led to 

binder free electrode resistance free charge 

conduction 

113 

Cu2O/CuO/ 

rGO 

nanocomposite 

Hydrothermal Nanostructure 

grown on  

rGO 

nanosheet 

Rate capability and cyclic stability; 

only 21.4% of the capacity loss while 

changing discharge current from 1 

A/g (173.4 F/g) to 10 A/g (136.3 F/g) 

Consist of pair of redox counterparts and 

conductivity enhanced due to rGO 

101 

CuO 

nanoparticles 

Precipitation  Anchoring of 

CuO NPs on 

N-doped rGO,  

Surface area 

and 

conductivity 

The CuO/n-rGO composite with 15.1 

wt% CuO loading revealed 340 F/g 

specific capacitance at current density 

of 0.5 A/g in a wide potential window 

1.4 V in 6 mol dm-3 KOH electrolyte 

and  80% capacitance retention after 

500 cycles at current density of 1 A/g 

In situ development on N doped rGO led to 

increase in its conductivity as well as 

surface area 

114 

CuO/rGO 

composite 

Hydrothermal Conductivity 

and surface 

area 

Specific capacitance was 326 F/g at 

current density of 0.5 A/g and 

symmetric hybrid capacitor 

capacitance 97 F/g at current density 

of 0.2 A/g 

 

rGO composite formation with CuO by 

hydrothermal route led to increase in ionic 

conductivity, improved cyclic stability 

115 
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CuO/grapheme Hydrothermal Leaf like CuO 

nanostructure, 

mechanical 

strength 

Specific capacitance was 331.9 and 

305 F/g at current density 0.6 and 2 

A/g, respectively; Revealed high 

capacitance retention 95.1% after 

1000 cycles 

Improvement in electrical contact and 

mechanical stability due to graphene and 

improved specific capacitance due to layer-

by-layer structure 

116 

Cu2O 

microstructures  

Simple polyol 

reduction 

methods using 

different 

copper salts 

Different 

morphology 

e.g. cubes, 

flower-like, 

and 

microspheres 

The maximum specific capacitance 

was 144 F/g at current density of 0.1 

A/g and reported GCD cyclic 

stability of 99% for only 100 cycles 

at current density of 0.1 A/g  

The supercapacitor behavior is attributed to 

larger volume charge during the 

electrochemical reaction owing to its 

smaller size nanoparticles. 

117 

CuO 

hierarchical 

nanostructures 

on Cu substrate  

In-situ 

crystallization 

of Cu foil 

under alkaline 

medium 

Electro-

chemical 

properties are 

improved 

cyclic voltammetry revealed the 

maximum specific capacitance 94 F/g 

at scan rate of 5 mV/s and 

electrochemical impedance 

spectroscopy revealed conductivity 

and the electrolyte ion interaction 

with CuO nanostructures 

Hierarchical nanostructure provide more 

excess to electrolyte ions for interaction 

with material  

118 

Copper oxide 

multilayer 

nanosheets thin 

films 

Chemical 

bath 

deposition 

(CBD) 

method 

morphological 

study, optical 

And 

wettability 

test  

FE-SEM images revealed 

hierarchical structure which have 

contact angle of 53o with liquid 

interface and optical band gap was 

2.18 eV.  

The copper oxide electrode revealed 

specific capacitance of 43 F/g at scan 

rate of 10 mV/s. 

 

 

Good wettability due to the strong cohesive 

force between the water droplet and 

hydroxide present in the copper oxide 

compound. High value of capacitance may 

be due to hydrous nature of copper oxide in 

present case. 

119 
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CuO 

Nanoflowers 

on Carbon 

Fiber Fabric 

i.e., CuO/CFF 

Hydrothermal 

method 

Electrochemic

al properties 

CuO/CFF electrode revealed specific 

capacitance 839 F/g at scan rate of 1 

mV/s with high energy density of 

10.05 Wh/kg and large power density 

1304.3 W/kg. Fabricated solid state 

capacitor with CuO/CFF revealed 

131.34 F/g at scan rate of 1 mV/s 

with power density of 145.12 W/kg 

and good capacitance retention of 

91% after 2000 cycles. 

Synergetic action between the CuO and 

CFF in the charge storage. 

Three green LED of 2.3 V and 20 mA 

burned for 5 min through addition of three 

solid supercapacitors in series 

69 

Porous and 

amorphous 

CuO thin films 

on stainless 

steel 

Electro-

deposition 

method 

Structural, 

morphological 

and electro-

chemical 

properties 

Specific capacitance increases with 

increase in film thickness. Maximum 

specific capacitance of 36 F/g was 

exhibited for the 0.6959 mg cm-2 film 

thickness at scan rate of 20 mV/s  

Increase in thickness enhanced the number 

of faradaic redox reaction sites in the 

electrode 

120 

CuO 

Nano-flowers 

on flexible 

copper foil 

Chemical bath 

deposition 

method 

Morphology 

and electro-

chemical 

properties 

Nanoflower shaped CuO thin film 

revealed maximum specific 

capacitance 498 F/g at scan rate of 5 

mV/s, with a high energy density of 

26 Wh/kg in KOH electrolyte and 

84% of capacitance retention after 

2000 cycles at scan rate of 100 mV/s. 

Nanoflower provides more pores for 

electrolyte ions 

121 

CuO 

nanosheets, 

micro-rose and 

micro-woolen 

like 

nanostructures 

Chemical bath 

deposition 

method 

surface 

morphology, 

and electro-

chemical 

properties 

Maximum specific capacitances of 

nanosheets, micro-roses and micro-

woolen like CuO nanosheets = 303 

F/g, 279 F/g and 346 F/g, 

respectively at scan rate of 5 mV/s 

with high capacitance retention 

High specific capacitance attributable to 

facile electrolyte ions penetration into 

uniformly distributed pores which lowered 

ion diffusion resistance and enhanced 

Faradaic processes in the well-arranged 

structures made up of layered nanosheets 

122 
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2D & 3D CuO 

ordered 

architectures 

Solvothermal 

with mixed 

solution of 

ethylene 

glycol and n-

butylamine 

3D ordered 

architecture 

reflect higher 

surface area, 

more convient 

electron/ionic 

mobility, high 

structural 

stability 

2D and 3D architecture showed 541 

and 585 F/g specific capacitance at 

1A/g current density, capacity 

retaining 81% and 79% at 20 A/g, 

with 85.3% and 86.8% capacitance 

retention respectively after 8000 

cycles 

Ordered nanoprous architecture provide 

ideal route for enhancing comprehensive 

performance 

123 

CuO nanobelts Wet chemical High surface 

area, small 

crystal grains, 

mixing of 

CuO with 

SWCNT 

Flexible hybrid (CuO NBs on 

SWCNT) electrode showed specific 

capacitance higher than 62 F/g after 

1000 cycles while pure SWCNT 

showed 23.6 F/g at current density 5 

A/g 

Enhancement in conductivity and ionic 

mobility due to mixing/support of SWCNT 

124 

3D porous gear 

like copper 

oxide 

Hydrothermal Porous 

structure, 

conductive Cu 

substrate 

Specific capacitance = 348 F/g  at 

current density of 1 A/g, excellent 

cycling stability 

Gear-like structure with number of holes 

formed on edge developed on Cu substrate 

resulted for high ionic conductivity 

125 

CuO-poly 

(acrylic) acid 

(PAA) hybrid 

thin film 

Spin coating Morphology 

changes with 

annealing 

temperature 

Specific capacitance increases from 

41 to 136 F/g with increase in 

annealing temperature of film 

With increase in the annealing temperature 

island like structure increased and finally 

became prominent due to decomposition of 

PAA and resulted in the formation of CuO 

surrounded by PAA grafted ring 

126 

3D ordered 

nanoporous 

CuO 

Hydrothermal Surface area 

and inter-

connected 

pores  

Specific capacitance 131 F/g (1.51 F 

cm-2) at 3.5 mA cm-2 with retention 

over 70% after operating at 70 mA 

cm-2  

High surface area with interconnected 

nanopores attributed in ion transportation 

within it, short ion and electron transport 

pathway 

127 
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CuO thin film Chemical bath 

deposition 

Surfactant 

mediated 

morphological 

change 

The maximum specific capacitance 

was 396 F/g for CuO nanobuds 

nanostructure at scan rate of 5mV/s, 

which revealed better spercapacitor 

than woolen clumps and stacked 

nanosheets CuO 

Surfactant nature provides guideline to the 

surface morphology, high surface area and 

mesoporous structure 

128 

CuO 

nanoflakes 

Oxidation of 

Copper 

Structure, 

morphology 

and oxidation 

states 

Specific capacitance = 190 F/g at 2 

mA cm-2 current density in 1.0 M 

NaOH, 67% cyclic stability after 

2000 cycles 

Interconnected nanoflakes create pores and 

crevices which allow large surface area for 

electrolyte ion diffusion  

129 

CuO nanowires Thermal 

evaporation 

method  

Structure and 

morphology 

Bicrystal structure of CuO nanowire 

reflected from HRTEM, two step 

nanowire formation reflected from 

XRD 

Morphology of nanowire changes with 

growth condition, seems to be vapor-solid 

mechanism 

130 

CuO/Cu2O/Cu 

composite  

Hydrothermal Binder free, 

nanostructure 

grow on Cu 

substrate 

Specific capacitance 878 F/g at 

current density of 1.67 A/g and 545 

F/g at current density of 16.7 A/g. 

Asymmetric supercapacitor formation 

revealed energy density 42 Wh/kg 

and power density 0.44 kW/kg. 

Multi oxidation state of Cu and Cu2O, CuO 

nanostructure grown on Cu substrate 

131 
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Therefore, our work will focus on the modification in copper oxide nanoparticles by ion 

implantation and chemical precipitation techniques. In the following section we will discuss about 

types of modification like structural, morphological, electrical, magnetic and optical has been done 

to modify copper oxide nanoparticles and their different applications. 

1.7 Modification of CuO by physical and chemical methods 

1.7.1 Ion implantation modifications in copper oxide nanoparticles  

Nanostructured fabrications or modifications can be precisely controlled by ion 

implantation techniques [44, 95-97]. The modification depth profile can be controlled by 

controlling the energy of the ion beam. So, for the thick or penetrated modifications, high energy 

ion beam revealed good result and for surface and subsurface related modifications low energy ion 

implantation exhibited excellent results owing to ion beam energy loss associated with nuclear 

energy process, in which implanted ion collides with lattice atoms and replace it or modified its 

surface states by influencing its chemical environment [132]. Low energy ion implantation on 

transition metal oxides nanostructure can leads to change the conductivity, change the phases, 

optical properties such as band gap and photoluminescence, and produce lattice disorder resulted 

for the development of defects [133, 134]. Few ion implantation studies of copper oxide are 

reported such as, Balamurugan et al. [135] have modified the nanocrystalline properties such as 

structure, size, and surface states of copper oxide thin film prepared by activated reactive 

evaporation technique with high energy (120 MeV) Ag9+ ion beam. They have observed that Cu2O 

thin film phase, size and surface states changes with implanted ion fluence. The ion beam 

modified cubic phase is more stable in higher temperature environment. The crystallinity of 

implanted thin film was found to be improved with irradiation. Implanted thin films showed 

increase in photoluminescence spectra is attributed to removal of surface states. Parretta et al. 

[135] have modified copper oxide thin film during deposition by reactive RF magnetron sputtering 

via varying partial oxygen pressure. They observed that there is sudden increase in sputtering rate 

above 0.08 Pa oxygen partial pressure and above 0.2 Pa sputtering rate became independent of 

oxygen partil pressure. This variation in sputtering rate resulted for the change in copper oxide thin 

film phase modification. The thin film prepared till oxygen pressure 0.11 Pa revealed cupric phase 

while above that oxygen partial pressure prepared thin revealed CuO phase. This phase 

modification leads to change in their conductivity.  
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1.7.2 Capping assisted modifications in copper oxide nanoparticles 

Modifications can be easily implemented during the synthesis of nanoparticles. In the 

nanoparticle synthesis process, nucleation takes place followed by growth process of 

nanoparticles. After completion of this process, nanoparticles start agglomerating to minimize 

their surface energy and attain stability. However, agglomeration reduces the size of nanoparticles 

and therefore size dependent properties are not obtained. Therefore, it is necessary to protect the 

agglomeration of nanoparticles. But it is very challenging task to synthesize agglomeration free 

nanoparticles. To overcome this issue, researchers have proposed two main stabilization 

mechanisms: (a) electrostatic in which the system is at kinetic equilibrium and (b) steric 

stabilization which the system is in thermodynamic equilibrium. Electrostatic equilibrium 

mechanism was given by Derjaguin, Landua, Verwey and Overbeek, known as DLVO theory, on 

the basis of electrostatic interaction and van der Walls attractions which explained the interaction 

between two approaching particles [136]. There are numbers of organic molecules or polymers, 

which has hydrophilic head and hydrophobic tail or cavity gaps or ionic feature in their structure to 

protect nanoparticles from their agglomeration during synthesis. These organic molecules and 

polymers are named as capping agent. The capping agent with hydrophilic head gets absorbed on 

the nanoparticles surface while its hydrophobic tail repels the nanoparticles to avoid their 

agglomeration. For this it is necessary that capping agent must have hydrophilic head which can 

bind with nanoparticles tightly and hydrophobic tail long enough than characteristics size of 

nanoparticles. The capping agents whose cavity play important role in order to protect 

nanoparticles agglomeration forms a kind of network structure while dispersing in the solvent. 

This network structure provides space in the cavity for nanoparticles to grow. The ionic nature 

capping agents offers a repulsive environment between the growing nanoparticles which protect 

them from their agglomeration. Some capping agent forms a layer on the nanoparticles in order to 

avoid their agglomeration. Some commonly used capping agents reported in the literature are 

CTAB, ascorbic acid, tween 80, triton X-100, mercaptoacetic acid, TPPO, polyethylene glycol, 

thioglycol, dendrimers, PVP, PVA etc [53, 137, 138]. This complicated possibilities ruled by 

capping agent leads to development of unique feature surface morphology and size of the 

nanoparticles. Moreover, large amount of capping agent in the reaction medium leads to formation 

of spherical shape nanoparticles because excess amount of capping agent leads to development of 

steric resistance for the diffusion [53].  
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The shapes, size, conductivity and morphology of nanoparticles are reported to be 

fundamental requirement for a material and their applications e.g., as photocatalyst, 

electrocatalyst, sensors, energy storage materials, etc [139-141]. For these types of applications of 

nanoparticles, the reactivity/interaction of the surface atoms of the nanoparticles plays an 

important role [66]. For example, the reactivity or interaction play a role in the degradation of 

pollutants, detection of foreign molecules and enhancement in the energy storage behavior like 

supercapacitor, lithium ion battery, etc. The interaction with foreign molecule by the surface atoms 

of nanoparticles influences the electronic environment of the surface atom. These phenomena used 

for applications like catalyst, sensor, micro/nanodevices [66]. The performance of the device 

depends on the time taken by a generated electron or hole in transportation [142, 143]. For that 

purpose modifications is one of the ways to solve this issue properly by different ways e.g., with 

the use of conducting substrate like Pt, Au, Ag etc, with blending of conducting maretials like 

CNT, activated carbon, graphene etc [112, 144-148].  

Unlike TiO2 or ZnO, there are only a few studies on capped CuO nanoparticles synthesis 

and their applications. Dubal et. al., have reported capping assisted chemical bath deposition of 

copper oxide thin film. They observed that capping agent triton X-100 and polyvinyl alcohol 

(PVA) played important role in modification of structure, morphology, pore size distribution and 

surface area of copper oxide thin film. They have measured its supercapacitive properties and 

found that all CuO samples exhibited high power density, high performance and excellent cycle 

stability. They observed maximum specific capacitance 411 F/g at 5 mV/s scan rate for triton X-

100 assisted CuO thin film sample [149]. Siddiqui et. al., have prepared CuO nanocrystals with the 

use of three different type of capping agent, sodium dodecyl sulphate (SDS) as anionic, 

cetylrimethylammonium bromide (CTAB) as an cationic and polyethylene glycol (PEG) as 

nonionic capping agent, by chemical process. They observed different sizes of nanocrystals 

ranging from 16-20 nm with cube, leaf and flower like nanostructures which were found to be 

good for optical applications [150]. Zhang et al. has reported the morphology dependent 

electrochemical properties of CuO prepared by chemical precipitation method. They reported that 

the flower like CuO exhibited higher specific capacitance as compared to CuO sheets and CuO 

globular, which exhibited good cycle stability at high current density. The efficient supercapacitive 

properties of flower like CuO nanostructure was attributed to enhancement in surface area [151]. 

In another study, CuO nanosheet grown on Ni by template free growth method exhibited high 
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specific acapacitance of 569 F/g at current density of 5 mA/cm2. They attributed their results 

unique structure of the CuO nanosheet which resulted in superior electrolyte ion diffusion [152].  

1.7.2.1 CuO nanoparticles for sensing  

Diabetes is one of the most frequently occurring fatal diseases which needs constant 

monitoring and medication [153]. In this regard various glucose sensing techniques are developed 

which addresses important sensing features e.g., sensitivity, response time and selectivity. These 

are often achieved through the modification of sensors [146, 154, 155]. A numbers of studies have 

been reported on copper oxide nanoparticles for the detection of glucose with the help of several 

conducting substrate or conducting material to enhance sensitivity and concentration range [147, 

156, 157]. Some of the noteworthy studies are discussed here. Zhuang et al. have developed 

Cu(OH)2 nanowire on the Cu substrate. They have used this material for glucose sensing which 

showed very fast response (less than 1 sec), good sensitivity and selectivity of glucose [145]. 

Multiwall carbon nanotube (MWCNT) coated CuO composite were prepared by chemical 

precipitation method which exhibited excellent sensitivity 664.3 µA mM-1cm-2 and good detection 

limit of 5.7 µM towards glucose sensing. This excellent performance as a glucose sensor was 

attributed to unique structure with high surface area [158]. CuO nanocubes and graphene 

nanocomposite modified with glassy carbon electrode was developed by electrochemical 

deposition technique it was observed that nanocomposite of graphene-CuO nanocube exhibited 

higher current response of glucose oxidation with faster response time and long term stability, 

good reproducibility due to increase in surface area and faster electron transfer rate as compared to 

CuO nanocubes and graphene, individually [159]. Different morphologies like chrysanthemum, 

candock and dandelion CuO micro/nanostructures hierarchical thin films have also been used in 

determination of glucose. It has been found that these chrysanthemum, candock and dandelion like 

structures showed enhanced electrocatalytic activity toward glucose oxidation 3252 µA mM-1cm-2, 

4078 µA mM-1cm-2 and 5368 µA mM-1cm-2. They have also reflected excellent anti-interference 

properties and good stability. These excellent features of CuO nanostructures towards glucose 

oxidation are attributed to more electron transfer passages, lower charge transfer resistance, and 

high surface area of CuO as modified a CuO nanostructure, which provides more reaction sites and 

better sensitivity [112]. However, studies on developing electrode made with capped CuO NPs are 

not well reported. The challenges is this approach are understood but it would make glucose 
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sensing procedure simpler of suitable methodology is developed for preparing electrode made of 

CuO NPs synthesized by chemical precipitation method by stabilizing with suitable capping agent. 

1.7.3 Doping resulted modifications in copper oxide nanoparticles 

Present status of research has shown that simple copper oxide nanostructures could not 

comply with all demands like, photocatalysts, supercapacitors, sensors, etc [3, 160]. For this 

reason the nanoparticles are modifed in forms of nanocomposites with other materials. These types 

of modifications have been done by researchers to enhance its conductivity and increase multi-

components in the system. Apart from nanocomposite formation, multi-components can also be 

incorporated in the nanoparticles matrix with very less amount addition of other elements named 

as dopping. The addition of other elements as dopants in host nanoparticles is very well known for 

the enhancement of conductivity owing to production of defects and vacancies [3, 161]. The 

addition of elements as a dopant in the host metal oxide nanoparticles could be reason for the 

development of other oxide microstructure [4]. For this purpose dopant could be noble metals, 

transition metal, alkaline atoms and inert impurities. These kinds of dopant can alter the catalytic 

activity, stabilized the catalytic reduction, support for the formation of active phase or increase the 

electron exchange rate of metal oxide nanoparticles. These dopants can lead to alter the 

concentration of charge carriers, physicochemical properties, surface potential and phase 

composition, crystallite size of metal oxide nanoparticles. Dopping in the metal oxide 

nanoparticles may also effect the electronic and physical-chemical properties of the surface of 

nanoparticles i.e., electronic spectra of surface states, adsorption and desorption energy, sticking 

coefficients etc [163, 164]. Alkali and alkaline earth elements as a dopant are well known as 

electron exchange promoters due to the presence of high charge on the neighboring oxygen atom, 

whereas, transition elements as a dopant are good for generating active sites in the metal oxide 

nanoparticles [164-166]. The active sites may signify the presence of cations in the metal oxide 

nanoparticles. Rare earth element as dopant are also studied to promote the separation of electron 

holes pair under UV light illumination and increase the photocurrent response and enhances 

catalytic activities of the metal oxide nanoparticles [167, 168].  

Chaudhary et al. has prepared polycrystalline Co-doped CuO samples by solid state 

method in presence of oxygen. The structural analysis revealed monoclinic phase structure and 

CuO samples volume decrease as function of cobalt dopant concentration. The Co-doped CuO 
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samples revealed a marginal increase in ordering temperature at high temperature AFM and 

decrease for low temperature. Further Co-doped CuO samples revealed giant dielectric constant 

without any signature peak of ferroelectricity due to presence of multi valence states of Cu and Co 

in doped samples [169]. Baturay et al. has prepared Ni-doped CuO thin film with different 

concentration e.g. 2, 4, 6 and 10% by spin coating on glass substrates and studied the electrical and 

optical properties. The XRD analysis revealed polycrystalline, the preferential growth in the (002), 

(111) and (-311) directions and SEM images revealed the agglomeration of nanoparticles. The 

Hall Effect measurement confirmed that the free charge carrier decreases as function of Ni dopant 

concentration, while holes mobility increases with Ni-doping in CuO. The optical study revealed 

that initially the band gap decreases with increase in Ni concentration from 2.03 to 1.96 eV and 

then increase to 2.22 eV for 10% Ni concentration [170]. Bhuvaneshawari et al. has reported 

monoclinic phase of Cr-doped CuO nanoboats preparation by hydrothermal rout with 2 At% and 6 

At% of Cr and their application as ammonia sensor. They observed deep level emission in the 

range of 350-610 nm attributed to oxygen revealed from photoluminescence study. They found 

that 6 at% Cr-doped CuO nanoboats exhibited 2.5 fold enhancements in ammonia response at 

room temperature and maximum 180% sensitivity at 75 oC for 600 ppm of ammonia as compared 

to undoped CuO nanoboats ammonia response range of 100-600 ppm at room temperature. This 

enhanced ammonia response was attributed to increase in surface area, surface charge and oxygen 

vacancies developed due to Cr dopping [171].  

Huang et al. have grown monoclinic phase Ag-doped CuO nanosheet array of average 

thickness 150 nm on nickel foam via template free growth method and studied their 

supercapacitance performances. The Ag was doped in CuO nanosheet array via silver mirror 

reaction. They observed that the Ag-doped CuO nanosheet array revealed specific capacitance of 

689 F/g at current density of 1 A/g and 299 F/g at current density of 10 A/g, much higher than that 

of un-doped CuO nanosheet array (specific capacitance 418 F/g at current density of 1 A/g and 

127 F/g at current density of 10 A/g). They have found smaller semicircle for Ag-doped CuO 

nanosheet array as compared to un-doped CuO nanosheet array counterpart in electrochemical 

impedance spectroscopy (EIS) studies which was attributed to lower charge transfer resistance. 

The mid frequency region of Ag-doped CuO nanosheet array was at higher frequency region as 

compared to un-doped CuO nanosheet array which implied the lower diffusion resistance of Ag-

doped CuO sample. They have studied cyclic stability for 2000 cycles at current density of 1 A/g 
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in 6.0 mol dm-3 KOH solution and found 61% capacitance retention for Ag-doped CuO nanosheet 

array sample. This enhancement in supercapacitance behavior was attributed to presence of Ag 

particles coated the CuO nanosheet array which improved the electrical conductivity [172].  

Shaikh et al. have reported ruthenium doped CuO nanostructure thin film on stainless steel 

prepared by colloidal solution method followed by spin coating for supercapacitor application with 

1 M solution electrolyte of Bronsted acidic (3-carboxymethyl-1-methyllimidazolium bisulfate 

[CMIM] [HSO4]) ionic liquid. They found that Ru-doped CuO thin films exhibited higher specific 

capacitance with larger working potential window as compared to un-doped CuO thin films 

sample. The 15 vol% Ru-doped CuO thin film sample exhibited maximum specific capacitance of 

406 F/g at scan rate of 10 mV/s. They have studied the cyclic stability of un-doped and Ru-doped 

CuO thin film by 2000 cycles of CV at scan rate of 40 mV/s in potential window range of 0-0.3 V 

and -0.2-0.5 V, respectively in 1 M Na2SO4 electrolyte solution, which revealed their good 

stability. This improved supercapacitor performance was attributed to increase in electrical 

conductivity with increase in concentration of ruthenium [173].   

On the basis of above literature survey the effect of dopant on metal oxide nanoparticles can be 

summarized as follows; 

1. Doping impacts useful structural properties in a metal oxide for versatile and efficient 

applications. For example dopant can produce a defect and strain in the crystal structure 

which could enhance the conductivity of the metal oxide nanopartilces. 

2. An optimum amount of dopant can lead to maximum change in properties of the metal 

oxide nanoparticles. 

3. Doping may cause the formation of new compound with fundamentally different 

physicochemical properties. 

4. Dopant can tune the structural, optical, electrical and magnetic properties of the host metal 

oxide nanoparticles matrix.  
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Table 1.2 Doping assisted modifications in copper oxide nanostructures for several applications 

Materials Fabrication Factor 

effecting 

properties 

Improvement in its 

properties 

Reason for improvement Application Ref. 

Mn-doped 

CuO 

nanoflakes 

Wet chemical  Surface 

defects, 

oxygen 

vacancies 

Pristine CuO exhibit room 

temperature ferromagnetism 

(RTFM) while doped don’t 

show RTFM, CuO is more 

ethanol sensitive than Mn-

doped CuO 

presence of surface spin 

initiating from defects and 

oxygen vacancies, thus 

surface defect played 

important role in magnetism 

as well as ethanol sensing  

Ethanol 

sensing 

174 

CuO doped 

with Li, Ni, 

Co, Ag, Zn 

and Mg, 

Flame spray 

pyrolysis 

(FSP) 

Conductivity 

of doped 

materials and 

photo-

electrode 

resistance 

doping of Li, Ni, Co, Ag, Zn 

and Mg, into CuO thin film 

leads to increase in the 

conductivity by two orders of 

magnitude while addition of 

Cr, Fe, and Mn leads to 

lower conductivity, by 100 

times. dopant influence the 

photocurrent density 

Photocurrent density was 

found to be independent of 

conductivity because once 

the conductivity reaches to a 

level after which material 

can produce electron but due 

to less surface area these 

were not involving in the 

process 

Water 

splitting 

175 

 

Pd (IV)-doped 

CuO oxide 

composite 

nanofibers 

(PCNF) 

Electro-

spinning 

Electro-

catalytic 

activity 

towards the 

oxidation of 

glucose 

lower oxidation voltage (0.32 

V) and ultrafast (1 s) and 

ultrasensitive current (1061.4 

l AmM-1 cm-2) lower 

detection limit (LoD) of 19 

nM, good selectivity, 

reproducibility and stability 

Pd sites acts as Lewis acid 

sites in the PCNFs for for 

adsorption of polar glucose 

molecules, because of lower 

electron occupancy in their 

3d orbitals in comparison to 

the Cu sites, which works as 

Lewis bases, due to their 

Glucose 

sensing 

176 
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non-bonded electron pairs. 

This increased residence 

time for the reactant species 

within the electrified 

interface at the electrode 

surface resulted for enhanced 

in the glucose oxidation 

Fe-doped CuO 

thin film 

spray 

pyrolysis 

Structural, 

optical, 

electrical and 

magnetic 

properties 

Monoclinic structure with 

cubic CuFe2O4 impurities. 

The direct band gap 

estimation revealed blue shift 

and indirect band gap 

estimation revealed red shift 

in doped thin film samples. 

The activation energy in 

doped thin films was 

reduced. The magnetization 

of the CuO:Fe (10%) films at 

300 K showed a hysteresis 

behavior with large 

coercivity. 

