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Abstract

This thesis presents work relating to the fabrication of novel thin film electrodes

for energy storage applications, with a focus on low cost, nanostructured transition

metal oxides, and electrode manufacture by atomised spray deposition.

Iron oxide (FeOx) nanowires were synthesised hydrothermally and combined with

multi-walled carbon nanotubes (MWNT) in sprayed electrodes, which provided the

necessary conductivity enhancement for effective energy storage. The spray process-

ing technique allowed for facile control over the relative fraction of MWNTs in the

sprayed electrodes. Optimised electrodes were investigated in a range of aqueous

electrolytes, and the best energy storage behaviour occurred in Na2SO3 with a max-

imum capacitance from cyclic voltammetry of 312 Fg−1 at a scan rate of 2 mVs−1.

The FeOx/MWNT electrodes were investigated for their suitability as lithium-ion

battery anodes and showed reasonable energy storage behaviour.

Nickel oxide (NiO) electrodes were manufactured by hydrothermal synthesis and an-

nealing followed atomised spray deposition. The performance of the NiO electrodes

was enhanced though combination with aqueous graphene suspensions, produced in-

house by ultrasonic exfoliation of graphite. The processing route used to combine the

nanomaterials was considered and a co-synthesis route resulted in the best perform-
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ing electrodes. Different substrates were investigated, as the most commonly used

Ni-foam substrate reacted with the basic electrolytes necessary for electrochemical

activity of NiO. NiO/graphene electrodes showed charge/discharge capacitances of

up to 571 Fg−1 at a current density of 10 Ag−1, which was maintained at over 300

Fg−1 at a very high current density of 100 Ag−1.

Asymmetric supercapacitor devices were constructed using various combinations of

FeOx, NiO, and commercial carbon black electrodes to extend the operating potential

window beyond the ∼1.23 V limit of symmetric aqueous-electrolyte devices. Power

densities of over 20 kWkg−1 were achieved for an FeOx/MWNT-carbon device, which

was comparable with current commercial carbon-only supercapacitors.
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Chapter 1

Introduction

1.1 The increasing need for energy storage

In the last decade the world’s population has increased by 1 billion1 and, when cou-

pled with the increasing standard of living expected by populations of developing

countries, this puts substantial pressure on energy production across the globe. In

addition to the increased demand for energy, governments and industries are increas-

ingly interested in a move away from non-renewable fossil fuel technology (currently

> 80% of supply) to energy production from renewable sources since current fossil

fuel reserves are likely to be exhausted within the next century and CO2 emissions

are now limited by the Kyoto protocol.2 If renewable energy sources are either to

become a viable alternative or a supplement to fossil fuels and nuclear energy then it

is vital to have high quality, reliable energy storage technologies in order to maximise

the utilisation of these intermittent power sources.

Current electrical energy storage and consumption can be split into several distinct
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areas including, but not limited to:

• Grid storage for supplying electricity to homes, buildings and industry

• Transportation of people and goods

• Consumer and portable electronics e.g. mobile phones, computers

Each category outlined brings specific requirements for energy storage in terms of

capacity, time scales and mass limitations. However, all require rapid and significant

improvements in stability, cycle life and energy density of current energy storage

devices, to cope with the demands of a growing population and novel renewable

energy technologies. For example, improved stationary energy storage would allow

for a less centralized grid system which would alleviate problems brought about by

adverse weather and demand overload. Indeed, it is often the case that technologi-

cal advancements are marred by the limited performance of current energy storage

devices, and this is particularly true of the smart phone3 and electric vehicle mar-

kets.4

Figure 1.1: A Ragone plot, comparing the relative specific energy and power provided
by a range of electrochemical energy storage systems
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Several of the most common energy storage devices and their relative energy/power

properties are shown in Figure 1.1. Each device has different energy storage char-

acteristics and therefore distinct applications, although it is increasingly common

to utilise a combination of devices in hybrid systems to maximise efficiency and

minimise weight.5–7 A comparison of charge storage mechanisms occurring in elec-

trostatic capacitors, electrochemical capacitors and lithium-ion batteries is shown

in Figure 1.2 and the resulting performance characteristics are described in Table

1.1.

Figure 1.2: Schematic of (a) an electrostatic capacitor, (b) an electrochemical capacitor
with an aqueous electrolyte where charge is stored in the Helmholtz double layer, and
(c) a lithium ion battery in a lithium containing, air sensitive electrolyte in which charge
storage occurs though intercalation into graphite and simultaneous reduction of LiCoO2

to Li(1-x)CoO2 + xLi+

Electrostatic capacitor Electrochemical capacitor Battery
Charge stored Between charged plates Electrode/electrolyte interface Entire electrode

Charge/discharge time 10−6-10−3s/10−6-10−3s 1-120s/1-120s 0.3-3h/1-3h
Specific power (W kg−1) �10000 500-10000 <1000

Specific energy (Wh kg−1) <0.1 1-10 20-150
Cycle life �106 >106 ∼1500

Efficiency ( td
tc

) ∼1 0.85-0.99 0.7-0.85

Table 1.1: Comparison of energy storage characteristics, adapted from reference 8

.
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1.2 Electrochemical capacitors

Electrochemical capacitors (ECs), or ‘supercapacitors’ store energy through elec-

trostatic charge separation in a Helmholtz double layer, known as electric double

layer capacitance (EDLC) and/or through reversible surface redox reactions, known

as ‘pseudocapacitance’ (Figure 1.2 (b)). Extremely high electrode surface areas and

‘surface only’ charge storage allows ECs to provide higher specific energy than classic

electrostatic capacitors (10 Wh kg−1 vs <0.1 Wh kg−1) and higher power densities

than batteries (500-10000 W kg−1 vs <1000 W kg−1), shown in Figure 1.1 and Table

1.1. ECs can therefore be used to bridge the gap between these two well estab-

lished energy storage devices and are most suited for high power applications and

back up power supplies such as uninterruptable power supply (UPS) and load level-

ling. Although the first EC patent, based on a carbon black electrode, was recorded

in 1957,8 research into supercapacitors has only gained momentum in the past 15

years. Because of this, there is an ongoing need to improve performance and consider

manufacturing approaches before widespread mass-production is viable.

The most significant step forward in supercapacitor development has been the use of

electrode materials with designed nanostructures.9–12 Nano-sized electrode materials

provide the highest surface area to volume ratio as well as minimising electron and

ion diffusion pathways and, when used in combination with aqueous electrolytes, do

not present safety risks due to secondary reactions as is the case for nanostructured

lithium-ion batteries. Other techniques to maximise the performance of ECs include

the use of organic/ionic liquid electrolytes13 or the fabrication of devices with non-

equivalent anode and cathode materials, known as asymmetric devices.14, 15 These

are discussed in more detail in Chapter 2.
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1.3 Objectives and outline

Currently, commercial supercapacitors have been brought to market in both automo-

tive and stationary systems. Commercial devices are based on low cost, low toxicity,

activated carbon materials with high conductivity and extremely high surface area.

However, the maximum energy density provided by carbon electrodes is limited by

the surface area-dominated charge storage mechanism (EDLC). Transition metal

oxides are able to provide higher energy density due to the availability of surface

transition metal ions that can undergo fast, reversible redox reactions involving an

electrochemical charge transfer process. Therefore there is interest in developing low

cost, stable, safe transition metal oxide-based electrodes that have the potential to

be combined with, or replace activated carbon electrodes. A better understanding

of the electrode/electrolyte interface is vital for device optimisation and to minimise

capacitance fading whilst maximising cycle life.

The most studied transition metal oxides are currently RuO2
16 and MnO2.17 De-

spite the excellent performance of these materials, commercialisation has so far been

limited to niche applications because of high cost and/or concerns over lifetime per-

formance, especially cycling. Amongst the other transition metal oxides considered

in the literature, iron oxides (Fe2O3,18 Fe3O4,19 FeOOH20) and nickel oxides (NiO,21

Ni(OH)2
22, 23) have emerged as promising candidates for scalable, possibly lower cost

systems. Building on this relatively recent interest in Ni and Fe oxides, the objectives

of this work are as follows:

• To investigate nanostructured iron oxide based electrodes for energy storage as

a low cost, safe, saleable material and to understand better the energy storage

mechanisms of iron oxide in aqueous electrolytes
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• To optimise and characterise pseudocapacitive electrodes with characteristics

and properties suitable for combination with iron oxide in a full cell asymmetric

device

• To investigate the suitability of all-sprayed, nanostructured asymmetric combi-

nations of transition metal oxide and carbon electrodes in full-cell arrangements

in terms of stability and energy density/specific energy enhancement.

The thesis is structured as follows. Chapter 2 is a literature review of the fundamental

theories behind supercapacitor devices and the current academic state of the art with

respect to the most relevant materials and devices to be studied. Chapter 3 describes

the experimental techniques used in the thesis. Chapter 4 provides results of the

supercapacitor behaviour of an iron oxide/carbon nanotube system which is then

investigated further for its potential in lithium-ion batteries in Chapter 5. A new

hybrid NiO/graphene system is then investigated in Chapter 6 for its electrochemical

capacitor capabilities with a focus on optimisation of the processing route. Chapter 7

considers several full-cell devices using the electrodes optimised in previous chapters.

Finally, concluding remarks and future work are outlined in Chapter 8.

6



Bibliography

[1] http://www.census.gov/population/international/data.

[2] In Kyoto Protocol. United Nations Framework Convention on Climate Change,

(Nov 2009).

[3] Pikul, J., Gang Zhang, H., Cho, J., Braun, P., and King, W. Nature Comm. 4

(2013).

[4] Armand, M. and Tarascon, J. Nature 451(7179), 652–657 (2008).

[5] Vosen, S. R. and Keller, J. O. Int. J. Hydrogen. Energ. 24(12), 1139–1156

(1999).

[6] Xie, Q., Wang, Y., Kim, Y., Pedram, M., and Chang, N. IEEE T. Comut. Aid.

D. 32(7), 1003–1016 (2013).

[7] Cericola, D. and Ktz, R. Electrochim. Acta 72, 1–17 (2012).

[8] Becker, H. July 23 (1957). US Patent 2,800,616.

[9] Wang, J., Zhang, S., Guo, Y., Shen, J., Attia, S., Zhou, B., Zheng, G., and Gui,

Y. J. Electrochem. Soc. 148(6), D75–D77 (2001).

7



[10] Arico, A. S., Bruce, P., Scrosati, B., Tarascon, J. M., and Van Schalkwijk, W.

Nature Materials 4(5), 366–377 (2005).

[11] Chen, Z., Qin, Y., Weng, D., Xiao, Q., Peng, Y., Wang, X., Li, H., Wei, F., and

Lu, Y. Advanced Functional Materials 19(21), 3420–3426 (2009).

[12] Chmiola, J., Yushin, G., Gogotsi, Y., Portet, C., Simon, P., and Taberna, P.

Science 313(5794), 1760–1763 (2006). cited By (since 1996)773.

[13] Zhu, Y., Murali, S., Stoller, M., Ganesh, K., Cai, W., Ferreira, P., Pirkle,

A., Wallace, R., Cychosz, K., Thommes, M., Su, D., Stach, E., and Ruoff, R.

Science 332(6037), 1537–1541 (2011).

[14] Long, J. W., Belanger, D., Brousse, T., Sugimoto, W., Sassin, M. B., and

Crosnier, O. MRS Bulletin 36(7), 513–522 (2011).

[15] Cottineau, T., Toupin, M., Delahaye, T., Brousse, T., and Blanger, D. Appl.

Phys. A. Mater. 82(4 SPEC. ISS.), 599–606 (2006).

[16] Hu, C. C., Chang, K. H., Lin, M. C., and Wu, Y. T. Nano Letters 6(12),

2690–2695 (2006).

[17] Toupin, M., Brousse, T., and Belanger, D. Journal of the Materials Chemistry

16, 3184–3190 (2004).

[18] Nasibi, M., Golozar, M. A., and Rashed, G. Mater. Lett. 85, 40 (2012).

[19] Hallam, P. M., Gomez-Mingot, M., Kampouris, D. K., and Banks, C. E. RSC

Adv. 2(16), 6672 (2012).

[20] Qu, Q., Yang, S., and Feng, X. Adv. Mat. 23(46), 5574 (2011).

8



[21] Nelson, P. A., E. J. M. and Owens, J. R. J. Electrochem. Soc. 14, 524–529

(2002).

[22] Yan, J., Fan, Z., Sun, W., Ning, G., Wei, T., Zhang, Q., Zhang, R., Zhi, L., and

Wei, F. Adv. Func. Mater. 22(12), 2632–2641 (2012).

[23] Jiang, H., Zhao, T., Li, C., and Ma, J. J. Mat. Chem. 21(11), 3818–3823 (2011).

9



Chapter 2

Literature Review

This review considers the recent literature related to materials for supercapacitor

electrodes with a focus on pseudocapacitive materials, 1-dimensional (1D) nanos-

tructured forms and techniques used to maximise the performance of supercapac-

itors by balancing energy and power density. A general context is low-cost, scal-

able, safe devices operating in aqueous electrolytes. The literature relating to more

toxic/flammable organic electrolytes or room temperature ionic liquids is mentioned

only in their competitive context; similarly supercapacitor electrodes based on ac-

tivated carbon or graphite are only reviewed in the context that they define the

commercial state of the art in supercapacitors.
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2.1 Basic concepts

2.1.1 Electrochemical energy storage

The challenge of producing enough energy to meet increasing societal needs goes

hand in hand with developing effective ways to store energy produced at times of

low demand. Currently, energy is most commonly stored chemically in fuels such as

oil and gas, or electrochemically in devices such as batteries and fuel cells. Superca-

pacitors, known more accurately as ‘electrochemical capacitors’, are energy storage

devices based on charge storage at an electrode/electrolyte interface and have been

suggested as ideal devices to compliment batteries in electrical systems within areas

such as portable electronics, transportation and aviation.1–3

In a simple electrostatic capacitor, charge is stored between two electrodes separated

by a highly insulating solid material known as a dielectric, and capacitance is the

ratio of electric charge on each electrode (Q) to the potential different between the

electrodes (V ):

C =
Q

V
(2.1)

In a supercapacitor, the solid, insulating dielectric is replaced by an electrolyte so-

lution with the ions of the electrolyte moving towards the electrode on polarization

and creating an electric double layer (Figure 2.1 (b)). Polarization of the electrode

induces the reversible adsorption of electrolyte ions onto the electrode and charge

separation occurs giving a capacitance of:

C =
ε0εrA

d
(2.2)

11



where ε0 is the permittivity of free space, εr is the dielectric constant of the elec-

trolyte, A is the ion accessible surface area of the electrode and d is the size of the

double layer formed. This relationship shows that capacitance can be maximised

by combining aqueous electrolytes, which have much higher dielectric constants that

organic solvents (84 for H2O cf 30.9 for N,N dimethylformamaide and 65 for propy-

lene carbonate), with a high surface area electrode. Efforts towards the production

of nanoporous electrodes with surface areas approaching 2000 m2 g−1 has proven to

improve capacitance.4

Figure 2.1: A schematic representation of energy storage in (a) electrostatic and (b)
electrochemical capacitors

2.1.2 Specific energy and power

Although capacitance, in Farads or Farads per gram, is the most common measure of

evaluating the performance of individual supercapacitor electrodes in the literature,

it is useful to assess devices in terms of specific energy (in Wh kg−1) and specific

power (in W kg−1) so that comparisons with other electrochemical energy storage

devices e.g. batteries and fuel cells, can be made. It should be noted that specific

energy/power is often incorrectly referred to as energy/power density in the litera-

ture, which has the units Wh L−1/W L−1, however the terms are interchangeable

when the volumetric or gravimetric measurement is omitted.

12



The specific energy/energy density (E ) of a supercapacitor is directly proportional

to capacitance and can be calculated from Equation 2.3:

E =
1

2
CV 2 (2.3)

and so can be maximised by increasing both the capacitance and the operating

potential window (often limited by the breakdown of the electrolyte).

Specific power/power density is a measure of the energy delivered per unit time (P

= E
t
) and the maximum power of a device is given by Equation 2.4):

Pmax =
V 2

4Rs

(2.4)

where Rs is the equivalent series resistance (ESR, Ω) which takes into account the

resistance of the capacitor components and is often estimated to be (2/3) t.r’/A,

where t is electrode thickness, r’ is electrolyte resistivity and A is electrode geomet-

ric area. In order to achieve high specific power, specific capacitance and applied

potential should be maximised and ESR minimised.

2.1.3 Capacitance Mechanisms

Electrochemical capacitors can be split into two sub-classes, defined by the mech-

anism of charge storage. In both cases a Helmholtz double layer is formed upon

charging, as shown in Figure 2.1 (b) and the charge storage is related to the elec-

trode itself and the orientation of electrolyte ions in the double layer.