The reduced activation 

energy attributed to deep 

donor levels developed due 

to Fe-doping.  

No 

application 

reported 

177 

 

Fe and Ni 

codoped CuO 

nano-

composites 

chemical 

concentration 

precipitation 

method 

effects of 

doped 

magnetic Ni 

ions on the 

exchange bias 

field and 

coercivity 

Ferromagnetic MFe2O4 (M = 

Cu, Ni) particles in the 

antiferromagnetic CuO 

matrix, in which with the 

increase of Ni content, the 

exchange bias field increases 

monotonously but the 

doped Ni ions promotes the 

formation of domain state in 

AFM and hence increases 

exchange bais field. But the 

behavior of coercivity is 

attributed to existence of the 

soft magnetic NiFe2O4 phase 

No 

application 

reported 

178 
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coercivity first decreases. 

Ni-doped and 

(La, Ni) co-

doped CuO 

films. 

sol–gel 

spin coating 

Structural, 

morphological 

properties, 

optical and 

wettability 

properties 

Ni doping improved the 

(002) preferential orientation 

with crystallite size 24.2 nm 

and La co-doping reduced 

the crystallite size to 11.4 

nm. Wettability enhanced 

with thickness and La 

codoping 

Ni and La co-doping could 

efficiently control 

transmittance, optical band 

gap, and the refractive index 

of the films. Wettability 

enhance due to La codoping 

resulted deterioration in the 

film crystallinity owing to 

affect the surface free energy 

No 

application 

reported 

179 

 

Pb doped CuO 

nanostructures  

Successive 

Ionic Layer 

Adsorption 

and 

Reaction 

(SILAR) 

method 

 

Structural, 

optical, 

morphological 

study 

 

The morphology of the film 

surface changed from plate-

like to coral-like 

nanostructures with 

increasing Pb concentration. 

The band gap increased 

suddenly with a small Pb 

doping (0.27 at.%) and then 

decreased slowly with 

increasing doping 

concentration 

Pb doping concentration No 

application 

reported 

180 

 

Mn-doped 

CuO 

nanostructures  

SILAR 

method 

morphological, 

compositional, 

structural and 

optical 

properties 

The thickness of thin film 

increases and size of 

nanostructure decrease with 

Mn-doping concentration. 

Optical band gap of the films 

increases with increasing 

Mn-doping concentrations. 

Due to substitution of Mn on 

Cu lattice sites 

No 

application 

reported 

156 



Chapter 1                                                                                                      General Introduction 

Page | 29  
 

Li doped CuO 

film 

Flame spray 

pyrolysis 

followed by 

spin coating 

Doping and 

film thickness 

The photocurrent density and 

photon-to-hydrogen 

conversion efficiency 

enhanced by 5-10 folds in 

doped sample and charge 

carrier density increased by 2 

fold. 

2 at% Li-doped CuO film of 

thickness 1.7 µm at applied 

voltage of -0.55 V vs. 

Ag/AgCl in 1 M KOH 

revealed maximum 

photocurrent 1.69 mA/cm2  

Due to increase of electric 

conductivity of the film. 

Photocurrent density 

increased with increase in 

film thickness 

Photo-

electro-

chemical 

cells 

181 

Li doped CuO 

thin films on 

Si(100) 

substrate 

Pulse laser 

deposition 

Doping 

concentration, 

Crystalline 

nature of the 

material. 

The crystallite size increased 

from 7 to 14 nm and optical 

band gap decreased from 

2.99 to 2.76 eV as a function 

of Li concentration  

Reduction of band gap 

because of Li ion substitution 

at Cu sites in the CuO and 

band tailing effect 

No 

application 

reported 

182 

Zn doped 

CuO 

nanostructure  

Chemical 

solutions and 

rapid thermal 

annealing 

process. 

Zn doping, 

structural, 

morphological, 

vibrational, 

chemical, 

electronic and 

sensorial 

properties. 

Mixed CuO/Cu2O phases 

resulted in better sensing 

properties of the sensors and 

demonstrated good potential 

for fabrication of reliable, 

selective and fast hydrogen 

sensors with high gas 

response. 

 

 

The two mixed phases 

controlled by Zn-doping 

during synthesis, Zn doping 

improved the Hydrogen 

sensing  

Hydrogen 

and ethanol 

sensing 

183 
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Ni doped CuO 

nanostructure 

microwave-

assisted 

combustion 

synthesis 

method 

structural, 

morphological, 

optical, and 

magnetic 

properties 

Morphology transited from 

nanoflower shape to 

nanoparticles then further to 

nanocrystal as fuction of Ni 

concentration, The optical 

band gap increases with Ni-

doping concentration, 

ferromagnetic at room 

temperature 

Due to Ni2+ doping in CuO 

structure, the change in the 

bad gap was attributed to d-d 

transitions 

No 

application 

reported 

184 

Mn doped 

CuO 

nanparticles 

Co-

precipitation 

method 

Microstructure 

and particle 

size due to 

calcinations 

from 250 to 

850 oC 

Crystalline Cu1-xMnxO core 

surrounded by an amorphous 

CuO shell, for particles < 22 

nm, real glass behavior for 

11 & 22 nm particles and 

ferromagnetic for particles 

size > 35 nm    

Observed ferromagnetic 

behavior owing to the 

coexistence of Mn2+ and 

Mn3+ ions  

No 

application 

reported 

185 

Zn doped 

CuO 

nanoparticles 

Sol-gel Zn dopping, 

structure and 

morphology 

Shift in XRD peaks, cluster 

of grapes like morphology of 

NPs, crystallite size of pure 

and doped CuO ranges from 

13.2 to 31.2 nm and 17.3 to 

22.3 nm, respectively 

Shift in the XRD peaks 

corresponds to the Zn ion 

replacement of Cu site in the 

lattice structure without 

effecting its crystal structure 

No 

application 

reported 

186 

Fe, Ni Doped 

CuO 

Co-

precipitation 

Fe and Ni 

dopping, 

magnetic and 

structure 

Isomorphous structure 

formation, Neel temperature 

in the  magnetization of Fe 

(x=0.06) doped CuO reduced 

from 213 K to 70 K. while 

no change in it in Ni doped 

Change in the structure 

nature due to the dopant, the 

decrease in Neel temperature 

is due to the formation of 

different electronic structure 

No 

application 

reported 

187 
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sample 

Mn doped 

CuO thin film 

Radio-

frequency 

magnetron 

sputtering 

Mn dopping, 

ferromagnetis

m, structure 

15.2%-29.8% Mn doped 

CuO thin film showed 

ferromagnetism between 

transition temperature 87.0 

and 99.5 K due to several 

interactions between Mn & 

Cu ions 

Ferromagnetism produced 

due to ferromagnetic 

coupling between Mn ions 

mediated by Cu ions  

No 

application 

reported 

188 
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Thus, the physical and chemical properties of CuO nanostructures strongly depend on 

the structure, size, shape and chemical composition, which can be tuned by ion implantation 

and chemical modifications. Therefore, modifications in these parameters of a nanosturctures 

influence the primary need of nanoscience and nanotechnology at a glance. These 

modifications studies provide basic potential information for both theoretical studies and 

practical applications in microdevices and nanodevices. 

1.8 Aim and scope of this thesis work 

1. There exist sufficient scope for developing CuO nanoparticles for electrochemical 

applications, e.g. as supercapacitor and as an efficient electrode for glucose sensing. 

The physic-chemical properties of CuO nanostructures strongly depend on their size, 

shape, structure and chemical composition. These can be tuned by employing different 

modification strategies, e.g., low energy ion implantation, role of capping agents with 

different molecular structures and by controlled doping with p & d block elements. 

2. Low energy ion implantation induces defect at sub-surface regions. The effect of high 

charge state ion beam with tens of keV energy would be interesting to study the nature 

of modification of CuO nanostructure. The energy will be chosen on the basis of the 

stopping power calculation from SRIM. The CuO films will be deposited by pulsed 

laser deposition to prepare samples for ion implantation. 

3. Capping agents play primarily role to inhibit agglomeration of nanoparticles which are 

synthesized by chemical routes. However, the molecular structure and the nature of 

functional group in the capping agents may have an impact in the transportation of 

charges. The effect of capping agents on the supercapacitor behavior will require 

systematic studies. 

4. Similarly, dopants play important role in incorporating changes in the size, structure and 

morphology of host nanoparticles. In view of this, the effect of cobalt (a 3d element) 

and selenium (a 4p element) will be used as dopant. Here, Co is chosen as it an 

electrocatalytic active element. Similarly Se is chosen as there are no reports on its 

electrochemical effect due to doping in CuO. 

5. The supercapacitor behavior of the capped and doped CuO nanoparticles will be 

investigated by recording cyclic voltammetry, galvanostatic charge-discharge and 

electrochemical impedance spectroscopy studies. These modified CuO nanoparticles 
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will be used to fabricate electrode/device for glucose determination and symmetric solid 

state supercapacitor. 

6. The modified CuO nanoparticles will also be studied as electrode for sensing glucose in 

human blood and urine matrix.  
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Fig. 1.4 Schematic flow chart of objective. 
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2.1 Introduction 

Copper oxide nanoparticles is a versatile material with wide range of applications, e.g., 

gas sensors, biosensors, thin film transistors, magnetic storage media, high temperature 

superconductors, energy storage and spintronics [189-195]. It is a potential material for 

photovoltaic devices owing to its favorable band gap for harnessing visible light of the solar 

spectrum [196-198]. Copper oxide primarily exist in either of the two well established 

stoichiometric forms such as Cu2O and CuO, corresponding to cubic and monoclinic crystal 

structures, respectively. Both are p-type semiconductors, where the Cu2O is a preferred choice 

for solar cell applications owing to its high optical absorption coefficient in visible region than 

that of CuO [199]. Moreover, Cu2O is a transparent material and the maximum photocurrent of 

14.7 mA cm-2 under standard AM 1.5 irradiation [200], with the theoretically calculated energy 

conversion efficiency of 20% [201]. There is a need for developing methodology for 

fabricating pure and stable Cu2O phase [180]. Deposition techniques are most commonly used 

for growing polycrystalline copper oxide thin films. However this technique suffers for a 

drawback as it leads to formation of both Cu2O and CuO phases [135, 202, 203]. Literature 

reports indicated that post depositional treatments, e.g. thermal annealing improved phase 

stability and reflected on structural, optical and vibrational properties of the materials [204]. A 

schematic representation of post depositional treatment effect is illustrated in Fig. 2.1.  

  

 

 

 

 

 

 

 

 

 

Fig. 2.1 Schematic illustration showing changes in the grains of thin film during post treatment. 
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However, thermal annealing is associated with temperature gradient across the material 

thickness which might result in undue crystal growth at higher temperature. This is not suitable 

for processing nanocrystalline materials, as uncontrolled crystal growth could destroy the 

nanocrystalline structure. Alternately, high energy incident ions of the order of 100 MeV, has 

been reported as a post depositional treatment. Here the local temperatures can be potentially 

raised to the order of 1000 K due to the interaction of such high energy ions with target atoms 

[204].  

The modification of material depends upon the energy of the ion beam, types of ions, 

fluence, and angle of incidence on the material surface. Each types of ion have its own 

impression on modified material due to its unique features. These energetic ion beams lose 

their energy via electronic collision and nuclear collision. The energy loss at lower energy is 

attributed to nuclear energy loss phenomena while the energy loss at higher energy is attributed 

to electronic energy loss phenomena. This is schematically represented in Fig. 2.2. The energy 

loss of ion beam along the depth of the material is defined as “stopping power”, which is 

represented by dE/dx. The stoping power depends on the composition of the material. The 

energy loss due to electronic collision is attributed to slowing down of ion beams by inelastic 

collision with bound electrons. Such collision interaction may change the charge state of 

implanted ions while traversing through the material. In nuclear energy loss, ion beams lose 

their energy by elastic collisions between the implanted ions and lattice atoms of material.  

Ion implantation by a few tens of keV is different from those by high energy (MeV 

order) ion beams. The low energy ion beam mostly lose its energy via nuclear energy lose and 

thus, it has a potential to modify the lattice structure. The modification is restricted to a few 

layers at surface of the material. On the other hand high energy ions modify the materials at 

greater depths and they exhibit both electronic as well as nuclear energy loss due to continuous 

energy loss via cascade of collisions with the materials. Consequently the high energy ion 

irradiations are more prone to irradiation damage. Therefore, low energy (< 100 keV) ion-

implantation is a unique post-depositional treatment suitable for nanoscale materials as the 

interaction depth of the incident ion matches with the dimensions of the nanoparticles. Such 

interaction can potentially modify the structural, optical and optoelectronic properties of 

nanostuctured materials due to its precise control over the dopant profile and depth of the 

implantation owing to energy dependent stopping power phenomenon of energetic ions [205]. 
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The effect of low energy ion implantation is different from that of the high energy ion 

irradiation owing to differences in the energy loss processes of the incident ions 

 

 

 

 

 

 

 

 

Fig. 2.2 A representation of nuclear and electronic energy loss profile of the incident ion as a function of 

ion energy. 

Contrary to the high energy ion irradiation, which is predominantly associated with 

electronic energy loss process, the low energy ion implantation is associated with nuclear 

energy loss process. Consequently, low energy ion implantation in semiconductor type 

materials might lead to the following three cases: (a) changes in electrical property of the 

material due to the introduction of implanted species as dopants, (b) changing in optical band 

gap due to emergence of new energy levels of the dopants and modify optoelectronic property, 

(c) lattice disorder and change in structure or phases of the implanted materials [133].  

Literature search reflected very few studies on effect of low energy ion irradiation on 

nanoparticles and nanocrystalline thin films [133, 134]. The motivation of the present study is 

to study the effect of ion implantation using low energy N5+ beam as a post deposition method 

on Cu2O thin film prepared by pulsed laser deposition technique. The emphasis is on the 

changes in the structural (phase transformation, morphological change), optical and electrical 

properties of Cu2O thin films.  
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2.2 Experimental 

2.2.1 Preparation of copper oxide thin film 

The PLD technique (Excel Instruments, India) was used to deposit copper oxide thin 

films on glass substrate. A Cu2O target was mounted on a multi-target carousel system 

provided with stepper motor and DC motors simultaneously. The Nd-YAG laser operating on 

355 nm wavelength i.e. the third harmonic of the laser with 100 mJ/pulse energy was used for 

ablating the target material. The deposition parameters were optimized to fabricate a thin film 

of stable copper oxide phase on ultrasonically cleaned glass substrates. The substrate 

temperature was kept at 350 °C with oxygen gas pressure of 100 mTorr.   

2.2.2 Low energy N5+ ion implantation 

Batches of copper oxide films were mounted on a sample ladder in the scattering 

chamber of the low energy ion implantation facility of Variable Energy Cyclotron Centre 

(VECC), India equipped with electron cyclotron resonance (ECR) ion source. The samples 

were implanted with 50 keV N5+ ions at an angle 45o. The extraction voltage of the ECR ion 

source was kept at 10 kV and the Q/m resolution was better than 1 in 40. The ion beam was 

scanned over 10 x 10 mm2 area on the sample using X-Y magnetic beam scanner. The beam 

current was approximately 1 μA and the recorded particle fluences were 2.5 x 1015, 1 x 1016 and 

4 x 1016 particles/cm2.   

2.2.3 Structural, surface and optical analyses 

The X-ray analysis was performed by using a Bruker D8 Advance diffractometer using 

CuKα (λ = 1.54 Å) radiation for the phase identification, grain size measurement and threshold 

grain analysis. The scan rate used was 1° min−1 and the scan range was from 15° to 80°. The 

optical studies of the pristine and the implanted copper oxide were studied by measuring their 

transmittance spectra (using UV-Vis-NIR spectrophotometer, Cary 5000) in the range 300 to 

2500 nm. The surface morphology of the pristine and the batches of implanted thin films was 

studied using Atomic Force Microscopy (AFM, NT-MDT, Ntegra) operated in semi-contact 

(tapping) mode and by field emission scanning electron microscopy (FESEM). The batches of 

pristine and implanted samples were sputter coated with gold and the FESEM images were 

recorded with Zeiss Ultra Plus operated at 15 kV. The elemental composition of the thin films 
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was determined by energy dispersive X-ray spectrometer (EDX) attached with SEM. The 

electron backscatter diffraction was used to obtain the grain size distribution of thin films.  

The electrical conductivity of the pristine and post depositional ion implanted samples 

was studied by measuring electrical sheet resistance using a two point probe system (Keithley 

Model 4200 SCS). Very thin layer (10 nm) of gold was sputter coated at selected positions on 

the surface of the pristine as well as batches of implanted sample through a shadow mask to 

form respective circular gold dots of 1 mm diameter, separated by 3 mm. These dots were used 

as electrodes for measuring sheet resistance by applying voltage in the range ±10 V.   

2.3 Results and Discussion 

2.3.1 Structural study of pristine and ion implanted thin films 

The X-ray diffraction (XRD) pattern of the pristine thin film prepared by pulsed laser 

deposition at 80 mTorr partial pressure of oxygen and 350 oC substrate temperature exhibited 

amorphous signature (Fig. 2.3a). The post deposition treatment of thin film was performed by 

ion implantation method by using 50 keV N5+ ion beam. It was found that the amorphous nature 

of the pristine thin film prepared at 80 mTorr was modified to a well crystalline Cu2O after 

implantation with particle fluence of 1.0 x 1016 particles/cm2. The XRD pattern of the 

implanted sample given in Fig. 2.3b revealed sharp peaks at 2 values 36.3o, 42.1o, 61.2o and 

73.4o corresponding to the (111), (200), (220) and (311) planes of cubic phase of Cu2O 

(matched with JCPDS No. 00-005-0667). The crystallite size (δ) of the Cu2O phase was 

calculated by Debye Scherrer method given as [206]:  

δ = 0.9λ/bCos;  

where λ is the wavelength of the X-ray, ‘b’ is the line broadening measured at half height of the 

most intense diffraction peak,  is the Bragg angle of the particles.  

The crystallite size (δ) of Cu2O in the implanted sample was determined to be 20.2 nm. 

The improvement in the crystalline nature of the Cu2O phases in the post depositional ion 

implanted sample can be attributed to ordering of the constituent atoms in the unit cell. A 

similar enhanced crystalline nature of ZnS nanoparticles has been reported by our research 

group earlier using low energy ion implantation [207]. The ordering of the atoms in the as 
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deposited samples is likely to be due to transfer of thermal energy arising due to energy loss 

process via cascade collisions of energetic incident ions with the constituents of the thin film.  

Theoretical calculations revealed that the total energy deposition by 1 x 1016 

particles/cm2 was 80 J/cm2 over a depth of ~89 nm, derived from SRIM calculation [208] in 

copper oxide matrix for 50 keV nitrogen ion beam. 
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Fig. 2.3 X-ray diffraction patterns of the Copper oxide thin films as-deposited and N5+ ion implanted at 

80 m Torr oxygen partial pressure (a) pristine and (b) 1 × 1016 particles/cm2.  

 

The pristine thin film deposited at 100 mTorr oxygen pressure revealed formation of 

weak crystalline phases of Cu2O and CuO (Fig. 2.4a). The diffraction peaks at 2 values 36.3o, 
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42.0o 61.1o and 73.3o corresponded to (111), (200), (220) and (311) planes of Cu2O phase, 

respectively (matched with JCPDS No. 00-005-0667). Similarly the diffraction peaks at 2 

values 35.3o, 38.6o   corresponded to (002), (111) planes of CuO phase, respectively (matched 

with JCPDS 00-045-0937). The crystallite size (δ) of Cu2O and CuO phases was determined 

as14.5 nm and 16.9 nm, respectively. 
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Fig. 2.4 X ray diffraction patterns of copper oxide thin films of pristine and N5+ ion implanted films as 

deposited at 100 mTorr oxygen partial pressure (a) pristine (b) 2.5 × 1015 particles/cm2 (c) 1 × 1016 

particles/cm2 and (d) 4 × 1016 particles/cm2. 

 

It may be remarked here that the formation of copper oxide phase by deposition 

technique would depend on the concentration oxygen which is proportional to the ambient 



Chapter 2                                                                                Ion Implantation of Copper Oxide 

 

Page | 42  
 

partial pressure of oxygen and the substrate temperature. In PLD technique, the oxides of 

copper are formed when the ambient partial pressure of oxygen is larger than the dissociation 

pressure of the oxygen in equilibrium with copper. At higher oxygen pressure, the Cu – O 

phase diagram reflects formation of both Cu2O and CuO phases during oxidation [209]. In our 

investigation, no crystalline phase of copper oxide was formed at 80 mTorr while Cu2O was 

formed as the major component in the thin film fabricated at 100 mTorr partial pressure of 

oxygen, and the results are consistent with recent studies [210].  

The post depositional ion implantation thin film implanted with 2.5 x 1015 particles/cm2 

revealed formation of a single Cu2O phase. The XRD studies of the implanted sample revealed 

diffraction peaks at 2 = 36.2o, 42.0o, 61.1o and 73.3o corresponding to (111), (200), (220) and 

(311) planes of cubic Cu2O phase which matched with JCPDS No. 00-005-0667. (Fig. 2.4b), 

and the crystallite size was measured as 23.5 nm. An equivalent energy of 20 J/cm2 was 

transferred during implantation with 2.5 x 1015 particles/cm2. The transformation of mixed 

copper oxide phases to single Cu2O phase by ion implantation is attributable to thermal effect 

owing to stopping of the incident energetic ion beam in the target. A schematic representation 

of ion implanted induced modification is demonstrated in Fig. 2.5. In this case the CuO phase, 

which is the minor component in the pristine sample, presumably reduced to Cu2O by 

temperature dependent disproportionation type of reaction given as: 

4CuO (solid)  2Cu2O (solid) + O2 (gas) 

Such type of reaction is reported to occur at temperatures higher than 450 oC and at limited 

oxygen pressure [211, 212]. The required criteria were likely to be achieved by the rise in 

temperature during ion implantation under vacuum of the order of 10-6 Torr. The grain size of 

Cu2O in the implanted sample was measured to be 23.5 nm. Notably, the measured grain size 

was greater than that of the Cu2O developed during implantation of the thin film deposited at 

80 mTorr.  

It was found that the post depositional ion implantation of the batches of thin films 

prepared at 100 mTorr and implanted with higher particle fluencies e.g., 1 x 1016 and 4 x 1016 

particles/cm2 revealed phase transformation to CuO phase (Fig 2.4c, 2.4d). This was confirmed 

from the XRD studies of the respective implanted samples which revealed diffraction peaks at 

2 values 32.5o, 35.5o and 38.6o values corresponding to (1̅10), (200) and (111) planes of 
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monoclinic CuO phase, matched with the JCPDS No. 00-045-0937. It implied that the Cu2O 

phase, which was the major component in the pristine sample prepared at 100 mTorr oxygen 

partial pressure, was oxidized during ion implantation at higher particle fluence owing to higher 

rate of transfer of energy to the target. The local temperature in the sample was apparently 

higher for larger particle fluence. It is found from literature that transformation of Cu2O phase 

to CuO could occur at 900 oC where the (111) plane of CuO is preferably oriented [213].  

 

 

 

 

 

 

 

 

 

Fig. 2.5 A schematic representation of the events that took place during low energy ion implantation on 

amorphous/mixed phase copper oxide thin film and its impact on atomic level is presented. (  oxygen; 

 copper and   N5+ ion beam) 

 

Notably, the XRD of the ion planted sample revealed maximum intensity in the (111) 

plane and the corresponding grain size of CuO in the implanted samples were determined to be 

19.4 nm. Though rise in temperature in the sample during implantation was not measured, but it 

is quite likely that transfer of such large energy (80 J/cm2 for 1 x 1016 particles /cm2) was the 

key towards the observed phase transformation of copper oxide. However, the sample 

implanted at 4 x 1016 particles/cm2 reflected reduction in the intensity of the characteristic 

diffraction peaks of CuO (Fig. 2.4d). The corresponding crystallite size of CuO in the 

implanted samples was determined to be 9.4 nm. The decrease in the grain size is an indication 
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of radiation damage of the of the crystal structure owing to transfer of 320 J/cm2 for 4 x 1016 

particles/cm2. Such reduction in crystallinity due to radiation damage by high particle fluence is 

a common phenomenon [214].   

2.3.2 Surface morphology 

The FE-SEM surface morphology of pristine and implanted thin film samples were 

shown in Fig. 2.6.  

The pristine thin film deposited at 80 mTorr oxygen pressure exhibited no grain 

boundaries and is in good agreement with the amorphous nature recorded by XRD (Fig. 2.6a). 

The post depositional ion implanted thin films exhibited formation of distinct grains (Fig. 2.6b). 

The EDX analysis of these structures revealed characteristic X-ray peaks of Cu and O, 

corresponding to the Cu2O phase, confirmed from the XRD studies Fig. 2.6c. The thickness of 

the ion implanted thin film was measured to be 271 nm by scanning the cross-sectional view of 

the tilted sample Fig. 2.6d. Similarly, the thin film deposited at 100 mTorr oxygen pressure 

exhibited grain like structure (Fig. 2.6e). However the grain boundaries were not sharp which 

can be attributed to low order of crystallinity of the copper oxide phase as confirmed by XRD 

studies. The post depositional ion implanted thin film implanted with 2.5 x 1015 particles/cm2 

exhibited well defined grains similar to Fig. 2.3b. On the other hand, the thin film implanted 

with 1 x 1016 particles/cm2 exhibited thin films with well defined grain boundaries (Fig. 2.6f). 

The EDAX analysis of these thin films revealed characteristic peaks of Cu and O 

together with the constituents of glass substrate, which confirmed the fabrication of CuO phase 

as confirmed by XRD studies. Further, the observation of well defined grain boundaries 

indicated enhanced crystallinity of the copper oxide phase which was consistent with the XRD 

studies.   

The detailed surface morphology of the pristine and the implanted samples was 

obtained from AFM studies measured in tapping mode. The pristine thin film (80 mtorr) 

exhibited very small average roughness = 5.75 nm, with rms value of 1.89 nm Fig. 2.7a. On 

other hand, the AFM image of the thin film implanted with 1.0 x 1016 particles/cm2 exhibited 

average roughness of 50.54 nm with rms of 6.29 nm (Fig. 2.7b). 
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Fig. 2.6 Field emission scanning electron microscopy images of pristine and implanted copper oxide 

thin films (a) pristine thin film as deposited at 80 mTorr oxygen partial pressure (b) 80 mTorr as 

deposited film implanted with fluence 1 × 1016 particles/cm2 (c) Energy dispersive X-ray analysis of 

copper oxide thin film (d) cross sectional view of film (e) pristine thin film as deposited at 100 mTorr 

oxygen partial pressure and (f) 80 mTorr as deposited film implanted with fluence 1 × 1016 

particles/cm2. 

 

The increase in the surface roughness is the effect of ion implantation which induced 

the transformation of as-deposited amorphous copper oxide phase to crystalline Cu2O phase, 

which is consistent with our XRD studies. The surface roughness was larger than the grain size 
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determined from Debye Scherrer formula. This is attributable to aggregation of nanoparticles. 

In the case of AFM studies of thin film (100 mTorr oxygen) both pristine and implanted 

batches exhibited aggregated nanoparticles of copper oxide whose surface roughness was 

similar to that of ion implanted thin film (80 mTorr oxygen), given in Fig. 2.7c-2.7f.  

 

Fig. 2.7 Atomic force microscopy images of copper oxide thin film: as deposited at 80 mTorr oxygen 

partial pressure (a) pristine (b) 1 x 1016 particles/cm2 and as deposited at 100 mTorr oxygen partial (c) 

pristine (d) 2.5 x 1015 particles/cm2; (e) 1 x 1016 particles/cm2, (f) 4.0 x 1016 particles/cm2. 
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2.3.3 Optical properties 

Fig. 2.8 revealed optical transmittance spectra of the as-deposited pristine thin film and 

those of the ion implanted thin films with different particle fluence. The pristine samples 

deposited at 80 mTorr and at 100 mTorr exhibited high transmittance (~ 70 %) in the near 

infrared region (NIR). In general, the transmittance profiles of the post depositional ion 

implanted thin films were different from the pristine thin films. Compared to the pristine 

sample the transmittance in the ion implanted samples was reduced in the NIR region. The 

reduction in the transmittance in the NIR region is attributable to enhanced scattering of 

photons owing to increase in the grain size of copper oxide phase as confirmed from the XRD 

analysis.  The implanted samples (except the one corresponding to 4x1016 particles/cm2) 

exhibited sharp fall in the transmittance in the wavelength region of 400 – 550 nm.  This can be 

attributed optical transitions corresponding to the band gap of the copper oxide phases in the 

implanted thin films. Further, decrease in the transparency in the visible region can occur due 

to incorporation of N as dopants in the thin films due to ion implantation, which is consistent 

with transmittance spectra of ion implanted samples [216]. Moreover, strong absorption of 

glass substrate in the UV region also contributed to decreased transmittance in the UV region. 