The more basic charge storage mechanism is known as electric double layer capac-
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itance (EDLC) and as the name suggests, charge is stored purely by electrostatic

charge separation across the electrochemical double layer. As such, materials for

EDLC combine high surface area with high conductivity. The charge/discharge cy-

cle life of these materials is theoretically limitless as there is no physical or chemical

change in the structure of the electrode material. The most common electrode ma-

terial in these capacitor systems is carbon due to the low cost, high conductivity and

potential for high surface area by chemical ‘activation’ or etching of nanopores onto

the surface.

The second mechanism of capacitance is known as pseudocapacitance, and differs

from EDLC as it is faradaic due to the involvement of fast, reversible charge transfer

of valence electrons across the double layer. The charge transfer can be brought

about by (1) redox reactions involving electrolyte ions and transition metal ions,

(2) adsorption/desorption of protons or electrolyte cations, or (3) reversible dop-

ing/dedoping of conducting polymer chains. As faradaic reactions occur at specific

potentials dependent on the individual reaction being considered, pseudocapacitance

is characterised by a potential dependant capacitance and there is an approximately

linear relationship between charge stored and potential supplied, modifying Equation

2.1 to:

C =
∆Q

∆V
(2.5)

The charge transfer across the double layer that occurs during pseudocapacitance

means higher energy densities can be achieved, however this is usually accompanied

by a reduction in long term stability and cycle life of the electrode. Transfer across

the double layer induces degradation of the electrode structure brought about by
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physical/mechanical strain which leads to pulverisation and eventually fading of the

capacitance. Typical materials utilised in pseudocapacitive electrodes include; (1)

transition metal oxides, which have many easily accessible oxidation states, and (2)

conducting polymers, which can undergo redox reactions through the π conjugated

backbone of the polymer chain. The difference in the charge storage mechanisms

means materials with differing chemical, electronic and mechanical properties are

suitable for EDLCs and pseudocapacitors.

2.2 Electrode Materials - EDLC

Carbon is an extremely well studied material for EDLCs due to a large achievable

surface area (of 1000s of m2 g−1), good physiochemical stability, good processability

and low cost. It is possible to produce symmetric devices with both cathode and

anode consisting of the same carbon material which results in cheap, easily fabricated

devices. The low cost of the raw materials used in carbon based supercapacitors have

ultimately led to the commercialisation of these devices. So called ‘activated carbons’

(carbons where the mesoporosity has been maximised by heat treatment with gases at

high temperature) are industrially attractive in terms of cost and can have extremely

high surface areas of over 2000 m2g−1 which has led to specific capacitances of up

to 300 F g−1.5 The most commonly available commercial capacitors consist of high

surface area carbon electrodes and have an specific energy of ca. 6 Wh kg −1. Beyond

activated carbons, carbons with designed nanostructures (high aspect ratio, tailored

porosity) such as carbon nanotubes, carbon nanohorns and derivatives of graphene

have been widely studied due to the level of control that is possible when coming

from a ‘bottom-up’ approach to morphology and structure.
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2.2.1 Activated Carbon

Current commercial supercapacitor electrodes are almost exclusively comprised of

amorphous, activated carbons mixed with appropriate conductivity enhancers and

binders. Activated carbons are produced through the pyrolysis of low cost natural

materials such as coconut shells or coal and the extremely low cost of materials and

manufacture combined with excellent cycle life mean that few of the extensive pool

of alternative materials have shown economic competitiveness with carbon. Despite

this, activated carbons tend to give relatively low capacitances, not usually exceeding

150 F g−1 in aqueous electrolyte,6 and so for high specific energy applications, there

is wide interest in developing low cost, high capacitance alternatives.

2.2.2 Carbon Nanotubes

Carbon nanotubes (CNTs) are cylindrical nanostructured carbon allotropes with

a high aspect ratio and accessible surface area of up to 475 m2 g−1. They are

electrochemically stable in most electrolytes and electrically conductive (up to 5

x 105 S m−1) and since their discovery have attracted wide interest due to their

unusual mixture of mechanical strength, electrical conductivity and chemical prop-

erties.7 CNTs can be structured in two general ways: ‘Single walled nanotubes’

(SWNTs) and ‘Multi walled nanotubes’ (MWNT), dependent on the number of

graphene sheets involved. MWNTs have a metallic conductivity whereas SWNTs

can be semi-conductors and capacitive properties have been studied for both sin-

gle,8, 9 and multiwalled10 nanotube electrodes.

It was quickly discovered that when fabricated in an electrode, CNTs would naturally
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produce a superior structure to that of activated carbon or graphite, as the 1-D

nature and low pore distribution means CNTs naturally tangle up to form an open,

mesoporous structure providing high accessibility of the electrolyte to the entire

surface area which in combination with the low ESR of the material led to high

power densities of over 8 kW kg−1.11 An open, mesoporous structure produced by

tangled CNTs is shown in Figure 2.2.

Figure 2.2: An example of a mesoporous CNT electrode

Like other forms of carbon, to obtain reasonable capacitance, it is usually neces-

sary to activate CNTs by heating in acidic or basic aqueous solution, which can

also functionalise them with surface heteroatom groups, (oxygenate or nitrogenous).

Pre-treatment increases the surface area and mesoporosity of the nanotubes and

if functionalisation also occurs, can introduce an element of pseudocapacitance to

nanotube-based electrodes. Functionalisation additionally renders the nanotubes

‘self-adhesive’ so that no binder material is necessary to hold the structures together

which not only reduces the mass of the electrodes (important when considering pro-

cessing and scale-up) but also minimises impurity formation in the structures. Using

this pre-treatment to activate the CNTs can increase the specific capacitance by a

factor of up to 2.5.13, 14
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Despite the advantageous properties outlined, capacitance of CNT-based electrodes

in practice has been somewhat disappointing. Capacitances for un-functionalised

CNT electrodes have not surpassed 80 F g−1,8, 15 and functionalised CNT electrodes

usually have a specific capacitance of approximately 150 F g−1.10 A maximum capac-

itance of 180 F g−1 was obtained for SWNT in 7.5 M KOH at a discharge current of

1 mA cm−2 and resulting specific energy of 6.55 Wh kg−1,16 - these capacitances are

not exceptional, especially when the cost of synthesis/purchase is taken into account,

as similar, or even higher capacitance can be obtained using activated carbon and

milder electrolytes.17 However this electrode did have an exceptional specific power

of 20 kW kg−1, which was obtained by heat treatment to 1000 ◦C which minimised

the ESR to 51 mΩ.

It is likely that the main use of CNTs within supercapacitors will be as conductivity

additives in devices as there are many reports of CNTs enhancing capacitance in

pseudocapacitive electrodes where the conductivity of the material is otherwise a

limiting factor to performance e.g. with Fe2O3 nanowires,12 MnO2,18 VOx,19 In2O3

nanowires,20 ZnO21 and polypyrrole.22, 23 This approach usually uses a low fraction

amount of CNTs in comparison to the majority metal oxide (< 5%) so the cost is

minimised whilst maximising the conferred conductivity. This approach is discussed

in more detail in section 2.5.3.

More recently, CNTs have been used as electrode materials for solid state supercapac-

itors, as the flexibility and porosity provided by the electrode structure is favourable

when a solid (or gel) electrolyte is used.24–28 This is discussed in more detail in

Section 2.5.2
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2.2.3 Graphene

Graphene has been explored as a possible candidate for supercapacitor electrodes.

Graphene consists of a 2-D layer of carbon atoms with a high theoretical surface

area of 2600 m2 g−1 and although studied theoretically for nearly 60 years, was not

discovered in its free state until 2004.29 Graphene has shown reasonable capaci-

tances of over 200 F g−1,30 and excellent capacitance retention after many thousand

cycles and at extremely high scan rates of over 10,000 mV s−1.31 However, due to

the relative recent discovery, most research is in elementary stages and capacitive

behaviour is likely to increase as knowledge of graphene’s properties and fabrication

techniques are improved. Most reports thus far have been based around developing

the best synthesis and fabrication techniques, which have included electrophoretic

deposition,32 oxidation of graphite33 and reduction of graphene oxides,34 as well as

the use of graphene oxide itself as an electrode material.35 A graphene based su-

percapacitor has been prepared by reduction of graphene oxide by hydrazine30 and

produced an excellent specific energy of 28.5 Wh kg−1 for a symmetric 2-electrode

device (corresponding specific capacitance of 205 F g−1) in H2SO4. This was com-

bined with a good specific power of 10 kW kg−1; the combination of attractive energy

and specific power in these reports combined with the potential for low cost, scalable

synthesis36, 37 suggests that graphene is likely to surpass the performance of CNTs

as a supercapacitor electrode material.

Graphene nanosheets tend to re-stack when used as a monolithic electrode material38

and as such there is much interest around reducing agglomeration and developing

suitable co-materials that could hold open the layers, and therefore retain the meso-

porosity of the material. This approach has been explored using carbon nanotubes

as the structural additive, with ‘pillars’ of nanotubes separating layers of graphene
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in a sandwich structure. This structure achieved a specific capacitance of 385 F

g−1 by cyclic voltammetry at 10 mV s−1 in 6 M KOH,39 and was attributed to the

reduced agglomeration and subsequent increase in surface area from 202 m2 g−1 to

612 m2 g−1, as well as some pseudocapacitance conferred from residual cobalt hy-

droxide catalyst from the CNT synthesis. Perhaps the most remarkable property of

this arrangement is the increase in specific capacitance by 20% after 2000 cycles,

which was thought to be caused by increased interfacial area between cobalt oxide

and the electrolyte.

There is much scope for developments in graphene based electrodes as there are many

different synthesis routes and, as the material is in its infancy, the best techniques

are likely yet to come. There is current debate over whether graphene, which is more

expensive and as mentioned has the structural problem of re-stacking, or graphene

oxide which is cheaper and has shown higher capacitance thus far, is the best material

to develop.40

Other carbon materials have shown good capacitive behaviour including carbide

derivatives4, 41 and nanofibers.42 In depth information on the use of carbon ma-

terials for supercapacitor electrodes can be found in several extensive review pa-

pers.43–45

2.3 Electrode Materials - Pseudocapacitance

For a material to exhibit pseudocapacitance there must be at least two easily ac-

cessible redox states; usually these come in the form of a transition metal ion or

the conjugated π cloud of a conducting polymer. The most well studied pseudoca-
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pacitive material is RuO2, however efforts have moved towards cheaper alternatives

which could compete with carbon based materials on a commercial level. Electrodes

based on pseudocapacitive materials usually display enhanced specific energy when

compared to EDLCs, however the strains of intercalation and/or redox reactions

tend to induce degradation and crumbling of the electrode structure, which in turn

leads to capacity ‘fading’.

2.3.1 Ruthenium and Manganese Dioxides - RuO2/MnO2

Ruthenium oxides have been widely studied for supercapacitor electrodes due to

their theoretical highest capacitance of over 2000 F g−1 and an exceedingly high

conductivity of ∼105 S cm−1, which approaches that of metals. Capacitance occurs

due to electron hopping through the crystalline lattice coupled with adsorption at the

surface of protons from the electrolyte (Equation 2.6), which is enhanced in hydrous

ruthenium oxide (RuO2 · xH2O):

RuIVO2 + xH+ + xe− ←→ RuIV
1−xRuIII

x O2Hx (2.6)

There are several different redox states possible for a ruthenium ion, from Ru(I) to

Ru(VIII), and these multiple states provide the high capacitance. The redox reac-

tions occur during a voltage potential sweep at overlapping potentials so the cyclic

voltammogram for RuO2 looks more rectangular than most other pseudocapacitive

materials, which usually show distinct peaks where the redox reaction is occurring.

An example of rectangular RuO2 cyclic voltammograms at different electrode masses

is shown in Figure 2.3.
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Figure 2.3: Cyclic voltammograms measured at 20 mV s−1 of RuO2 · xH2O electrodes in
0.5 M H2SO4 as a function of mass46

RuO2 · xH2O based electrodes can easily be synthesised with specific capacitances of

approximately 650 F g−1, for example by electrostatic spray deposition (ESD),47, 48

which is a very effective synthetic method as it is low temperature, one-step and

can produce stable, highly porous films with capacitances that are stable at cyclic

voltammetry scan rates over 50 mV s−1. Alternatively, the sol-gel technique pro-

duces materials with slightly higher capacitances and energy densities of approxi-

mately 750 F g−1 and 26.7 Wh kg−1, however both capacitance and specific energy

tend to drop more quickly at higher scan rates than ESD prepared electrodes.49, 50

So far the highest capacitance for a pseudocapacitive material with no carbon or

other conductivity enhancement is 1300 F g−1 obtained in an aligned RuO2 · xH2O

nanotube electrode,46 giving exceptional specific power and energy densities of 4320

kW kg−1 and 7.5 Wh kg−1 respectively - an specific energy comparable to commer-

cially available activated carbon supercapacitors but with higher specific power. The

remarkable performance was attributed to the morphology of the aligned nanotubes

- synthesised with an aluminium oxide template - which simultaneously provided
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super-efficient electron conduction and maximum electrolyte accessibility, and the

presence of RuO2 crystallites formed by thermal annealing.

In addition to high specific capacitance capabilities, RuO2 is an attractive material

in supercapacitor electrodes as it displays: high acidic stability - necessary as the

electrolyte is usually H2SO4, good electrochemical stability and, unusually, very good

proton diffusion.

RuO2 however suffers from very high cost and is believed to be used only in niche

military systems. Much work has gone into developing cheaper metal oxide systems

that are inherently not as conductive as RuO2 but much cheaper, both in the cost of

the raw materials and the processing costs. The main challenge presented to pseudo-

capacitive research at the present time is the development of a capacitive electrode

material that can match the performance of RuO2 at a much lower cost.

In the search to find a cheap, high performance, scalable pseudocapacitive electrode

material, attentions next turned towards MnO2. MnO2 devices have displayed good

energy storage properties in other electrochemical systems such as batteries51, 52 and

fuel cells53 and have the attractive properties of lower cost and toxicity than RuO2

based devices. Usually combined with a carbon conductive additive, capacitances of

over 200 F g−1 in a mild aqueous electrolyte (KCl) were quickly obtained.54–56 Aque-

ous electrolytes are inherently safer than the usually flammable organic electrolytes

in activated carbon systems, but operate at a lower voltage to avoid the hydrolysis

of water.

The capacitive behaviour of MnO2 arises from the many oxidation states of man-

ganese, from Mn (II) through to Mn (VII) with a maximum theoretical capacitance

of 1100 F g−1 for the Mn(IV) - Mn(III) transition, although experimentally difficult
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to achieve. Although manganese has several accessible oxidation states, most of the

redox transitions are not reversible enough to be utilised in pseudocapacitance, as

fast charge/discharge, reversibility and cycle stability are vital properties of super-

capacitors; practical capacitance tends to be due to the Mn(III) - Mn(IV) transition

only. The cycle life of MnO2 electrodes is affected by (a) manganese dissolution

and (b) oxygen evolution - most devices show 20% reduction in specific capacitance

after 1000 cycles and care must be taken not to drive the potential to a point where

an irreversible transformation occurs. This limits the operating potential window

of MnO2 electrodes to 0 - 0.9 V vs. Ag/AgCl, again with knock-on effects to limit

overall capacitance and power.

The mechanism of pseudocapacitance is proposed to arise due to the adsorption

and insertion of metal alkali cations into the open, crystalline framework,57 with the

manganese ion in oxidation states (III) and (IV) for the oxidised and reduced forms

(Equation 2.7) where X is the alkali metal cation, or a proton:

MnO2 + X+ + e− ←→ MnOOX (2.7)

The pseudocapacitive mechanism was investigated in both thick and thin films by

X-ray photoelectron spectroscopy and occurred only in the surface layer,58 limiting

capacitance to below 200 F g−1 when electrodes are prepared in the traditional way

(doctor blade/rolling) into thick (>100 µm) films, plus conductive additives and

binders. When the electrodes were prepared as thin films (<5 µm), eliminating the

need for binders, exceptional capacitances of 1380 F g−1 were obtained, comparable

to RuO2. The preferred ‘thin film’ approach has thus been applied to many transition

metal oxide electrodes and almost always gives increased capacitances per gram of

active material.
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2.3.2 Less well-studied oxides

There are intense efforts to develop low cost, high capacitance electrode materials

using low cost transition metal oxides, mostly focussed on MnO2. A brief outline of

other materials that have attracted research interest are given below.