This indicated that the ion implantation modified the thin film deposited by PLD, which may be 

attributed to improved crystallinity and phase transformation as confirmed from XRD. The 

transmittance spectrum of the thin film implanted with very high particles fluence (i.e, 4 x 1016 

particles/cm2), exhibited gradual increase in the transmittance profile up to 1250 nm followed 

by a decrease in the transmittance in the wavelength region 1250 to 2500 nm. The unusual 

transmittance profile in the band gap region could be due to lowering of crystallinity of the 

copper oxide phase due to collapsing of band structure, which is consistent with the respective 

XRD study. The tentative lowering in the crystalline structure at high particle fluence is 

attributed to effect of radiation damage in solids [216]. The decrease in the transmittance in the 

NIR region is attributable to biaxial and optical anisotropy exhibited by monoclinic CuO phase 

as compared to optical isotropy property of Cu2O [217]. The optically anisotropic CuO phase 

causes double refraction in NIR region of spectrum.    

The optical band gaps of the copper oxide phases formed in the pristine and implanted 

samples were determined from diffused reflectance spectroscopy studies using Tauc’s 

relationship [218]: 



Chapter 2                                                                                Ion Implantation of Copper Oxide 

 

Page | 48  
 

(αhυ)1/n = A(hυ – Eg)                                                                                     (2.1) 

Where α: absorption coefficient, h: Planck’s contant, υ: frequency of vibration, A: 

propotionality constant. The parameter ‘α’ was calculated using Kubelka-Munk method [219]. 

Here the value of ‘n’ was taken as 0.5 as copper oxide is a direct band gap material.    
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Fig. 2.8 Transmittance spectra of the copper oxide thin films: (a) as deposited at 80 mTorr oxygen 

partial pressure and ion implanted thin film with fluence 1 x 1016 particles/cm2; (b) as deposited at 100 

mTorr oxygen partial pressure and ion implanted thin film with different particle fluence 2.5 x 1015, 1 x 

1016, 4.0 x 1016 particles/cm2.  

 

The plot of (αhυ)2 versus Energy (hυ) did not reveal any band structure for the pristine sample 

prepared at 80 mTorr oxygen pressure which is consistent with XRD results (Fig. 2.3a). But the 

same batch of thin film implanted with 1 x 1016 particles/cm2 of N5+ ion exhibited two distinct 
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signatures: namely (a) a type of modulated oscillation in the measured near infrared (NIR) 

region (i.e. 0.88 – 1.72 eV) and (b) characteristic features of band gap of Cu2O phase (Fig. 

2.9a). The oscillation profile observed in our studies was similar to that reported for Cu2O thin 

film and attributed to the modulated interference fringes in the transparent region of Cu2O films 

[220]. The optical band gap (Eg) was measured to be 2.10 eV and 2.21 eV. The band gap of 

2.21 eV and 2.10 eV corresponded to that of different grain sizes of Cu2O phase. The formation 

of different grain sizes is supported from XRD and AFM studies, discussed above. The 

measured band gap for Cu2O, especially 2.21 eV was larger than that for the bulk Cu2O. The 

increase in the band gap is attributed to fabrication of nanosized Cu2O particles and our result is 

consistent with literature [180, 202].  
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Fig. 2.9 Diffused reflectance spectroscopy of the copper oxide thin films: (a) as deposited at 80 mTorr 

oxygen partial pressure and ion implanted thin film with fluence 1 x 1016 particles/cm2; (b) as deposited 

at 100 mTorr oxygen partial pressure and ion implanted thin film with different particle fluence 2.5 x 

1015, 1 x 1016, 4.0 x 1016 particles/cm2. 
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In the case of thin film prepared at 100 mTorr oxygen pressure, the modulated 

oscillation in the NIR region was not significant (Fig. 2.9b). The band gap was determined to 

be 2.21 eV corresponding to Cu2O phase. It may be remarked that the band structure of CuO 

was not detected as the CuO phase was a minor phase and its weak signals are likely to be 

overlapped with that of Cu2O band structure. The band gap of the same batch of thin film 

implanted with 2.5 x 1015 particles/cm2 was found to be 2.16 eV, which corresponding to Cu2O 

phase. The decrease in the band gap was due to increase in the grain size of Cu2O phase due to 

ion implantation, which is consistent with the XRD and AFM results. On the other hand, the 

batch of thin film implanted with 4 x 1016 particles/cm2 revealed reduced crystallinity whose 

band gaps were determined to be 1.51 eV and 1.70 eV. The measured band gaps were 

attributed to CuO phases of different crystallite size.  
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Fig. 2.10 ID - VDS plot of pristine and ion implanted thin films comprising copper oxide phases  

 

2.3.4 Electrical properties 

The electrical characterization of the pristine thin film and ion implanted samples 

deposited at 100 mTorr is given in Fig. 2.7. The plot of ID – VDS plot revealed ohmic responses 

and all the cases passed through zero coordinate point. This implied that the resistances were 
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constant for all the cases. The slope increased with the particles fluence, indicating that the 

lowest resistance corresponded to the batch implanted with 4 x 1016 particles/cm2. The 

observed decrease in the resistance can be attributed to two phenomenon (a) increase in the 

dopant concentration due to increase in the fluence and (b) transformation of Cu2O phase to a 

CuO phase which exhibits higher electrical conductivity than Cu2O [221]. From these results, it 

may be surmised that the optical and the XRD studies were significant to understand the effect 

of low energy ion implantation as a post depositional method on the copper oxide thin film 

deposited by PLD technique.  

2.4 Conclusions 

Low energy (50 keV) ion implantation is demonstrated to be useful method as a post 

depositional sample treatment for fabricating Cu2O thin films. The method is sensitive to 

particle fluence of the incident N5+ beam, where thin film deposited by pulsed laser deposition 

(PLD) technique lacking Cu-O stoichiometry is transformed into a polycrystalline Cu2O phase 

at 1 x 1016 particles/cm2 ion fluence. Similarly, a case was demonstrated where mixed copper 

oxide phases, i.e., Cu2O as major and CuO as minor components deposited by PLD technique 

was transformed to single phase of polycrystalline Cu2O at 2.5 x 1015 particles/cm2 ion fluence 

and the fabricated Cu2O phase is characterized by XRD, AFM and optical spectroscopy (UV-

vis-NIR). Ion implantation with higher particle fluence caused change in copper oxide phase 

and also the crystallinity of the copper oxide phase was affected. The band gaps of the 

respective copper oxide phases measured by diffused reflectance spectroscopy were consistent 

with the reported values. 
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3.1 Introduction 

The transition metal oxides are widely being recognized as electrode materials for 

electrochemical applications. As discussed in Chapter - I, CuO nanoparticles are being less 

explored as supercapacitor. Due to consistent increase in the demand of energy novel, low cost, 

easy to fabricated high performance supercapacitors as energy storage devices are being 

actively pursued in the scientific community. The advantages of supercapacitors are associated 

with release of high energy density than traditional capacitors, high power density, and longer 

life than commercial batteries [18, 68]. Supercapacitors are basically of two kinds: (a) electric 

double layer capacitors (EDLC) and (b) pseudocapacitance (PC). The EDLC type is generally 

governed by high surface area, good electric conductivity and electrochemical stability [18]. 

The carbonaceous materials like graphene, carbon nanotube, reduced graphene oxide, etc, were 

found to exhibit supercapacitor behavior via EDLC mechanism. On the other hand, 

pseudocapacitance nature involves multi-oxidation states cations and conductivity of the 

materials.  

In this regard, it may be remarked that transition metal oxides fulfill both the conditions 

for supercapacitor. Among all transition metals, copper is a one of the most abundant materials 

available on the earth in the form of copper, cupric oxide and cuprous oxide. Cupric oxide 

(CuO) is a p-type semiconductor material with 1.2 eV indirect band gap. It has good electrical 

and optical properties. It has excellent thermal stability and has been used in several application 

like thermal conductor, catalysis and antimicrobials, gas sensors, photocatalytic [3]. It has also 

been used in the field of energy related applications such solar cell, photovoltaic and lithium 

ion batteries [102, 222, 223]. Apart from this, theoretical specific capacitance of CuO can be up 

to 1800 F/g [102], which is more than theoretical specific capacitance of manganese oxide 

ranging between 1100 and 1300 F/g [91]. It can be synthesized as nanostructures of different 

shapes such as tubes, wire, belts, rods, sheets, leaves, needles, plates, flowers [3]. Because of 

this it is a promising candidate for energy applications like supercapacitors. These different 

types of nanostructures can be obtained by different synthesis routes, e.g. hydrothermal 

method, deposition methods, etc. In view of this, synthesis of nanoparticles by precipitation 

method is an easy method to adopt. Recently Shinde et al. reported the polyvinyl alcohol 

(PVA) and triton X-100 (TRX) assisted different type of morphological Cu(OH)2/CuO thin 

film of different supercapacitive behavior by the successive ionic layer adsorption and reaction 
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(SILAR) method [224]. Our research group has developed triphenylphosphine oxide (TPPO) 

and polyvinylpyrrolidone (PVP) capped CuO nanoparticles of different photocatalytic behavior 

[137]. Therefore, capping agents were suitable for tuning several properties of CuO NPs.  

In the present study we have selected five different types of capping agents, e.g., TPPO, 

MAA, TRX, PVP and PVA for preparing capped CuO nanoparticles by co-precipitation 

method. TPPO is a large molecule and electron rich capping agent owing to three phenyl group 

and presence of phosphate. Mercaptoacetic acid (MAA) is an anionic small molecule which 

forms very small metal ion complexes. Triton X-100 is a non-ionic capping agent that has a 

hydrophilic polyethylene oxide chain and aromatic hydrocarbon lipophilic or hydrophobic 

group. Polyvinylpyrrolidone (PVP) is a non-conducting polymer that has polar amide group in 

polymeric chain which readily attach to the surface of nanoparticles. PVA is a conducting 

water soluble synthetic polymer. All the batches of capped CuO NPs were well characterized 

and subjected to electrochemical applications. In addition, these as-synthesized capped CuO 

NPs were calcined at 450 oC and were investigated for supercapacitor property.  

3.2 Materials and methods 

3.2.1 Chemicals 

Copper acetate (Cu(CH3COO)2, > 98%), acetic acid (CH3COOH, 99.5%), sodium hydroxide 

(NaOH, > 98%), Polyvinylpyrrolidone (PVP, average molecular weight 40 000), Polyvinyl 

alcohol (PVA, average molecular weight), mercaptoacetic acid (MAA, 99%), Glucose, 

(C6H12O6, > 99.5%), starch, (C6H10O5, > 99.5%), sucrose, (C12H22O11, > 99.5%), L-Ascorbic 

acid, (99%-100.5%), Dopamine hydrochloride, (> 98%) and Uric acid, (> 99%). hydrogen 

peroxide (30% v/v) and ethanol (>99%) were procured from HiMedia Pvt. Ltd., India. Triton 

X-100 was procured from SDH chemicals Ltd Poole England, Triphenylphosphine oxide (> 

98%) were procured from Sigma Aldrich, GmbH, Germany. All reagents and precursors used 

in this study were of analytical grade and were used without further purification. Analytical 

grade deionized water (Millipore) was used throughout the study. The chemical structures and 

chemical formula of the capping agents used in this synthesis is given in Table 3.1.  
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Table 3.1 The chemical structures and chemical formula of the capping agents 

Capping agent Chemical structure 

Triphenylphosphine oxide 

(TPPO) 

 

OP(C6H5)3 

 
Mercaptoacetic acid 

(MAA) 

 

HSCH2CO2H 

 
Triton X-100 (TRX) 

 

C14H22O(C2H4O)n (n=9-

10) 

 
Polyvinylpyrrolidone 

(PVP) 

 

(C6H9NO)n 

 
polyvinyl alcohol (PVA)  

 

(C2H4O)x 
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3.2.2 Synthesis of capped CuO NPs 

The batches of TPPO capped CuO NPs were prepared by adding 0.02 M copper acetate 

along with 0.1 g of TPPO into 150 mL of water in round-bottomed flask. To this solution, 1 mL 

of acetic acid was added. The reaction was refluxed at 100 oC for 1 hour. The pH of the 

reaction medium was maintained between 7.7 and 8.0 with drop wise addition of 1.0 M NaOH 

solution. The reaction system was allowed to cool down to room temperature. The precipitate 

formed there in was centrifuged at 5000 rpm and washed three times with ethanol and the final 

product was dried at 80 oC for 6 to 8 h in a temperature controlled oven. Similar procedure was 

followed for the synthesis of other batches of CuO NPs with respective capping agent. The 

capping agents were taken as 50 µl for MAA, 50 µl for triton X-100, 0.1 g for PVP and 0.1 g 

for PVA.  

3.2.4 Sample preparation for TEM measurement 

The batch of CuO NPs was dispersed in ethanol for TEM sample preparation. In which 

5 mg of CuO NPs were taken in 10 ml of ethanol and kept for ultrasonication for 15 min. After 

that 0.5 mL of dispersion was taken and diluted in 10 mL ethanol followed by 10 min 

sonication. The absorbance of diluted sample was kept in the range of 0.15 to 0.20, which was 

optimized for preparing TEM sample. The diluted sample was then drop casted on a TEM grid 

(150 mesh) and dried.  

3.2.5 Characterization techniques 

The X-ray diffraction measurements of different batches of capped CuO NPs and bare 

CuO NPs were recorded with a Bruker ARS D8 Advance diffractometer. The instrument was 

operated at 40 kV where graphite-monochromatized Cu-Kα X-rays (λ = 1.54 Å) was scanned at 

2o/min in a wide angle region from 30o to 80o on a 2θ scale. The morphology and particle size 

distribution of the nanoparticles were studied by transmission electron microscopy (TEM). The 

TEM studies were carried out using an FEI Technai-G2 microscope operated at an acceleration 

voltage of 200 kV. The Brunauer–Emmett–Teller (BET) specific surface area of the 

nanoparticles were measured by a Quantachrome Nova 2200 analyzer at liquid-nitrogen 

temperature using nitrogen adsorption–desorption method. The optical band gap of the as-

synthesized batches of capped CuO NPs and bare CuO NPs were determined from their 
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respective Tauc plots. The Tauc plots were estimated from diffused reflectance spectroscopy 

(DRS) data, recorded with UV-visible (Shimadzu UV2450) with respect to barium sulphates. 

The samples for DRS measurements were prepared by mixing CuO NPs and barium sulphate in 

the ratio of 1:10. The photoluminescence spectra of the nanoparticles were recorded by a 

Spectrofluorimeter FLS 980 (HORIBA), in the wavelength range of 315–575 nm, using 

excitation wavelength of 300 nm. The Fourier-transform infrared (FT-IR) spectra were 

recorded on a Thermo NICOLET 6700 FTIR in KBr pellets. The electrochemical studies were 

recorded by CHI760E instruments (USA) in three electrode configuration, where the electrode 

made of capped CuO NPs was taken as working electrode, saturated calomel electrode as 

reference electrode and platinum wire as counter electrode 1.0 M Na2SO4 was used as 

electrolyte solution. The cyclic voltammetric studies were recorded in the potential window 

range 0 to 1.0 V at different scan rates. The galvanostatic charge-discharge study was measured 

at different current density in the potential range 0 to 1.0 V. The electrochemical impedance 

spectroscopy was recorded in frequency range 0.01 Hz to 1 MHz with 5 mV amplitude at 0.5 V 

bias voltage.  

3.3 Results and discussion 

3.3.1 X-ray diffraction 

The X-ray diffraction patterns of bare and batches of capped CuO NPs prepared with different 

capping agents, e.g., triphenylphosphine oxide (TPPO), mercaptoacetic acid (MAA), triton X-

100 (TRX), polyvinylpyrrolidone (PVP) polyvinyl alcohol (PVA) are given in Fig. 3.1. It 

revealed Bragg reflection peaks at 2θ = 32.15o, 35.21o, 38.43o, 48.44o, 53.20o, 57.94o, 61.18o, 

65.71o, 67.79o, 72.20o and 75.08o for all the batches which corresponded to the (110), (002), 

(111), (202̅), (020), (202), (113̅), (311̅), (220), (311) and (222̅) planes of monoclinic phase of 

CuO nanoparticles. Our XRD results matched well with the JCPDS file card no. 48-1548. The 

XRD patterns of the capped CuO nanoparticles were same as that of bare CuO and did not 

reveal any additional peaks, implying that other phases of CuO such as Cu2O and Cu(OH)2 

were absent. It confirmed formation of pure monoclinic phase of CuO NPs. The XRD patterns 

of the all batches of capped CuO NPs revealed peak broadening. 
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Table 3.2 Crystallite size, band gap, surface area and specific capacitance of bare and capped CuO NPs 

Sample Crystallite 

size(nm) 

Band gap 

(eV) 

Surface area 

(m2/g) 

Specific capacitance (F/g) 

CV (5 mV/s) GCD (0.2 A/g) 

Bare 11.4 2.76 66 102 139 

TPPO capped 11.3 2.90 90 98 134 

MAA capped 7.1 3.10 53 102 132 

TRX capped 9.3 2.82 79 94 119 

PVP capped 9.0 2.80 81 101 131 

PVA capped 9.6 2.83 73 88 103 
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Fig. 3.1 XRD pattern corresponding to the monoclinic structure of bare, TPPO capped, MAA capped, 

TRX capped, PVP capped and PVA capped CuO NPs. 

The peak broadening is more in the capped CuO NPs as compared to that of bare CuO 

NPs. The broadening in the capped CuO nanoparticles is attributable to the decrease in 

crystallite size of nanoparticles [137]. Beside, crystallite size, the broadening could also be 

attributed to several other reasons, e.g., lesser lattice planes; micro strain/stress in the crystal 

structure due to dislocation; vacancies and twinning occurring due to capping assisted 
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modification in the nanoparticles [137, 149, 150]. The crystallite   size of the batches of bare 

and capped CuO NPs were estimated from X-ray peak broadening using Debye Scherrer 

formula given as  

𝐷 =
0.9𝜆

𝛽 cos(𝜃)
 

where λ is the wavelength of the X-ray source, β is full-width at half maximum (FWHM) of the 

most intense XRD peak of interest in radians and θ is Bragg’s diffraction angle. The crystallite 

size corresponding to the most intense peak, i.e., (111) plane is determined to be 11.4  nm for 

bare, 11.3 nm for TPPO capped, 7.1 nm for MAA capped, 9.3 nm for TRX capped, 9.0 nm for 

PVP capped and 9.6 nm for PVA capped CuO NPs. All data are given in Table 3.2.  

3.3.2. Surface morphology 

The surface morphology of bare and all the batches of capped CuO NPs were studied by field 

emission scanning electron microscopy (FE-SEM) & the results are given in Fig. 3.2. The FE-

SEM image of bare and the capped batches of CuO NPs revealed agglomeration of the 

nanoparticles. Among these, the agglomeration is more in MAA capped and PVP capped CuO 

NPs (Fig. 3.2). The purity of the CuO NPs were reflected from the qualitative compositional 

analysis by energy dispersive X-ray analysis (EDAX) spectrum, which are given alongside the 

respective FE-SEM images. They revealed characteristic X-ray peaks of Cu and O. The 

transmission electron microscopy (TEM) images of bare, representative capped samples e.g., 

TPPO capped and MAA capped CuO NPs also revealed agglomeration of CuO nanoparticles. 

The higher resolution TEM images revealed nearly uniform spherical shaped CuO NPs of sizes 

12 nm, 13 nm and 8 nm, respectively (Fig. 3.3). A smaller size cluster of small nanoparticles 

observed in higher resolution FE-SEM image of a representative TPPO capped CuO NPs of 

size less than 20 nm (Fig. 3.4). The TEM studies revealed size of the nanoparticles, which were 

consistent with the crystallite size calculated from Debye Scherrer formula.  The selected area 

electron diffraction (SEAD) pattern of the nanoparticles revealed poorly polycrystalline nature 

of these CuO NPs which were consistent with the lesser intense and broadened XRD results. 
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Element Weight% Atomic%  

 

O K 19.25 48.63 
 

Cu K 80.75 51.37 
 

Totals 100.00 
  

 

 

  

 

Element Weight% Atomic% 
 

        
 

O K 16.83 44.55 
 

Cu K 83.17 55.45 
 

Totals 100.00 
  

 

 
  

 

Element Weight% Atomic% 
 

        
 

O K 28.47 61.25 
 

Cu K 71.53 38.75 
 

Totals 100.00 
  

 

 

Fig. 3.2 (continued to next page)  



Chapter 3                                           Capped CuO NPs and their electrochemical applications 

 

Page | 61  
 

 

Element Weight% Atomic% 
 

        
 

O K 19.90 49.67 
 

Cu K 80.10 50.33 
 

Totals 100.00 
  

 

 
  

 

Element Weight% Atomic% 
 

        
 

O K 22.48 53.52 
 

Cu K 77.52 46.48 
 

Totals 100.00 
  

 

 
  

 

Element Weight% Atomic% 
 

        
 

O K 19.70 49.34 
 

Cu K 80.30 50.66 
 

Totals 100.00 
  

 

 
 

Fig. 3.2 Field Emission Scanning Electron Microscopy images of (a) Bare; (b) TPPO; (c) MAA; (d) 

TRX; (e) PVP; (f) PVA capped CuO NPs. Their corresponding energy dispersive X-ray analysis spectra 

are given next the representative FE-SEM images, which revealed characteristic K and L X-rays and 

atomic% of Cu and O. 
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Fig. 3.3 Transmission Electron Microscopy images of (a) bare; (b) TPPO capped; (c) MAA capped CuO 

NPs with their respective SAED image in the inset. High resolution images of (d) bare; (e) TPPO 

capped; (f) MAA capped CuO NPs. 
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Fig. 3.4 High resolution scanning electron microscope images of TPPO capped CuO nanoparticles. 

 

3.3.3 Fourier transformed infrared (FT-IR) spectroscopy 

The FT-IR spectra of bare and all batches of capped CuO NPs were recorded between 

400 and 4000 cm-1 range. It revealed the signature of capping molecules on CuO NPs (Fig. 

3.5). The broad peak observed in the region 3000-3500 cm-1 was due to ̶ OH group of the 

capping agents or absorbed moisture in the NPs. The weak peak at 1078 cm-1 in the TPPO 

capped CuO NPs correspond to the co-ordinate bond between the oxygen atom of P=O bond of 

TPPO ligand and Cu2+ ions. Similar signature peak is also reported in TPPO capped metal 

oxide NPs [225]. A broad and intense peak was observed in the region 1630-1672 cm-1 in the 

MAA capped CuO NPs which is attributed to carboxylic acid group of MAA. A shallow peak 

was observed at 1628 cm-1 in triton X-100 capped CuO NPs, which is attributable to symmetric 

stretching bands of benzenoid group. The FT-IR spectrum of PVP capped CuO NPs revealed 

signature peaks at 1630 cm-1, 1408 cm-1 and 1337 cm-1 which are attributable to C=O stretching 

of carbonyl group in pyrrolidone ring and C-N stretching of PVP, respectively. The peak at 

1630 cm-1 is attributable to interaction of carbonyl bond of PVP with Cu2+ ion. Finally, the 

peaks at 602 cm-1 and 527 cm-1 are attributable to vibrational frequencies of Cu-O bond. Our 

results are consistent with literature reports [186]. 
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Fig. 3.5 Fourier-transform infrared (FT-IR) spectra of bare, TPPO capped, MAA capped, TRX capped, 

PVP capped and PVA capped CuO NPs. 

 

3.3.4 Optical studies 

The optical properties of bare and the capped CuO NPs were studied by diffuse 

reflectance spectroscopy (DRS) in the wavelength range 200-800 nm. The band gaps of these 

nanoparticles were obtained from DRS studies. This study was also useful to select the 

excitation wavelength for recording photoluminescence spectra of the as synthesized batches of 

CuO NPs. The photoluminescence spectroscopy studies are carried out in wavelength range of 

315-575 nm.  

3.3.4.1 Diffuse reflectance spectroscopy 

The band gap of bare and batches of capped CuO NPs were determined by modifying 

the reflectance data to Kubelka–Munk formalism to obtain their absorption spectrum. The 
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absorption edges of the respective bare and batches of capped CuO NPs were determined by 

extrapolating the Tauc plot to (αhν)1/2 = 0. The Tauc plot, given as [226], 

(αhν)1/n = A(hν-Eg) 

where, α is absorption coefficient; h is the plank constant; ν is the frequency of incident light; A 

is the proportionality constant; and Eg represent band gap. The values of n represent the nature 

of transition that takes place within the material, e.g., direct or indirect transition. The value of 

n for direct transition and direct band gap material is taken as ½, while n = 2 is considered for 

indirect transition or indirect band gap materials. 
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Fig. 3.6 Tauc plot obtained from diffuse reflectance spectroscopy of bare, TPPO capped, MAA capped, 

TRX capped, PVP capped and PVA capped CuO NPs. 
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It is found that the as synthesized batches of CuO NPs fitted well with the direct linear 

transition. The linear region of the Tauc plot was extrapolated (αhν)2 = 0, which corresponded 

to the band gap of the materials. From Fig. 3.6, the band gap of bare, TPPO capped, MAA 

capped, TRX capped, PVP capped and PVA capped CuO NPs were determined to be 2.76 eV, 

2.90 eV, 3.10 eV, 2.82 eV, 2.80 eV and 2.83 eV respectively (Table 3.2). Notably the band gap 

of all the batches of CuO NPs were larger than the band gap of bulk CuO i.e., 1.2 eV. The 

increase in the band gap of the as-synthesiezed batches of capped CuO NPs was attributable to 

synthesis of particle sizes smaller than the bulk. This is consistent with the characteristic 

relationship between band gap of a material and its particles size [227]. 

3.3.4.2 Photoluminescence studies 

The photoluminescence (PL) spectra of bare and capped batches of CuO NPs offers 

important information about band structure of nanoparticles and also reflect the defect 

corresponding to additional energy levels within the forbidden gap [137]. The PL spectra of 

bare and batches of capped CuO NPs were recorded using excitation wavelength λex = 300 nm 

and the results are given in the Fig. 3.7. The PL peak is prominently observed at 397 nm for 

MAA capped CuO NPs which corresponded to 3.12 eV. This peak energy is very close to the 

bang gap of the NPs (i.e., 3.10 eV). This PL peaks attributable to re-combination of 

photoexcited electron and holes. The other PL peaks that are prominently observed in MAA as 

well as PVP capped CuO NPs were at 413 nm, 440 nm, 451 nm, 469 nm, 481 nm, 493 nm and 

560 nm. Similar PL spectra of CuO NPs were also reported by other groups [228]. The PL 

peaks at 413 nm, 440 nm and 451 nm corresponded to near band edge emission in visible 

region. The peaks at 481 nm and 493 nm are attributable to energy level of defect sites, such as 

copper vacancy, copper interstitial and oxygen vacancy in CuO NPs [229]. The 560 nm peak is 

assigned to deep level green emission attributable to the singly ionized oxygen vacancies [53]. 

These near band edge emission and deep level green emission are signature of structural defects 

in CuO NPs. Notably, the intensity of the PL peaks of MAA capped and PVA capped CuO NPs 

were higher as compared to other capped batches of CuO NPs. For other batches, weak 

intensity peaks were obtained at 469 nm & 560 nm. The weak PL peaks in bare, TPPO capped, 

TRX capped and PVP capped CuO NPs may be attributed to relaxation of photoexcited 

electrons & holes via dangling bonds and defects present at the surface of CuO NPs. 
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Fig. 3.7 Photoluminescence spectra of bare, TPPO capped, MAA capped, TRX capped, PVP capped 

and PVA capped CuO NPs. 

 

3.3.5 Surface area and pore size  

The Brunauer-Emmett-Teller (BET) surface area of the bare and the batches of capped 

CuO NPs were investigated by five point measurement at 77 K with N2 adsorptions desorption 

process. The nanoparticles for BET measurements were first heated at 150 oC before surface 

area measurement to remove moisture content in it. The BET surface area of bare, TPPO 

capped, MAA capped, TRX capped, PVP capped and PVA capped CuO NPs were found to be 

66 m2/g, 90 m2/g, 53 m2/g, 79 m2/g, 81 m2/g and 73 m2/g, respectively and the results are listed 

in Table 3.2. The surface area of TPPO capped, TRX capped PVP capped and PVA capped are 

significantly higher than that of bare and MAA capped CuO NPs. This is attributable to 

changes in the size of the NPs due to nature of capping agents. Notably, MAA capped CuO 

NPs exhibited highest band gap (3.1 eV) and is expected to exhibit maximum BET surface 

area. On the other hand, MAA capped CuO NPs exhibited much smaller BET surface area. 