Iron Oxide - FeOx

Iron has been suggested as a suitable oxide material for supercapacitor electrodes due

to the inherent low cost, low environmental impact and ease of handling. Several

forms of iron oxides have been studied, both crystalline and amorphous, and in

single material electrodes and composites including: haematite (Fe2O3),12, 59 goethite

(FeOOH),60 and magnetite (Fe3O4).61–63

Magnetite is of interest as it combines low cost with easily accessible redox states of

iron in the corner sharing Fe2+/Fe3+ inverse spinel crystal structure which leads to

much higher conductivity (102 - 103 Ω−1 cm−1 cf. 10−9 Ω−1 cm−1 for Fe2O3/FeOOH).

Magnetite initially showed a reasonable specific capacitance (when compared with

other ‘cheap’ transition metal oxides) of 30 F g−1 in 0.1 M Na2SO3 when structured

as a bulk electrode with activated carbon as a conducting additive.63 Capacitance

was improved in a nanoparticulate Fe3O4 film to 84 F g−1 in 1 M Na2SO4.64 Further

improvements involved synthesising thin film Fe3O4 by electroplating onto gold elec-

trochemical quartz crystal microbalance (EQCM) plates, with a specific capacitance

of 170 F g−1 in 1 M Na2SO3,61 although the fabrication technique and substrate were

clearly unsuitable for scale-up into practical devices.

The best overall performance of a predominantly Fe3O4 based electrode, of over 220

25



F g−1 at a discharge current of 0.1 mA cm−2 in 0.1 M Na2SO3 was achieved in

an arrangement composed of high aspect ratio magnetite nanowires (∼3 µm long,

∼100 nm diameter) coated with polypyrrole to enhance conductivity.65 This is a

significant increase in capacitance when compared with the unstructured, bulk, car-

bon containing electrodes previously studied (220 F g−1 cf. ∼30 F g−1) and was

attributed to the inter-twined, self-supporting, mesoporous network of nanowires

that allowed maximum access of the electrolyte ions to the material alongside the

conductivity enhancement brought about by low cost, environmentally compatible

polypyrrole. All the materials involved were low cost and aqueous in nature, and the

fabrication technique facile and at ambient conditions (see Section 3.3.2).

The specific capacitance of thin film Fe3O4 electrodes in different electrolytes (Na2SO3,

Na2SO4, KOH) was studied61 by cyclic voltammetry at 2 mV s−1 and was highly

sensitive to the electrolyte anion involved, with sulphite (SO3
2−) providing superior

capacitance of 170 F g−1 compared with 25 F g−1 in 1 M Na2SO4 and 3 F g−1 in 1

M KOH and the cyclic voltammograms are displayed in Figure 2.4.

Figure 2.4: Cyclic voltammograms of Fe3O4 electrodes in 1 M Na2SO3 (solid line), 1 M
Na2SO4 (dashed line) and 1 M KOH (dotted line)61
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Strong adsorption of SO2–
3 onto the electrode surface was supported by electrochem-

ical quartz crystal microbalance (EQCM) and XPS analysis. The adsorption of

SO3
−2 onto Fe3O4 provided capacitance due to the subsequent redox reactions of the

sulphite ions:

2SO2−
3 + 2H2O + 2e− 
 S2O2−

4 + 4OH− (2.8)

S2O2−
4 + H2O + 2e− 
 S2O2−

3 + 2OH− (2.9)

S + 2e− 
 S2− (2.10)

Note that in Equations 2.8-2.10 there is no explicit role for the Fe3O4 itself. There-

fore, circumstantially it is suggested that Fe3O4 provides some ‘catalytic’ effect to

stimulate the reduction of SO2–
3 and subsequent species, with an efficiency not seen

with other transition metal oxides, or for Fe3O4 and other electrolyte ions. Specu-

latively, this may imply other transition metal oxide/electrolyte combinations that

may show similar or enhanced behaviour.

There have been increasing numbers of reports of Fe2O3
66/FeOOH67/Fe3O4

68 based

electrodes using a basic KOH/NaOH/LiOH electrolyte with charge storage attributed

to surface cation intercalation combined with Fe2/3+ redox reactions,69 and typical

capacitance values of 150 - 200 F g−1. A combination of Fe2O3 with carbon gave a

high capacitances of 315 F g−1 at a scan rate of 2 mV s−1 however, the capacitance

faded to below 100 mV s−1 at relatively low scan rates of 25 mV s−1 and the cycle

testing at a high current density of 10 A g−1 may mask the destructive effect of

intercalation occurring at slower rates.
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Nanowire Fe3O4-based electrodes65 and similar results demonstrate that to compete

with the ultrahigh specific capacitances of RuO2 and MnO2 based electrodes, novel

fabrication techniques and a fuller understanding of the Fe3O4 charge storage mech-

anism is required.

Iron oxide as a lithium battery anode

Because of the high theoretical capacity of lithium intercalation into Fe2O3 and Fe3O4

compared to the most commonly used graphite (372 mAh g−1), iron oxide electrodes

have been investigated as a potential replacement anode in a lithium-ion battery.

Initially, it was thought that the lithium insertion reaction was irreversible, however

it was shown that by reducing Fe2O3 particle size from ∼0.5 µm to ∼20 nm,70

intercalation became reversible as the smaller particles were able to accommodate

the large volume changes involved without the onset of irreversible phase changes

from hexagonal to cubic close packed.

Iron oxide has been successfully fabricated in combination with carbon nanotubes71–74

and graphene75–77 as well as the more common conductivity additives of carbon/acetylene

black. The influence of conductivity additives has be shown to be the formation of a

more homogeneous and thin solid electrolyte interphase (SEI) layer78 which improves

rate performance and can improve structural integrity.

A wide range of capacities are reported for FeOx electrodes, from∼400 mAh g−1,75, 79–81

up to reversible capacities of over 1000 mAhg−1 for Fe2O3 electrodes.82, 83 It is im-

portant to consider both the number of cycles tested, and the rate for the capacity

quoted, as a 0.1 rate will give a much higher capacity than C, however such low

discharge currents may not be representative of a real-life device.
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Nickel oxides - NiO

Energy storage behaviour has been observed for nickel oxides in the form of NiO and

Ni(OH)2 with respective redox reaction mechanisms of:

Ni(OH)2 + OH− 
 NiOOH + H2O + e− (2.11)

NiO + OH− 
 NiOOH + e− (2.12)

The NiO reaction mechanism is a surface-located, pseudocapacitive reaction whereas

the Ni(OH)2 mechanism involves proton intercalation84 and so the process is con-

trolled by bulk, solid, diffusion of protons. As such, NiO is a more appropriate elec-

trode material for supercapacitors as the cycle life should be superior and Ni(OH)2

is often used as a battery electrode e.g. in NiCd and NiMH batteries.

NiO has a high theoretical capacitance of 2573 F g−1 but experimental studies have

generally shown much lower capacitance in practice due to the low conductivity of

NiO (10−1 Ω−1 cm−1). Initially, reasonable capacitances of 227 F g−1 in 1 M KOH

were obtained for single-electrode NiO deposited electrochemically from solution at 4

mA cm2,85 a similar performance was shown for NiO synthesised by a sol-gel method

(256 F g−1)86 and electrostatic spray deposition (251 F g−1).87

The ∼250 F g−1 ‘barrier’ for NiO has been broken by careful structuring of the

electrode at the nanoscale with these ‘model’ NiO electrodes showing 710 F g−1 at 1

A g−1 with 98% retention after 2000 cycles and up to 4 A g−1 (525 F g−1).88 These

nanostructured electrodes were fabricated by a low temperature, template free (and

therefore low-cost) method in which hierarchical micro/mesoporous structures were
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formed through aqueous self-assembly followed by Oswald ripening. The hierarchical

structures were able to reduce the diffusion length for electrolyte ions that accounted

for the high specific capacitance and its retention.

Another technique used to boost the achieved capacitance of NiO electrodes is

the manufacture of composite electrodes with nanostructured conductivity additives

which helps to increase conductivity both through the electrode and to the current

collector. NiO composite electrodes with carbon nanotubes89–92, 92 have achieved

varying capacitances between 250 - 750 F g−1 and with graphene93–96 of 500 - 600 F

g−1, with a reduced graphene oxide/NiO electrode manufactured by co-precipitation

and slurry/casting achieving a capacitance of 770 F g−1 at a scan rate of 2 mV s−1

with 96% retention after 1000 charge/discharge cycles.

Cobalt oxides - CoOx

Cobalt oxides are becoming increasingly popular as candidates for supercapacitor

electrodes as they have reasonable electrical conductivity. The first report of en-

couraging capacitative behaviour involved amorphous CoOx xerogels prepared via a

sol-gel technique.97 Before this, limited capacitances were ascribed to the low surface

area of the prepared oxides; calcining xerogels at 150 ◦C produced a surface area of

198 m2 g−1 and specific capacitance of 291 F g−1 in 1 M KOH, measured by cyclic

voltammetry at 5 mV s−1. The most important synthetic parameter was the calcin-

ing temperature that had a significant effect on the surface area and pore volume of

the resulting material, and subsequently the specific capacitance.

Morphological nanostructuring of loosely packed crystalline Co3O4 nanoparticles (3

- 15 nm diameter) produced capacitances ∼40% higher than those achieved in the
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calcined xerogels, reaching 401 F g−1 in 1 M KOH.98 The fabrication route simply

involved the ‘painting’ of a slurry of Co3O4, acetylene black for conduction, and

binder material onto the substrate. The electrode structure was said to be ‘loosely

packed’ with a maximum surface area of 212 m2 g−1 determined by sorption analysis.

However, as in many cases (where actually stated in the paper), the surface area was

measured on the as-prepared Co3O4 powder, not from the processed electrode. In

general it is safe to assume that the ion accessible surface area per unit weight in the

fabricated electrode will be significantly less than in the feedstock powder - a point

rarely alluded to, even in the highest profile and most-cited, which is surprising

given the importance of surface area in supercapacitors. Discussions with other

scientists in this area suggest that accessible surface area may be reduced by ∼50%

in fabricated electrodes, and there are significant experimental details in defining

this in practice.

Vanadium Oxides - V2O5

V2O5 has been suggested as a strong candidate for low cost capacitors as it has

readily available oxidation states and displays good capacitive behaviour in a mild

aqueous electrolyte (KCl)99 where the K+ ions in electrolyte solution undergo ready

intercalation and deintercalation.

The best performance of V2O5 within a supercapacitor has come from a full-cell

supercapacitor comprised of an activated carbon anode and V2O5 · 6 H2O nanoribbon

based cathode in 0.5 M K2SO4 to give an excellent specific energy of 29 Wh kg−1.

The specific power was calculated from the measured specific capacitance of 130

F g−1 for the V2O5 · 6 H2O electrode (64 F g−1 for the whole device) and a wide

operating voltage of 0 - 1.8 V vs. SCE. This asymmetric supercapacitor arrangement
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is attractive as it achieves a high specific energy using a mild, aqueous electrolytes,

low cost electrode materials and a wide operating potential.

2.4 Device processing

As the development of pseudocapacitive devices is immature in terms of commercial-

isation, many fabrication techniques reported in the literature are low-tech, usually

involving ‘painting’ a slurry of the active material, carbon-based conductor, and

a binder material onto the current collector plate.100 Although this approach has

proven to be capable of high specific capacitance devices in many cases, for both

EDLCs100 and pseudocapacitors,98 there are numerous arguments for the develop-

ment of more sophisticated processing techniques. Firstly, the slurry/painting fabri-

cation provides no control of the structure of the electrode at the micro or nano-scale.

As discussed further in Section 2.5.1, highly porous electrodes with control of the

morphology, porosity and structure at the nanoscale will be vital in the ‘quest’ to-

wards devices with high energy densities and this level of control is not possible with

such a rudimentary fabrication technique. Secondly, as energy and power densities

are typically measured per gram (of active material in papers, of device in real sys-

tems) it is likely that thin film devices will be the most successful, as they allow the

highest accessible surface area per weight of material, reducing the amount of weight

‘wasted’ in bulky thick films by inaccessible active material. The slurry/painting

technique is demonstrated schematically in Figure 2.5 and typically produces films

of 100 µm → mm thickness whereas it can be sensibly proposed that a better tech-

nique would be one that reproducibly fabricate films < 20 µm thick. However, the

‘optimum’ electrode thickness will likely be a strong function of the nature of the
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mesoporosity controlling ion transport, conductivity controlling electron transport

and the specific kinetics of the electrode/electrolyte system. There are no studies

that identify such an optimum in terms of any of the above parameters.

Substrate and/or 
current collectorFabricated 

electrode

Un-treated slurry of 
active material, binder 
and conductive additives

Blade moves over slurry to 
form film ~100 µm thick

Figure 2.5: The doctor blade fabrication technique

More sophisticated techniques have started to be developed as the importance of

the more strain tolerant, high surface area nanoscale morphology is realised, such as

electrochemical alignment and templating of metal oxide nanorods,101–103 electrode-

position57 by potentiostatic cycling and electrostatic spray deposition.47, 48 Most of

these techniques are used to fabricate nanostructured electrodes on the cm2 scale for

small-scale electrochemical testing - careful thought must be taken as to the feasi-

bility of scale up of these techniques if any of the results show promising qualities

since commercial supercapacitors require 10 - 100 m2 of current collector area.

Spray forming of nanostructured electrodes

A fabrication technique has been developed to produce nanostructured, porous elec-

trodes that combine thin films with high levels of mesoporosity that promotes acces-

sible surface area to electrolyte ions. The technique involves spraying a dilute sus-

pension of nanostructured materials onto a heated substrate so that as the material

deposits onto the substrate, the suspension medium almost immediately evaporates
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and additionally, if the nanostructures have a high aspect ratio, they are able to tan-

gle together to form an open, porous, self supporting network.12, 65, 104 The process is

shown schematically in Figure 2.6, with the heated substrate moving in the x-y plane

to provide homogeneous coverage of areas 10’s cm2. Deposition occurs typically at

low temperatures (< 120 ◦C) and atmospheric pressure and ideally with aqueous

suspensions to minimises the cost of both materials and fabrication. In addition, it

is applicable on both the small (cm2) scale and on larger electrodes (m2)

Figure 2.6: Spray deposition set up

The spraying technique has been successful with a range of different electrode mate-

rials, both EDLC and pseudocapacitive, and is currently being developed for appli-

cation to other aspects of supercapacitor research; for example processing of stacked

solid-state devices or high throughput manufacture of composite electrode material

ratios.
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2.5 Balancing specific energy and power

Although many advances have been made in the area of the supercapacitor elec-

trode materials, it is, on the whole, carbon based devices that have progressed to

market. The primary reason that few other materials have reached commercialisa-

tion is the inherent low specific energy combined with the high cost of materials

other than carbon both in terms of: (1) raw materials, and (2) fabrication and as-

sembly of full-cell devices. According to Equation 2.3 to increase specific energy,

both specific capacitance and the voltage across which the device operates should be

maximised. Similarly and according to Equation 2.4, for maximum specific power,

the ESR should be minimised and again the voltage window maximised. However,

the combination of these properties is not always facile and increasing the specific

energy of electrodes often in turn reduces the specific power by undermining elec-

trical conductivity, in effect turning a ‘good supercapacitor’ into a ‘poor battery’.

It is vital therefore to develop means to increase the specific energy supplied by

supercapacitors whilst at the same time not compromising specific power. Reports

in the literature are not always explicit in the parameters that are used to measure

capacitance and specific energy - for full cell devices it is necessary to consider the

mass of every part of the electrode, cell and packaging, and not just the mass of one

active electrode material. Hence, materials that have been reported to have good

capacitive properties measured according to the mass of electro-active material in

half cell electrode versus a standard electrode (Section 2.2, 2.3) may prove to be

low performing when, for example, binders, additives and substrates are taken into

consideration and they are counterposed with another electrode in a full cell (device)

arrangement. Techniques used to produce the highest performing devices, with the

best energy/power balance are discussed below.
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2.5.1 Nanostructured Electrodes

Although the concept of an ‘electrochemical capacitor’ has been around since the

1950s,105 research based on supercapacitors has increased dramatically in the past

decade. One reason for this is advances in ‘nanotechnology’ - as surface area is a

key property of high performance supercapacitors, nanostructuring of electrodes can

provide large increases in surface area, specific capacitance, and subsequent specific

energy of devices.

Efforts towards highly porous carbon electrodes have shown that surface area on

the nanoscale is an important factor, and that the balance between micro- (pores

<2 nm), meso- (pores 2 - 50 nm), and macro- (pores >50 nm) porosity is a vital

relationship and not as simple as one would intuitively assume.45 It was thought that

the electrolyte ions in solution were always surrounded by a solvent sphere (solvated

ion), as in the outer Helmholtz layer, so the total number of ions held at the surface

was dependent on the solvated ion diameter. However, by decreasing the average

pore size within carbide-derived carbon materials, it was reported that the specific

capacitance decreased until a turning point of a pore size of 1 nm was reached, after

which capacitance (normalised to the BET surface area) dramatically increased from

5 µF cm2 to nearly 15 µF cm 2 at 0.6 nm.4 These results are shown graphically in

Figure 2.7 with a comparison against previous studies. The increase occurred despite

the average pore size being smaller than that of the solvated ion and was attributed

to distortion in the solvation shell allowing ions to penetrate channels that previously

had been thought too small. However, there is some scepticism in the supercapacitor

community about the reproducibility and interpretation of this result.