This could be due to agglomeration of the MAA capped CuO NPs which is also evident from 

FE-SEM and TEM studies. 
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     Fig. 3.8 BET isotherm of TPPO caped CuO NPs. Inset represent pore size distribution plot. 

 

The TPPO capped CuO NPs were chosen for a detailed N2 sorption isotherms Fig. 3.8. 

It revealed a type IV isotherm, where hysteresis is noted above P/Po = 0.3 and was extended up 

to P/Po = 0.8 indicating mesoporous structure. The pore structure of TPPO capped CuO NPs 

were further confirmed by pore size distribution analysis. The size of the average pores of 

TPPO capped CuO NPs was 3.89 nm and pore size distribution is given in Fig. 3.8. Most of the 

pore sizes were 1.8 nm and 3.6 nm and a fewer pores of sizes 5.8 nm & 7.5 nm were also 

observed and hence these are refund as mesopores. The pore volume of this CuO NPs was 

measured to be 0.1147 cc/g.  

3.3.6 Capped CuO nanoparticles as supercapacitor 

In this section we will discuss the applications of bare and capped CuO NPs as 

supercapacitor material. It may be remarked that CuO NPs were prepared by chemical 

precipitation method and using different capping agents. It was possible to control its particles 

size and morphology on the basis of capping agents. Most importantly both particle size and 

surface morphology play important role for supercapacitor behavior [3]. So we have recorded 

the electrochemical properties of these CuO NPs modified by different types of organic 

capping agent.  
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The electrochemical performances of bare and the batches of capped CuO NPs were first 

evaluated by cyclic voltammetry (CV) in 1 M Na2SO4 electrolyte solution in three electrode 

configuration. The CV results were corroborated with the galvanostatic charge-discharge 

(GCD) studies. The electrochemical impedance spectroscopy (EIS) studies were performed to 

understand the charge accumulation by the bare and capped nanoparticles and also to monitor 

the interaction behavior of electrolyte ion and the electrode material prepared with different 

capped CuO NPs.   
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Fig. 3.9 (a) Optimization of active mass of prepared CuO NPs by recording GCD plot of different total 

mass material on electrode at constant current density (b) photograph of fabricated electrode with CuO 

NPs.  

3.3.6.1 Electrode fabrication  

The electrodes were prepared with respective batches of capped CuO NPs by drop casting of 

slurry made up of respective batches of capped CuO NPs as active material, graphite powder 

and polyvinylidene difluoride (PVDF) in weight ratios of 75:15:10 in N-methyl 2- pyrrolidone 

(NMP) solvent i.e., 150 mg of active material, 30 mg of graphite powder and 20 mg of PVDF 

were dispersed in 2 mL of NMP solvent. This mixed solution was keep for stirred for 12 h for 

homogeneous slurry. The slurry was coated on surface cleaned graphite sheet in area of 1 cm 1 

cm and dried at 90 oC for 12 h to evaporate the solvent. The active material loading for all 

batches of capped CuO NPs was kept at ~ 0.45 mg. The active material mass was measured as 

Active material mass = Total mass of electrode material – mass of graphite sheet 

The masses were measured by a microbalance. The optimization of active mass material was 

done with GCD measurement   
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3.3.6.2 Cyclic voltammetry  

The cyclic voltammetry (CV) curves for bare and different batches of capped CuO NPs 

recorded at scan rates e.g., 5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s and 50 mV/s are 

given in Fig. 3.10 a-f. The shapes of CV curves were quasi-rectangular scan rate varying 

between 5 mV/s to 50 mV/s and were consistent with literature reported on supercapacitor 

behavior of CuO nanostructure [230]. From this we can infer that the as synthesized batches of 

capped CuO NPs are favorable as supercapacitor. The specific capacitance (Cs) of the as 

synthesized bare and capped CuO NPs was calculated using following equation  

Cs =
∫ 𝐼𝑑𝑣

2×𝑣×𝑚×∆𝑉
                                                                           (3.1) 

where I, v, m and ΔV represents current changes with respect to scan rate, applied scan rate, 

active mass of the materials and operating potential window respectively. The specific 

capacitance (Cs) of bare, TPPO capped, MAA capped, TRX capped, PVP capped and PVA 

capped CuO NPs were determined as 102 F/g, 98 F/g, 102 F/g, 94 F/g, 101 F/g and 88 F/g 

respectively at a fixed scan rate of 5 mV/s.  

The respective variation in specific capacitance can be attributed to several factors, e.g., 

porosity, surface area, defects and conductivity of CuO NPs. It is noted that specific 

capacitance for certain batches of capped CuO NPs e.g., MAA & PVP were similar to that of 

the bare CuO NPs in spite of their significant differences in the BET surface areas e.g., 53 m2/g 

for MAA capped & 81 m2/g for PVP capped. Usually, specific capacitance increases with 

increase in surface area of the electrode material. But the specific capacitance measured in our 

samples did not follow trend surface area. For example, in this study we found that BET 

surface area of TPPO capped CuO NPs and MAA capped CuO NPs is significantly different 

but specific capacitance were similar. Compared to other capped CuO NPs, the specific 

capacitance of PVA capped CuO NPs was found to be significantly less. This is correlated with 

intense PL peaks due to metal or oxygen vacancies. So it may be revealed that the vacancies 

acted as trap sites for neutralizing the charge and decrease the specific capacitances. Further the 

effect of capping agents on the supercapacitor behavior of CuO NPs can be observed from the 

CV plots for a fixed scan rate of 10 mV/s (Fig. 3.10). 
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Fig. 3.10 Continued to next page.  
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Fig. 3.10 Cyclic voltammograms of (a) bare, (b) TPPO capped, (c) MAA capped, (d) TRX capped, (e) 

PVP capped, (f) PVA capped CuO NPs. (g) Cyclic voltammograms of bare and all capped CuO NPs at 

scan rate of 10 mV/s. (h) Specific capacitance at different scan rates. 

 

The area under the CV curves of the respective batches of capped CuO nanoparticles varied to 

a very small extent. In other words, the oxidation current varied for the batch of bare, TPPO 

capped and MAA capped CuO NPs in the potential window of 0.3 to 0.8 V, which is due to 

faradaic redox reaction taking place at the surface of the CuO NPs. The specific capacitances at 

different scan rates were calculated for the batches of CuO NPs. The plot of specific 

capacitance vs. scan rate revealed a gradually decreasing trend (Fig.3.10h), which is consistent 

with different metal oxides as supercapacitor [93, 231, 232]. The decrease in the specific 

capacitance at higher scan rates is attributable to inefficient interaction of electrolyte ions with 

active materials owing to lesser interaction time. Further, the specific capacitance was 

decreased to nearly 50-55% at higher scan rate of charging (i.e., 50 mV/s). Let’s take the case 

of MAA capped, TPPO capped and PVP capped CuO NPs to examine their trend of specific 

capacitance at different scan rates. Initially the specific capacitance of MAA capped CuO NPs 

was more than that of TPPO capped CuO NPs. But the specific capacitance of MAA capped 

CuO NPs was lesser than that of TPPO capped CuO NPs for 50 mV/s scan rate. This is 

attributable to various features e.g., faster redox reaction process, electrosorption and 

intercalation of charges at the surface layers of the NPs [233]. The other reason for low specific 

capacitance in MAA at higher scan rate can be attributed to less surface area as compared to 

TPPO capped CuO NPs due to which the interaction of charges are inefficient. However the 
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same reason can’t be given for explaining low capacitance at scan rate of 50 mV/s for PVP 

capped CuO NPs, as PVP capped CuO NPs exhibited higher BET surface area. In this case, the 

functional group of PVP interacting with surface of CuO might play significant role. In that 

case the carbonyl group of pyrrolidone ring in PVP might affect the charge transport properties. 

In addition molecular structure of the polymer might also affect the charge transport 

phenomena between electrolyte ions and Cu atoms. Notably, a supercapacitor store energy 

either by ion adsorption (EDLC) or by fast surface redox reactions (pseudocapacitance, PC). 

The correlation between higher variation in specific capacitance as a function of scan rate and 

larger BET surface area of TPPO capped, TRX capped and PVA capped CuO NPs, as 

compared to smaller BET surface area MAA capped CuO NPs is attributable to faster 

interaction of electrolyte ions with Cu atoms of these capped CuO NPs.  

3.3.6.3 EDLC vs. PC contributions 

The supercapacitance behavior is governed by two mechanisms, i.e., charge 

accumulation and transfer via electric double layer and via faradaic processes attributed to 

pseudocapacitance property [234-236]. The plot of 1/q vs. v1/2 for the pristine and all the 

batches of capped CuO NPs are given in Fig. 3.11a. The linear fit of each batches was 

extrapolated to voltammetric charge at v = 0, which is measure of total accumulation charge 

(qt). From the plot q vs. v-1/2 the extrapolated value of q at v = ∞ corresponded to charge in the 

double layer (qdl) (Fig. 3.12b).  
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Fig. 3.11 (a) 1/q vs. v1/2 and (b) q vs. v-1/2 dependence of bare and capped CuO NPs.  
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Table 3.3 Summary of maximum total charge (qt), double layer capacitance (qdl), and charge associated 

with pseudocapacitance (qp) of bare and capped CuO NPs in 1 M Na2SO4 solution. 

Sample qt (C/g) qdl (C/g) qp (C/g) qp/ qt (%) 

Bare 167 73 94 56.3 

TPPO capped 161 65 96 59.6 

MAA capped 200 63 137 68.5 

TRX capped 152 62 90 59.2 

PVP capped 187 66 121 64.7 

PVA capped 145 59 86 59.3 

 

As the potential window for electrochemical measurement of our material is from 0 to 1 V, 

therefore charge accumulated on electrode is equal to capacitance of the electrode material. The 

total specific capacitance (Ct), specific capacitance due to double layer (Cdl) and specific 

capacitance due to pseudocapacitance (Cp) values are given in the Table 3.3. The relative 

contribution of PC can be estimated by  

Cp =
𝐶𝑝

𝐶𝑡
× 100.                                                                                                  (3.2)                                                                                                          

The Ct, Cdl and Cp are given in Table 3.3, which suggested that the all the capped CuO NPs 

revealed higher PC contribution as compared to pristine CuO NPs. In fact all have more than 

59% PC contribution. The MAA capped and PVP capped CuO NPs revealed 68.5% and 64.7%, 

respectively, which were highest among all capped samples. This could be due to 

agglomeration of nanoparticles which provide more excess to electrolyte ions to interact with 

Cu atom. This result was consistent with previously discussed decrease in the specific 

capacitance with increase in scan rate. 

3.3.6.4 Galvanostatic charge –discharge (GCD) studies  

Further the electrochemical studies of these bare and batches of capped CuO NPs were 

examined by galvanostatic charge–discharge (GCD) measurements. All the charge-discharge 

curves of bare and batches of capped CuO NPs electrode were recorded at different current 

density varying from 0.2 A/g to 5 A/g (Fig. 3.12 a-f). Triangular shaped charge-discharge 
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curves were observed which are typical for a good supercapacitor [93]. This triangular shape 

revealed the constant charging and discharging nature of the bare and capped CuO NPs as 

supercapacitive materials with proper reversibility [237]. The specific capacitance could be also 

calculated from GCD study using following equation:  

Cs =
𝐼×𝑡

𝑚×∆𝑉
                                                                                                      (3.3) 

In the equation, the terms I, t, m and ΔV represents the applied current, charge-discharge time 

period, active mass of the materials and operating potential window respectively. The specific 

capacitance of bare, TPPO capped, MAA capped, TRX capped, PVP capped and PVA capped 

CuO NPs from GCD measurements were found to be 139 F/g, 134 F/g, 132 F/g, 119 F/g, 131 

F/g and 103 F/g, respectively at a fixed current density of 0.2 A/g. Expectedly the results 

obtained from charge-discharge based capacitance were of similar trend with those of cyclic 

voltammetry based capacitance results. It is further noted that the specific capacitance of the 

bare, TPPO capped, MAA capped and PVP capped CuO NPs were of similar order i.e., 139 

F/g, 134 F/g, 132 F/g and 131 F/g, respectively at constant 0.2 A/g current density. These 

results were better than reported literature (Table 3.4). However, the surface areas of these 

nanoparticles were different (e.g., 66 m2/g, 90 m2/g, 53 m2/g and 81 m2/g, respectively). 

Therefore, the capacitance performances of these CuO NPs are not only dependent on surface 

area of the nanoparticles, but other factors are likely to contribute.  

In this regard, surface modification on the nanoaprticles by different capping agents 

might have an impact on supercapacitor behavior. Capping agents tend to decrease the specific 

capacitance as compared to bare CuO NPs. This is attributable to conducting or non-conducting 

nature of capping agent. The capping agents on the CuO NPs tend to reduce the interaction of 

electrolyte ions with the copper atoms present on the surface.  
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Fig. 3.12 Continued to next page  
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Fig. 3.12  Galvanostatic charge-discharge curves of (a) bare, (b) TPPO capped, (c) MAA capped, (d) 

TRX capped, (e) PVP capped, (f) PVA capped CuO NPs. and (g) Galvanostatic charge-discharge curves 

of bare and all capped CuO NPs at current density 0.2 A/g. 

 

Table 3.4 Specific capacitance of CuO nanostructures reported in literature  

Nanostructure Methods of fabrication Specific 

capacitance 

Scan 

rate 

Electrolyte References 

Hirarchical Crystallization of Cu foil in 

alkaline medium 

47 F/g 5 mV/s 1 M 

Na2SO4 

118 

Multilayer 

nanosheets thin 

films  

Chemical bath deposition 

(CBD) on stainless steel 

22 F/g 10 

mV/s 

1 M 

Na2SO4 

119 

Vertical copper 

oxide (CuO) 

nanoflakes  

Surface oxidation of Cu foil 190 F/g 2 

mA/cm2 

1 M KOH 129 

CuO/rGO 

nanosheet and 

CuO nanosheet  

Hydrothermal 

 

40 F/g 

10 F/g CuO 

10 

mV/s 

1 M 

Na2SO4 

238 

Capped CuO Precipitation 135 F/g 0.2 A/g 1 M 

Na2SO4 

Present 

work 
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The charge-discharge curves of bare and batches of capped CuO NPs as electrodes 

measured at a fixed 0.2 A/g current density are given in Fig 3.12g. The time required for 

charging-discharging pattern is evident from Fig. 3.12. It is noted that the batch made of PVA 

as capping agent exhibited the worst property as it discharged quickly. On the other hand the 

rate of discharging was slower for bare, TPPO capped and MAA capped CuO NPs and they are 

considered to be better supercapacitor.  

3.3.6.5 Electrochemical Impedance spectroscopy 

Further, electrochemical impedance spectroscopy studies of bare and all the batches of 

capped CuO NPs recorded at 0.5 V bias potential vs. SCE with 5 mV amplitude in the 

frequency range 0.01 Hz to 1 MHz are given in Fig. 3.13a.   
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Fig. 3.13 (a) Electrochemical impedance spectroscopy of bare and batches of capped CuO NPs. (b) 

represent the zoom EIS of all sample in higher frequency range. 

 

The Nyquist plot of bare, TPPO capped, TRX capped, PVP capped and PVA capped 

CuO NPs revealed three important regions, e.g. the semicircle at high frequency owing to 

charge transfer, mid frequency due to diffusion of charge and the large scale vertical line in the 

low frequency region due to ionic mobility. The results for high frequency and mid frequency 

region are given as insert of Fig. 3.13 b. For example, the equivalent series resistance (ESR) is 

obtained for the Z΄ value at which the imaginary part is zero and corresponded to higher 

frequency region. In addition the EIS plot also reveals the conductivity of the material in 
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electrolyte. The ESR of bare and the batches of capped CuO were observed to be similar, i.e., 

0.4 ohm (Fig. 3.13). Notably for an ideal supercapcitor, the ESR must be as small as possible 

and preferably equivalent to zero. The ESR value obtained for our CuO NPs is by far the lowest 

among all the CuO nanostructures reported till date as per existing literature report [239]. Such 

low ESR values in our batches of CuO NPs is attributable to higher electric conductivity and 

lower ionic resistance of the electrolyte ions in the pores during charging and discharging 

[240]. This is attributable to interfacial properties of CuO and capping agent. The specific 

capacitance can also be determined from the EIS studies by the equation [241]: 

Cs=
1

2𝜋𝑓𝑍΄΄𝑚
                                                                                                  (3.4)                      

where, f, Z" and m represents the frequency, imaginary component of impedance and active 

mass of the material respectively. In other words, Cs is inversely proportional to f and Z". In 

spite of similar specific capacitance for MAA capped and TPPO capped CuO NPs, the slope in 

the low frequency region for MAA capped CuO NPs is striking less as compared to TPPO 

capped CuO NPs. This implies that the ionic mobility in MAA capped CuO NPs was much 

slower than that of the electrode made of TPPO capped CuO NPs. The slower kinetics could be 

due to several reasons; one of the main reasons could be the thickness of MAA coating on the 

capped CuO NPs. In addition structural defects in nanoparticles can play important role in 

slower kinetics of charges. In this regard, it may be remarked that the PL studies of MAA 

capped CuO NPs revealed more surface defects than TPPO CuO NPs. Particularly 

copper/oxygen vacancies are more in MAA capped CuO NPs which may act as potential trap 

sites of charges. Since the BET surface area of MAA capped CuO NPs was significantly lesser 

than the TPPO capped CuO NPs whereas their specific capacitance were of same order, 

therefore it may be commented that that the pseudocapacitive behavior of MAA capped CuO 

NPs was more than that of TPPO capped CuO NPs. The pseudocapacitance behavior is 

attributable to faradaic process at the electrode. The current vs. potential plot clearly revealed 

the signature of redox events at the electrodes. Thus, owing to similar specific capacitance but 

different supercapacitive behavior, the MAA capped and TPPO capped CuO NPs were selected 

as electrode material for cyclic stability test and the results were compared with bare CuO NPs.  
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3.3.6.6 Cycle stability  

The stability of the electrode material was investigated by charging-discharging process 

for 500 cycles at a current density of 1 A/g. The ratio of specific capacitances measured at first 

cycle to its last cycle is known as capacitance retention.  
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Fig. 3.14 Capacitance retention (in %) of bare (a) TPPO capped (b) and MAA capped (c) for 500 cycles 

of GCD at current density of 1 A/g. and EIS of samples before and after the 500 cycles inset in 

respective figures. 

 

The capacitance retention plots for bare and capped CuO NPs revealed 6% 

enhancement in capacitance during the first few cycles. This is attributable to the initial 
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activation period within which pores get progressively wet. Similar phenomenon is also 

reported in literature [93]. Overall, the capacitance retention after 500 cycles was found to be 

87% for the bare CuO NPs, 84% for TPPO capped and 73% MAA capped CuO NPs. These 

capacitance retention are so far very promising results among any form of CuO NPs reported so 

far as supercapacitor [107, 242, 243]. The decrease in the cycle stability observed here could be 

attributed to changes in the electrochemical properties at the surface of the CuO NPs. This 

could be related to degradation of capping agents during intercalation and de-intercalation of 

ions [242, 243]. 

The proposed degradation of capping agent is reflected from the comparison of the 

impedance spectroscopy study of these working electrodes before and after 500 cycles (Fig. 

3.15). It can be seen from the Z΄ vs. Z" plot (inserted plot in each of the Fig. 3.14) that the 

imaginary part of each plot revealed decrease in the Z" component. This is due to decrease in 

the intercalation of electrolyte ions within the electrode materials. In addition, swelling and 

shrinking of pores, formation of inactive layer at the surface of the electrode due to charging 

and discharging effect could also reduce the specific capacitance of the materials [244]. The 

swelling and shrinking of capping agent is a significant factor, which occurs as a consequence 

of potential applied between electrode made of CuO NPs and the counter electrode. Here the 

electrolyte ions are considered to move into the pores of the electrode for intercalation process 

and vice-versa during de-intercalation process.  

3.4 Studies of calcined capped CuO NPs 

In order to improve the stability of the capped CuO NPs we have adopted calcinations 

of the as-synthesized capped CuO NPs at 450 oC. Further by calcination process it is expected 

that the structural defects of the NPs would be minimized and the pore would tend to be more 

stable against swelling and shrinkage during charging-discharging process. There is sufficient 

scope for improving the stability of the capped CuO NPs in order to realize these materials as 

real time supercapacitors. Henceforth, the batch of bare and capped CuO NPs after calcinations 

will be referred to as calcined bare CuO NPs and calcined capped CuO NPs.  
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Fig. 3.15 XRD pattern corresponding to the monoclinic structure of bare, TPPO capped, MAA capped, 

TRX capped, PVP capped and PVA capped CuO NPs after calcination. 

 

3.5 Result and discussion of calcined capped CuO NPs 

3.5.1 X-ray diffraction 

The XRD patterns of these calcined bare and the batches of calcined capped CuO NPs 

revealed characteristic peaks of monoclinic phase of CuO NPs which are similar to the un-

calcined CuO NPs (Fig. 3.15). The crystallite size of all calcined batches of bare and capped 

CuO NPs were calculated from Debye Scherrer formula and listed in Table 3.5. The calcined 

batches reveal larger crystallite size owing to the growth of the particle size of the 

nanoparticles. The growth in the crystallite size due to heating is lesser for capped batches as 

compared to bare CuO NPs. The reason for increase in the crystallite size due to heating is 

attributed to the thermal degradation of the capping agent. Consequently, the nanoparticles 

collapsed to form larger crystallite size by rearrangement of atoms.  
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3.5.2 Surface morphology 

The FE-SEM image of calcined bare and all batches of calcined capped CuO NPs 

showed agglomeration of nanoparticles (Fig. 3.16). Their respective EDAX spectrum is given 

alongside the FE-SEM images which confirmed the purity of calcined CuO NPs (Fig. 3.16). 

 

Element Weight% Atomic% 
 

        
 

O K 21.20 51.66 
 

Cu K 78.80 48.34 
 

Totals 100.00 
  

 

  

 

Element Weight% Atomic% 
 

        
 

O K 27.78 60.43 
 

Cu K 72.22 39.57 
 

Totals 100.00 
  

 

  

 

Element Weight% Atomic% 
 

        
 

O K 19.36 48.81 
 

Cu K 80.64 51.19 
 

Totals 100.00 
  

 

Fig. 3.16 (Figure continued to next page) 
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Element Weight% Atomic% 
 

        
 

O K 18.97 48.19 
 

Cu K 81.03 51.81 
 

Totals 100.00 
  

 

 
  

 

Element Weight% Atomic% 
 

        
 

O K 18.44 47.30 
 

Cu K 81.56 52.70 
 

Totals 100.00 
  

 

 
  

 

Element Weight% Atomic% 
 

        
 

O K 19.36 48.82 
 

Cu K 80.64 51.18 
 

Totals 100.00 
  

 

 
 

Fig. 3.16 Field Emission Scanning Electron Microscopy images showing morphology of (a) Bare, (b) 

TPPO, (c) MAA, (d) TRX, (e) PVP, (f) PVA capped CuO NPs after calcination and their corresponding 

energy dispersive X-ray analysis spectrum showing characteristic K and L X-rays and atomic% of Cu 

and O. 
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3.5.3 BET Surface area and pore size 

The TPPO capped CuO NPs were also calcined to study the effect of calcinations of 

capped NPs. The N2 sorption isotherm of the calcined batch of TPPO capped CuO NPs was 

found to be similar to the uncalcined batch. The hysteresis is in the region of 0.45 to 0.84 which 

also revealed mesoporous structure. The pore size distribution is given in Fig. 3.17, which 

revealed decrease in the pores frequencies than the uncalcined samples. The pore sizes were 1.3 

nm, 2.2 nm, 3.1 nm and 4.0-4.3 nm. The average pore size is 3.89 nm. The pore volume of this 

CuO NPs was measured to be 0.01616 cc/g.  
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Fig. 3.17 BET isotherm of calcined TPPO caped CuO NPs. inset represent pore size distribution plot. 

3.5.4 Electrochemical study of calcined capped CuO NPs 

3.5.4.1 Cyclic voltammetry studies  

The CV measurement of calcined bare and all the batches of calcined capped CuO NPs 

at different scan rates 5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s and 50 mV/s (Fig. 3.18). 

Unlike the uncalcined samples, the oxidation and reduction peaks are not very prominent in the 

CV plots of the calcined sample. This implies that faradaic processes were not favored at the 

surface of the calcined samples. The quasi rectangular shapes of all the calcined capped CuO 

NPs were found to be enhanced as compared to that of calcined bare CuO NPs. The area inside 

the quasi rectangular shape reflected the capacitance of the electrode materials.  
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Fig. 3.18 (Continued to next page)  
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Fig. 3.18 Cyclic voltammograms of (a) bare, (b) TPPO capped, (c) MAA capped, (d) TRX capped, (e) 

PVP capped, (f) PVA capped CuO NPs. (g) Cyclic voltammograms of calcined bare and all batches of 

calcined capped CuO NPs at 10 mV/s scan rate. (h) Specific capacitance vs. scan rates plot. 

 

Table 3.5 Crystallite size and specific capacitance of calcined bare and calcined capped CuO NPs 

Sample Crystallite size(nm) Specific Capacitance (F/g) 

      CV (5mV/s)                   GCD (0.2 A/g) 
   

Bare 15.0 41 40 

TPPO capped 15.7 85 125 

MAA capped 12.9 75 97 

TRX capped 12.4 77 112 

PVP capped 16.6 59 71 

PVA capped 12.6 54 70 

    

The specific capacitance of each calcined batch of CuO NPs was determined as 

discussed earlier and the values are listed in Table 3.5. Compared to uncalcined bare CuO NPs, 

the specific capacitance for calcined bare CuO NPs was significantly decreased to 42 F/g. On 

the other hand the specific capacitance of TPPO capped, MAA capped and TRX capped CuO 

NPs were in the range of 75-85 F/g which were nearly similar to the uncalcined batches. 



Chapter 3                                           Capped CuO NPs and their electrochemical applications 

 

Page | 88  
 

However, the specific capacitance against increasing scan rate revealed poor capacitance 

retention for the all the batches (Fig. 3.18h).   

3.5.4.2 EDLC vs. PC contributions  

The supercapacitance behavior with respect to EDLC and PC contributions was studied 

from 1/q vs. v1/2 and q vs. v-1/2 plots, as shown in Fig. 3.19. The Ct, Cdl and Cp are given in 

Table 3.6. Notably, the pseudocapacitance contribution was increased to 90% for the calcined 

samples of MAA and PVP capped CuO NPs.  
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Fig. 3.19 (a) 1/q vs. v1/2 and (b) q vs. v-1/2 dependence of calcined bare and calcined capped CuO NPs.  

 

This is consistent with our CV results and they are attributed to faradaic processes due 

to better interaction with cation at the surface of the electrode. The increase in PC contribution 

after calcination was attributable to better crystallinity, reduce the distance between electrolyte 

ion and Cu ions and electrolyte charge interaction for favorable intercalation and de-

intercalation process. It is also noted that the calcined capped CuO NPs exhibited better PC 

behavior as compared to calcined bare CuO NPs. From these studies it can be remarked that the 

electrode material made of calcined capped CuO NPs is a promising method for achieving 

better supercapacitor behavior with increased pseduocapacitance contribution. The 

pseudocapcitance behaviors are important and necessary for devices that require faster charging 

and discharging 
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Table 3.6 Summary of maximum total charge (qt), double layer capacitance (qdl), and charge associated 

with pseudocapacitance (qp) of calcined bare and calcined capped CuO NPs after calcinations in 1 M 

Na2SO4 solution. 

Sample qt (C/g) qdl (C/g) qp (C/g) qp/ qt (%) 

Bare 71 21 50 70.4 

TPPO capped 213 36 177 83.1 

MAA capped 333 24 309 93.0 

TRX capped 217 30 187 86.2 

PVP capped 500 16 484 96.8 

PVA capped 139 23 116 83.5 

 

3.5.4.3 Galvanostatic charge-discharge studies 

The charge-discharge curve of calcined bare CuO NPs and the batches of calcined 

capped CuO NPs recorded at different current density are shown in Fig. 3.20. The charging and 

discharging time increased with the current density. Our GCD trends were similar to the 

uncalcined batches and were consistent with literature [242, 243]. The specific capacitances of 

these calcined CuO NPs derived from charge discharge curve at current density of 0.2 A/g are 

listed in Table 3.5. The specific capacitance of calcined batches of TPPO, MAA and TRX 

capped CuO NPs were higher than the other samples. Notably, the maximum specific 

capacitance is obtained for calcined TPPO capped CuO NPs (125 F/g). In addition the specific 

capacitance of MAA capped CuO NPs after calcination was also high, i.e., 97 F/g. These 

batches were selected for stability test. 
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Fig. 3.20 (continued to next page) 
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Fig. 3.20 Galvanostatic charge-discharge curves of (a) bare, (b) TPPO capped, (c) MAA capped, (d) 

TRX capped, (e) PVP capped, (f) PVA capped CuO NPs, (g) Galvnostatic charge-discharge curves of 

calcined bare and all batches of calcined capped CuO NPs at current density 0.2 A/g. 

.  

3.5.4.4 Cyclic stability 

The calcined bare, calcined TPPO capped and calcined MAA capped CuO NPs are 

studied for stability by 500 cycles of charge-discharge process at current density of 1 A/g. The 

capacitance retention of calcined MAA capped CuO NPs was 80%  and calcined TPPO capped 

CuO NPs was 102% which are improved by several fold as compared to the uncalcined batches 

(Fig. 3.21).  

This enhancement in stability is attributed to increase crystallinity of the NPs and 

minimizing of defects at the surface of NPs due to heating. It may be commented here that the 

capacitance retention of calcined TPPO capped CuO NPs is much better than CuO based 

electrode reported in literature [107, 242, 243]. 

The impedance spectroscopy of the calcined batches after first cycle and after 500 

cycles is given in Fig. 3.21. The deterioration of the electrode for MAA capped calcined CuO 

NPs during the cyclic charging-discharging processes is revealed from the decrease in the slope 

of the vertical line corresponding to low frequency region. It implied that the ionic mobility 

was decreased with the progress of charging-discharging.  
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Fig. 3.21 Cycling stability test (a) calcined bare (b) calcined TPPO capped and (c) calcined MAA 

capped CuO NPs at current density of 1 A/g. Inset shows the Nyquist impedance spectrum of samples 

before and after 500 cycles. 

 

3.6 Capped and calcined capped CuO NPs as glucose sensor 

Since pseudocapacitance contribution by calcined capped batches of CuO NPs were 

much higher than EDLC contribution, so it was envisaged that these CuO NPs might also work 

as good electrode as glucose sensor via oxidation reactions at the electrode. To confirm our 

assumption we studied both uncalcined and calcined batches of MAA capped and TPPO 

capped CuO NPs as electrode for glucose sensor.  
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The electrocatalytic performances of the bare and the capped CuO NPs towards glucose 

sensing via oxidation reaction at the respective anodes in alkaline medium were studied by CV 

at a scan rate of 50 mV/s. The CV measurements were recorded using an arbitrary 0.9 mM 

glucose concentration and the results are given in Fig. 3.22 a-c. Similarly, the CV 

measurements of glucose oxidation by the bare and capped CuO NPs after calcination at 450 oC 

are given in Fig. 3.22 d-f. A control CV measurement of glucose oxidation by graphite sheet 

without CuO NPs did not exhibit any oxidation current in the potential window of 0 to 0.7 V. A 

small background current was obtained for graphite electrode which is attributable to very 

small double layer capacitance with electrolyte ions. Compared to the control graphite 

electrode, the oxidation current due to glucose oxidation increased drastically for the electrode 

made of bare and capped CuO NPs in the potential window ranging between 0.25 V and 0.70 V 

vs. SCE Fig. 3.22. 

The background current was large for all the batches of electrode made of bare and 

capped CuO NPs, owing to high electrochemical activity of glucose [245]. Our results on 

glucose sensing by capped and batches of calcined capped CuO NPs are consistent with the 

literature [145, 146, 246, 247]. A possible mechanism involved in electrocatalytic oxidation of 

glucose by capped and calcined capped CuO NPs in alkaline medium is assumably similar 

these discussed in literature [145, 157, 246]. It is worth monitoring here that the oxidation 

current increased significantly for the electrodes made of calcined capped CuO NPs as 

compared to the uncalcined counterparts. This is attributable to enhanced electrical 

conductivity at the surface of the calcined capped CuO NPs as discussed in the previous section 

(3.3.6.5) 

3.6.1 Effect of glucose concentration 

The CV measurements of glucose oxidation by capped CuO NPs, calcined capped CuO 

NPs and their comparison with bare and calcined bare CuO NPs for increasing glucose 

concentration are given in Fig. 3. 23. The CV measurements of 0.9 mM glucose were recorded 

at different scan rates varying between 20 mV/s and 300 mV/s. As expected, the potential 

corresponding to peak current was observed shifted towards positive direction with the increase 

in scan rate. The peak current also increased linearly with the square root of scan rate (inset of 

Fig. 3.23). These results are consistent with quasi reversible diffusion controlled process [248].  
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Fig. 3.22 CV curves of graphite sheet and, (a) bare, (b) TPPO capped, (c) MAA capped, (d) calcined 

bare, (e) calcined TPPO and (f) calcined MAA capped CuO NPs electrode in the presence and absence 

of glucose in 0.1 M NaOH solution measured at scan rate of 50 mV/s. 
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Fig. 3.23 The electrochemical behavior of glucose oxidation on the calcined TPPO capped CuO NPs 

electrode recorded in 0.1 M NaOH solution containing 1 mM glucose concentration at different scan 

rates ranging from 20 mV/s to 300 mV/s. Inset shows the dependence of the peak oxidation current on 

the square root of the scan rate. 

3.6.2 Sensitivity  

The effect of glucose concentration on the CV response of all the batches of bare, 

capped and their calcined counterparts were studied in the potential window of 0 to 0.7 V. The 

concentration of glucose was taken in the range of 9 µM to 7.1 mM and the results are given in 

Fig. 3.23. The oxidation current profiles for 0.9 mM glucose in selected potential window are 

given in the insert of Fig. 3.23. The plot of oxidation current vs. overall chosen glucose 

concentration was non-linear in nature (Fig. 3.24). On careful analysis, the linear part of the 

plot corresponded to a lesser glucose concentration range. The linear range data for all the 

batches of CuO NPs are given in Table 3.7. For example, the linear range for the batch of 

calcined TPPO capped CuO NPs was 9 µM to 4.2 mM. The sensitivity of each type of CuO NP 

as electrode was obtained from the slope of the linear fitted plot in Fig. 3.24. The sensitivity is 

given as slope/surface of the electrode and the values are listed in Table 3.7. It is noted that, the 

sensitivity of capped and calcined capped CuO NPs were better than the bare CuO NPs for both 

with and without calcination. The improved sensitivity in the capped batches is due to higher 

oxidation current which is attributable to the efficient faradaic redox process as discussed in the 

previous section. It may be commented here that the sensitivity of our electrode i.e. calcined 

capped CuO NPs was better than those represented in the literature (Table 3.8).  
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Fig. 3.24 CV curves of bare, TPPO capped, MAA capped, calcined bare, calcined TPPO and calcined 

MAA capped CuO NPs electrode recorded at scan rate of 50 mV/s in 0.1 M NaOH solution with 

successive addition of different concentration of glucose. Inset showing plot of change in anodic current 

verses potential  
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Fig. 3.25 Calibration curve of all six batches CuO NPs electrodes based on current recorded on 

successive addition of different amount of glucose concentration into 0.1 M NaOH solution at different 

oxidation potential e.g., 0.5 V for pristine, TPPO caped and MAA caped CuO NPs electrodes, 0.4 V for 

calcined pristine and calcined TPPO caped CuO NPs, and 0.45 V for calcined MAA caped CuO NPs. 

 

3.6.3 Limit of detection (LoD)  

The LoD was calculated for each batch of CuO NPs form the equation LoD = 3σ/s 

where, σ is standard deviation of the linear coefficient and s is slope. The estimated LoD of 

each batch of CuO NPs are listed in Table 3.7. The LoD for calcined TPPO capped was 0.04 



Chapter 3                                           Capped CuO NPs and their electrochemical applications 

 

Page | 98  
 

µM which is much better that those reported in literature (Table 3.8). The response time for 

glucose sensing by all batches of CuO NPs were less than 5 seconds, which is an important 

parameter for real time monitoring. 

 

Table 3.7 Characteristic features of glucose sensors of all batches of CuO NPs electrodes 

Electrodes Response 

speed (s) 

Linear range 

(mM) 

LOD 

(µM) 

Sensitivity 

(µA/mM cm-2) 

Oxidation 

potential (V) 

Pristine CuO NPs <5 0.0009 to 2.2 0.11 1024 0.50 

TPPO caped CuO 

NPs 

<5 0.0009 to 2.2 0.75 668 0.50 to 0.65 

MAA caped CuO 

NPs 

<5 0.0009 to 5.2 0.33 752 0.50 

Calcined pristine 

CuO NPs 

<5 0.0009 to 3.2 0.12 993 0.40 and 0.60 

Calcined TPPO 

caped CuO NPs 

<5 0.0009 to 4.2 0.04 1100 0.38 and 0.60 

Calcined MAA 

caped CuO NPs 

<5 0.0009 to 3.2 0.33 1143 0.45 and 0.60 

 

3.6.4 Amperometric study  

3.6.4.1 Sensitivity 

The sensitivity of glucose by the capped and calcined capped batches of CuO NPs was 

also estimated from amperometric studies. The stepwise increase in oxidation current due to 

periodic spiking of very low concentration of glucose e.g., 2.5 µM, 5.0 µM and 10.0 µM in 0.1 

M NaOH under stirring condition, for respective batches of CuO NPs are shown in Fig. 3.26. 

From this study, it may be remarked that glucose concentration of 2.5 µM can be determined 

from measurable increase in the current. The best response was observed for the calcined 

batches of TPPO capped and MAA capped CuO NPs. A constant current was measured 
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between any two glucose spikes which indicated the feasibility of using calcined capped CuO 

NPs as non-enzymatic glucose sensor. 

Table 3.8 Comparison of studied CuO NPs electrode as glucose sensor reported in literature. 

Electrode  LoD Linear 

range 

(mM) 

Sensitivity 

(µA/mMcm-2) 

Oxidation 

potential (V) 

Ref. 

Sandwitch-structureed CuO  1 3 5342.8 0.6 249 

CuO nanoflowers  1.71 5 2657 0.5 250 

CuO nanosheets  - 1 520 0.5 251 

CuO nanoparticles  0.5 18.45 2762.5 0.6 147 

CuO nanowires  0.3 18.8 2217.4 0.35 252 

CuO nanocubes-graphen  0.7 4 1360 0.59 159 

CuO/MWCNTs modified electrodes  4 14.5 1211 0.55 253 

CuO/grapheme nanocomposites  1 8 1065 0.6 254 

CuO NFs  0.8 2.5 431.3 0.40 248 

CuxO/PPy/Au  6.2 8 232.22 0.6 255 

CuO/CNFs  0.2 11 2739 0.5 256 

CuO/MWCNTs  0.2 1.2 2596 0.4 257 

CuO NWs  2 3 684.2 0.55 258 

Cu-CuO nanowire  500 12 - 0.3 259 

CuO nanoplatelets  0.5 0.8 3490.7 0.55 260 

CuO nanowires  0.049 2 0.49 0.33 145 

CuO biscuits/SPCE  0.1 4.03 308.71 0.5 246 
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3.6.4.2 Selectivity 

The selectivity of non-enzymatic glucose sensing by calcined capped CuO NPs was 

investigated by amperometric method in the presence of easily oxidizable compound e.g., 

starch, sucrose, hydrogen peroxide (H2O2), ascorbic acid (AA), dopamine (DA) and uric acid 

(UA). Though normal glucose level in blood is in the range of 3 to 8 mM but oxidation currents 

for such glucose concentrations are very high. Because of this we have taken 250 µM glucose 

solutions as a test solution. The concentrations of interfering compounds were taken at 25 µM 

to maintain 10:1 ratio of analyte: interferent. 
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Fig. 3.26 Amperometric current responses of the all the batches of CuO NPs electrode at different 

oxidation potentials in 0.1 M NaOH solution with dropwise addition of 2.5 µM, 5.0 µM and 10.0 µM 

glucose. 

 

The oxidation current due to oxidation of 250 µM glucose in 0.1 M NaOH under 

stirring condition were recorded and the results are given in Fig. 3.27.  Notably, the current due 

to glucose oxidation was significantly higher than those of the interfering compounds. 

Similarly, the glucose sensing at lower glucose concentration such as 2.5 µM and 5 µM in 

presence of 10 times lower concentration of interfering compound were also measured (Fig. 

3.27). It may therefore be summarized that the calcined TPPO and MAA capped CuO NPs are 
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suitable electrocatalytic material for glucose sensing in presence of common interfering agents 

that are usually present in human fluids. 
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Fig. 3.27 Amperometric current responses of glucose oxidation with interfering compounds such as 

starch, sucrose, H2O2, ascorbic acid (AA), dopamine (DA) and uric acid (UA) in 0.1 M NaOH solution. 

 

3.6.4.3 Real time analysis  

The applicability and reliability of calcined TPPO capped CuO NPs as electrodes were 

investigated for sensing glucose levels in human blood and urine samples. The amperometric 

response to blood samples was analyzed with respect to 10 µM concentration of glucose. The 

oxidative current for blood sample in stirring condition was nearly double as compared to that 

of 10 µM glucose. By correcting a dilution factor (1000×), the glucose level in the blood was 

estimated as 20 mM (Fig. 3.28a). Similarly glucose levels in human urine sample were 

analyzed using calcined MAA capped CuO NPs after spiking with different concentrations of 

glucose in human urine sample (Fig. 3.28b). The CV measurements of urine sample spiked 

with glucose concentration of 50 µM, 100 µM and 150 µM given in Fig. 3.29a. The increase in 

current at 0.36 V is attributable to glucose oxidation. The amperometric response of blank 25 

µM glucose and that of a test solution comprising 25 µM glucose spiked in urine are shown in 

Fig. 3.29b. 
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Fig. 3.28 Amperometric current response of blood sample over calcined TPPO capped CuO NPs 

electrode (a) and urine sample (b) over calcined MAA capped CuO NPs electrode in 0.1 M NaOH 

solution. 
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Fig. 3.29 CV curves of blood samples (a) over the calcined TPPO capped CuO NPs electrode and urine 

(b) over the calcined MAA capped CuO NPs electrode in 0.1 M NaOH solution at scan rate of 50 mV/s. 

 

The possibility of using the calcined TPPO capped CuO as electrode for repeated 

estimation of glucose in urine sample is demonstrated in Fig. 3.30. After each measurement, the 

electrode was washed with deionized water (Millipore) and the glucose concentration was 

determned from CV measurement at a scan rate of 50 mV/s for six times. Each measurement 

revealed reproducible result. Therefore it may be inferred that calcined TPPO and MAA capped 

CuO NPs can be successfully used as a glucose sensor in blood and urine sample. 
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Fig. 3.30 CV curves showing re-usability of the calcined TPPO capped CuO NPs electrode for glucose 

determination in urine samples.   

 

3.7 Conclusions 

Batches of CuO nanoparticles capped with different types of capping agents were 

successfully synthesized by co-precipitation method and were thoroughly characterized. The 

molecular structure of capping agent is important for interacting with the surface of CuO to 

control the band gap, surface defect, surface morphology as well as surface area of the 

respective batches of CuO NPs. These surfaces modified CuO NPs were found to exhibited 

good supercapacitor behavior as reflected from specific capacitance of the order of 131-134 F/g 

for TPPO capped, MAA capped, TRX capped and PVP capped, respectively at current density 

of 0.2 A/g. However, the stability of these capped CuO NPs was poor and was attributed to 

unstable pores of the NPs. In order to improve the specific capacitance behavior, the capped 

CuO NPs were calcined at 450 oC. The supercapacitance behavior was investigated in terms of 

EDLC and PC contribution from cyclic voltammetry studies. All the batches of calcined capped 

CuO NPs revealed higher pseudocapacitance behavior (90%) and hence it may be concluded 

that the TPPO capped CuO NPs after calcination at 450 oC exhibited excellent electrode 

stability (102%) with high specific capacitance. 
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The MAA capped and TPPO capped CuO NPs before and after calcination at 450 oC 

were then tested for glucose sensing. The calcined batches of MAA capped and TPPO capped 

CuO NPs exhibited excellent glucose sensing. The LoD for calcined TPPO capped CuO NPs 

was 0.04 µM which is a significant better than those reported LoD values in literature. 

Amperometric studies also demonstrated the sensitivity and selectivity of the calcined capped 

CuO NPs. The glucose sensing by our method was not affected in the presence of early 

oxidisable compounds such as starch, sucrose, H2O2, ascorbic acid, dopamine, uric acid. 

Finally, the applications of the calcined capped CuO NPs were demonstrated to be successful 

for estimating glucose concentration in the human blood and urine samples. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4  

Synthesis of Se-doped CuO NPs and their 

Application as a Supercapacitor  
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4.1 Introduction  

In the previous Chapter TPPO capped CuO NPs exhibited the best electrochemical 

properties and were good for supercapacitor. In the present Chapter, we have studied 

modification of TPPO capped CuO NPs with selenium doping for supercapacitor behavior. The 

emphasis is on development of temperature elevated supercapacitor using CuO Nps. Among all 

transition metal oxides, CuO has good thermal stability and is a good thermal conductor [238]. 

Therefore, CuO nanostructures can be a potential material for a temperature elevated 

supercapacitor because it can sustain ion conductivity of electrolyte, viscosity variation and 

solubility limits. These factors are the major causes for lowering the device performance at 

high temperature [261].  

For this study, doping of selenium is employed as it is expected to enhance the 

conductivity as well as generates defects sites in the CuO NPs to improve the supercapacitor 

behavior [28]. Doping in the metal oxide can developed strain, metal vacancy defect and 

increase charge transport over the surface. This was confirmed by Se doped ZnO nanoparticles 

being used for photocatalytic application [66]. The as-synthesized batches of Se-doped CuO 

NPs were thoroughly characterized and were studied for supercapacitor behavior at room 

temperature as well as at elevated temperature.  

4.2 Materials and Methods 

4.2.1 Chemicals 

The chemicals used for CuO NPs were almost same as those mentioned in Chapter 3 

sodium selenate (Na2SeO4, > 98%), from HiMedia Pvt. Ltd., India.  

4.2.2 Synthesis of Se-doped CuO NPs 

The batches of Se-doped CuO NPs were synthesized by the coprecipitation method by 

adding 0, 2, 5, 10 and 20 wt% of sodium selenate in 150 mL of aqueous solution of copper 

acetate (20 mM) followed by addition of 0.01 g TPPO and 1mL of acetic acid. This reaction 

was refluxed at 100 oC for 1 hour in a round-bottomed flask. Then 1.0 M NaOH was added to 

the solution until a black colored precipitate was formed at pH 7.7 to 8.0. The precipitate was 

centrifuged at room temperature, washed 3 times with ethanol, and eventually dried at 80 oC 
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overnight in a temperature controlled oven. The exact amount of sodium selenate taken for 

respective batches was listed in Table 4.1. 

Table 4.1 Concentration of selenium taken during synthesis of Se-doped CuO NPs 

Weight taken of 

copper acetate (g) 

Weight taken of 

sodium selenate (g) 

Amount of Se 

dopant (mg) 

Batches Dopant amount by ICP-

OES 

     

0.6 0 0 Pristine 0 wt%  

0.6 0.012 5.0 2 wt% 0.14 wt%  

0.6 0.030 12.5 5 wt% 0.23 wt%  

0.6 0.060 25.0 10 wt% 0.45 wt%  

0.6 0.120 50.0 20 wt% 0.31 wt%  

     

The batches of Se doped CuO NPs prepared with 2 wt%, 5 wt%, 10 wt% and 20 wt% of 

Se precursor were analyze by ICP-OES technique to obtain the actual Se concentration in the 

respective doped CuO NPs. The concentrations of selenium in the respective batches of the 

acid digested nanoparticles followed by serial distribution were determined against the 

calibration plot obtained by analyzing known concentrations of standard selenium ion solution 

(Sigma Aldrich). The concentration of selenium in Se-doped CuO NPs was calculated using the 

formula given below: 

𝑆𝑒 (𝑤𝑡%) =
[𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑒 𝑖𝑛 𝑎𝑐𝑖𝑑 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑 (𝑚𝑔)]

[𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑒−𝑑𝑜𝑝𝑒𝑑 𝐶𝑢𝑂 𝑁𝑃𝑠 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑 (𝑚𝑔)]
× 100                  (4.1)                    

where, mass of Se in acid digest = Se concentration measured by ICP-OES (mg/L) times total 

volume of digest (i.e., 1000 mL). 

4.2.3 Characterization techniques 

All Characterization techniques and measurement parameters are same as discussed in 

Chapter 3, except temperature elevated electrochemical studies, which were observed in 

temperature controlled set up. The cyclic stability measurement at 55 oC was found to decrease 

after 50-100 cycles signify decrease in the specific capacitance. This was due to increase in 

electrolyte concentration [241, 262], which resulted in the decrease observed. To avoid this 

water level in electrolyte was compensated by adding water heated at 55 oC. This was the 

reason behind the fluctuation in cyclic stability measurements at 55 oC temperature. 
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4.3 Result and discussion of Se doped CuO NPs 

4.3.1 Analysis of Se doped CuO NPs 

It is found that the actual doped Se concentration in the batches of CuO NPs prepared 

with 2 wt% Se precursor was only 0.14 wt% with respect to the weight of CuO NPs. Similarly, 

the actual doped Se concentration in the batches prepared with 5 wt% Se, 10 wt% Se and 20 

wt% Se in CuO NPs were 0.23 wt%, 0.45 wt% and 0.31 wt%, respectively. Thus, the Se doping 

in the CuO NPs was poor as only about 0.14- 0.45% of the Se is incorporated in the doped CuO 

NPs. In a previous study by our research group, it has been discussed that the Se doped CuO 

synthesized by hydrothermal method revealed Se atoms to be mostly accumulated at the grain 

boundaries of CuO NPs and hence controlled the size of NPs [28]. However, in the present 

study the Se-doped CuO NPs were synthesized by co-precipitation method. The batches of 

CuO NPs synthesized with very high Se precursor (20 wt%) showed doped concentration lesser 

than the one synthesized with 10 wt% precursor concentration.  

This is only possible when the doping of Se is not diffusion controlled process [263]. 

Such higher Se concentration in the reaction medium perhaps hindered the Se doping in CuO 

NPs owing to faster nucleation process. So from elemental analysis it is deduced that optimized 

Se doping concentration in CuO NPs was 0.45 wt%.    

4.3.2 X-ray diffraction 

The XRD patterns of pristine CuO NPs and the batches of CuO NPs doped with 

different concentration of selenium revealed characteristic peaks at (110), (002), (111), (202̅) 

(020), (202), (113̅), (311̅), (220), (311) and (222̅) planes corresponding to monoclinic phase of 

CuO nanoparticles (Fig. 4.1). These XRD patterns matched well with JCPDS file, card no. 48-

1548.  Compared to the pristine CuO NPs, the XRD peaks of the Se doped CuO NPs were 

observed to be broader and of lesser intensity for the batches of 0.14 wt%, 0.23 wt%, 0.45 wt% 

Se doped CuO NPs. This observed peak broadening and lowering of peak intensities are 

attributable to decrease in its crystallite size. This might be due to structural defects cause by Se 

doping in CuO NPs. For the batch of 0.45 wt% Se dopant concentration, the major peak at 

(111) plane was observed to be shifted towards lower 2θ value (Fig. 4.1). This is attributable to 

replacement of Cu2+ (0.73 nm) with that of larger sized selenium species. However, the basic 

monoclinic crystal structure of CuO was not altered. The crystallite size of pristine and all the 
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batches of Se doped CuO NPs corresponding (111) plane was calculated from Debye Scherrer 

formula, are given in Table 4.2. 
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Fig. 4.1 (a) XRD pattern corresponding to the monoclinic structure of pristine and Se doped CuO NPs, 

(b) Zoom XRD of Se doped CuO NPs 
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It is noted that the crystallite size decreased with increase in Se doping concentration. This 

clearly indicated that Se species hindered the growth of CuO NPs. However, the crystallite size 

for 0.31 wt% CuO NPs was found to be more than the other batches. This anomaly is perhaps 

due to formation of different morphology of 0.31 wt% Se-doped CuO NPs which will be 

discussed later 

Table 4.2 Crystallite size, band gap, surface area and specific capacitance of pristine and Se-

doped CuO NPs 

Sample Crystallite 

size(nm) 

Band gap 

(eV) 

Surface 

area(m2/g) 

Specific capacitance (F/g)  

CV (5mV/s)         GCD (0.2 A/g) 

Pristine 11.4 2.9 90 99 133 

0.14 wt% Se 9.9 2.8 77 96 128 

0.23 wt% Se 8.3 3.0 91 80 118 

0.45 wt% Se 10.7 2.9 50 120 145 

0.31 wt% Se 13.4 2.8 46 98 138 

 

4.3.3 Surface morphology 

The surface morphology of pristine and all the batches of Se doped CuO NPs were 

studied by FE-SEM and the results are given in Fig. 4.2.  It is observed that pristine and the Se 

doped batch (except 0.31 wt%) of CuO NPs showed agglomeration of spherical shape 

nanoparticles. Whereas, the batch prepared by taking very high Se concentration (20 wt% Se 

precursor) during synthesis i.e., 0.31 wt% Se doped CuO NPs revealed formation of flake like 

structure. So, the morphology of the Se doped CuO NPs depended on the Se precursor 

concentration. The overall composition and the purity of all batches of CuO NPs reflected from 

the energy dispersive X-ray analysis (EDAX) spectrum given alongside each FE-SEM image, 

which revealed characteristic X-ray peaks of Cu and O. This EDAX spectrum did not reveal 

any X-ray peak of Se in the batches of Se doped CuO NPs owing to of its lower concentration 

in the doped CuO NPs.  

The Transmission electron microscopy (TEM) studies of Se-doped CuO NPs supported 

the morphological features revealed by FE-SEM. The particle sizes were determined from 

TEM images. The TEM images of pristine CuO NPs and 0.45 wt% Se doped CuO NPs are 

given in Fig. 4.3.  
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Element Weight% Atomic% 
 

        
 

O K 16.87 44.63 
 

Cu K 83.13 55.37 
 

Totals 100.00 
  

 

 
  

 

Element  Weight%  Atomic%  

          

O K  23.14  54.46  

Cu K  76.86  45.54  

Totals  100.00  
 

 

 
  

 

Element  Weight%  Atomic%  
 

          
 

O K  24.07  55.73  
 

Cu K  75.93  44.27  
 

Totals  100.00  
  

 

 
Fig. 4.2  continued in next page 
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Element Weight% Atomic% 
 

        
 

O K 20.74 50.96 
 

Cu K 79.26 49.04 
 

Totals 100.00 
  

 

 

 

Element Weight% Atomic% 
 

        
 

O K 22.16 53.06 
 

Cu K 77.84 46.94 
 

Totals 100.00 
  

 

 

Fig. 4.2 Field Emission Scanning Electron Microscopy images of (a) Pristine, (b) 0.14 wt% Se doped, 

(c) 0.23 wt% Se doped, (d) 0.45 wt% Se doped and (e) 0.31 wt% Se doped CuO NPs and their 

corresponding energy dispersive X-ray analysis spectrum of respective nanoparticles showing 

characteristic K and L X-rays and atomic% of Cu and O. 

 

The lower resolution image for both the samples revealed formation of more or less 

uniform sized spherical shaped nanoparticles. The higher resolution TEM images revealed 

particle size in the range of 10-12 nm for pristine CuO NPs. Our results were consistent with 

the crystallite size measurement obtained from XRD studies. However, higher resolution image 

of the Se doped CuO NPs did not show prominent spherical shaped nanoparticles. This could 

be due to formation of poorly crystalline CuO NPs due to incorporation of Se in the crystal 

lattice. Our assumption is further strengthened from the SAED image which clearly reflected 

poorly crystalline structure of Se doped CuO NPs. The particle size of Se doped CuO NPs 
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could not be accurately determined from TEM images. So, we would consider the crystallite 

size as a more appropriate particle size indictor in our studies. 

  

  

Fig. 4.3 Transmission Electron Microscopy (TEM) images of (a) pristine, (b) high resolution image of 

pristine, (c) Se doped CuO NPs and (d) high resolution image of Se-doped CuO NPs. 