Increased capacitance in nanostructured forms has been shown in most pseudocapac-
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Figure 2.7: Specific capacitance normalized to BET surface area for new (filled circles)
and previous (all other data points) . Reproduced from4

itive materials studied when compared with the micro/bulk. For example, a specific

capacitance of 1300 F g−1 and specific energy of 7.4 Wh kg−1 was obtained by syn-

thesising nanostructured hydrous RuO2 tube by a hard templating method around

an anodic aluminium oxide (AAO) membrane.103 The mesoporous, 1D nanostruc-

ture was suggested to minimise the equivalent series resistance (ESR) and resulted

in the high specific capacitance and a specific power of 4320 kW kg−1 with no car-

bon conductive additive necessary. The 1D nanostructure was thought to provide

‘superhighways’ for electron transport, minimising inter-particle resistance. Figure

2.8 shows how protons, or electrolyte cations can easily access a large surface area

and transferred electrons are provided with a simple propagation route to the sub-

strate/current collector.

There was a similar trend in nanostructured thin film Fe3O4 with specific capaci-
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Figure 2.8: Representation of how 1D nanostructures can minimise resistance in elec-
trodes103

tances of 106 F g−1 for 1D nanowires with no added conductive additive65 and a

substantial improvement over previous reports of 30 F g−163 for unstructured, thick

films that also required a carbon black additive to enhance conductivity. Higher

aspect ratio forms of Fe3O4 had progressively higher capacitance, from 12 F g−1

for Fe3O4 nanoparticles, increasing slightly to 18 F g−1 for nanorods with a final

dramatic increase to 106 F g−1 for the nanowires. Similarly to the RuO2 electrode

discussed above, this large increase in attributed to the facile electron transport along

Fe3O4 nanowires, which minimised the ESR and so the low conductivity which had

previously been a major issue in Fe3O4 electrodes was improved. However, interpre-

tation is difficult as the extent of mesoporosity and therefore the surface area also

varied.

Less well-studied metal oxides with lower overall capacitive properties show dra-

matic increases in specific capacitance when the electrodes are nanostructured. TiO2

- previously considered non-capacitive - showed that by alignment into nanotubes

compared with a conventional particulate powder slurry, a capacitance increase of

nearly 400 % was achieved at a scan rate of 1 mV s−1 in 1 M KCl, from 181 to

911 µF cm2.101 This remarkable increase transforms TiO2 from a barely-capacitive
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metal oxide with low conductivity and typical capacitances of ∼10 - 40 µF cm2 to

a potentially attractive electrode material. It is worth noting that although TiO2 is

a metal oxide, the current-potential (CV) behaviour of the aligned TiO2 nanotubes

suggested that the increased capacitance was purely due to improved charge propa-

gation and the charge storage was non-faradaic because the current density increased

linearly with scan rate. Impedance spectroscopy measurements suggested that by

increasing the aspect ratio and aligning the nanotubes, electrons were provided with

simple charge propagation routes with minimal particle interface resistance. These

titania results provided a strong suggestion as to how other materials that otherwise

show with low conductivity may still offer interesting capacitive properties.

Synthesis of 1-D transition metal oxides

The synthesis of 1-D materials is now well-studied, as the enhanced electronic, me-

chanical and chemical properties of these nanomaterials can be applied to a wide

range of areas from biomedical applications to electronics and energy storage.106 In

the case of supercapacitor electrodes, the increase in surface area when nanostruc-

tures are employed is an obvious advantage, but other advantages include the often

enhanced conductivity of nanowires due to reduced particle junctions and the sta-

bility of the networks formed, which are often self supporting therefore reducing the

need for binder material and the overall mass of the electrode.

There are several general techniques for the formation of 1D transition metal oxide

materials:

• Hard templating

• Soft templating
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• Self assembly through preferential growth of one crystal face

• Vapour phase growth

• Field alignment

Each technique has advantages and disadvantages and the success of each technique

is usually dependent on the properties of the specific material in question. For the

application of the various approaches for supercapacitor electrodes important factors

to consider are: (1) the cost of synthesis, (2) the purity of the surface if templating

is used and (3) the stability of the structures in the electrolyte.

2.5.2 Solid State Supercapacitors

A development in the processing of electrochemical capacitors has been the intro-

duction of all-solid-state devices. Solid state capacitors are attractive because the

removal of liquid increases the ease of handling and safety of the devices as there

is a minimal chance of leaking or corrosion - reducing maintenance. Solid state

electrolytes generally display enhanced thermal and chemical stability and operate

over a wider potential window and temperature limits when compared with liquid

equivalents. However, their major disadvantage is low ion mobility that undermines

characteristic high specific power and high cost of the electrolyte.

There are several types of solid state electrolytes: (1) organic polymer hydro/aerogels

e.g. PVA-H2SO4
100, 107 that allow certain cations to penetrate them and act as both

a separator and electrolyte, (2) solvent cast/injected proton conducting polymer

membranes e.g. Nafion/H2SO4;108–110, 110 and (3) inorganic doped silica based gels111

that can show the highest conductivity but are usually more expensive. ‘Dry’ solid
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state electrolytes (i.e. aerogels) are generally safer than ‘wet’ gels (i.e. hydrogels),

however they display a limited conductivity (ca. 10−8 S cm−1 compared with ca.

10−1 S cm−1) and so hydrogel electrolytes are preferred since they display liquid-like

conductivity at the same time as solid-like stability.

Most reports of all-solid-state devices have employed carbon based electrodes. A

solid state supercapacitor with PANI coated CNT electrodes and H2SO4/PVA gel

electrolyte was prepared with a specific capacitance of 350 F g−1 of active electrode

materials and 31.4 F g−1 for a full cell device100 - more than 6 times greater than

any commercial device. The electrolyte had an extremely high conductivity of 1.73

x 10−1 S cm−1 and the full cell device was flexible and stable after over 1000 cycles.

There was only a small reduction in the specific capacitance of 8% when compared

with the same electrodes in 0.5 M H2SO4 solution. Several PANI/CNT/H2SO4/PVA

devices were stacked together (to increase voltage to a maximum of 4 V) and used

to light an LED bulb.

More recently, an all-sprayed, flexible solid state supercapacitor has been fabricated

combining carbon nanotube/Nafion ionomer electrodes with a Nafion membrane elec-

trolyte/separator.28 Extremely high energy densities for a solid state device of 12.6

Wh kg−1 were obtained for a single electrode stack with a corresponding specific

power of 3.3 kW kg−1, which was attributed to the influence of the ionomer coat-

ing providing improved wetting/physical contact between electrode and electrolyte,

and the spraying conditions which deposited additional protons throughout the elec-

trode/ionomer membrane.

There are few reports of solid state devices with primarily metal oxide electrodes.

However preliminary reports on RuO2 electrodes with have shown capacitances as

high as 1000 F g−1 with a PVA/PAA gel electrolyte and 1263 F g−1112 for RuO2
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nanoparticles dispersed on TiO2 nanotubes to maximise surface area in a PVA-

H3PO4-H2O electrolyte. Therefore the capacitance (and specific energy) of metal

oxide electrodes is not necessarily limited by the use of gel electrolytes and solid state

capacitors are not limited to carbon-based electrodes. Surprisingly, the RuO2/TiO2

devices had low internal resistances of 1.5 - 2 Ω and thus specific power is also not

significantly reduced. This approach could be exploited to produce ‘cheap’ devices

with high energy densities, especially if other, less costly metal oxides were used. If

a processing technique was developed that could quickly, easily and cheaply produce

many of these devices stacked on top of one another, a significant step forward could

be made towards the production of a different class of commercial supercapacitor,

for example for large scale grid electrical storage.

2.5.3 Hybrid Electrodes

As previously described, the combination of different materials within one electrode

can be used to improve mechanical and electrochemical properties of the electrode,

including stability, porosity and charge propagation (conductivity). This approach

is most often used in pseudocapacitive electrodes where a carbon additive is used to

increase conductivity. This is so common within the transition metal oxide area that

most reports do not class the inclusion of carbon black additives as the formation

of ‘hybrid’ electrodes and it is regarded as an inevitable requirement. The carbon

fraction is not usually enough to provide any increased capacitance due to EDLC.

However, in some cases the mixture of two or more materials is purposefully used to

improve the characteristics of one or more of the materials involved.
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Carbon Nanotubes and Pseudocapacitance

Increasingly, electrodes are being fabricated to exploit specifically the combination of

EDLC and pseudocapacitance. For CNTs, decoration of the carbon wall with metal

oxide nanoparticles is a popular approach as CNTs alone are unlikely to be perfor-

mance and/or cost competitive, as mentioned in section 2.2.2. The combination of

CNTs with a metal oxide can produce capacitances greater than either individual

component. This effect was demonstrated in a system of MWNT decorated with

ZnO nanoparticles.113 The highest capacitance of MWNTs alone was 182.4 F g−1;

when a reasonable amount of ZnO nanoparticles was added (5 mins reaction time in

ZnCl/HCl), capacitance was nearly doubled to 323.9 F g−1. However, when the nan-

otubes were ‘overloaded’ with ZnO (20 mins reaction in ZnCl/HCl) the capacitance

reduced to 49.6 F g−1. The introduction of pseudocapacitance caused the initial

increase in capacitance, however the resistance of the system greatly increased (from

0.6 Ω to 4.8 Ω) when the ZnO content was higher. Synergistic effects have also been

reported for RuO2 nanoparticles on oxygen functionalised MWNTs114 and MnO2

nanograins physically cross-linked with MWNTs.115

The structural benefits of using CNTs for conductivity was demonstrated in a CNT/PEDOT

composite electrode where capacitances of 160 F g−1 were obtained at a scan rate of 2

mV s−1 with CNT/PEDOT compared with 127 F g−1 for acetylene black/PEDOT at

the same scan rate. The PEDOT had a more homogeneous dispersion and therefore

charge propagation was better.

Another approach is to combine 1-D (nanowire) metal oxides with CNTs, to form

an inter-penetrating, co-tangled, open, mesoporous network of 1D nanostructured

materials. The accessibility of all the electrode surface to the electrolyte ions is con-
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sequently improved. This approach has been utilised for many metal oxide containing

systems including In2O3,20 V2O5,116 Fe2O3,12 MnO2,117 and TiO2.118

Mixed transition metal oxides

Although transition metal oxides, excluding RuO2, generally have poor conductivity,

there have been examples where a metal oxide with higher conductivity has improved

the capacitance of a poorly conducting metal oxide. SnO2 nanowires have a maxi-

mum conductivity of 74 S cm−1 compared with bulk MnO2 at 8 x 10−2 S cm−1 and

nanostructured MnO2 at 4.2 x 10−4 S cm−1. Combination of SnO2 nanowires coated

with a thin film of MnO2 exploited the good capacitive qualities of MnO2 with the

relatively high conductivity of SnO2 to give a capacitance of 800 F g−1 at 1 A g−1 ,

specific energy of 35.4 Wh kg−1 and specific power of 25 kW kg−1. This performance

balance cannot be achieved using either material independently.

TiO2 is another transition metal oxide used to enhance the capacitive properties

of other oxides. In this case, the morphological structuring and stability of TiO2

nanowires is often used to disperse other metal oxide nanoparticles and provide

added conductivity to the electrode. TiO2-V2O5 mixed oxide nanotubes have been

synthesised into highly ordered arrays by anodization of Ti-V alloys.102 Although

pure V2O5 has shown promising capacitance behaviour (section 2.3.2), arrayed V2O5

nanowires can not easily be synthesised as V2O5 tends to be unstable in common

electrolytes used for oriented growth. By incorporating V2O5 into TiO2 nanostruc-

tures an specific energy of 20 Wh kg−1 was obtained alongside a specific capacitance

of 220 F g−1, with no significant decrease after 500 charge/discharge cycles and less

than 30% loss in capacitance at the highest CV scan rate of 500 mV s−1.
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Mixing RuO2 with other, less conductive metal oxides has been used to reduce the

cost of RuO2 electrodes without dramatically sacrificing the otherwise excellent ca-

pacitive properties. Mesoporous Co3O4/RuO2 composite electrodes were prepared

by co-precipitation and thermal annealing with a Ru concentration of 5, 10, 20 and 50

%.119 As expected, the higher ruthenium content gave higher capacitance, however a

50% decrease in the ruthenium concentration would significantly reduce the relative

cost (Co is itself considered expensive for energy storage applications), and very high

capacitances of 642 F g−1 were maintained in the Co3O4/RuO2 1:1 electrode in 1 M

KOH.

2.5.4 Asymmetric Devices

As well as increasing the capacitance of the electrode materials, for example by

maximising surface area, another strategy to increase the specific energy of super-

capacitors is to increase the potential window across which the device performs.

Equation 2.3 showed that doubling the voltage window across which the device per-

forms increases the specific energy by a factor of 4. An increased voltage window

can be achieved through the use of more expensive non-aqueous electrolytes, such as

organic solvents120 and room-temperature ionic liquids (RTILs)121 so that electrol-

ysis of water is avoided. The use of full cell devices comprising different electrode

materials for the anode and cathode can also extend the overall operating voltage

window to between the limits of the combined electrochemical windows. A full cell

can be considered to be two capacitors in series, one at the cathode and one at

the anode. Unfortunately therefore the specific capacitance of the combined device

calculated from Equation 7.1 will always be lower than the capacitance of either

electrode individually:
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Ctot =
Ce1.me1.Ce2.me2

Ce1.me1 + Ce2.me2

(2.13)

where Cex is the specific capacitance of an individual electrode and mex is the mass

of the material. However this disadvantage can be offset by an increase in the

electrochemical stability window.

A pseudocapacitive material with a non-faradaic (EDLC) material115, 122–126 or elec-

trodes of two different pseudocapacitive materials127 was first demonstrated with a

positive electrode of activated carbon counterposed against a Li intercalation neg-

ative electrode of Li4Ti5O12, in LiPF6 electrolyte.128 The resulting electrochemical

stability window was extended to 3 V. This approach has been subsequently demon-

strated in aqueous based electrolyte systems.

Operating voltages of firstly 2.0 V125, 126 in KCl then 2.2 V129 in K2SO4 were obtained

for devices consisting of a MnO2 based positive electrode and an activated carbon

negative electrode. These voltages are much higher than the operating potential

available for the constituent electrodes (∼0.9 V each) in these aqueous electrolytes.

The increase was due to the combination of the high hydrogen evolution overpotential

for activated carbon and the high oxygen evolution overpotential for MnO2. Figure

2.9 shows the overlapping cyclic voltammograms for activated carbon and MnO2 in

K2SO4 demonstrating how a combination of these two materials can extend the full

device operating window. The devices had good stability and had energy densities

of up to 29 Wh kg−1, comparable with amorphous RuO2 (∼28 Wh kg −1) and

over 4 times greater than currently available commercial carbon devices (∼6 Wh

kg−1).

To try and improve the specific energy of asymmetric devices, the combination of two
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Figure 2.9: Cyclic voltammograms of (a) MnO2 electrode and (b) activated carbon
electrode in 0.65 M K2SO4 at 5 mV s−1129

pseudocapacitive electrode is desirable as the overall cell capacitance is limited by

the lower capacitance electrode (usually carbon). The first significant example of a

capacitor with two pseudocapacitive electrodes consisted of a nanoparticulate MnO2

cathode and Fe3O4 anode.127 The specific capacitances of the individual materials

in 0.1 M K2SO4 were 150 and 75 F g−1 respectively, with the specific capacitance of

the combined device reaching 21.5 F g−1, which is in approximate agreement with

Equation 7.1. Despite the relatively low capacitance in the combined cell compared

with the single electrodes an specific energy of 8.1 Wh kg−1 was achieved because

the operating window was extended to 1.8 V, which is higher than for either of the

individual materials of 1.2 V for MnO2 and 0.9 V for Fe3O4. As the upper and

lower potential limits were carefully controlled, there was no gas evolution and the

configuration demonstrated that workable fully metal oxide supercapacitors may be

feasible.