4.3.4 Optical studies 

The optical properties of pristine and batches of doped CuO NPs were studied by 

diffuse reflectance spectroscopy (DRS) in the wavelength range 200-800 nm. The 
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photoluminescence spectroscopy studies were performed in wavelength range 315-575 nm, 

using excitation wavelength λex = 300 nm. 

4.3.4.1 Diffuse reflectance spectroscopy (DRS) 

The diffuse reflectance spectroscopy studies revealed band gaps of pristine as well as 

for the batches of Se doped CuO NPs. The Tauc plots of these samples corresponding to 

Kubelka Munk formula are shown in Fig. 4.4.  
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Fig. 4.4 Tauc plot obtained from diffuse reflectance spectroscopy of pristine and the batches of Se 

doped CuO NPs. 

 

The band gap energy of pristine and batches of Se doped CuO NPs were in the range of 

2.8 eV and 3.0 eV, listed in Table 4.2. Among the Se-doped CuO NPs studied here, the batch of 

0.23 wt% Se doped CuO NPs revealed maximum band gap (3.0 eV). While the batch of 0.45 

wt% Se doped CuO NPs reveal band gap of 2.9 eV. The band gap measurement was useful to 

select the wavelength of excitation for measuring photoluminescence property of the pristine 

and Se doped CuO NPs. Form DRS study, the maximum band gap was found to be 3.0 eV, 
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which is equivalent to 413 nm. So for photoluminescence studies we have selected at excitation 

wavelength of 300 nm, which is much higher than the band gap of CuO NPs. 

4.3.4.2 Photoluminescence studies 

The photoluminescence spectra of pristine and batches of Se doped CuO NPs are given 

in Fig. 4.5.  

350 400 450 500 550

8.0x10
4

1.2x10
5

1.6x10
5

2.0x10
5

2.4x10
5

2.8x10
5

3.2x10
5

In
te

n
s
it

y
 (

a
.u

.)

Wavelength (nm)

 Pristine

 0.14 wt% Se

 0.23 wt% Se

 0.45 wt% Se

 0.31 wt% Se

 

        Fig. 4.5 Photoluminescence spectra of pristine and batches of Se doped CuO NPs. 

 

Notably, the batch comprising 0.14 wt% Se and 0.23 wt% Se in CuO NPs revealed intense PL 

peaks at 418 nm, 440 nm and 467 nm. The peaks at 418 nm and 440 nm corresponded to 

electron holes recombination and near edge emission. Interestingly, these peaks were not 

observed for the batches of pristine CuO NPs and in the 0.45 wt% Se-doped CuO NPs. While 

all the batches exhibited low intensity PL peaks at 467 nm owing to Cu vacancy defect.  

4.3.5 Se-doped CuO NPs as supercapacitor 

The supercapacitor behavior of pristine and the batches of Se doped CuO NPs are 

studied by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and 

electrochemical impedance spectroscopy (EIS) measurement.  



Chapter 4                                                                    Se-doped CuO NPs as a Supercapacitor 
 

Page | 115  
 

1.3.5.1 Cyclic voltammetry studies 

The CV curves for pristine and all the batches of Se doped CuO NPs were recorded at 

different scan rates e.g., 5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s and 50 mV/s and results 

are given in Fig. 4.6. The CV curves were quasi-rectangular in shape and consistent with 

literature reported on various types of CuO nanostructures [242, 243]. The shapes of cyclic 

voltammograms were observed to be independent of applied scan rate but area under the curve 

is directly proportional to the scan rate. The CV curves are attributed to restriction free 

movement of electrolyte ions into the pores of active material and reversible feature to the 

electrolyte ions interaction of with the active materials [73, 244]. The oxidation peak is 

obtained at 0.4 V and the reduction peak at 0.5 V which are attributed to faradaic redox 

interaction between electrolyte and active materials. The specific capacitances of the as 

synthesized pristine and all the batches of Se doped CuO NPs were calculated using equation 

3.1 (given in previous chapter). 

The specific capacitance of pristine, and the batches of Se doped CuO NPs (0.14 wt%, 

0.23 wt%, 0.45 wt% and 0.31 wt%) are calculated to be 99 F/g, 96 F/g, 80 F/g, 120 F/g and 98 

F/g, respectively. From the CV studies, the specific capacitance was found to be maximum 

(120 F/g) for the batch of 0.45 wt% Se doped CuO NPs and minimum for the batch of 0.23 

wt% Se doped CuO NPs. The observed variation in the specific capacitances was not due to 

surface area, but it is due to the presence of vacancy defects as revealed by near band edge 

emission spectra. The surface defects in the 0.23 wt% Se doped CuO NPs acted as trap sites of 

charges, which resulted in poor specific capacitance. The measured specific capacitances at 

different scan rates were presented in form of specific capacitance vs. scan rate plot. It was 

found that the specific capacitance of the batches of CuO NPs decreased with scan rate (Fig. 

4.6f). This is due to lesser interaction behavior and pores of active material of electrolyte ions 

at higher scan rate. 

4.3.5.2 EDLC vs. PC contributions 

Further, to understand the effect of dopant on the supercapacitor behavior of pristine 

and Se doped CuO NPs, it is necessary to measure the charge associated with (a) electric 

double layer capacitance and (b) with pseudocapacitance in these materials. Form the 1/q vs. 

v1/2 plot, the total voltammetric charge (qt) was calculated by extrapolating voltammetric charge 

to v = 0 (Fig. 4.7a). 
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Fig. 4.6 Cyclic voltammetry plots of (a) pristine, (b) 0.14 wt% Se (c) 0.23 wt% Se (d) 0.45 wt% Se, (e) 

0.31 wt% Se doped CuO NPs and (f) specific capacitance vs. scan rate plot. 
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Total charge associated with double layer (qdl) is calculated from the qdl vs. v-1/2 plot by 

the extrapolation of votammetric charge to v = ∞ (Fig. 4.7b). Thus, charge associated with PC 

(qp) can be calculated as: 

qp = qt – qdl                                                                                             (4.2) 

The contribution of PC can be estimated as: 

qp% = (qp/qt)*100 and the values are listed in Table 4.3.  
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Fig. 4.7 (a) 1/q vs. v1/2 and (b) q vs. v-1/2 dependence of the batches of Se doped CuO NPs 

 

Table 4.3 Summary of maximum total charge (qt), double layer capacitance (qdl), and charge associated 

with pseudocapacitance (qp) of pristine and Se doped CuO NPs in 1 M Na2SO4 solution. 

Sample qt (C/g) qdl (C/g) qp (C/g) qp/qt (%) 

Pristine 163 43.09 120 73.6 

0.14 wt% Se 176 37.35 138 78.4 

0.23 wt% Se 128 34.46 94 73.4 

0.45 wt% Se 231 40.72 190 82.3 

0.32 wt% Se 168 39.13 129 76.8 
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Fig. 4.8 Galvanostatic charge-discharge curves of (a) pristine, (b) 0.14 wt% Se doped, (c) 0.23 wt% Se 

doped, (d) 0.45 wt% Se doped, (e) 0.31 wt% Se doped CuO NPs and (f) Comparison study of GCD of 

the batches of Se-doped CuO NPs at current density of 0.2 A/g. 
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It is observed that all batches of Se doped CuO NPs exhibited higher PC contribution 

than the pristine batch. Notably, the PC contribution was maximum for the batch of 0.45 wt% 

Se doped CuO NPs, which also revealed maximum specific capacitance (as discussed earlier). 

The EDLC contribution is directly dependent on surface area of electrode material [264, 265]. 

This implied that the specific capacitance of Se-doped CuO NPs is primarily due to faradaic 

redox reaction involved at the surface of the electrode material. The importance of PC 

contribution is also indirectly revealed from the non-consist relation between surface area and 

specific capacitance. In this case, the specific capacitance of 0.45 wt% Se-doped CuO NPs was 

50 m2/g while the surface area of pristine CuO NPs is 90 m2/g, whereas, the specific 

capacitance of 0.45 wt% Se-doped CuO NPs was 20% more than the pristine. This also 

supported that the PC contribution was more important to explain the supercapacitor behavior 

of Se-doped CuO NPs.  

4.3.5.3 Galvanostatic charge–discharge (GCD) studies  

The electrochemical activities of the pristine and all the batches of Se doped CuO NPs 

were examined by galvanostatic charge-discharge studies. The charge-discharge curves of 

pristine and batches of Se doped CuO NPs used as electrode were recorded at different current 

density varying from 0.2 A/g to 5 A/g (Fig. 4.8). The charge-discharge curves revealed typical 

triangular shape which corresponded to constant charging and discharging behavior of the 

batch of Se doped CuO NPs and was consistent with feature of a supercapacitor [107, 243]. The 

specific capacitance for each batch was calculated from equation 3.3 (given in Chapetr 3) 

The specific capacitance of pristine, 0.14 wt%, 0.23 wt%, 0.45 wt% and 0.31 wt% Se 

doped CuO NPs are calculated to be 133 F/g, 128 F/g, 98 F/g, 145 F/g and 138 F/g, 

respectively at current density of 0.2 A/g. It is noted that specific capacitances calculated from 

GCD also followed the same trends as that of their CV studies and the maximum specific 

capacitance was obtained for the batch of 0.45 wt% Se doped CuO NPs, which corresponded to 

Se doping concentration.  

4.3.5.4 Electrochemical Impedance spectroscopy (EIS) studies 

The EIS studies were recorded for pristine and all the batches of Se doped CuO NPs in 

the frequency region 0.01 Hz to 1 MHz at 0.5 V bias voltages vs. SCE and the respective 

Nyquist plots are given in Fig. 4.9. The Nyquist plot provides important electrochemical 
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behavior of an active material used as electrode. The Nyquist plots of the Se-doped CuO NPs 

are consistent with literature reports of various types of CuO nanostructures [266, 267]. 

Typically, the Nyquist plot can be seen with three features, i.e., a) high frequency semi-circle; 

b) medium frequency Warburg impedance; c) low frequency capacitive behavior [268]. The 

semi-circle behavior was corresponded to charge transfer resistance found at the interface of 

electrode and electrolyte. It is seen as the initial barrier of charge transfer for carrying 

electrochemical reaction.  
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Fig. 4.9 (a) Electrochemical impedance spectroscopy of pristine and Se doped Cuo NPs, (b) represent 

the zoom EIS of all the batches of CuO NPs in higher frequency range. 

 

The mid-frequency region is due to solid state diffusion process. There are different 

opinions about the diffusion region which is governed by applied potential. Some researchers 

have attributed the absence of diffusion region in their active materials due to pseudocapacitor 

property, as they are not diffusion controlled [268]. However, Song and Bazant provided 

theoretical insight of the impedance behavior and suggested that all three regions would be 

obtained when the electrode is made up of uniform particles [269]. As we have observed all the 

three parts in EIS plots, so we may conclude that our Se-doped CuO NPs are of uniform 

features.  

The ESR values were determined (as explained in chapter 3) for pristine, 0.14 wt%, 

0.23 wt%, 0.45 wt% and 0.31 wt% Se doped CuO NPs were 0.4 ohm, 1.1 ohm, 0.8 ohm, 0.5 
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ohm and 0.6 ohm, respectively. Notably, ESR value of an ideal supercapacitor should be least 

and it should tend to zero [268]. However, the ESR of Se doping in the CuO NPs were 

marginally higher. The ESR is given as a sum of electronic and ionic resistance. The electronic 

resistance is exhibited by the electrode material, contacts, etc. Ionic resistance is due to the 

morphology of the electrode materials, mainly contribution by the resistance inside and outside 

the pores. For a fixed charge collector geometry of active material (1 cm × 1 cm) and same 

mass loading of electrode, the changes in ESR will be only due to the charges in ionic 

resistance. The ESR of 0.14 wt% and 0.23 wt% Se-doped CuO NPs were higher, which are 

consistent with defects or voids in the sample as reflected from the PL studies. The PL studies 

also revealed that such defects were minimized for 0.45 wt% Se-doped CuO NPs and also 

reflected smaller ESR values. The same was observed for the batch of concentration 0.31 wt% 

Se-doped CuO NPs. 

The semi-circle part due to charge transfer resistance was more for the batch of 0.14 

wt% Se and 0.23 wt% Se doped CuO NPs. This is attributable to higher defects in the electrode 

material. The charge transfer region was very small for pristine and 0.45 wt% Se doped CuO 

NPs. The pristine batch did not show the diffusion part corresponding to the mid frequency 

region. On the other hand the diffusion part was distinctly indentified for 0.45 wt% se doped 

CuO NPs. From this it may be concluded that 0.45 wt% Se doped CuO NPs would make a 

better supercapacitor material owing to the diffusion of charges at the surface of electrode 

material. Further, the slope of the vertical line at low frequency for 0.45 wt% Se doped CuO 

NPs was also much higher than rest of the doped CuO NPs as well as pristine CuO NPs. This 

implied that 0.45 wt% is the optimized concentration for the attaining best supercapacitor 

behavior. Therefore, from all electrochemical studies it noted that 0.45 wt% Se doped CuO NPs 

exhibited maximum specific capacitance and highest conductivity as reflected from the 

maximum slope of low frequency data. So it was selected for electrochemical cyclic stability 

test. 

4.3.5.5 Cyclic stability  

The cyclic stability measurement of 0.45 wt% Se doped CuO NPs for supercapacitive 

behavior was studied by performing for 500 charge-discharge cycle at a current density of 1 

A/g. The capacitance retention for the pristine and 0.45 wt% Se doped CuO NPs exhibited 

enhanced capacitance during the first 50 cycles. This is attributable to the initial activation 
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period within which pores get progressively wet and hence fewer interaction with electrolyte 

ions [268]. However, the capacitance decreased gradually after 50 cycles and finally found to 

be 85% for pristine CuO NPs and only 63% for 0.45 wt% Se doped CuO NPs electrode. The 

electrochemical properties of the pristine and Se-doped CuO NPs before and after 500 cycles of 

charging-discharging were studied and the Nyquist plots are given in the inset of Fig. 4.10. It is 

observed that the slopes of the low frequency region decreased for both the materials. 

Compared to the slopes of the material before the cyclic stability test, the slopes of the material 

recorded after completion of 500 cycles were less. This implied decrease in specific 

capacitance due to deterioration of the pores in the electrodes. The pores tend to swell and 

shrink during the entire period of charging–discharging cycles and affect the mobility of the 

electrolyte ions in the electrode material.  
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Fig. 4.10 Capacitance retention of (a) pristine and (b) 0.45 wt% Se-doped CuO NPs; Inset showing EIS 

plot of samples before and after the 500 cycles at current density 1 A/g. 

 

The life of supercapacitor depends on the cyclic stability of the electrode materials. So, 

if the cycle stability of electrode material is short then it cannot be used in portable devices. 

Notably, the cycle stability of the best batch i.e., 0.45 wt% Se doped CuO NPs was found to be 

very poor capacitance 63%. To improve this we calcined the sample at 450 oC. The sample was 

calcined in air to improve the structural properties including the stability of the pores in the NPs 

and consequently improve the electrochemical properties. The electrochemical study was 
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carried out for calcined 0.45 wt% Se-doped CuO NPs and was compared with calcined pristine 

CuO NPs. 

4.4 Result and discussion of calcined Se-doped CuO NPs 

4.4.1 X-ray diffraction 

The XRD pattern of calcined pristine and calcined 0.45 wt% Se doped CuO NPs are 

given in Fig. 4.11. The peaks particularly at (111) plane was more intense and narrower as 

compared to uncalcined samples. This increased peak intensity is attributed to improved 

crystallinity of CuO NPs. the narrower peaks corresponded to increase in crystallite size. From 

Debye Scherrer formula the crystallite sizes of calcined pristine and calcined 0.45 wt% Se 

doped CuO NPs were calculated as 15.7 nm and 12.9 nm, which were more than uncalcined 

samples. 
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Fig. 4.11 XRD pattern corresponding to the monoclinic structure of calcined pristine and calcined Se 

doped CuO NPs. 
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Element Weight% Atomic% 
 

        
 

O K 24.94 56.89 
 

Cu K 75.06 43.11 
 

Totals 100.00 
  

 

 
  

 

Element  Weight%  Atomic%  
 

          
 

O K  22.30  53.26  
 

Cu K  77.70  46.74  
 

Totals  100.00  
  

 

 
 

Fig. 4.12 Field Emission Scanning Electron Microscopy images of (a) calcined pristine, (b) calcined 

0.45 wt% Se doped doped CuO NPs and their corresponding energy dispersive X-ray analysis spectrum 

of representative nanoparticles showing characteristic K and L X-rays and atomic% of Cu and O. 

 

4.4.2 Surface morphology 

The surface morphology of pristine and Se-doped CuO NPs was recorded by FE-SEM 

and the result images are shown in Fig. 4.12. The nanoparticles were agglomerated. The energy 

dispersive X-ray analysis (EDAX) spectrum revealed the characterstic X-ray peaks of Cu and 

O.  
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4.4.3 Calcined Se-doped CuO NPs as supercapacitor 

4.4.3.1 Cyclic voltammetry studies 

The effect of calcination on pristine and the Se doped CuO NPs on their electrochemical 

properties were studied.  
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Fig. 4.13 Cyclic voltammograms of (a) calcined pristine (b) calcined 0.45 wt% Se doped CuO NPs. 

Galvanostatic charge-discharge curves of (c) calcined pristine and (d) calcined 0.45 wt% Se doped CuO 

NPs. 

 

The CV measurements were recorded at different scan rates ranging from 5 mV/s to 50 

mV/s and the results are given in Fig. 4.13. These CV curves are similar to the uncalcined 

counterparts, which revealed quasi rectangular shape, and hence satisfied the condition required 
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for a good reversible supercapacitor. The area of the CV curves increased as the scan rate was 

increased from 5 mV/s to 50 mV/s. However, the shapes of the curve remained unchanged with 

the increase in the scan rate, which is an important feature of a supercapacitor. The specific 

capacitance of calcined pristine and calcined Se doped CuO NPs at arbitrary 5 mV/s scan rate 

were found to be 90 F/g and 96 F/g, respectively. Notably, under similar measurement 

conditions, the specific capacitance of the Se-doped CuO NPs was decreased due to 

calcinations. This could be due to increase in the particles/sizes of the calcined samples. 

4.4.3.2 Galvanostatic charge-discharge studies 

The charge-discharge curve of calcined pristine CuO NPs and calcined Se doped CuO 

NPs recorded at different current density are shown in Fig. 4.13. As expected, these electrodes 

exhibited triangular shape charge-discharge curves and are attributed to a good supercapacitive 

nature of material. The specific capacitances of CuO NPs were also determined from the charge 

discharge curve, which were 124 F/g for pristine and 126 F/g for calcined 0.45 wt% Se doped 

CuO NPs at a current density of 0.2 A/g.  

4.4.3.3 Cyclic stability 

The cycle stability performance of calcined pristine and calcined Se doped CuO NPs 

were studied for 500 cycles of charge-discharge at current density of 1 A/g (Fig. 4.14). 

Notably, the capacitance retention was significantly improved to 96% and 93% for calcined 

pristine and calcined Se doped CuO NPs, respectively. The enhancement in stability can be 

attributed to annealing of defects and stabilizing the pores. It should be mentioned here that 

both the batches of calcined pristine and calcined Se-doped CuO NPs were synthesized by 

chemical precipitation method using TPPO as a capping agent. During calcination the TPPO is 

likely to be thermally decomposed, but the phosphorous of TPPO is likely to be incorporated at 

the surface of the CuO NPs after calcination. This would also result in surface modification of 

CuO NPs. As phosphorous is an n-type material, so it may impact the charge transportation 

property of CuO NPs for better capacitance retention. Our assumption is supported by the EIS 

measurement of the calcined pristine and calcined Se doped CuO NPs. The slope of the vertical 

line in the low frequency region is reduced, which is attributable to decrease in electrolyte 

interaction and increase in ionic mobility resistance after 500 cycles due to deterioration of 

pores of active materials. The capacitance retention of calcined pristine and calcined 0.45 wt% 
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Se doped CuO NPs were better than several CuO nanostructures reported in literature [238, 

268, 270]. 
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Fig. 4.14 Capacitance retention of (a) calcined pristine and (b) calcined Se doped CuO NPs, inset 

showing EIS plot of samples before and after the 500 cycles at current density 1 A/g. 

 

4.5 Calcined Se doped CuO NPs as elevated temperature supercapacitor 

The supercapacitor performance at elevated cell temperatures is very important for 

several applications including the automobile industrial applications [271]. At elevated 

temperatures electrolyte ion conductivity, viscosity, thermal stability, solubility limits are 

change and consequently affect supercapacitor behavior of the active material [241, 262]. 

Notably, in the last few years studies are being reported dealing with effect of temperature on 

aqueous based supercapacitors performance [241]. In this context copper oxide supercapacitor 

can be a good option because copper oxide is well known for thermal stability and as a bulk 

material it is being used in several industrial applications as a thermal energy transfer material 

[261]. For this we have selected calcined batches of pristine and calcined Se doped CuO NPs 

for investigating the effect of elevated cell temperature on their supercapacitor behavior from 

cyclic voltammetry measurement and electrochemical impedance spectroscopy studies. 

4.5.1 Cyclic voltammetry studies 

The elevated temperature cyclic voltrammetry study of calcined pristine and calcined 

0.45 wt% Se doped CuO NPs were recorded for cell temperatures ranging between 25 oC and 

75 oC with an increment of 10 oC in presence of 1.0 M Na2SO4 electrolyte solution at different 
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scan rates 10 mV/s to 70 mV/s. The CV at each cell temperature was recorded at different scan 

rates ranging between 10 mV/s and 70 mV/s, and the results are given in Fig. 4.15 & 4.16. As 

expected the quasi rectangular shaped of CV curves were obtained which are signature of good 

supercapacitive behavior. The CV plots of calcined pristine CuO NPs are different cell 

temperature recorded at 10 mV/s scan rate are given in Fig. 4.17a. The shape and sizes of the 

CV curves were found to increase with increase in cell temperature. This indicated that the 

specific capacitance increases with increase in cell temperature. But according to Gouy-

Chapman theory, the specific capacitance is inversely related to temperature, which is given by 

expression:  

Cd= (
𝛼

𝑇
)𝑐𝑜𝑠ℎ (

𝛽

𝑇
)                                                                                               ( 4.3) 

where, Cd represent specific capacitance, α is function of the concentration and the dielectric 

property of electrolyte, and β represents electrode potential. Therefore, the obtained increase in 

the specific capacitance of these materials cannot be explained by Gouy-Chapman theory. This 

implies that there are other contributions for increasing the specific capacitance with increase in 

temperature. It may be remarked that at high temperature the ionic mobility is increased and the 

contributions from faradaic redox cannot be ruled out. Prominent redox peaks observed at 

higher cell temperature measurements. This is because of improved mobility and rapid 

diffusion of electrolyte ions into the electrode materiasl at higher temperature. The specific 

capacitances of calcined pristine CuO NPs at different temperatures corresponding to each scan 

rate were determined. The specific capacitance vs. scan rate graph at different cell temperature 

is shown in Fig. 4.17b. It is observed that the specific capacitance decreased with increase in 

scan rate for all measured temperatures.  

Similarly, the effect of cell temperature on CV curves of calcined Se doped CuO NPs, 

recorded at 10 mV/s (Fig. 4.17c). The specific capacitance was found to decrease with increase 

in scan rate (Fig. 4.17d), for all the cell temperature.  
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Fig. 4.15 Cyclic voltammetry of calcined pristine CuO NPs at (a) 25 oC, (b) 35 oC, (c) 45 oC, (d) 55 oC, 

(e) 65 oC, and (f) 75 oC.  
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Fig. 4.16 Cyclic voltammetry of calcined Se-doped CuO NPs at (a) 25 oC, (b) 35 oC, (c) 45 oC, (d) 55 
oC, (e) 65 oC, and (f) 75 oC. 
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Fig. 4.17 (a) Comparison plot of CV curves of calcined pristine CuO NPs at different temperature at 

scan rate of 10 mV/s (b) capacitance vs. scan rate plot, (c) Comparison plot of CV curves of calcined Se 

doped CuO NPs at different temperature at scan rate of 10 mV/s and (d) capacitance vs. scan rate plot.  

 

It is noted from Fig. 4.17 b, d, that the specific capacitance of calcined Se doped CuO 

NPs is 115 F/g and that of pristine CuO NPs is 125 F/g at 75 oC for scan rate of 10 mV/s. From 

these studies it is concluded that the specific capacitance of our material is increased by 67% to 

45% at elevated cell temperature. 
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4.5.2 EDLC vs. PC contributions  

Further, to understand the effect of temperature on the supercapacitor behavior of 

pristine and Se doped CuO NPs, it is necessary to measure the charge associated with (a) 

electric double layer capacitance and (b) with pseudocapacitance in these materials.  

0 1 2 3 4 5 6 7 8 9
0.000

0.005

0.010

0.015

0.020

0.025

0.030

3_450C_quantification Dl & PC temp effect

R
2
 = 0.9985

R
2
 = 0.9956

R
2
 = 0.9942

R
2
 = 0.9920

R
2
 = 0.9952

q
-1
 = 0.0017 v

1/2
 + 0.0022

q
-1
 = 0.0019 v

1/2
 + 0.0024

q
-1
 = 0.0021 v

1/2
 + 0.0024

q
-1
 = 0.0024 v

1/2
 + 0.0025

q
-1
 = 0.0027 v

1/2
 + 0.0037

 25 
o
C

 35 
o
C

 45 
o
C

 55 
o
C

 65 
o
C

 75 
o
C

R
2
 = 0.9942

q
-1
 = 0.0032 v

1/2
 + 0.0025

q
-1
 (

g
 c

m
2
/C

)

v
1/2

 ((mV/s)
1/2

)

a)

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

25

50

75

100

125
b)

R
2
 = 0.9664

R
2
 = 0.9773

R
2
 = 0.9783

R
2
 = 0.9744

R
2
 = 0.9765

q = 211.61 v
-1/2

 + 15.22

q = 250.05 v
-1/2

 + 15.52

q = 279.73 v
-1/2

 + 17.64

q = 301.36 v
-1/2

 + 19.71

q = 338.15 v
-1/2

 + 21.15

q = 208.50 v
-1/2

 + 10.14

 25 
o
C

 35 
o
C

 45 
o
C

 55 
o
C

 65 
o
C

 75 
o
C

q
 (

C
/g

 c
m

2
)

v
-1/2

 ((mV/s)
-1/2

)

R
2
 = 0.9778

3_450C_quantification Dl & PC temp effect

 

0 1 2 3 4 5 6 7 8 9
0.000

0.005

0.010

0.015

0.020

0.025

0.030c)

R
2
 = 0.9926

R
2
 = 0.9969

R
2
 = 0.9981

R
2
 = 0.9993

R
2
 = 0.9924

q
-1
 = 0.0025 v

1/2
 + 0.00328

q
-1
 = 0.0022 v

1/2
 + 0.00316

q
-1
 = 0.0020 v

1/2
 + 0.00332

q
-1
 = 0.0019 v

1/2
 + 0.00333

q
-1
 = 0.0016 v

1/2
 + 0.00399

10_450C_quantification of DL & PC temp effect

 25 
o
C

 35 
o
C

 45 
o
C

 55 
o
C

 65 
o
C

 75 
o
C

q
-1
 = 0.0028 v

1/2
 + 0.00262

R
2
 = 0.9937

q
-1
 (

g
 c

m
2
/C

)

v
1/2

 ((mV/s)
1/2

)
 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

40

80

120d)

R
2
 = 0.9853

R
2
 = 0.9802

R
2
 = 0.9786

R
2
 = 0.9736

R
2
 = 0.9695

q = 243.88 v
-1/2

 + 18.35

q = 255.83 v
-1/2

 + 20.00

q = 268.76 v
-1/2

 + 21.00

q = 267.42 v
-1/2

 + 27.56

q = 228.36 v
-1/2

 + 16.88

 25 
o
C

 35 
o
C

 45 
o
C

 55 
o
C

 65 
o
C

 75 
o
C

q
 (

C
/g

 c
m

2
)

v
-1/2

 ((mV/s)
-1/2

)

q = 227.02 v
-1/2

 + 12.46

R
2
 = 0.9771

10_450C_quantification of DL & PC temp effect

 

Fig. 4.18 (a) 1/q vs. v1/2, (b) q vs. v-1/2 dependence of calcined pristine CuO NPs on temperature. 

(c) 1/q vs. v1/2 (d) q vs. v-1/2 dependence of calcined Se doped CuO NPs on temperature.  