More recently, vanadium nitride (VN) has been used as a negative electrode with
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a high capacitance and good cycle life with a β-Ni(OH)2 positive electrode.130 The

capacitances of the individual electrodes were 580 and 680 F g−1 respectively and a

full-cell capacitance of 126 F g−1 was achieved with corresponding energy and power

densities of 26 Wh kg−1 and 2400 W kg−1. However, the specific power fell to 365 W

kg−1 when the specific energy was at a maximum of 50 Wh kg−1 which is indicative

of the ‘good supercapacitor or bad battery?’ issue mentioned earlier. Additionally,

the two-electrode experiments were performed in a glass cell with no separator which

is not representative of a ‘real-life’ device and so the high energy densities may not

be scalable.

Finally, approaches can be combined using hybrid electrodes in asymmetric full cells.

For example the combination of metal oxide coated MWNT electrodes in 2 M KCl

(MnO2/MWNT positive electrode, SnO2/MWNT negative electrode both at 1:1 wt

ratio) gave a high specific energy of 20.3 Wh kg−1 at a corresponding specific power

of 0.4 kW kg−1 and a slightly reduced specific energy of 10.2 Wh kg−1 and a high

specific power of 6.5 kW kg−1, as well as good charge retention after 1000 cycles

(92%).131 This attractive balance was attributed to the enhanced conductivity of

the electrodes when compared with pure metal oxide/metal oxide devices.

A summary of some metal-oxide based hybrid devices is outlined in Table 2.1 and

a Ragone plot comparing a range of energy and power densities for a sample of the

asymmetric cells described is shown in Figure 2.10. Compared with the commercial

supercapacitor specifications shown in Figure 2.10, academic reports usually have

higher energy densities, however this comes at the expense of lower power densi-

ties than are currently commercially available. It is important to consider whether

the power densities reported relate to the maximum possible power, calculated from

Equation 2.4, or the experimental specific power which is calculated from real exper-
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Figure 2.10: Energy and power densities for reported asymmetric configurations

imental data and covers a range of values according to the experimental parameters

e.g. current density, scan rate.

The concept of hybrid/asymmetric full cells along with electrolyte options and nanos-

tructuring/morphological control opens up a huge ‘design space’ for next generation

supercapacitors. However, as ever, commercial impact will depend not only on per-

formance but raw material costs and the availability of a scalable low cost process

technology that provides the appropriate level of manufacturing control.
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2.6 Summary

• The highest capacitance for monolithic pseudocapacitive electrodes were ob-

tained for RuO2 and MnO2. To move the field forward, and away from

these two well studied materials and attendant limitations, the combination

of full understanding of capacitance mechanisms, new fabrication techniques

and careful structuring of the electrodes is required. However sufficient data

has been reviewed to suggest the tremendous potential for new supercapacitor

arrangements providing a variety of energy, power, cyclability, toxicity and cost

combinations.

• Careful interpretation of electrochemical, surface area and other data is neces-

sary to ensure accurate comparisons can be drawn. This is true in particular

when considering specific capacitance and specific energy when either the mass

of simply the active material is used or whether substrates, binders, conductive

additives and electrolytes are accounted for. Cycle life measurements are often

taken with different parameters used to obtain capacitance and specific energy

which will affect the accuracy of comparisons drawn. In some systems, even

the most basic mechanisms for pseudocapacitance is not well-understood, and

there is a general lack of generic modelling to underpin experimental data.

• For a new type of full cell electrochemical capacitor device to be brought to

commercialisation, the specific energy of the cell must be maximised and the

specific power must be retained so the fast, powerful charging and discharging

behaviour characteristic of supercapacitors is not sacrificed. There are many

techniques that are currently in development to exploit this relationship, and

it is likely that the best performing, low cost full-cell device will be drawn
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from the large design space afforded by an asymmetric capacitor with hybrid

electrodes.
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Chapter 3

Experimental Techniques

3.1 Materials synthesis

Nanostructuring of electrode materials has been shown to afford major improvements

in supercapacitor performance,1–3 as ion access and mobility may be improved and

volumetric changes can be more easily accommodated. Electrodes with an open,

porous nanostructure and/or tailored porosity are advantageous where high power is

required and in this thesis are produced by combining spray processing for electrode

manufacture (detailed in section 3.3.2) with 1-dimensional nanomaterials, as shown

in Figure 3.1

Nanostructured transition metal oxide materials were synthesised through low tem-

perature and therefore low cost hydrothermal synthesis that employed H2O as the

reaction medium, again helping towards the potential for scale up without the larger

costs associated with solvent handling.
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Figure 3.1: Schematic of how the suspension of a fine scale solid material dispersed in
the atomised droplets forms an inter-mingled meso-porous electrode

3.1.1 Iron oxide 1D nanostructures

To synthesise iron oxide nanostructures with 1D morphology that will form network

structures, it is necessary to accelerate growth in one crystallographic direction over

others. This can be achieved through a combination of soft templating/surfactant

effects, and controlling the pH, reaction time and temperature.

The synthesis used to produce the mixed-phase iron oxide nanowires used in Chapters

4 and 5 was modified from the literature,4 and was as follow: 3.5 g FeSO4 and 1.5

g Na2S2O3 were added to 20 ml DI H2O with stirring. Once a clear mixture had

formed, 5.6 g poly(ethylene glycol) (PEG, Mw = 4000) was added and the mixture

stirred for 15 minutes ensuring total dissolution and forming a viscous solution to

which 7.0 g NaOH was gradually added, turning dark blue-black. The solution was

transferred to a 120 ml teflon lined stainless steel autoclave and heated at 120 ◦C for

20 hours. After cooling, the supernatant was decanted and the brown/black solid

washed with DI H2O followed by centrifugation until pH = 7. Finally, the FeOx

powder was dried at 60 ◦C overnight. A single autoclave typically produced ∼1.5 g

of iron oxide.
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Before the optimum conditions for the synthesis were arrived at, a range of reaction

conditions were investigated and resulted in a wide range of materials. Represen-

tative examples of the morphologies obtained and the corresponding experimental

conditions are shown in Figure 3.2

Figure 3.2: Iron oxide morphologies produced by altering hydrothermal synthesis reaction
conditions, based on the approach in reference 4

3.1.2 Nickel oxide nanostructures

Nickel oxide (NiO) powders were synthesised using hydrothermal synthesis to form

directly NiO, or Ni(OH)2 that could be transformed to NiO through high temperature

annealing:5 9.8 mmol NaOH was dissolved in 10 ml H2O and 9.8 mmol NiSO4.7 H2O

was dissolved in 30 ml H2O. The NaOH solution was added dropwise to the NiSO4

solution under magnetic stirring resulting in immediate precipitation of a pale blue

solid. The mixture was transferred to a 120 ml teflon lined stainless steel autoclave

and heated at 120 ◦C for 24 hours. After cooling, the resultant pale blue solid was

collected, washed with DI H2O until pH = 7 and dried in air overnight at 60 ◦C.
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Finally, the powder was annealed at 400 ◦C in air for 2 hours for complete conversion

to NiO. An autoclave typically produced ∼0.75 g of material.

3.1.3 Exfoliated graphene aqueous solutions

As described in Chapter 2, transition metals oxides such as those of Fe and Ni gener-

ally have low electrical conductivity and therefore additives are required for electrode

applications, especially if high rate (high power) performance is required, which is a

key characteristic of a supercapacitor. For iron oxide, multi-walled nanotubes were

used from a commercial source (described later) and although carbon nanotubes were

effective in producing a porous electrode structure with enhanced conductivity, it was

not possible to form a stable suspension of carbon nanotubes in H2O therefore nickel

oxide used graphene prepared in-house according to a ultrasonic exfoliation tech-

nique.6, 7 The exfoliation technique is suitable for the production of relatively large

volumes of generally pristine graphene suspensions through low power ultrasonic ex-

foliation of graphite in a suitable medium. Exfoliation of the graphitic layers can

occur spontaneously in specific organic solvents due to the matched surface charges

of the solvent and graphene, while for this to occur in H2O, a surfactant addition is

necessary.

Aqueous solutions of exfoliated graphene were produced as follows: 1.5 g graphite

was added to a 0.1% aqueous solution of sodium cholate (NaC, 500 ml) that had been

stirred overnight to ensure a homogeneous suspension of NaC micelles. Low power

sonication was carried out in a 150 W ultrasonic bath for 50 hours after which the

mixture was left to settle for 24 hours. The resulting suspension was centrifuged at

1000 rpm for 90 minutes to remove residual graphite, and the supernatant graphene
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solution decanted. Although it was possible to exfoliate graphite in organic solvents

e.g. NMP without the need for surfactant, for low cost manufacture, safety and ease

of handling during atomised spray deposition onto a heated substrate, an aqueous

suspension of graphene was preferred.

3.2 Materials characterisation

3.2.1 X-ray diffraction

The crystal structure of as-synthesised and as-sprayed transition metal oxide pow-

ders were characterised using a Siemens D500 X-ray powder diffractometer with Cu

Kα radiation (λ = 0.154 nm) in the 2Θ range from 10◦ to 100◦ at a scan rate of

0.05◦ s−1. Incident X-rays are diffracted by electrons in the crystal structure at dif-

ferent scanning angles depending on electron (and therefore atom) location and so

information about crystallinity, unit cell and particle size could be deduced from the

resultant pattern.

3.2.2 X-ray photoelectron spectroscopy

XPS is a surface-specific technique used to characterise the materials chemistry of

atoms/ions in a material by measuring the kinetic energy of electrons that are emitted

from the top ∼10 nm of the sample when a beam of X-rays is incident. X-ray

photoelectron spectroscopy (XPS) was performed in an ion pumped VG Microtech

CLAM 4 MCD analyser system using 200 W unmonochromated Mg X-ray excitation.

The analyser was operated at constant pass energy of 100 eV for wide scans and

71



20eV for detailed scans setting the C1s peak at BE 284.8 eV to overcome any sample

charging. Data was obtained using SPECTRA version 8 operating system. Data

processing was performed using CASAXPS. Peak areas were measured after satellite

subtraction and background subtraction. Ion bombardment was undertaken using a

Ar+ VG2 ion gun operating at 5 kV.

3.2.3 Raman spectroscopy

Raman spectroscopy is a technique commonly used to characterise carbon-based ma-

terials through probing the vibrational and rotational modes of the atomic bonds.8 A

JY Horiba Labram Aramis imaging confocal Raman microscope was used to perform

Raman spectroscopy with excitation emission from a solid state YAG laser source at

λ = 532 nm (green). The resultant spectra were used to characterise graphene, and

graphene-containing samples, where the relative intensity of various Raman modes

can be used to deduce semi-quantitative insights into the defect population of the

carbon materials.

3.2.4 UV-visible spectroscopy

UV-visible (UV-vis) spectroscopy of exfoliated graphene suspensions with exfoliation

times of 30 mins to 100 hrs was performed using a Varian Cary 5000 UV-visible-NIR

spectrometer. The optical spectra were used to calculate the concentration (c) of

graphene platelets in the aqueous suspensions using the Beer-Lambert law at 660

nm:

A = ε ∗ c ∗ l (3.1)
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where the molar absortivity, ε, was pre-defined in the literature as 6600 L g−1

m−1,9, 10 and the cuvette path length l was 1 cm.

3.2.5 Scanning electron microscopy

The morphology of materials as purchased, as-synthesised and after processing into

thin-film electrodes was characterised by scanning electron morphology (SEM) using

a field-emission gun (Jeol FESEM 840 F). Powders were attached to 15 mm stainless

steel stubs using adhesive carbon tabs and electrodes were attached using conductive

silver paste. To improve conductivity, all samples were sputter coated with a 2 - 3

nm layer of Pt using a Cressington 208 HR Pt/Au coater. Typical SEM experimental

conditions were: a working distance of 15 mm, an acceleration voltage of 5 kW, a

beam current of 1 - 2 x10−11 A and magnifications of x 25,000 - 100,000.

3.3 Electrode manufacture

By far the most common method for manufacture of electrodes in both the super-

capacitor and battery field (academic and commercial) is slurry/casting/pressing.

Despite its widespread applicability and high productivity, this method becomes

progressively more difficult to control as the particle size reduces and especially as

the aspect ratio deviates significantly from unity and viscosity increases, and where

thin (<10 µm) electrodes are sought. A low cost, low temperature, convenient spray

processing technique has been developed in the research group10–12 that allows for

thin film processing using nanomaterials even when the aspect ratio �1, along with

control over electrode thickness, simply controlled by the spray time. The experi-
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mental set-up is described below.

3.3.1 Suspension preparation

To facilitate spray atomisation rather than slurry casting, and to avoid clogging in

the spray nozzle(s), stable and homogeneous nano-suspensions of the various materi-

als were produced by ultrasonic agitation, where the precise conditions for sonication

were dependent on the particular material involved. Two different ultrasonic equip-

ments were used: a low-power (150 W / 42 kHz) Bransonic ultrasonic bath and a

high power (750 W / 20 kHz) Sonics & Materials VCX750 probe. The amplitude,

pulse time and sonication time were chosen depending on the material to be dis-

persed, and the fugitive medium. High power sonication was performed in a sound

abating enclosure.

Iron oxide nanowires/multi-walled carbon nanotube co-suspensions were formed by

high power sonication in EtOH for 5 minutes with a total solid concentration of 0.1 -

0.5 mg ml−1. Due to the low surface tension and boiling point/flash point of EtOH,

a solid ultrasonic probe was used and the mixture was encased in an ice bath.

Nickel oxide powders and nickel oxide/graphene mixtures were dispersed in H2O at

a concentration of 1 mg ml−1 using low power sonication for 30 minutes.

Carbon black powders required a 5 wt.% addition of PTFE to act as surfactant for a

stable suspension to form. The suspension medium was NMP and the mixture was

sonicated using the high power probe for 10 minutes in 30 s pulses with a 30 s break

time to avoid overheating, along with an ice bath.
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Figure 3.3: Spray processing experimental equipment (top) and close up of syringe pump
(bottom)

3.3.2 Spray processing

Electrodes were manufactured by spray deposition of pre-prepared suspensions onto

substrates heated to a temperature 5 - 20 ◦C higher than the boiling point of the

suspension medium to effect almost immediate vapourisation of the fugitive liquid.

Suspensions were pumped using a syringe pump with a controllable flow rate between

0.01 and 30 ml min−1 into a Viscomist atomising nozzle (Lechler, Germany). A

detailed description of the nozzle specification and operation is given elsewhere.13, 14

Suspensions were atomised in the nozzle using compressed air at 1 kPa and the

apex of the resulting spray cone formed 10 cm above the heated substrate. The

atomising air pressure and flow rate could be varied to give control over the spray

cone density and angle to produce different film nanostructures. The spray processing

equipment is shown in Figure 3.3 (top) with a close up of the syringe pump and

syringe containing nanosuspension below.
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During spraying, the nozzle moved alternately in the x any y direction at a speed

between 10 and 100 mm s−1. The size of the spray area was set to be at least 20

mm larger on all sides than the area to be covered to avoid edge effects. Due to the

highly flexible nature of the spray equipment, it was possible to spray up to four

different nanosuspensions simultaneously as two nozzles could be positioned side-by-

side and each nozzle could accept two nanosuspensions. This approach allows for

increase flexibility in the sprayed film arrangement of materials and properties e.g.

by alternately spraying two materials with opposing surface charges layer-by-layer

to increase film density.15

For nickel oxide and carbon black electrodes, in order to improve interfacial adhesion

and electron transfer, a thin layer of polyethyleneimine (PEI) was deposited onto the

substrate before the electrode material, with spray conditions: 0.1 % solution of PEI

in H2O, 0.5 ml min−1 flow rate, 10 cm nozzle height, 50 mm s−1 nozzle speed, 5 mm

pitch, hotplate at 115 ◦C.

3.4 Electrode characterisation

3.4.1 Thickness and mass measurements

The thickness of sprayed electrodes was determined by step-height measurements

using a Veeco Dektak 6M Surface Profiler. The mass of deposited material was

measured by weighing the substrate before and after deposition using a Sartorius

5-figure microbalance.
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3.4.2 Electrochemical cells

A three electrode cell arrangement was used to characterise electrochemical sur-

face reactions, cycling stability and operating voltage window of individual sprayed

electrodes. Reference electrodes were either Ag/AgCl, calomel (SCE) or hydroflex

dependent on the electrolyte used and the counter electrode was a Pt coil or Pt

coated Ti rod. Full-cell, two-electrode devices were tested in swagelok cells, coin

cells and face-to-face arrangement which are described in more detail in Chapter 7.

Battery cells were assembled in a glove box using standard coin cell casing, Li metal

as counter and reference electrode, 0.3 mm Whatman glass fibre separator and LiPF6

in a 1:1 mixture of ethylene carbonate:dimethyl carbonate as electrolyte.

Electrochemical testing was carried out at room temperature using a Gamry Refer-

ence 600 potentiostat. Electrochemical analysis and EIS fitting was performed on

Gamry eChem Analyst software version 6.20 to accurately determine charge, capac-

itance and impedance values. Further details are given subsequently.