 

From the 1/q vs. v1/2 plot, the total voltammetric charge (qt) was calculated by 

extrapolating voltammetric charge to v = 0 (Fig. 4.18a). Total charge associated with double 

layer (qdl) is calculated from the qdl vs. v-1/2 plot by the extrapolation of votammetric charge to v 

= ∞ (Fig. 4.18b). Thus, charge associated with PC (qp) can be calculated as: 
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qp = qt – qdl                                                                                                   (4.4) 

The contribution of PC can be estimated as: 

qp% = (qp/qt)*100 and the values are listed in Table 4.4. The PC and EDLC contribution in the 

calcined batches of pristine and calcined Se doped CuO NPs were determined as explained in 

section 4.3.5.2. From the 1/q vs. v1/2 the total voltammetric charges were determined as 400 F/g 

and 390 F/g, respectively. 

Table 4.4 Summary of maximum total charge (qt), double layer capacitance (qdl), and charge associated 

with pseudocapacitance (qp) of calcined pristine and calcined Se doped CuO NPs in 1 M Na2SO4 

solution. 

Sample qt (C/g) qdl (C/g) qp (C/g) qp/qt (%) 

Pristine at 25oC 400 10 390 97.5 

Pristine at 35oC 270 15 255 94.4 

Pristine at 45oC 400 16 384 96.0 

Pristine at 55oC 417 18 399 95.7 

Pristine at 65oC 417 20 397 95.2 

Pristine at 75oC 455 21 434 95.4 

Se doped at 25oC 381 12 369 96.8 

Se doped at 35oC 305 17 288 94.4 

Se doped at 45oC 316 18 298 94.3 

Se doped at 55oC 301 20 281 93.4 

Se doped at 65oC 300 21 279 93.0 

Se doped at 75oC 251 28 223 88.8 

     

The total charges associated with double layer were only 10 and 12 C/g, respectively. 

These are nearly four times less than their uncalcined counterparts. This indicated that double 

layer charge transfer process is significantly less. This also implied that the PC contribution for 

the calcined sample is high. The charge associated with PC in the calcined batches of pristine 

and Se doped CuO NPs (qp) were 390 and 369 F/g, respectively. The PC contributions for these 

samples were 97.5% and 96.8%, respectively. The enhance charge accumulation for calcined 

batches are therefore, related to pseudocapacitance property. The enhanced specific capacitance 
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is attributable to better faradaic redox reaction at the surface of the calcined samples. Owing the 

improved electrochemical behavior, the calcined batches of pristine and Se doped CuO NPs 

were studied at higher cell temperature. For calcined pristine CuO NPs, total voltammetric 

charge increased with cell temperature. Whereas, total voltammetric charge at higher cell 

temperature for Se doped CuO NPs is decreased. The charge accumulation via double layer 

mechanism is systematically increased with cell temperature. This can be attributed to the 

dynamics of pore volume with cell temperature, which could form accumulation of charges. In 

addition, the diffusion of charges at higher cell temperature is not ruled out. Compared to 

pristine batch, the Se doped batch contrasting exhibited lowering of the total charge with 

increase in cell temperature. In this case also, the charge accumulation via double layer is 

increased by the same extent as that of the pristine batch. Further, the charge accumulation by 

pseudocapacitance mechanism for calcined pristine batch also increases with cell temperature. 

However, the net PC contribution is found to remain same or it was decreased by very small 

extent. This is due to increased charge accumulation contribution via double layer. The charge 

accumulation by PC mechanism decreased with cell temperature. This indicated that the 

faradaic redox reaction decreased at the surface of the Se doped CuO NPs. This could be 

attributed to poorer stability as revealed from the cyclic charging and discharging 

measurements recorded at higher cell temperature (55 oC). The decrease in the net PC 

contribution more for Se doped CuO NPs (9%) as compared to pristine batch (~2.3%). 

4.5.3 Electrochemical impedance spectroscopy studies 

The effect of temperature on supercapacitive behavior of calcined pristine and calcined 

Se doped CuO NPs were further investigated by electrochemical impedance spectroscopy. The 

Nyquist plots are shown in Fig. 4.19a and Fig. 4.19b, respectively. It is found that as the cell 

temperature increases from 25 oC to 75 oC, the equivalent series resistance (ESR) decreased. 

This reflected thermally activated ions with lesser activation energy favoring diffusion [272]. 

The vertical component of imaginary impedance became shorter as temperature increase from 

25 oC to 75 oC for both calcined pristine and Se doped CuO NPs. The low frequency impedance 

is related to specific capacitance of material by following equation: 

Cs = 1/(2𝜋𝑓𝑍"𝑚)                                                                                               (4.5) 
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Where, f, Z” and m represents the frequency, imaginary component of impedance and active 

mass of the material, respectively. In other words, Cs is inversely proportional to f and Z”. So, 

the observed shorter Z” value for high temperature measurement reflected higher specific 

capacitance. This is in agreement with the CV results discussed above.   
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Fig. 4.19 Electrochemical impedance spectroscopy (EIS) of (a) pristine (b) Se doped CuO NPs at 

different temperature. 
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4.5.4 Cycle stability at elevated temperature 

The stability of calcined pristine and calcined Se doped CuO NPs supercapacitor at 

elevated cell temperature was investigated by recording 500 cycles of charging-discharging 

process as at current density of 3 A/g.  
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Fig. 4.20 Cycle stability of (a) pristine and (b) Se doped CuO NPs at 25 oC, (c) pristine and (d) Se doped 

CuO NPs at 55 oC after 500 cycles at current density 3 A/g. The inset in each figure represents EIS plot 

of pristine and Se doped CuO NPs recorded at respective cell temperatures. 

 

This measurement was done at 25 oC and 55 oC cell temperature. The capacitance 

retention after 500 charge discharge cycles at 25 oC for calcined pristine and calcined Se doped 

CuO NPs were found to be 100% and 98% respectively (Fig. 4.20 a, b). Similarly, the 
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capacitance retention of calcined pristine and calcined Se doped CuO NPs observed after 500 

cycles for 55 oC were between 95% and 98%, respectively (Fig. 4.20 c, d) . These results are 

very encouraging for our Se-doped CuO NPs as supercapacitor at high temperature and at high 

current density. Further, the impedance measurements of both the samples were recorded after 

1 cycle, 10 cycle, 100 cycle and 500 cycles, at 25 oC and 55 oC cell temperatures. The 

corresponding Nyquist plots are inserted in the respective plots given in Fig. 4.20. It is noted 

that there was not much change in the plots of both calcined pristine and calcined Se doped 

CuO NPs at 25 oC. This signified that the Se-doped CuO NPs as supercapacitor are 

electrochemically stable. However, changes at lower frequency region are observed in the 

impedance measurement of calcined pristine and calcined Se doped CuO NPs at 55 oC. This is 

attributable to difference in specific capacitance of the both materials at 55 oC. This difference 

in mostly contributed by faradaic reaction at elevated temperature. From this study, we can 

conclude that Se doped CuO NPs prepared by our method is suitable for application as 

supercapacitor at different cell temperature.  

4.6 Conclusion 

TPPO capped CuO NPs were successfully doped with Se of different concentration by 

chemical precipitation method. The dopant concentration in each of Se doped CuO NPs were 

determined by ICP-OES, which revealed only 0.14 to 0.45 wt% of Se presence in doped CuO 

NPs. Such poor Se-doping is most likely attributed to capping of CuO nanocrystals by Se 

species. This assumption is supported by observing less particles size of Se-doped CuO NPs as 

compared to pristine CuO NPs. The PL studies of batches of doped CuO NPs synthesized with 

lesser Se precursor revealed more Cu vacancies and oxygen vacancies, while the optimum 

doping corresponding to 0.45 wt% Se dopant concentration and the said defects were 

minimum. The batches of doped CuO NPs synthesized with 20 wt% precursor exhibited flakes 

like structure instead of spherical shape particles. All the batches of Se-doped CuO NPs were 

invstigated for supercapacitive behavior by study their CV, GCD, and EIS measurements. The 

batch of 0.45 wt% Se doped CuO NPs exhibited highest specific capacitance (144 F/g) at 

current density of 0.2 A/g. It is attributed to increase in the conductivity as compared to pristine 

due to Se doping owing to minimized vacancy based defects. The supercapacitor mechanism of 

the 0.45 wt% Se-doped CuO NPs were discussed from EIS studies, which revealed structural 

and pseudocapacitance contribution. This implied that the surface area of the doped CuO NPs 
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was not very important; rather the faradaic reaction at the surface of the doped CuO NPs was 

more important phenomena to explain supercapacitor behavior. The capacitance retention of 

pristine and 0.45 wt% Se doped CuO NPs was only 73% and 63%. In order to improve the 

capacitance retention, the as-synthesized batches of CuO NPs were calcined at 450 oC. These 

calcined batches exhibited about 10-15% decrease in specific capacitance but their capacitance 

retention were improved to 93-96%. These calcined pristine and 0.45 wt% Se doped CuO NPs 

were chosen for investigation of their supercapacitive behavior at higher cell temperatures. The 

specific capacitance increased for higher cell temperature (i.e., 25 oC, 35 oC, 45 oC, 55 oC, 65 

oC and 75 oC). The enhancement in specific capacitance as a function of temperature is 

attributed to reduce kinetic barrier for the redox reaction and enhance diffusivity of electrolyte 

ions. The cycle stability of these samples was excellent and about 92% to 95% at 55oC 

temperature after 500 cycles of GCD process at current density of 3 A/g. The supacapacitor 

behavior was mostly attributed to PC contribution. However, the PC contribution was reduced 

for the calcined pristine and calcined 0.45 wt% Se-doped CuO NPs exhibited decrease in PC 

contribution as a function of temperature. This is attributable to opening of micro-pores at 

elevated temperatures. It may be concluded that the Se-doped CuO NPs can be used in wide 

range of cell temperature and can be used for practical applications. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5  

Synthesis of Co-doped CuO NPs and their 

Application as a Supercapacitor 
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5.1 Introduction  

In continuation of our investigation on CuO NPs as electrode material for 

supercapacitor behavior, we present here a systematic study on synthesis, characterization and 

supercapacitor behavior of a novel cobalt doped CuO NPs. Cobalt doping is reported to offer 

excellent supercapacitor behavior is manganese oxide [273], NiO [274], etc owing to its 

variable valency. So we choose Co as a dopant to modify the structural and physicochemical 

properties of CuO NPs. Only few reports are there which deals with dopants effect in CuO 

nanostructure and their utilization as supercapacitors [172, 173, 275, 181]. Cobalt is well 

known material that has been used in supercapacitor from long time. So cobalt doping in CuO 

NPs exhibit multi oxidation state effect on supercapacitor behavior and it increased the 

conductivity as well as electron transport properties of CuO NPs. We have discussed the effect 

of presence of defects sites in the electrode material. The best performing Co-doped CuO NPs 

were used for the first time in the fabrication of symmetric solid state supercapacitor.  

In this study we have synthesized cobalt doped CuO NPs with different concentration of 

Co by chemical precipitation method. These batches were thoroughly characterization and 

studies for supercapacitor behavior. Symmetric solid state capacitor made of optimized Co-

doped CuO NPs was studied to determine varying working potential window and energy 

density which are important factor for practical application as devices.  

5.2 Materials and methods  

5.2.1 Chemicals 

Chemicals used in this study were same as discussed in Chapter 3, in a addition cobalt 

acetate (Co(CH3COO)2 > 98%) from HiMedia Pvt. Ltd., India. was used as cobalt precursor.  

5.2.2 Synthesis of Co-doped CuO NPs 

The batches of Co-doped CuO NPs were synthesized by the coprecipitation method by 

adding different concentration 0, 2, 5, 10 and 20 wt% of cobalt acetate in 150 mL of aqueous 

solution of copper acetate (20 mM) followed by addition of 0.01 g TPPO and 1ml of acetic acid 

(Table 5.1). This reaction was refluxed at 100 oC for 1 hour in a round-bottomed flask. Then 

1.0 M NaOH was added to the solution until a black colored precipitate was formed at pH 7.7 
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to 8.0. The precipitate was centrifuged at room temperature, washed 3 times with ethanol, and 

eventually dried at 80 oC overnight in a temperature controlled oven.  

Table 5.1 Concentration of cobalt taken during synthesis of Co-doped CuO NPs 

Weight taken of 

copper acetate (g) 

Weight taken of cobalt 

acetate (g) 

Amount of 

Co dopant (g) 

Batches Dopant amount by 

ICP-OES 

     

0.6 0 0 Pristine 0 wt% 

0.6 0.01865 1.86 2 wt% 1.14 wt% 

0.6 0.0373 3.73 5 wt% 4.14 wt% 

0.6 0.0647 6.47 10 wt% 5.77 wt% 

0.6 0.1294 12.94 20 wt% 8.33 wt% 

     

The batches of Co doped CuO NPs prepared with 2 wt%, 5 wt%, 10 wt% and 20 wt% 

of Co precursor were analyze by ICP-OES technique to obtain the actual Co concentration in 

respective batches of doped CuO NPs. The concentrations of cobalt in the respective batches of 

the acid digested nanoparticles were determined against the calibration plot obtained by 

analyzing known concentrations of standard cobalt ion solution (Merck). The concentration of 

cobalt in Co-doped CuO NPs was calculated using the formula given below: 

𝐶𝑜 (
𝑤

𝑤
%) =

[𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑜 𝑖𝑛 𝑎𝑐𝑖𝑑𝑑𝑖𝑔𝑒𝑠𝑡(𝑚𝑔)]

[𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑜−𝑑𝑜𝑝𝑒𝑑 𝐶𝑢𝑂 𝑁𝑃𝑠 𝑑𝑖𝑔𝑒𝑠𝑡 (𝑚𝑔)]
× 100                          (5.1) 

where, mass of Co in acid digest = Co concentration measured by ICP-OES (mg/L) times total 

volume of digest (i.e., 1000 mL). 

5.2.3 Fabrication of symmetric solid state supercapacitor 

The batch Co-doped CuO NPs was used to fabricate symmetric solid state 

supercapacitor. The gel electrolyte was prepared by mixing H2SO4 and PVA in 1:1 ratio in 

water at room temperature followed by 6 hour stirring at 80 oC. This electrolyte was used in 

between two electrodes in sandwich form with a layer of whatman filter paper. 
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5.3 Result and discussion of Co-doped CuO NPs 

5.3.1 Analysis of Co doped CuO NPs 

It is observed that the actual doped concentration of cobalt in the batches of CuO NPs 

prepared with 2 wt%, 5 wt%, 10 wt% and 20 wt% Co precursor was 1.14 wt%, 4.10 wt%, 5.77 

wt% and 8.33 wt%, respectively with respect to the weight of CuO NPs. In a previous study by 

our research group, it has been investigated that the Co dopant occupied the grain boundaries of 

CuO NPs and leads to reduce the particles size. [105].  

5.3.2 X-ray diffraction 

The XRD patterns of pristine and different batches of cobalt doped CuO NPs revealed 

their characteristic peaks corresponding to (110), (002), (111), (202̅), (020), (202), (113̅), 

(311̅), (220), (311) and (222̅) planes of monoclinic structure of CuO NPs (Fig. 5.1). These 

XRD patterns matched with JCPDS file corresponding to card no. 48-1548. Compared to the 

pristine batch, the XRD patterns of Co-doped CuO NPs revealed decrease in peak intensities 

and broadening as a function of dopant concentrations. The broadening of the peaks and 

decrease in peak intensities are attributed to (a) decrease in crystallite size as a function of Co 

dopant concentration, (b) increase in defects in the lattice structure, and (c) increase in lattice 

strain. No peak shift was observed in the XRD plots of Co-doped CuO NPs. This implied 

substitution of Co2+ in the lattice position of Cu2+ sites of CuO NPs (Fig. 5.1b).  

 

Table 5.2 Crystallite size, band gap, surface area and specific capacitance of pristine and Co-doped 

CuO NPs 

Sample Crystallite 

size (nm) 

Band gap 

(eV) 

Surface area 

(m2/g) 

Specific capacitance (F/g) 

CV (5mV/s)         GCD (0.2 A/g) 

Pristine 11.4 2.90 90 99 133 

1.14 wt% Co 9.3 2.43 66 107 137 

4.14 wt% Co 9.5 2.67 71 99 132 

5.77 wt% Co 9.6 2.79 81 118 160 

8.33 wt% Co 9.8 2.86 70 103 141 
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Fig. 5.1 (a) XRD pattern corresponding to the monoclinic structure of pristine and Co-doped CuO NPs, 

(b) Zoom XRD of Co-doped CuO NPs 

 

The dopant substitution is favour as the ionic radii of Cu2+ and Co2+ are similar i.e., 0.73 nm 

and 0.70 nm, respectively. The crystallite size of all the batches of CuO NPs were studied here 
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calculated from Debye Scherrer formula and the results are given in Table 5.2. The crystallite 

size of Co-doped CuO NPs were smaller than that of pristine CuO NPs. Similar observation is 

also reported in the literature [105].  

5.3.3 Surface morphology 

The surface morphology of pristine and all the batches of Co-doped CuO NPs were studied by 

FE-SEM and the results are given in Fig. 5.2. The FE-SEM images revealed agglomeration of 

the as-synthesized nanoparticles.  

The overall chemical composition and purity of the NPs were reflected from the energy 

dispersive X-ray analysis (EDAX) measurements, which corresponded to imaged 

nanoparticles. The corresponding EDAX spectra are given along site the respective FE-SEM 

images. This analysis revealed characteristic X-ray peaks of Cu, Co and O. Further, the 

transmission electron microscopy (TEM) studies revealed agglomeration of the NPs (Fig. 5.3). 

High resolution TEM image of pristine CuO NPs revealed spherical shaped nanoparticles of 

sizes in the range of 10-12 nm size. This result is consistent with the crystallite size 

measurements by XRD studies. Whereas, the batch of 5.77 wt % Co-doped CuO NPs revealed 

irregular shaped nanoparticles.  
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Element Weight% Atomic%  

         

O K 16.83 44.55  

Cu K 83.17 55.45  

Totals 100.00   

 

 
  

 

Element Weight% Atomic%  

         

O K 20.39 50.40  

Co K 0.97 0.65  

Cu K 78.64 48.95  

Totals 100.00   

 
  

 

Element Weight% Atomic%  

         

O K 20.74 50.88  

Co K 3.11 2.07  

Cu K 76.15 47.04  

Totals 100.00   

 
Fig. 5.2  continued in next page 
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Element Weight% Atomic%  

         

O K 24.99 56.81  

Co K 5.71 3.52  

Cu K 69.31 39.67  

Totals 100.00   

 
  

 

Element Weight% Atomic%  

         

O K 21.02 51.15  

Co K 9.32 6.16  

Cu K 69.66 42.69  

Totals 100.00   

 
 

Fig. 5.2 Field Emission Scanning Electron Microscopy images of (a) Pristine; (b) 1.14 wt% Co doped; 

(c) 4.10 wt% Co doped; (d) 5.77 wt% Co doped; and (e) 8.33 wt% Co doped CuO NPs. Their 

corresponding energy dispersive X-ray analysis spectra are given next to the respective FE-SEM 

images, which revealed characteristic K and L X-rays and atomic% of Cu, Co and O. 
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Fig. 5.3 Transmission Electron Microscopy (TEM) images of (a) pristine; (b) high resolution images of 

pristine CuO NPs; (c) Co-doped CuO NPs; and (d) high resolution images of Co-doped CuO NPs. 
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5.3.4 Optical studies 

The optical properties of bare and batches of capped CuO NPs were studied by diffuse 

reflectance spectroscopy (DRS) in the wavelength range 200-800 nm. The photoluminescence 

spectroscopy studied was recorded in wavelength range 315-575 nm.  

5.3.4.1 Diffuse reflectance spectroscopy (DRS) 

The diffuse reflectance spectroscopy was used for the determination of band gap of 

pristine as well as batches of the Co-doped CuO NPs.  
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Fig. 5.4 Tauc plot obtained from diffuse reflectance spectroscopy of pristine and the respective batches 

of Co-doped CuO NPs. 
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The estimated band gap will provide the information about excitation energy needed for 

photoluminescence study. The Tauc plots of these samples corresponding to Kubelka Munk 

formula are shown in Fig. 5.4. The band gap energy of pristine was determined as 2.9 eV. 

Similarly, the band gaps of Co-doped CuO NPs were in the range of 2.43-2.86 eV, in order to 

increasing order of Co-dopant concentration. The band gap energy of the respective batches of 

pristine and Co-doped CuO NPs are listed in Table 5.2. The band gap of all the batches of Co-

doped CuO NPs is lesser than that of pristine CuO NPs. Moreover, the band gap of Co-doped 

CuO NPs increased as a function of Co dopant concentration. This increasing trend of band gap 

energy in the Co-doped CuO NPs is found to be directly correlated with crystallite size. The 

band gap-crystallite size relation observed in our study is anemology to the several inverse 

relations between band gap and particles size relationship. This could be attributed to Jahn 

Teller distribution.  

5.3.4.2 Photoluminescence Spectroscopy Studies 

The photoluminescence (PL) spectra of pristine and the batches of Co-doped CuO NPs 

were studied to get information about defect sites. The PL peaks corresponded to radiative 

transition between the energy states, where the splitting of e.g., orbital of Cu2+ play a role. The 

transfer energies less than the re-combination of exaction indicate defect levels [53]. 

The photoluminescence spectra of pristine and the batches of Co-doped CuO NPs are 

recorded using excitation wavelength λex = 300 nm and the results are given in the Fig. 5.5. The 

batches of 1.14 wt% Co, 4.10 wt% Co and 8.77 wt% Co-doped CuO NPs revealed intense PL 

peaks at 418 nm, 440 nm and 467 nm in the visible region. These intense peaks are attributable 

to near band edge emission, may be due to electronic transition in defects levels e.g., VCu 

(copper vacancies), Cui (copper interstitial) Vo oxygen vacancy. The Pristine and 5.77 wt% Co-

doped CuO NPs did not reveal such intense near band edge emission, instead they revealed 

weak peak at 467 nm. This indicated lesser defect population in these samples as compared to 

other batches of Co-doped CuO NPs. Further it is reported in the literature that the material 

with defects exhibited higher electrical resistance as compared to materials with lesser defects 

[185]. So, the batches of 5.77 wt% Co-doped CuO NPs are more conductive than pristine and 

other Co-doped CuO NPs. This defect sites are considered to be as a trapping sites for the 

generated charge at the NPs surface during interaction with electrolyte ions. 
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Fig. 5.5 Photoluminescence spectra of pristine and the batches of Co-doped CuO NPs. 

 

5.3.5 Electrochemical studies  

The electrochemical properties of pristine and the batches of Co-doped CuO NPs are 

studied by cyclic voltammetry, galvanostatic charge-discharge and electrochemical impedance 

spectroscopy in three electrode configuration measurements 

5.3.5.1 Cyclic voltammetry study 

The CV curves for pristine and the batches of Co-doped CuO NPs are recorded at 

different scan rates e.g., 5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s and 50 mV/s (Fig. 5.6). 

The shapes of CV curve were quasi-rectangular shape and corresponded to literature reported 

on CuO nanostructures [238, 267, 270]. The shapes of cyclic voltammograms are observed to 

be independent of applied scan rate. This suggested that our pristine and Co-doped CuO NPs 

are favorable material for supercapacitor. These features are also observed in capped and Se-

doped CuO NPs discussed earlier.  
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Fig. 5.6 Cyclic voltammetry plots of (a) pristine; (b) 1.14 wt% Co (c) 4.10 wt% Co (d) 5.77 wt% Co 

and (e) 8.33 wt% Co doped CuO NPs, (f) specific capacitance vs. scan rate plot. 
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The similar shapes of CV curves are attributed to restriction free movement of 

electrolyte ions into the pores of electrode and reversible feature to the electrolyte ion 

interactions with the Co-doped CuO NPs based electrode materials.  

The specific capacitance of pristine and all the batches of Co-doped CuO NPs were 

calculated using the equation (3.2) discussed in Chapter 3. The specific capacitance of pristine, 

1.14 wt%, 4.10 wt%, 5.77 wt% and 8.33 wt% Co-doped CuO NPs determined as 99 F/g, 107 

F/g, 99 F/g, 118 F/g and 103 F/g, respectively. The maximum specific capacitance was found 

for the batch of 5.77 wt% Co-doped CuO NPs. This is correlated with lesser defects and hence 

more conductivity. Furthermore, among all the Co-doped CuO NPs, the BET surface area was 

maximum for 5.77 wt% Co-doped CuO NPs. This also explains the higher specific capacitance 

for 5.77 wt% Co-doped CuO NPs as specific capacitance is directly proportional to surface area 

of the electrode material. The specific capacitance of all the batches of doped CuO NPs 

decreased with increase in scan rate (Fig. 5.6f). This is due to lesser interaction of electrolyte 

ions with the pores of the active material. Notably, from CV measurements it is observed that 

all the Co-doped CuO NPs exhibited higher specific capacitance than the pristine CuO NPs in 

spite of lesser surface area. This can be attributed to incorporation by multiple oxidation state 

cations in the system via doping of the Co2+ [4, 68].  

5.3.5.2 EDLC vs. PC contributions 

The CV plots of all the batches of doped and pristine CuO NPs at varying scan rate 

indicates charge transport between electrolyte and electrode and hence provides useful insights 

to understand supercapacitor mechanism. For this it is necessary to measure the charge 

associated with (a) electric double layer capacitance particularly in the pores and (b) with 

faradaic process which is given as pseudocapacitance. The EDLC contribution is directly 

proportional to surface area of electrode [268]. The total voltammetric charge (qt) was obtained 

from the plot of 1/q vs. v1/2 by extrapolating voltammetric charge to v = 0 (Fig. 5.7a). The total 

charge associated with double layer (qdl) was calculated from qdl vs. v-1/2 plot by extrapolation 

of voltamettric charge to v = ∞ (Fig. 5.7b). So the charge associated with pseudocapacitance 

(qp) can be determined as:  

qp = qt – qdl                                                                                                     (5.2)                                                 
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Fig. 5.7 (a) 1/q vs. v1/2 and (b) q vs. v-1/2 dependence of the batches of Co-doped CuO NPs 

 

The relative charge due to pseudocapacitance contribution is determined as: 

qp% = qp*100/qt, since the voltage window for these measurement were 0 – 1.0 V. So 

pseudocapacitance contribution is given as: 

qp%=qp*100/qt                                                                                    (5.3)                                        

 

Table 5.3 Summary of maximum total charge (qt), double layer capacitance (qdl), and charge associated 

with pseudocapacitance (qp) of pristine and Co-doped CuO NPs in 1 M Na2SO4 solution.  

Sample  qt (C/g)  qdl (C/g)  qp (C/g)  qP/ qt (%)  

Pristine 163 43.09 120 73.6 

1.14 wt% Co 182 61.97 120 65.9 

4.10 wt% Co 158 57.95 100 63.3 

5.77 wt% Co 199 63.94 135 67.8 

8.33 wt% Co 191 63.23 128 67.0 
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     The Cp value for the all the batches are listed in Table 5.3. It is noted that the PC 

contribution of all the doped batches are more than the EDLC contribution. This is also 

suggested that from the observed oxidation peak match the electrode in the CV plots (Fig. 5.6).  

Notably, the maximum PC contribution was obtained for the batch of 5.77 wt% Co-

doped CuO NPs. It should be remarked here that the PC contribution did not follow any trend 

with surface area. For example the surface area of pristine CuO NPs was 90 m2/g whereas the 

PC contribution was 64.4% as compared to 5.77 wt% Co-doped CuO NPs 67.8% (surface area 

81 m2/g). So the higher specific capacitances measured for the doped CuO NPs is also 

correlated to with higher PC contribution. In other word, the supercapacitor behavior of the Co-

doped CuO NPs was mostly contributed by pseudocapacitance character. 