3.4.3 Cyclic voltammetry

Cyclic voltammetry (CV) is a dynamic technique that allows quantitative calculation

of specific capacitance and kinetic analysis of electrochemical reactions. The poten-

tial of an electrode is varied in a linear fashion and the resulting current output

measured, which allows the electrochemical stability voltage window to be deter-

mined, cycling stability to be tested, and electric double layer and redox reactions to

be evaluated. Cyclic voltammetry was used to investigate the behaviour of sprayed

electrodes in aqueous electrolytes at scan rates between 1 and 1000 mV s−1. The volt-
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age window was set by measuring the open circuit potential and hydrogen/oxygen

evolution overpotentials in various aqueous based electrolytes.

Where only double layer charge storage occurred in the working electrode, the CV

curves should have a rectangular/pseudo-parallelogram shape as the current response

is constant over the entire potential window, and immediately reversed upon voltage

switching. When an electrochemical reaction is able to occur at a specific electrode

potential in a pseudocapacitive electrode, species on the electrode surface are oxi-

dised/reduced resulting in an increase in current and a peak at a specific potential

in the cyclic voltammogram. The peak current caused by a reduction/oxidation

at an applied potential can be calculated according to the Randles-Sevcik equation

as:16

Ip = 0.45(
n.F.D.ν

R.T
)
1
2n.F.A.c (3.2)

where n is the number of electrons transferred, F is the Faraday constant, R is

the gas constant, T is the temperature, A is the electrode area, D is the diffusion

coefficient, c is the electrolyte concentration and ν is the scan rate

As the charge, Q = C.V and Q =
∫
I.dV

ν
, specific capacitance Cs can be calculated

from cyclic voltammetry curves according to:

Cs =

∫
I.dV

2.m.∆V.ν
(3.3)

where
∫
I.dV was the integrated area under both the anodic and cathodic sweep, m

was the electrode material mass (including conductivity additives and binder, where
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applicable), ∆V was the voltage window, ν was the scan rate and the factor of 2

accounts for the averaging across the anodic and cathodic scan.

3.4.4 Galvanostatic charge/discharge

Charge/discharge testing is used as a complementary technique to cyclic voltamme-

try in which a constant current is applied to the cell and the resulting voltage is

measured as a function of time. Typical discharge times for supercapacitors are 1 -

100 s, which leads to the comparatively high power densities previously discussed.

Charge/discharge testing more accurately describes the behaviour of a working su-

percapacitor device and so is preferred for calculating accurate capacitance and cycle

life. Series resistance can be determined from the magnitude of the voltage drop as

current switches (∆I ) at the beginning of discharge from R =
Vdrop
∆I

.

Capacitance can be determined from the profile of a linear discharge slope by:

Cs =
I.∆t

m.∆V
(3.4)

where I is the applied current, t is the discharge time, m is the total electrode mass

and V is the voltage after any IR drop. Where pseudocapacitive reactions occur and

the discharge curve is not linear, ∆t
∆V

was approximated considering a corresponding

linear discharge time and area under the discharge curve given by
2.

∫
V.dt

∆V 2 .

Individual electrodes were tested at charging and discharging currents between 0.1 -

100 Ag−1 for up to 1000 cycles. Two electrode devices were tested at charging and

discharging currents between 0.5 - 10 mA for up to 1000 cycles. Charging potential

79



limits were set according to the characteristics of the electrode(s) being tested.

3.4.5 Potentiostatic electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique that can be

used to monitor electrode reactions over a wide range of frequencies that allows reac-

tions with different time constants to be separated out in a non-destructive manner.

A very small, oscillating A.C. potential is applied at a specified D.C. potential and

the resulting current behaviour indicates the impedance of the cell at any particular

frequency. As the potential oscillation is limited to a few mV, the current response

can be considered linear and the cell to be under steady-state conditions so that V

= Z.i where V is the voltage, Z is the impedance and i is the current. The lin-

earization of the system allows the cell to be described in terms of equivalent circuit

components, from which various resistance, capacitance and inductance values can

be estimated.

Figure 3.4: Randles’ equivalent circuit

The most simple and commonly used equivalent circuit model for a supercapacitor

electrode is the Randles circuit shown in Figure 3.4 where RESR is the combined

resistance of the electrolyte and circuit components, Rct is the charge transfer resis-

tance, Cct is the charge transfer capacitance and W is the ‘Warburg’ element which

80



accounts for diffusion to/from/through a porous electrode.

EIS was performed on two and three electrode cell in aqueous electrolytes at fre-

quencies of 100,000 to 0.1 Hz at an A.C. voltage of 3 mV rms and various D.C.

voltages.
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Chapter 4

Enhancing the supercapacitor

behaviour of Fe3O4/FeOOH

nanowire hybrid electrodes in

aqueous electrolytes

4.1 Introduction

Pseudocapacitive materials can provide an additional or alternative energy storage

mechanism to electric double layer capacitance by making use of surface redox re-

actions or surface intercalation.1 The most studied pseudocapacitive materials are

the transition metal oxides RuO2
2–4 and MnO2,5–8 although more recently there has

been significant interest in other metal oxides such as CoO3
9–11 and Ni(OH)2.12–15

Reports of the highest performing oxide-based electrodes generally rely on complex
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and expensive materials synthesis, such as chemical vapour deposition and elec-

trodeposition,4, 16, 17 although commercially, slurry casting and rolling/pressing is

used almost exclusively for electrode processing. Although highly productive and

automated, slurry casting offers a comparatively restricted scope for control over

electrode structure in electrode materials based on particulate materials with an

aspect ratio >1 because slurry viscosity becomes problematical, or in the case of

nano-scale materials, agglomeration effects dominate slurry rheology and casting

behaviour.

Control over microstructure to maximise electrolyte accessible surface area and pro-

mote high ion mobilities is critical in developing attractive new supercapacitor ma-

terials that can compete with activated carbon based electrodes. Therefore, despite

the attractive performance of current activated carbon electrodes when combined

with non-aqueous, Li ion containing electrolytes that typically provide a capacitance

of 100 - 200 F g−1 and almost unlimited cycle life, there is a continuing interest

in complementary or alternative supercapacitor systems that combine both cheaper

materials and safer, easy to handle and maintain aqueous electrolytes manufactured

via routes that allow for practical scale up.

Iron oxide (FeOx) is low cost, has low environmental impact, is easily contrived during

synthesis into different morphologies, and in principle offers the potential for Fe2+


 Fe3+ surface pseudocapacitive reactions in an aqueous electrolyte. However, the

various types of iron oxide (Fe3O4, Fe2O3, FeOOH) have been relatively neglected as

potential supercapacitor electrode materials because of their inherent high electrical

resistance and apparent low cyclability. Suggested mechanisms of charge storage

in iron oxide include redox pseudocapacitance18–22 in Fe3O4 and intercalation in

Fe2O3 and FeOOH23–27 , although most reports allude to their somewhat limited
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electrochemical double layer capacitance (EDLC) only.28–30 Until the charge storage

mechanisms in FeOx in various electrolytes are better understood it will continue to

be difficult to understand the real potential for iron oxide systems in supercapacitor

applications, and therefore to realise more fully the potential advantages of these

cheap and safe materials.

In this chapter, FeOx and commercial carbon nanotubes were combined using a low

cost, scalable spray processing technique to produce composite FeOx-based thin-film

electrodes with surprisingly high capacity performance. The spray process allows

for the easy and intimate incorporation of commercially available multiwalled car-

bon nanotubes (MWNTs) as a minority phase to provide percolating electron path-

ways with FeOx nanomaterials, with the resulting electrodes compromising an open

macro/mesoporous network of inter-woven 1D FeOx and MWNTs. Electrochemical

testing in a variety of aqueous electrolytes is used to reveal the likely mechanisms un-

derpinning charge storage behaviour, and to identify optimum FeOx:MWNT ratios

in the highest performing electrolyte.

4.2 Experimental Procedure

4.2.1 Synthesis of iron oxide nanowires

All materials were obtained from Sigma-Aldrich (UK) and used without further

purification. FeOx nanowires were synthesised by a modified hydrothermal technique

described elsewhere:31 3.5 g FeSO4 and 1.5 g Na2S2O3 were added to 20 ml DI H2O

with stirring. Once a clear mixture had formed, 5.6 g poly(ethylene glycol) (PEG, Mw

= 4000) was added and the mixture stirred for 15 minutes ensuring total dissolution
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and forming a viscous solution to which 7.0 g NaOH was gradually added, turning

dark blue-black. The solution was transferred to a 120 ml teflon lined stainless steel

autoclave and heated at 120 ◦C for 20 hours. After cooling, the supernatant was

decanted and the brown/black solid washed with DI H2O followed by centrifugation

until pH = 7. Finally, the FeOx powder was dried at 60 ◦C overnight.

4.2.2 Preparation of iron oxide and carbon nanotube elec-

trodes

MWNTs (Bayer) were purified by refluxing in H2SO4 for 6 hrs to remove residual

graphitic particles then washed thoroughly with DI H2O and dried at 60◦C overnight.

Electrodes were processed using novel spray processing equipment described else-

where.32–35 Briefly, FeOx was suspended in EtOH at a concentration of 0.1 mg ml−1

by high power probe sonication for 10 minutes using a Sonics & Materials Vibra

Cell VC750. MWNTs were then added and the mixture sonicated for a further 3 - 5

minutes until a stable suspension was formed. FeOx:MWNT mass ratios of 100:1 to

1:2 were investigated, with the spray suspension route able to process readily the full

range of nanomaterial mixtures. The suspension was sprayed onto 2 x 1 cm stainless

steel substrates from a height of 10 cm until a mass of 0.25-0.35 mg was deposited.

The thickness of the electrodes was 3 - 5 µm.

4.2.3 Material and electrode characterisation

Powder x-ray diffraction (PXRD) was performed in a Siemens D5000 powder diffrac-

tometer using Cu-Kα radiation with 0.15418 nm wavelength. X-ray photoelectron
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spectroscopy (XPS) was performed in an ion pumped VG Microtech CLAM 4 MCD

analyser system using 200 W unmonochromated Mg X-ray excitation. Electrode

thickness was determined by step height measurements in a Dektak 6 M profilometer

(Veeco Instruments Inc.). The mass of deposited material was measured by weighing

the substrates before and after spraying using a five figure microbalance (Sartorius).

Scanning electron microscopy (SEM) was performed in a JEOL JSM-840F operating

at an acceleration voltage of 5 kV and beam current of 2 x10−11 A. Images were ac-

quired using secondary and backscattered electrons for both as-synthesised materials

and the sprayed electrodes.

4.2.4 Electrochemical testing

Electrochemical testing was performed using a Gamry Reference 600 potentiostat

in a three electrode cell using a SCE reference electrode and a Pt coated tita-

nia counter electrode. Electrochemical tests were performed using 0.5 M Na2SO3,

Na2SO4, Li2SO4 and KCl aqueous electrolytes. Cyclic voltammetry was performed

in the potential range 0 to -1.1 V vs. SCE at scan rates 2 - 500 mV s−1. Galvano-

static charge/discharge tests were performed at current densities of 0.5 - 10 A g−1.

Electrochemical impedance spectroscopy (EIS) measurements were obtained using

an AC voltage of 5 mV rms and DC voltages of 0 to -1 V vs SCE in the frequency

range 100 kHz - 0.01 Hz. Calibration experiments were performed to ensure there

were no underlying reactions between the substrates and the electrolytes over the

voltage range of interest. Specific capacitance values were reproducible to +/- 5 F

g−1
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4.3 Results and discussion

4.3.1 Materials characterisation

Figure 4.1: PXRD pattern from the as-synthesised FeOx powder

The PXRD pattern of as-synthesised FeOx powder (Figure 6.1) showed a mixed

phase iron oxide crystal structure with highest intensity peaks for magnetite (Fe3O4)

as well as lesser peaks for goethite (FeOOH). It was not possible to synthesis Fe3O4

only nanowires if, as desired, a 1D wire-like morphology was to be maintained. To

investigate any surface specific segregation of phases, XPS was performed on as-

sprayed FeOx electrodes prior to any electrochemical testing. The Fe 2p region of

the XPS spectrum (Figure 4.2) showed a peak at 711.87 eV that corresponded to

Fe3+ in both Fe3O4 and FeOOH.36 However, the lack of a Fe2+ XPS peak in the

region of 710 eV along with the satellite peak at ∼725 eV that would accompany

Fe3O4 suggested that FeOOH dominated the surface phase chemistry.36, 37 From

the PXRD and XPS data it was concluded that the as-synthesised FeOx powder

was composed of co-axial arrangement of a largely Fe3O4 core with a substantially

FeOOH surface layer.

SEM images of the as-synthesised FeOx powder (Figure 5.2 (a)) showed nanowires
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Figure 4.2: Fe 2p region in the XPS spectrum of the as-synthesised FeOx powder

of length 5 -10 µm and width ∼100 nm. As intended, the combination of PEG-4000

acting as a soft template and a high pH reaction medium forced the enhanced growth

of the (100) crystal face of Fe3O4
31 producing a high aspect ratio that proved ideal

for the formation of porous electrodes with inter-connected meso-porosity.

Figure 4.3: SEM images of: (a) synthesised FeOx powder; (b) acid treated MWNTs;
(c) a sprayed FeOx/MWNT electrode (ratio 2:1); and (d) sprayed FeOx/MWNT electrode
(ratio 1:2)
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The FeOx and acid treated MWNTs are shown in Figures 5.2 (a) and (b) respec-

tively. Figures 5.2 (c) and (d) show the as-sprayed electrodes containing FeOx and

MWNTs at a mass ratio of (2:1) and (1:2) respectively, in each case maintaining

the porous, interconnected network. The combination of the two similarly sized

1D nanomaterials in suspension and at deposition caused the MWNTs to “tangle”

with the FeOx nanowires to form a macro/mesoporous, self-supporting network held

together by friction, with no requirement for binder. The SEM images showed no

significant morphological changes to either material due to high power sonication in

suspension preparation, or due to the spray processing.

4.3.2 Electrochemical behaviour in Na2SO3

Cyclic voltammetry (CV) was used to investigate sprayed electrodes with FeOx:MWNT

ratios across the range from 10:1 to 1:2, as well as FeOx only and MWNT only

electrodes in a 3 electrode electrochemical cell containing 0.5 M Na2SO3. Specific

capacitance Cs (F g−1) was estimated from CV curves according to:

Cs =

∫
IdV

2νmdV
(4.1)

where
∫

IdV is the integrated area under the CV curves, I is the current (A), ν is

the scan rate (mV s−1), m is the total mass of deposited electrode material (g) and

dV is the CV voltage window.

Figure 4.4 (a) shows that when no MWNTs were present, the inherent high electri-

cal resistance of the FeOx nanowires inhibited electron movement within the FeOx

nanowires and to the current collector, demonstrated by a low current flow and al-
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Figure 4.4: (a) CV curves of various sprayed FeOx/MWNT electrodes at a scan rate of
20 mV s−1 and (b) FeOx/MWNT electrode capacitance as a function of scan rate in 0.5
M Na2SO3

most no charge storage behaviour. In contrast, MWNT only electrodes provided

a maximum electric double layer capacitance of 48 F g−1 at a scan rate of 2 mV

s−1. Na2SO3 is generally considered a comparatively poor electrolyte for carbon

electrode materials, and usually H2SO4 is used to provide 2-4 times greater electric

double layer capacitances.38–40

The cyclic voltammograms of all the electrodes at 20mV s−1 containing both FeOx

and MWNTs showed current densities much greater than either material individu-

ally. This increased current flow was attributed to the electrically conductive CNTs

providing electron pathways from the FeOx surface to the current collector, enabling

electrons generated during surface reactions between FeOx and Na2SO3 solution to

progress throughout the porous electrode structure. The morphology of the CNTs

meant that, unlike other more common conductivity additives such as carbon black

or acetylene black, there was minimal pore blockage throughout the FeOx network

that allowed electrolyte ions to access all of the FeOx surface area. In all the compos-

ite electrodes, the CV curves showed peaks in the current flow at particular voltages,

and these are discussed in more detail later.
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The combination of favourable morphology and spray processing meant that no

additional conductivity additives (e.g. carbon black) or binder were needed, which

would have increased the total electrode material mass. It is often the case in the

literature that in addition to the cited ‘conductivity additive’ e.g. graphene41, 42 or

CNTs,43 electrodes also contain carbon/acetylene black and polymer binders which

are not included during the gravimetric calculation of capacitance, giving an over-

estimate of specific capacitance. No such considerations were needed here.

Figure 4.5: Nyquist plots of the various sprayed FeOx/MWNT electrodes with inset of
the high frequency region.