5.3.5.3 Galvanostatic charge-discharge (GCD) studies 

The electrochemical activities of the pristine and all the batches of Co-doped CuO NPs 

were determined by galvanostatic charge-discharge studies. The charge-discharge curves of 

electrodes made of pristine and batches of Co-doped CuO NPs were recorded at different 

current density varying from 0.2 A/g to 5 A/g (Fig. 5.8). The charge-discharge curves of these 

CuO NPs revealed typical triangular shape which corresponds to constant charging and 

discharging behavior of a supercapacitor [244]. The specific capacitance of pristine, 1.14 wt%, 

4.10 wt%, 5.77 wt% and 8.33 wt% Co-doped CuO NPs were calculated using equation 3.3 

(discussed in Chapter 3) as 133 F/g, 137 F/g, 132 F/g, 160 F/g and 141 F/g, respectively at 

current density of 0.2 A/g. It is noted that specific capacitances calculated from GCD also 

followed the same trends as the CV studies and the specific capacitance for the batch of 5.77 

wt% Co-doped CuO NPs was significantly higher than others. Further, for the comparison of 

pristine and the batches of Co-doped CuO NPs charging-discharging curves at current density 

of 0.2 A/g is plotted and given in Fig. 5.8f. It reflected that the batches of Co-doped CuO NPs 

took longer time for charging-discharging as compared to pristine CuO NPs and are 

advantageous for certain applications. This could be attributed to the presence of Co2+ ion in 

the active materials owing to increase the presence of multi oxidation state cations in the 

sample [18].   
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Fig. 5.8 Galvanostatic charge-discharge curves of (a) pristine, (b) 1.14 wt% Co-doped, (c) 4.10 wt% 

Co-doped, (d) 5.77 wt% Co-doped, (e) 8.33 wt% Co-doped CuO NPs and (f) Comparison study of GCD 

of all batches of CuO NPs at current density of 0.2 A/g. 
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5.3.5.4 Electrochemical impedance spectroscopy (EIS)   

The EIS measurements were recorded for the pristine and all the batches of Co-doped 

CuO NPs in the frequency range 0.01 Hz to 1 MHz with 0.5 V bias voltages vs. SCE with 5 

mV amplitude (Fig. 5.9). 
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Fig. 5.9 (a) Electrochemical impedance spectroscopy of pristine and Co-doped CuO NPs, (b) represent 

the zoom EIS of all the batches of CuO NPs in higher frequency range. 

 

From these studies we would understand several important electrochemical events, e.g., 

reveals about charge transfer, electrolyte ions interaction with pores of material, 

electrolyte/electrode interface resistance, electrolyte ions diffusion resistance in the pores of the 

electrode and specific capacitance of the active material at particular frequency [268]. The EIS 

response of all the Co-doped CuO NPs and pristine CuO NPs were typical for a supercapacitor 

material which can be categorized into three regions, e.g., high frequency, mid frequency and 

low frequency. The high and mid frequency regions for each batch of CuO NPs are given in the 

insert of the respective EIS plots. Notably, the high frequency region revealed typical semi-

circular trend which reflected charge transfer resistances in the CuO NPs as electrode material, 

while the mid frequency region corresponded to diffusion of charge in the pores of electrodes. 

The radius of curvature of pristine and 5.77 wt% Co-doped CuO NPs were much lesser than 

those of other batches of Co-doped CuO NPs. This is due to the nature of defects present in the 

respective CuO NPs. However, all the batches of CuO NPs revealed shift in the centre of semi 
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circle with respect to the Z’ axis. This is attributed to deviation from an ideal Debye’s model, 

which is based on single relaxation time. The non-Debye type relaxation are said to obey Cole-

Cole’s formation given as [276] 

Z*(ω) = Z' + iZ" = R/[1+(iω/ωo)
1-n]                                                                        (5.4) 

ωo = ωmax in the peak relaxation frequency 

When n tends to zero, the above equation corresponded to Classical Debye formation. 

The value of ‘n’ is an indication of the extent of departure from the ideal condition. The non-

ideal condition is mainly governed by grain size, grain distribution and grain boundary effect. 

In our studies the deviation of the centre of the semi circle from the Z' axis can therefore be 

attributed to non ideal system due to alteration of structural properties of CuO NPs due to 

cobalt doping. The batches of 1.14 wt%, 4.10 wt% and 8.33 wt% Co-doped CuO NPs revealed 

depressed semi-circle (i.e., their centre lies away from Z') which is due to multiple relaxation 

time. The larger average relaxation time for these batches of Co-doped CuO NPs is not suitable 

for charging-discharging process. This is confirmed from the GCD studies (Fig. 5.8). Further, 

equivalent series resistance (ESR) values were obtained from the semi-circle region. Among all 

the Co-doped CuO NPs the ESR was minimum for the batch of 5.77 wt% Co-doped CuO NPs 

(0.47 ohm) which was nearly similar to the pristine CuO NPs. Interestingly both of these 

batches revealed lesser extent of non-ideal system and hence they are better promising 

supercapacitor material. 

The mid frequency region were more or less similar for all the batches except that of 

8.33 wt% Co-doped CuO NPs. This frequency region is attributed to diffusion of electrolyte 

ions in the electrode material. This can be attributed to higher surface defects in the material as 

revealed from the PL studies. Since the specific capacitance of 8.33 wt% Co-doped CuO NPs 

was poor among the batch studied here so further analysis of this batch was not considered 

here. 

The low frequency studies revealed a typical straight vertical line with almost similar 

slope. This region is associated with the grain boundary of the electrode material and relaxation 

phenomenon at the interface. So it is evident that the grain boundaries of all the Co-doped CuO 

NPs were more or less similar; except the batch consisting of very high cobalt concentration 
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(i.e., 8.33 wt%). Further specific capacitance can be estimated from the low frequency plot, 

which is inversely proportional to the imaginary part of the impedance (Z"), frequency (f) and 

active mass of the material (m). It is given as: 

Cs = 1/(2𝜋𝑓𝑍"𝑚)                                                                                                      (5.5) 

The vertical component corresponding to Z” was found to be minimum for the batch of 5.77 

wt% Co-doped CuO NPs. So it may be remarked the EIS studies also confirmed that specific 

capacitance was maximum for the batch of 5.77 wt% Co-doped CuO NPs. 

 

5.3.5.5 Cyclic stability 

The batch of 5.77 wt% Co-doped CuO NPs showing the best supercapacitance behavior was 

subjected to cyclic stability measurement. The cyclic stability was performed by charging-

discharging the chosen CuO NPs for 500 cycles at current density of 1 A/g. The results were 

compared with pristine CuO NPs (Fig. 5.10). The capacitance retention of pristine and 5.77 

wt% Co-doped CuO NPs increased during starting first few cycles. This is attributable to the 

initial activation of period within which pores get progressively wet and hence favoured the 

electrolyte ion interaction. After 50 cycles, that capacitance retention started to decrease due to 

degradation and deterioration of pores owing to repeated electrolyte ions interaction. At the end 

of 500 cycles, the capacitance retention of pristine and 5.77 wt% Co-doped CuO NPs were 

found to be 85% and 50%, respectively. The decrease in capacitance retention was faster in the 

batch of 5.77 wt% Co-doped CuO NPs, which can be attributed to presence of weak pore 

structures due to doping.  

The Nyquist plots for batch before and after the end of 500 cycles of charging-

discharging measurement are provided as in set of respective figures. It is observed that after 

500 cycles the slope of the both samples decreased. This is attributable to lower interaction of 

electrolyte ions with active materials due to degradation and deterioration of pores. This 

implies that the specific capacitance decreased with increase the number of charging-

discharging cycles, resulted for the lowering the capacitance retention. Apart from quasi 

rectangular shaped CV curve and triangular shaped GCD curve, it is necessary to achieve 

capacitance retention of the order of 95%-100%, in order to qualify for device applications. 
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Though the CV and GCD curves of Co-doped CuO NPs were favorable as supercapacitor 

materials but their capacitance retention was poor. This could be due to unstable pores in the 

material as the nanoaprticles were prepared by co-precipitation method and stabilized by TPPO 

capping agent. So it was decided to stabilized the pores (if possible) by calcinning the pristine 

and 5.77 wt% Co-doped CuO NPs for improving their supercapacitor behavior. In order to test 

these samples, further we tested their electrochemical properties by same steps i.e., by CV, 

GCD and EIS measurements. Henceforth, batch 5.77 wt% Co-doped CuO NPs will be referred 

to as Co-doped CuO NPs.  
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Fig. 5.10 Capacitance retention of (a) pristine and (b) Co-doped CuO NPs; Inset shows EIS plot of 

samples before and after the 500 cycles at current density 1 A/g. 

 

5.4 Characterization of calcined Co-doped CuO NPs 

5.4.1 XRD studies  

The pristine and the batch of 5.77 wt% Co-doped CuO NPs were calcined at 450 oC. 

Their XRD patterns reflected increase in the peak intensities and narrowing of the paeks (Fig. 

5.11). From Debye Scherrer equation, the crystallite sizes of the calcined batches were found to 

be larger than the un-calcined counterparts (Fig. 5.11). This is due to merging of grains during 

calcinations.     
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Fig. 5.11 XRD pattern corresponding to the monoclinic structure of calcined pristine and calcined Co 

doped CuO NPs. 

 

5.4.2 Surface morphology  

The morphology of pristine and the batch of 5.77 wt% Co-doped CuO NPs after 

calcination was studied with FE-SEM (Fig. 5.12). The observed FE-SEM images of these 

sample revealed agglomeration of nanoaprticles. The EDAX spectrum revealed the presence of 

Cu, Co and O.  
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Element Weight% Atomic%  

         

O K 24.94 56.89  

Cu K 75.06 43.11  

Totals 100.00   

 

 
  

 

Element Weight% Atomic%  

         

O K 22.89 53.95  

Co K 6.40 4.10  

Cu K 70.71 41.96  

Totals 100.00   

 
 

Fig. 5.12 Field Emission Scanning Electron Microscopy images of (a) calcined pristine, (b) calcined 

5.77 wt% Co doped CuO NPs. Their corresponding energy dispersive X-ray analysis spectrum of 

respective batches of nanoparticles are given adjacent to FE-SEM images, which revealed characteristic 

K and L X-rays and atomic% of Cu, Co and O. 

 

5.4.3 Electrochemical study of calcined Co-doped CuO NPs   

5.4.3.1 Cyclic voltammetry studies 

The cyclic voltammetry (CV) studies of pristine and Co-doped CuO NPs after 

calculation recorded at different scan rates ranging between 5 mV/s to 50 mV/s are given in 

Fig. 5.13 a, b. The CV curves were similar to the uncalcined batches of CuO NPs. As expected 

these CV plots revealed quasi rectangular shape with increase in scan rate, the slope of the CV 

did not change. However, area under the curve increased with scan rate, which is a 
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characteristic feature of a supercapacitor material. The specific capacitance of calcined pristine 

and calcined Co-doped CuO NPs determined as 90 F/g and 95 F/g, respectively at scan rate of 5 

mV/s were however less than those of their uncalcined counterparts under similar measurement 

conditions. The decrease in the specific capacitance is attributable to increase in particle size. 

This was confirmed from the XRD measurements of calcined samples (Fig. 5.12).  
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Fig. 5.13 Cyclic voltammograms of (a) calcined pristine (b) calcined 5.77 wt% Co-doped CuO NPs; 

Galvanostatic charge-discharge curves of (c) calcined pristine and (d) calcined 5.77 wt% Co-doped CuO 

NPs  

 

5.4.3.2 Galvanostatic charge-discharge studies 

The charge-discharge studies of calcined pristine and calcined Co-doped CuO NPs 

recorded at different current densities i.e., 0.2 A/g, 0.5 A/g, 1.0 A/g, 2 A/g and 3 A/g are given 
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in Fig. 4.13 c, d. As expected the galvanostatic charge-discharge curves revealed triangular 

shaped plots. The charging-discharging time decrease with increase in current density. The 

specific capacitances of these calcined samples were calculated using the equation number 3.1 

(Chapter 3). The specific capacitance of calcined pristine and calcined Co dope CuO NPs 126 

F/g and 140 F/g, respectively at current density of 0.2 A/g. Notably these specific capacitance 

were also lesser than the uncalcined counterparts measured at 0.2 A/g current density. The 

observed decrease in the specific capacitance is also attributable to increase in crystallite size or 

grain size due to calcinations.  

5.4.3.3 Cyclic stability 

The cyclic stability of calcined pristine and calcined Co-doped CuO NPs were studied 

for 500 cycles of charge-discharge at current density of 1 A/g (Fig. 5.14). After 500 cycles, the 

capacitance retention of calcined pristine and calcined Co-doped CuO NPs were measured to 

be 96% and 92%, respectively. As expected the stability of the electrode materials made of 

pristine and Co-doped CuO NPs were significantly increased. We have to also keep in mind 

that the stability tests were done at much higher current density (1 A/g) which testifies that the 

pores in the electrode after calcinations were stable as compared to the uncalcined samples. The 

EIS plots of these calcined samples before and after 500 cycles are given in the inset of Fig. 

5.14. Notably, the EIS plots were similar for high and mid frequency region. Only at low 

frequency regions the slope was less for the sample after 500 cycles. This is attributed to lower 

interaction of electrolyte ions with the electrode material pores as pores get deteriorated with 

increase in charging-discharging cycles.  

It may be summarized that upon calcination, the specific capacitance is decreased by 

nearly 20% but the most important feature was improvement of capacitance retention from 

50% to 92% after 500 cycles of charging-discharging. Therefore, CuO NPs doped with cobalt 

followed by calcination at 450 oC resulted in development of stable supercapacitors. 
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Fig. 5.14 Capacitance retention of (a) calcined pristine and (b) calcined Co-doped CuO NPs, inset 

showing EIS plot of samples before and after 500 cycles at current density of 1 A/g. 

 

5.5 Symmetric solid state supercapacitor 

Supercapacitors i.e., EDLC and PC can provide higher power density than batteries due 

to their charge storage process on the surface of the material without ion diffusion inside the 

material. But the restriction of charge storage on the surface makes supercapacitor weak in 

terms of energy density as compared to batteries. The energy (E) of the supercapacitor depends 

on the specific capacitance (C) and cell voltage (V), as given in expression: 

E = (CV2)/2                                                                                                             (5.6) 

So, the energy of a supercapacitor can be increased by two ways, e.g., (1) increase the 

specific capacitance by modifying surface of the material, (2) increase the working cell voltage 

of the material by using the different working potential of materials.  

The cell voltage can be increased by fabricating symmetric, asymmetric or hybrid 

supercapacitors. Here we have fabricated symmetric supercapacitor of Co-doped CuO NPs. 

The detailed of fabrication process is discussed in material and methods (section 5.2.4). The 

photograph of fabricated solid state supercapacitor is given in Fig. 5.15. Their electrochemical 

behavior was studied from CV and GCD measurements. 
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Fig. 5.15 Photograph of symmetric solid state supercapacitor made of 5.77 wt% Co-doped CuO NPs. 

 

5.5.1 Cyclic voltammetry 

The CV studies of the fabricated symmetric supercapacitor were carried out at different 

potential window range. The CV curve of the fabricated cell was recorded at different scan 

rates e.g., 5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s and 50 mV/s at working potential 

window 0–1.0 V (Fig. 5.16). The area and slope of the quasi rectangular shaped CV curve 

increased with increase in scan rate. This is attributed to reversible and faster interaction of ions 

with the pores of the materials. This signified functioning of the fabricated cell as a good 

supercapacitor within the potential window of 0-1.0 V. Next the CV plot was recorded at a 

fixed arbitrary scan rate of 20 mV/s over potential window range of 0-3.5 V (Fig. 5.17). With 

increase in voltage the measured current drastically increased specially for potential greater 

than 2.5 V. This is most likely to be due to oxygen evolution phenomenon. A careful 

observation of the CV plot up to 2.4 V revealed that there was not drastic increase in the 

oxidation current up to 2.0 V (Fig. 5.18). However reduction peaks were observed for the 

measurements recorded at 1.25 V onwards. So our fabricated symmetric supercapacitor can 

work up to 2.0 V.   
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Fig. 5.16 CV curve of symmetric solid state supercapacitor at different scan rate in the cell voltage 

range 0 to 1.0 V 
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Fig. 5.17 CV curves of symmetric solid state supercapacitor at a fixed scan rate of 20 mV/s in different 

cell voltage range of 0 to 3.5 V 
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Fig. 5.18 CV curves of symmetric solid state supercapacitor at 20 mV/s scan rate in the different cell 

voltage range of 0 to 2.4 V 

 

5.5.2 Charge-discharge study 

Now, the GCD of the fabricated supercapacitor was studied in the potential window 

range of 0 to 2.0 V at current density of 0.2 A/g (Fig. 5.19). The charging was sharp during the 

first 5 second to reach 1.0 V followed by slow gradient charging to 2.0 V. The discharging was 

also fast from 2.0 V to 1.0 V followed by a gradually decreasing discharging to 0 V. This is due 

to faster intercalation and deintercalation of charges in the pores of the materials. The total 

capacitance was calculated using the given formula: 

Ct = 
𝐼∆𝑡

𝑚∆𝑉
                                                                                                                     (5.7) 

where, I, Δt, m and ΔV represents the current (A), total discharge time (s), the active mass of the 

materials (g) and working cell voltage (V), respectively. The calculated total capacitance of our 

fabricated supercapacitor was 2.6 F/g which is same as specific capacitance.  
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Fig. 5.19 Galvanostatic charge-discharge curve of symmetric solid state supercapacitor at 0.2 A/g 

current density in the cell voltage range of 0 to 2.0 V. 

The energy density and power density were calculated by following formula: 

E = CtΔV2/2                                                                                                                  (5.8) 

P = 3600E/Δt                                                                                                                (5.9) 

So, the energy density of fabricated supercapacitor was 5.2 Wh/kg, and the power 

density was 720 W/kg. It may be revealed that this energy density of our fabricated cell can be 

increased. If we made a hybrid supercapacitor in which one electrode is of PC nature and other 

is of EDLC nature.  

5.6 Conclusion 

In this Chapter we have discussed we have discussed successfully methodology for 

developing cobalt doped CuO NPs as supercapacitor. Batches with different concentration of 

cobalt dopant are synthesized by chemical precipitation method. The batch comprising of 5.77 

wt% Co in the doped CuO NPs was needle shaped and was found to exhibit maximum 

capacitance. This has been attributed to minimum vacancy related defects in the doped CuO 

NPs as reflected from photoluminescence spectra. Surface area of the doped CuO NPs was not 

very important feature for enhanced the specific capacitance. The CV and EIS studies 
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suggested pseudocapacitance contribution as the most important one to account for the 

observed specific capacitance. The cyclic stability was however poor for 5.77 wt% Co-doped 

CuO NPs. Because of this, the Co-doped NPs were calcined to stabilize the pores. These led to 

about 20% decrease in the specific capacitance but the cyclic stability improved as revealed 

from more than 90% capacitance retention after 500 cycles of charging-discharging processes. 

Further, the batch of 5.77 wt% Co-doped CuO NPs was chosen for fabricating symmetric solid 

state supercapacitor and its specific capacitance and energy density was determined. Enough 

scope does exist to improve these two specifications to translate Co-doped CuO NPs as a 

energy storage devices.  
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Summary  

The worldwide demand for energy has lead to development of energy storage materials. 

In this regard, supercapacitors have emerged as an excellent option which led to development 

wide range of materials for optimum charge storage. Surface area, morphology, porous nature 

and conductivity are some of the critical features to be met for qualifying as a good 

supercapacitor. Literature survey suggested CuO as poorly studied material as supercapacitor, 

in-spite of low cost, high conductivity, large abundance and high theoretical specific 

capacitance (higher than MnO2 and RuO2, which are widely studied). This thesis work was 

therefore designed aimed at investigating different options for improving CuO nanoparticles as 

supercapacitors. For this purpose, CuO nanoparticles were subjected to physical and chemical 

modification. 

The physical modification was done implanting with low energy (50 keV) N
5+

 ion beam 

on CuO thin film prepared by pulsed laser deposition (PLD). Different phases of copper oxide 

with varying crystalline or amorphous nature were formed on glass substrate owing to different 

partial pressure of oxygen gas. For example, the batch prepared with 80 mTorr oxygen pressure 

did not produce any crystalline copper oxide phase, but Cu2O phase was formed after 

implantation with N
5+

 of particle fluence = 1.0   10
16

 particles/cm
2
. Whereas, the copper oxide 

thin film prepared at 100 mTorr oxygen partial pressure resulted in formation of mixed phase 

of copper oxide, which was transformed to a single phase of Cu2O after implanting with 2.5   

10
15

 particles/cm
2
. However, CuO phase was formed after implanting with 1.0   10

16
 

particles/cm
2
. These ion implanted CuO/Cu2O thin film revealed increase in electrical 

conductivity as function of implanted particle fluence. However, their supercapacitor behavior 

was not investigated.  

Further CuO nanoparticles modification studies were conducted by chemical route. In 

this regard, two approaches were used: (a) modification by capping agents; and (b) 

modification by doping with p and d block elements. In both the cases CuO host nanoparticles 

were synthesized by simple chemical precipitation method. Five different capping agents, e.g., 

tryphenylphosphine oxide (TPPO), mercaptoacetic acid (MAA), triton X-100, 

polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA) were used to synthesize five batches 

of differently capped CuO nanoparticles. These batches of as synthesized nanoparticles were 
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characterized by X-ray diffraction, field emission scanning electron microscope, transmission 

electron microscope, BET surface area, diffused reflectance spectroscopy, photoluminescence 

spectroscopy. The MAA and PVP capped CuO nanoparticles comprised of more 

copper/oxygen vacancy defects as compared to other capped CuO nanopaticles. All the batches 

of capped CuO nanoparticles were investigated for supercapacitor behavior and were compared 

with pristine CuO NPs which was prepared by the same precipitation method but without any 

modification. The cyclic voltammetry (CV) studies revealed typical quasi-rectangular shaped 

curve with varying specific capacitances. Among these batches, the mercaptoacetic acid 

(MAA) capped and triphenyl phosphine oxide (TPPO) capped CuO nanoparticles exhibited 

higher specific capacitance recorded at 0.2 A/g current density. The TPPO capped CuO 

nanoparticles comprised of minimum defects as revealed from photoluminescence spectra. So 

higher specific capacitance for TPPO capped CuO NPs was due to minimal loss of charges in 

the “less defect” CuO NPs. On the other hand, the MAA capped CuO was associated with 

certain order of vacancy based defects. In-spite of this higher specific capacitance for MAA 

capped CuO NPs is attributable to favorable defects. This can be due to oxygen vacancies 

which favored the transportation of charges as compared to metal vacancy defects in other 

PVP, TRX and PVA capped CuO NPs. So the nature of defects is found to play an important 

role in the charge transport property and hence impacted supercapacitor behavior. The 

electrochemical impedance spectroscopy studies revealed the tentative mechanism for 

supercapacitor behavior of capped CuO NPs. It was found that the faradaic process due to 

redox reactions at the surface of the electrode made of TPPO capped CuO was improved and 

hence the supercapacitor behavior was mostly due to pseudocapacitance contribution.  

Performance of a supercapacitor is a measure of retention of specific capacitance after 

several cycles of charging and discharging. The specific capacitance is primarily controlled by 

the stability of the pores and electrocatalytic activity at the surface of the electrode, so the 

charging discharging cycles could affect the specific capacitances. The retention capacitance 

for TPPO capped CuO NPs were poor (84%). In order to improve the retention capacitance, the 

as-synthesized batches of TPPO capped CuO NPs were calcined to 450 
o
C for 3 h. This led to 

increase in the crystallinity as revealed from the XRD studies and the pores were stable. This is 

reflected from drastic improvement of retention capacitance to 102% after 500 cycles of 

charging and discharging processes.  
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The EIS studies clearly revealed the pseudocapacitance contribution responsible for 

improved supercapacitor behavior of calcined batches of TPPO capped and MAA capped CuO 

NPs. Because of this, we extended our studies on calcined TPPO capped and calcine MAA 

capped CuO NPs for glucose sensing. Their limits of detection of glucose detection by 

electrocatalytic process were 0.04 µM and 0.33 µM, respectively. The linear detection ranges 

were 9 µM to 3.2 mM and 9 µM to 4.2 mM, respectively. The electrodes made of calcined 

TPPO capped and calcined MAA capped CuO NPs were demonstrated for successful 

determination of glucose levels in human blood and urine samples. 

Next, batches of chemically doped CuO NPs were synthesized for studying 

supercapacitor behavior. From literature, selenium (Se) doped in metal oxides revealed 

excellent applications, such as enhanced photocatalytic and catalytic activity. Though Se exists 

in different oxidation states but Se doped metal oxides have not been explored for 

electrochemical studies. Batches of CuO NP doped with different Se concentrations were 

synthesized by chemical precipitation method. They were thoroughly characterized and their 

electrochemical responses were studied from cyclic voltammetry (CV), galvanostatic charging-

discharging (GCD) and electrochemical impedance spectroscopy (EIS). The CV measurement 

of the batches of Se-doped CuO NPs exhibited good supercapacitance behavior. The CV 

studies based charge storage calculations revealed that maximum specific capacitance of 144 

F/g was recorded for an arbitrary 0.2 A/g current density for the batch of 0.45 wt% Se-doped 

CuO NPs. Notably, the specific capacitance of 0.45 wt% Se doped CuO NPs (capped with 

TPPO) was more than the batch of without doped TPPO capped CuO NPs. The ESR value and 

the slope of the impedance in the low frequency region revealed that 0.45 wt% Se-doped CuO 

NPs is more conducting than other batches CuO NPs. However, similar to the capped CuO 

NPs, the capacitance retention for 0.45 wt% Se-doped CuO NPs after 500 cycles of charging 

and discharging was poor. This is attributed to more degradation of pores in 0.45 wt% Se-

doped CuO NPs samples during the cycles of charging and discharging. In order to improve the 

retention capacitance, the batch of 0.45 wt% Se doped CuO NPs was calcined at 450 
o
C for 3 h. 

The capacitance retention after 500 cycles of charging and discharging was improved to 96%, 

which happened to one of the highest retention capacitance for CuO NPs as supercapacitor.  

The calcined batches of 0.45 wt% Se-doped CuO NPs and the pristine CuO NPs were 

chosen for the investigating higher cell temperature supercapacitor behavior over a temperature 
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range of 25 
o
C to 75 

o
C. These samples revealed increase in specific capacitance as a function 

of cell temperature. It is attributed to reduce kinetic barrier for the redox reaction and enhance 

diffusivity of electrolyte ions. The improvement in the supercapacitor behavior was due to 

decrease in the pseudocapacitance contribution owing to redox reactions at the surface of the 

electrode. In other words, the EDLC contribution was enhanced due to opening of micro-pores 

at elevated temperatures which favored accumulation of charges in the pores of the calcined 

CuO NPs, and consequently the specific capacitance was increased. These observations 

reflected that doped CuO NPs can work in wider cell temperature range.  

In another chemical modification study, we have chosen electroactive metal cobalt as a 

dopant to modify CuO NPs. Though the starting precursor concentration of cobalt was similar 

to that of selenium, but the actual cobalt dopant concentrations in the batches of doped CuO 

NPs were more than 10 times higher than those of Se doped ones. This can be attributed to 

favorable co-precipitation of Co in CuO NPs and also favorable diffusion of cobalt ions in 

CuO. This cobalt (Co) doped CuO NPs exhibited increase in crystallite size and band gap as a 

function of cobalt concentration. The batches of 1.14 wt% and 4.10 wt% Co-doped CuO NPs 

revealed more defects as compared to 5.77 wt% and 8.33 wt% Co-doped CuO NPs.  

The CV measurements of all the batches of Co-doped CuO NPs revealed quasi-

rectangular shaped curve and the maximum specific capacitance was determined as 160 F/g for 

5.77 wt% Co doped CuO NPs recorded at an arbitrary current density of 0.2 A/g. The specific 

capacitance was 10% more than the optimized (0.45 wt%) Se doped CuO NPs. This could be 

due to better electrochemical properties of cobalt which is doped in CuO NPs. Similar to the 

capped and Se doped CuO NPs, the capacitance retention after 500 cycles of charging and 

discharging was poor. The retention capacitance was improved to 98% after calcinations of the 

5.77 wt% Co-doped CuO NPs. In this case as well, the specific capacitance was mostly due to 

faradaic processes as evident from large pseudocapacitance contribution. The 5.77 wt% Co-

doped CuO NPs was chosen for fabrication of symmetric solid state supercapacitor, which 

revealed 2.6 F/g specific capacitance and delivered maximum 1.4 Wh/Kg energy density in the 

potential window range 0 to 2.0 V. 
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Future Scopes 

The specific capacitances derived from CuO NPs modified by capping and doping were 

much less than expected. This indicates that there is still enough room for investigating the 

strategies for achieving higher specific capacitance using CuO system. The major area to 

improve is enhancing EDLC character developing methods for porous CuO NPs. Further, the 

role of defects and its engineering in CuO has tremendous promise to impact on supercapacitor 

performance. However, the study on glucose sensing by surface modified CuO NPs is very 

encouraging. It can be explored for making electrochemical devices for sensing other 

environmental pollutants, like toxic gases, pesticides, etc. 
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