As the primary function of the comparatively expensive MWNTs was as a conduc-

tivity enhancer, it was important to minimise their mass in the electrode whilst

concurrently maximising their effect on enhanced electrode conductivity. To inves-

tigate the effect of the fraction of MWNT additions, capacitances from electrodes

with FeOx:MWNT ratios between 10:1 and 1:2 were investigated. Figure 4.4(b)

shows that the highest specific capacitance was 312 F g−1 at a scan rate of 2 mV

s−1 with a mass fraction of FeOx to MWNT of 4:1, which reduced to 100 F g−1 at a

higher scan rate of 250 mV s−1.

To confirm that the addition of MWNTs improved electron transfer throughout the
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Figure 4.6: CV curves for the FeOx/MWNT (4:1) sprayed electrodes in 0.5 M Na2SO3

at scan rates up to 250 mV/s.

electrode, electrochemical impedance spectroscopy (EIS) was performed in the fre-

quency range 100 kHz to 0.01 Hz. The diameter of the high frequency semi-circle in

a complex plane EIS (Nyquist) plot can be used to estimate the resistance to charge

transfer at the electrode interface. Figure 4.5 shows Nyquist plots for electrodes with

various MWNT mass loadings taken at open circuit potential. There was a marked

decrease in the charge transfer resistance from 250 Ω for 10:1 FeOx:MWNT to less

than 10 Ω for 2:1, after which the resistance did not significantly decrease with in-

creasing MWNT fraction. Although the higher mass fractions of MWNT afforded

the lowest overall resistance, this did not correspond with the highest capacitance

because the comparatively low double layer capacitance of the MWNTs began to

dominate over the higher pseudocapacitance of the FeOx beyond a 4:1 ratio. Here-

after, all results for FeOx/MWNT electrodes refer to the optimum 4:1 ratio unless

otherwise stated.

The mechanism of charge storage in Na2SO3 was considered by analysis of the cyclic

voltammogram shape. Figure 4.6 shows the electrochemical behaviour of the 4:1

electrode in 0.5 M Na2SO3 at scan rates up to 250 mV s−1 in more detail. The CV
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shape deviated from a rectangular electric double layer capacitor behaviour at all scan

rates up to 250 mV s−1 indicating a strong pseudocapacitive contribution to charge

storage, with a major peak on the anodic sweep CV at -0.2 V vs. SCE and several

peaks on the cathodic sweep, notably at -0.35, -0.65 and -0.72 V vs. SCE. At low scan

rates, the pseudocapacitive peaks were much more obvious due to the relatively slow

kinetics of pseudocapacitance compared with EDLC; however shallow anodic peaks

were still apparent at 250 mV s−1 and, due to the peak potential increase as scan

rate increased, the dominant cathodic peak likely occurred at a potential >0 V vs

SCE. The retention of these redox peaks at high scan rates suggests fast kinetics for

the pseudocapacitive reactions occurring in Na2SO3 compared with other, faradaic

reaction.

4.3.3 Electrochemical behaviour in other neutral electrolytes

To understand further the charge storage behaviour and to investigate charge storage

effects of FeOx in other neutral electrolytes, FeOx/MWNT electrodes were investi-

gated in the same potential window using several other benign, aqueous electrolytes

containing various cations and anions. This allowed the relative contribution of

different charge storage reactions in FeOx in each electrolyte to be elucidated. Al-

though attractive and comparable specific capacitances have been reported for iron

oxide electrodes in a concentrated KOH electrolyte23, 44 , the more benign electrolytes

explored in this work are less corrosive and easier to handle, and so are more suitable

for scale-up.

Figure 4.7 (a) shows the cyclic voltammograms for FeOx/MWNT in Na2SO3, Na2SO4,

Li2SO4 and KCl. The behaviour of the electrode in SO3
2− was markedly different
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Figure 4.7: (a) Cyclic voltammograms in various aqueous electrolytes at a scan rate of
20 mV s−1 (b) specific capacitance from CV curves in various aqueous electrolytes (c) the
10th - 13th charge/discharge cycle in Na2SO3 and Li2SO4 at a charging current density
of 0.5 Ag−1, (d) capacitance retention in Na2SO3 and Li2SO4 from discharge testing at
various charging current densities

from the other electrolytes. When there was no sulphite ion, there was only one

redox peak pair in the voltammograms, regardless of the cation (Na+, Li+, K+) and

anion (SO4, Cl–). This common redox pair must therefore arise from a reaction in

the FeOx, most likely due to the reduction/oxidation of Fe ions coupled with surface

intercalation of electrolyte cations, a commonly suggested charge storage mechanism

for FeOOH supercapacitors.23–25 The specific capacitances calculated from the CV

curves are shown in Figure 4.7 (b) and for all electrolytes other than Na2SO3, the

capacitance was ∼150 F g−1 at 2 mV s−1, approximately half that in Na2SO3, be-

cause the only pseudocapacitance was due to the FeOx redox reaction. At higher

scan rates capacitance reduced to ∼50 F g−1 as kinetic limitations of the reactions

dominated.

96



Returning to the higher energy storage behaviour in the presence of SO2–
3 , in the rela-

tively limited previous work, the pseudocapacitive behaviour of Fe3O4 was attributed

to redox reactions of adsorbed SO3
2− ions due to the following reactions:22

2SO2−
3 + 3H2O + 4e− ↔ S2O2−

3 + 6OH− (4.2)

and

S2O2−
3 + 3H2O + 8e− ↔ 2S2− + 6OH− (4.3)

These reactions are notable because they imply little or no structural change in the

FeOx, which then might be expected to maintain storage behaviour to comparatively

high cycles for a metal oxide, before the well-known pulverizing effects of surface

redox reactions significantly undermine the performance - a usually key weakness of

transition metal oxide pseudocapacitors. The adsorption of SO3
2− onto the surface

of iron oxide in H2O with no applied potential is a well known reaction45, 46 and likely

occurred instantaneously when the electrodes were immersed in Na2SO3.

The cycle life of the FeOx/MWNT electrodes in Na2SO3 and Li2SO4 was investi-

gated using galvanostatic charge/discharge testing at current densities of 1, 2 and

5 A g−1. The charge/discharge behaviour in both electrolytes, shown in Figure 4.7

(c), was asymmetric and typical of a pseudocapacitive response although there was

a clear difference in both charge/discharge time and potential response in the two

electrolytes. In Li2SO4, there was a slight flattening of the charging curve at approx-

imately -0.5 V and of the discharge curve at -0.9 V, corresponding to the potentials

at which redox reactions occurred in Figure 4.7 (a). The discharge curve for Na2SO3

showed a more gradual discharge with smaller deviations due to the sulphite redox

reactions whereas the charging curve showed a highly flattened plateaux at -0.2 V,
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the potential of the large anodic peak in the CV.

Figure 4.7 (d) shows that the capacitance retention was higher in Na2SO3 than in

Li2SO4 at all current densities. After 150 cycles in Na2SO3, the capacitance retention

was approximately 80%, however in Li2SO4 capacitance faded to approximately 60

% after the first cycle and then to <55 % after 150 cycles - a retention of less than

80% is considered device failure in a commercial context. The greater resilience of

the storage behaviour in SO2−
3 can be attributed to charge storage reactions taking

place primarily in the layer of adsorbed sulphite ions at the FeOx surface, avoiding

large crystal strains and subsequent electrode surface pulverization and dissolution

that occurred in the other aqueous electrolytes.

Figure 4.8: O 1s region of XPS spectra of a sprayed electrode before cycling (black) and
after cycling in Na2SO3 (red) and Li2SO4 (green)

XPS spectra in the O 1s region of the as sprayed iron oxide electrode, and FeOx/CNT

electrodes after charging in Na2SO3 and Li2SO4 are shown in Figure 4.8. The elec-

trodes were pre-conditioned for 20 CV cycles between 0 and -1.1 V then discharged

to -1 V and held at this potential for 30 minutes before being removed from the

electrolyte, washed with DI H2O and dried overnight at 60◦C. The high binding en-

ergy peak of the doublet at 532 eV arises from the O-H ions in the surface FeOOH.
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After charging to -1 V in Li2SO4 the intensity of this peak reduced when compared

with the lower binding energy peak at 530 eV, suggesting that there were now less

OH groups at the surface and that FeOOH was reduced to FeO or Fe2O3 in Li2SO4.

In contrast, identical charging experiments to -1 V in Na2SO3 did not lead to any

significant change in O-H/O relative intensity, and again suggested that redox reac-

tions in Na2SO3 uniquely took place predominantly in the surface adsorbed layer of

sulphite ions, not in the FeOx.

Figure 4.9: Nyquist plots in Na2SO3 (black) and Li2SO4 (red) at (a) 0 V (b) -0.1 V (c)
-0.3 V (d) -0.6 V (e) -0.8 V (f) -1 V vs. SCE

EIS testing at different DC voltages can be used to probe the progression of a po-

tential dependent charge transfer process and Figure 4.9 shows Nyquist plots of the

FeOx/MWNT electrode in Na2SO3 and Li2SO4 at various potentials from 0 to -1 V

vs SCE. The EIS data was fitted using the equivalent circuit shown in Figure 4.10
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where Rs is the electrolyte and circuit element resistance, Yf/αct is a constant phase

element (CPE) representing charge transfer capacitance, Rct is charge transfer resis-

tance, Yf/αf is the pseudocapacitive CPE, Rf is the pseudocapacitive resistance and

W is a Warburg element that accounts for diffusion to and from the electrode, and

through the electrode pores. In Na2SO3 the pseudocapacitive elements represented

surface SO2–
3 reactions and in Li2SO4 the pseudocapacitive elements represented a

redox reaction on the FeOx surface. The best-fit estimates of resistance are shown in

Tables 4.1 and 4.2. Considering the high frequency semi-circle in the Nyquist plots

relating to charge transfer at the interface, in Na2SO3 the semi-circle decreased in

diameter from -0.1 V to -0.6 V vs. SCE, and then remained approximately con-

stant with further increases in potential, which is shown by the decrease in charge

transfer resistances in Table 4.1 from 95 Ω to 7.5 Ω. In Li2SO4 the interface charge

transfer resistance exhibited a lower variation from 12 - 5 Ω across all potentials.

These behaviours again suggested the reactions in Na2SO3 took place at the elec-

trode/electrolyte interface as the interface resistance varied with potential whereas

in Li2SO4, charge storage occurred due to reactions within the surface layers of the

FeOx-based crystal structure.

Figure 4.10: Equivalent circuit model used

Between -0.1 and -0.3 V in Na2SO3, the low frequency (capacitive) region was a

straight line in the Nyquist plot, close to the vertical axis (90◦) and was typical of
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V vs SCE Rs (Ω) Rct (Ω) Rf (Ω)
0 3.361 94.58 6.8e4

-0.1 3.36 66.24 3.3e10

-0.3 3.28 19.7 2.5e10

-0.6 3.21 7.446 456
-0.8 3.18 6.759 298
-1 3.14 6.544 115

Table 4.1: EIS fitting resistance values for FeOx/MWNT electrodes in Na2SO3

V vs SCE Rs (Ω) Rct (Ω) Rf (Ω)
0 4.106 12.16 7.1e4

-0.1 4.006 12.85 1.5e4

-0.3 4.115 10.45 4792
-0.6 4.084 8.667 6268
-0.8 4.017 5.963 9453
-1 4.012 4.811 576

-1.1 4.069 4.802 3267

Table 4.2: EIS fitting resistance values for FeOx/MWNT electrodes in Li2SO4

a non-perfect capacitor, shown in Figures 4.9a - c. Deviation from a vertical line in

this region can be attributed to electrode porosity and surface roughness47 , and the

corresponding high pseudocapacitive resistances (Rf ) of over 1000 Ω in Table 4.1 sug-

gested that pseudocapacitive reactions were not occurring at these potentials. Once

the DC potential reached -0.5 V (Figures 4.9d - f), Rf decreased to <500 Ω and there

was emergence of a second, pseudo-capacitive semi-circle in the medium frequency

region, indicating another charge transfer process, along with the beginnings of a

Warburg region at frequencies below 50 mHz, again relating to the porous nature of

the electrode. In Li2SO4, there was the beginning of a single, depressed semi-circle in

the medium and low frequency regions at all potentials. The pseudocapacitive resis-

tance Rf had a local minimum at -0.3 and -1 V which were the potentials that roughly

corresponded to the regions where redox reactions occurred, as shown in Figure 4.7

(a). The emergence of low frequency semi-circles in the Nyquist plot for Li2SO4 at

-0.3 and -1 V is shown more clearly in Figure 4.11. It should be noted that the low
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frequency charge transfer process in Na2SO3 had a much lower resistance (smaller

semi-circle diameter) at all frequencies than in Li2SO4, which again is consistent

with charge storage reactions occurring primarily in solution at the FeOx surface,

rather than within the crystal structure. The considerable differences between the

EIS behaviour in Na2SO3 and Li2SO4 were in agreement with the electrochemical

results from cyclic voltammetry and galvanostatic charge/discharge.

Figure 4.11: Nyquist plots in Li2SO4 at varying DC potential showing a more developed
low frequency semi-circle at -0.3 V (red) and -1 V (purple)

4.3.4 Post-mortem SEM analysis

To investigate any structural changes to the electrode during cycling, electrodes were

subject to 100 charge/discharge cycles at 1 A g−1 then removed from the electrolyte,

washed thoroughly with DI H2O and dried at 60 ◦C overnight and then investigated in

the SEM. Figure 4.12 shows images of electrodes after cycling in Na2SO3 and Li2SO4.

Electrodes cycled in Na2SO3 (Figure 4.12) showed minimal disturbance to the struc-

ture compared with the pristine as-processed electrodes shown earlier in Figures 5.2

(c)/(d). In contrast, after cycling in Li2SO4 (Figure 4.12 (b)) there were significant
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changes in the nano-morphology of the FeOx material, which was pulverised from

long nanowires into disordered nano-particulates because of the pseudocapacitive re-

actions involving FeOx surface regions and quickly mitigated any favourable effects

brought about by the original macro/mesoporous electrode structure as shown in

the earlier fading of capacitance in Figure 4.7 (d).

Figure 4.12: SEM images of FeOx/MWNT electrodes after charge discharge cycling in
0.5 M: (a) Na2SO3 and (b) Li2SO4

4.4 Conclusions

Iron oxide/multiwalled carbon nanotube (MWNT) composite electrodes have been

fabricated using low cost, facile synthesis and processing methods. The highly scal-

able spray processing technique allowed control over the mass fraction of MWNTs in

the electrode over the full range and produced a well-dispersed, meso-porous network

of inter-twined FeOx nanowires and MWNTs without the need for a binder. Opti-

mum mass fraction additions of MWNTs to FeOx allowed relatively efficient electron

transport to and from the surface of FeOx to the current collector and suggested

attractive charge storage behaviour of FeOx in aqueous electrolytes. The capacity

of the electrodes was highly dependent on the presence or lack of SO3
2− ions in the
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electrolyte. When SO3
2− was absent, redox reactions occurring at and in the vicinity

of the FeOx surface (which comprised predominantly FeOOH) gave a maximum ca-

pacitance of 176 F g−1 at 2 mV s−1 with rapid fading at higher scan rates to 45 F g−1

at 50 mV s−1. When SO2−
3 was present, the adsorption and subsequent reactions of

SO3
2− rather than FeOx afforded a much higher specific capacitance of 312 F g−1 at

2 mV s−1, which was amongst the highest reported for FeOx-based electrodes. The

adsorbed ions were able to react rapidly in the adsorbed layer and minimised strain

accumulation in the FeOx crystal surface so that performance was retained at even

high scan rates and comparatively long cycling. If MWNTs could be replaced by

a cheaper conductivity enhancer that inter-twined with the FeOx in a similar man-

ner, then FeOx based sprayed electrodes may provide a low cost, environmentally

benign option with the potential for easy and competitive scale-up, for example, in

grid-scale storage applications.
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Chapter 5

Electrochemical properties of

FeOx/MWNT composite

electrodes as a lithium-ion battery

anode

5.1 Introduction

Lithium ion (Li-ion) batteries (LiBs) are now the most common energy storage de-

vice for portable electronics such as smartphones and mobile tablets, with a current

global market of over $11 bn, which is predicted to rise to over $60 bn by 2020 as

LiBs penetrate into hybrid electric vehicle applications.1, 2 LiBs are comparatively

lightweight, have good cycling behaviour (∼3000 cycles), have low self-discharge, and

do not suffer the progressive reduction in charge storage (‘memory effect’) compared
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Figure 5.1: Schematic illustration of a operational lithium ion battery

with other secondary batteries e.g. nickel cadmium. The most common materials

arrangement used in commercial LiB electrodes is a graphite anode with a lithium

cobalt oxide/lithium iron phosphate cathode. A schematic illustration of this ar-

rangement during operation is shown in Figure 5.1.

The energy storage reactions for a graphite/lithium cobalt oxide LiB are:

6C + Li+ + e− 
 LiC6 (5.1)

at the anode, a reaction which has a theoretical capacity of 372 mAhg−1 and:

LiCoO2 − xLi+ − e− 
 Li1−xCoO2 (5.2)

at the cathode, which has a theoretical capacity of 143 mAhg−1 for x = 0.5.

There is a strong commercial drive to increase the capacity of LiBs for higher energy

applications, whilst keeping the electrode thickness (for portable electronics) and

weight low, so alternative electrode materials with higher theoretical capacity, or

111



better power response, such as carbon nanotubes,3, 4 silicon,5 titania6, 7 and tin8 are

being explored both academically, and commercially. Since LiBs are not the primary

focus of this thesis, further details are not described, but there are many excellent

reviews of LiBs elsewhere.9–16

Iron oxide has attracted interest as a potential replacement for graphite as an anode

material in LiBs as the theoretical capacity of lithium reacting with Fe2O3 (1270

mAhg−1) and Fe3O4 (924 mAhg−1) is much higher than that of intercalation into

graphite (372 mAhg−1 for LiC6). As detailed in Chapters 2 and 4, iron oxide is

also a relatively safe, low cost and abundant material. Reversible capacities of over

1000 mAhg−1 have been achieved in Fe2O3 electrodes17, 18 and high performing iron

oxide has been successfully fabricated in combination with carbon nanotubes19–22

and graphene23–25 to improve electrode conductivity and rate response.

The three most common iron oxide crystal phases: magnetite (Fe3O4), haematite

(Fe2O3) and goethite (FeOOH)26 all have the potential to store energy through con-

version reactions, according to the following equations:

Fe2O3 + 6Li+ + 6e− → 2Fe+ 3Li2O (5.3)

Fe3O4 + 8Li+ + 8e− → 3Fe+ 4Li2O (5.4)

FeOOH + 3Li+ + 3e− → Fe+ Li2O + LiOH (5.5)

Historically, the irreversibility of these conversion processes was thought to be a

barrier to the use of iron oxides in battery systems however, as with supercapacitor

electrode materials, it has been shown that nanostructuring the electrode materials

improves this energy storage behaviour significantly.27–29 Nanoscale iron oxide has
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been shown to intercalate lithium with higher reversibility than macrostructured

crystals.30 However, the current commercial technology for large scale electrodes,

slurry casting, is not well-suited for nanomaterials processing and offers limited con-

trol over electrode morphology.

The approach and resulting structure/morphology of the FeOx/MWNT nanowire-

based electrodes developed in Chapter 4 may have potential as LiB electrodes given

the relatively high inter-particulate spacing to accommodate the large volume changes

caused by lithium conversion reactions. In this Chapter, the FeOx/MWNT electrodes

(ratio of 4:1) described in Chapter 4 were investigated for their behaviour as a po-

tential lithium battry electrode in a LiPF6 electrolyte using cyclic voltammetry and

galvanostatic charging and discharging.

5.2 Experimental procedure

Iron oxide core shell nanowires (FeOx) and acid-treated multi wall carbon nanotubes

(MWNT) were synthesised and purified respectively, as described in Chapter 4.

Anodes were prepared by spraying suspensions of FeOx and FeOx/MWNT (mass

ratio of 4:1) in ethanol onto 50 µm copper foil heated to 90◦C on a stationary hotplate.

The co-suspension was sprayed from a height of 10 cm through a nozzle moving at

a surface speed of 100 mm s−1. After deposition, 15 mm diameter samples were

punched using an MTI coin cell punch and weighed, typically yielding a deposited

mass of ∼1 mg cm−2.

Scanning electron microscopy of sprayed materials was again performed on a JEOL

FESEM 840F as described in Chapter 3. To investigate the structural integrity of
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the sprayed film, the electrode sheets were rolled into a tight coil and held in this

shape for 24 hours, then imaged in the SEM.

Stainless steel coin cells (type RB 1234) were assembled in an argon filled glove box

with a LiPF6 in 1:1 ethylene carbonate:dimethylcarbonate (EC:DMC) electrolyte,

0.3 mm Whatman glass fibre separators and lithium metal as both the counter and

reference electrode before sealing with a bespoke MTI hydraulic crimping machine.

The assembled cells were left to settle at room temperature for at least 24 hours

after assembly before electrochemical testing to allow for thorough penetration of

the electrolyte throughout the sprayed electrode.

Electrochemical tests were performed on a Gamry Reference 600 potentiostat using a

2 electrode arrangement as the Li acted as both the counter and reference electrodes.

Cyclic voltammetry was performed at scan rates of 0.1 - 1 mV s−1 over potential

range of 0.005 to 3 V vs Li+/Li and cyclic charge/discharge was performed at current

densities 1 to 0.1 A g−1 over a potential range of 0.005 to 2.995 V vs Li+/Li.

5.3 Materials characterisation

The structure of the FeOx/MWNT sprayed electrodes on a copper foil substrate/current

collector was examined using scanning electron microscopy, and a representative im-

age of the electrode microstructure is shown in Figure 5.2. The nanostructure was

an open, porous network with the FeOx and MWNTs well distributed and with

meso/macroporous interparticulate and appeared to be largely unchanged compared

with electrodes sprayed onto a stainless steel substrate/current collectors in Chapter

4. A picture of the flexible sprayed electrode sheet is shown in Figure 5.3 (a) and
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Figure 5.2: SEM image of sprayed FeOx/MWNT composite electrodes on copper foil

Figure 5.3: (a) A sprayed FeOx/MWNT electrode on copper foil with samples punched
for testing and (b) an SEM image of an electrode after rolling

an SEM image after the sheet was rolled and held in shape for 24 hours is shown

in Figure 5.3 (b), which showed no obvious change/breakdown of the electrode mi-

crostructure, indicating encouraging mechanical flexibility and robustness required

for a potential rolled battery arrangement.

115



5.4 Electrochemical behaviour

5.4.1 Cyclic voltammetry

Cyclic voltammetry was used to investigate reactions and structural changes oc-

curring in the electrode as the potential was varied. Cyclic voltammetry curves of

FeOx/MWNT electrodes cycled in LiPF6 at scan rates of 0.1 and 1 mV s−1 are shown

in Figures 5.4 (a) and (b) respectively.

Figure 5.4: Differential capacity curves of FeOx/MWNT electrodes taken at (a) 0.1
mVs−1 and (b) 1 mVs−1

Figure 5.4 (a) shows much clearer redox peaks at 0.1 mV s−1 than those obtained at

1 mV s−1 in Figure 5.4 (b) as the kinetics of lithium insertion and solid electrolyte

interphase (SEI) formation reactions were slow. Considering the CV curves in Figure

5.4 (a), the first anodic sweep exhibited three clear peaks and therefore three distinct

electrochemical reactions, at 1.55, 1.3 and 0.6 V vs Li+/Li. The peaks at 1.55 and

1.3 V vs Li+/Li relate to initial Li intercalation reactions into the iron oxide before

structural changes occur18, 23 and the peak at 0.6 V vs Li+/Li relates to both the

reduction of Fe3+/Fe2+ to Fe0 with Li2O formation from intercalated lithium ions
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as well as the formation of a solid electrolyte interphase (SEI) due to decomposition

of the electrolyte.18, 31 The first cathodic sweep also showed three corresponding

oxidation peaks at 1.05, 1.59 and 2.13 V vs Li+/Li. The peak at 1.05 V vs Li+/Li

was related to the reversible conversion of Fe0 to Fe3+ and Fe2+ and was much

smaller than the corresponding reduction peak at 0.6 V, suggesting that most of

the reactions occurring during the cathodic sweep were irreversible. The subsequent

cycles contained only two redox pairs; a slightly reduced Fex+/0 reaction at a shifted

potential of 0.7/1.1 V and a much reduced reaction at 1.45/1.5 V. The potentials

shifted to slightly more positive potentials due to structural changes in the electrode

and the influence of the newly-formed SEI layer. The reduced current flow during the

second and third CV cycle was related to both the breakdown of the electrolyte to

form the SEI layer in the first cycle, which acted as a barrier to the reversible lithium

intercalation in subsequent cycles and reduces the number of available Li+ ions, as

well as the reduced number of Fe2/3+ ions available due to some irreversible reduction

in the first cycle. After the initial cycle, the voltammetry behaviour showed much

higher stability.

5.4.2 Charging behaviour

The energy storage capabilities of battery electrodes are generally evaluated using

galvanostatic charging and discharging. FeOx/MWNT electrodes and FeOx elec-

trodes with no MWNT or conductivity enhancer were charged and discharged at a

rate of 1 A g−1 (total electrode mass) which is approximately equal to a 1 C rate

although with a mixed phase FeOx material this was difficult to calculate accurately.

The first, second, fifth, tenth and twentieth charge/discharge cycles are shown in

Figure 5.5.
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Figure 5.5: Charging and discharging curves at 1 Ag−1 for (a) FeOx/MWNT electrodes
and (b) FeOx electrodes

For electrodes comprised of FeOx nanowires only, a first discharge capacity of 998

mAhg−1 was achieved, however this rapidly reduced to 170 mAhg−1 on the second

cycle and then to less than 40 mAhg−1 by cycle 10. For FeOx/MWNT electrodes

a high first discharge capacity of 1180 mAhg−1 gradually faded to 403 mAhg−1 at

cycle 20. The reduced capacity fading was due to improved conductivity through the

electrode provided by the MWNTs, which has been shown to result in a thinner and

more homogeneous SEI layer29 , and possibly improved electrode resilience.

The extent of capacity fading in the FeOx/MWNT electrodes was typical for many

iron oxide-based anodes cycled at a relatively high rate of ∼1000 mA g−1,23, 32–36

and can be attributed to the formation of the SEI layer that blocked access to the

active material, combined with some irreversible Li2O formation. It was also likely

that the FeOx/MWNT network was pulverised (despite the nanostructuring) during

cycling causing capacity fading. More rigid electrodes formed by hard templating of

copper substrates followed by electrodeposition of a thin film of Fe3O4 (0.06 - 0.225

mg cm−2) had a better capacity retention of 76% after 20 charge discharge cycles.37

To improve the cycling behaviour of the sprayed FeOx electrodes for lithium-ion
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batteries, a more robust mechanical ‘buffer’ matrix of carbon could be investigated,

as the advantageous high surface area provided by the MWNTs when the electrode

were tested for surface dependent supercapacitor behaviour is of less importance

for bulk Li charge storage. It should be noted that the capacity of FeOx/MWNT

electrodes after 20 cycles was still higher than the theoretical and achieved capacity

of graphite-based anodes, which does not usually exceed 350 mAhg−1.

Figure 5.6: Cycling capacity and coulombic efficiency of FeOx/MWNT electrodes over
the first 10 cycles

Figure 5.6 shows the capacity calculated from charge/discharge curves for the FeOx/MWNT

electrodes and the corresponding coulombic efficiency, η = tc
td

, where tc/td was the

time for charge and discharge respectively. As the charging capacity stayed compar-

atively constant at approximately 400 mAhg−1 from cycle 1 to 20 and the discharge

capacity showed an initial sharp decrease followed by levelling above 10 cycles, the

coulombic efficiency reached 96% by cycle 20.
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5.5 Conclusions

FeOx/MWNT electrodes provided a first discharge capacity of over 1180 mAhg−1,

which is close to the maximum theoretical capacity of iron oxide and much higher

than the maximum theoretical capacity of graphite. The inclusion of MWNTs in

the electrode helped sustain a much higher capacity after 20 cycles of 406 mAhg−1

compared with 27 mAhg−1 for FeOx electrodes without MWNTs. Although first

to second cycle capacity losses were large, the increased coulombic efficiency after

10 cycles and final stable capacity of over 400 mAhg−1 was still higher than the

maximum capacity of graphite and confirmed, in the right structural arrangement,

that iron oxide may be a promising material for lithium ion anodes. The virtuous

effect of the MWNTs on cycle behaviour was not identified conclusively, but may

relate to helping to ensure that both SEI formation and the strains of intercalation

and conversion were homogenised throughout the electrode assembly. Cycling re-

sponse may be improved further by optimising the microstructure and conductivity

additives used in the sprayed FeOx electrodes, perhaps using both MWNTs and

conventional carbon black, with the latter helping to minimise structural movement

during conversion reactions.
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Chapter 6

Nickel oxide/exfoliated graphene

composite electrodes for

supercapacitor applications

6.1 Introduction

Nickel oxide (NiO) has attracted significant interest as a potential replacement for

RuO2 as a high performance supercapacitor electrode material for niche applications

due to its much lower cost, practical availability and high theoretical capacitance of

2573 F g−1.1–3

In an attempt to realise this high capacity in practice, nano-structuring of NiO has

been investigated, and the specific morphology has been shown to have a significant

impact on the resulting electrochemical behaviour. For example, a recent study4

showed that NiO nanocolumns provided an enhanced capacitance of 290 F g−1 com-
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pared with 175 F g−1 for NiO nanoslices, which was attributed to a higher specific

surface area of 102 m−2g−1 compared with 11.4 m−2g−1, as well as nanopores provid-

ing effective diffusion channels for electrolyte ions. With this in mind, this chapter

explores micro/mesoporous electrode morphologies afforded by the combination of

1D NiO nanomaterials with electrode processing by spray deposition for their po-

tential to yield high performance supercapacitor electrodes. Despite the attractive

properties, as with all transition metal oxides, NiO suffers from poor electron conduc-

tivity that undermines performance at high sweep and charge/discharge rates, and so

practical implementations require the addition of conductivity enhancing additives

to achieve acceptable energy and power density performance.

Graphene has attracted increasing interest as a supercapacitor electrode material,

both stand-alone5–9 and as a conductivity enhancer10–12 has high inherent electrical

conductivity (depending on form and purity) and has a theoretical surface area of

over 2500 m2g−1. However, these advantages are usually marred by the tendency of

individual graphene sheets to re-stack within the electrode and thus gradually block

ion mobility.13–15

Exfoliated graphene is obtained by low cost, low temperature synthesis from bulk

graphite and has shown promising capacitance retention in graphene-only electrodes

up to scan rates as high as 10,000 mV s−1.16 Corresponding energy densities however,

were disappointingly low and indicate that exfoliated graphene is likely to be most

useful for energy storage applications in combination with materials able act as

“spacers” to inhibit re-stacking, as well as additions to enhance specific energy, such

as nanostructured transition metal oxides.

The exceptionally stable nature of exfoliated graphene suspensions over many months

even when exposed to a variety of experimental conditions has suggested that they

126



are well-suited to spray processing of suspension directly into electrodes without

requiring further modification. In contrast, most previous reports of high-performing

nickel oxide-graphene composites for electrochemical capacitors have made use of

reduced graphene oxide materials17, 18 or employed expensive and complex processing

routes such as electrophoretic deposition (EPD)19, 20 or chemical vapour deposition

(CVD).21 Despite its proven high conductivity and power performance, at the time

of writing there are no easily obtained reports that describe the route pursued here of

combining ultrasonically exfoliated aqueous suspensions of graphene and transition

metal oxide materials for supercapacitor applications.

In this chapter, nickel oxide was synthesised using a low temperature, hydrother-

mal synthesis followed by thermal annealing. The resultant NiO nanomaterial was

combined with exfoliated graphene through a variety of spray processing variants

in an all-aqueous, low cost process. These composite electrodes were investigated

for supercapacitor behaviour in 2 M KOH using cyclic voltammetry, galvanostatic

charge/discharge and electrochemical impedance spectroscopy. The particular pro-

cessing variant used to combine the two nanomaterials had a notable effect on energy

storage behaviour, with composite electrodes arising from co-synthesis sustaining su-

perior performance at high sweep rates. The substrate/current collector choice was

also carefully investigated, as the nickel foam substrates most commonly used in the

literature were shown to be electrochemically reactive in the electrolyte and potential

window of interest.
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6.2 Experimental details

6.2.1 Materials

All chemicals were purchased from Sigma (UK) and used without further purifica-

tion.

6.2.2 Nickel oxide synthesis

NiO nanowires were synthesised via hydrothermal synthesis followed by thermal an-

nealing to NiO22 as follows: 9.8 mmol NaOH was dissolved in 10 ml H2O and 9.8

mmol NiSO4.7 H2O was dissolved in 30 ml H2O. The NaOH solution was added

dropwise to the NiSO4 solution under magnetic stirring resulting in immediate pre-

cipitation of a pale blue solid. The mixture was transferred to a 120 ml teflon lined

stainless steel autoclave and heated at 120 ◦C for 24 hours. After cooling, the resul-

tant pale blue solid was collected, washed with DI H2O until pH = 7 and dried in

air overnight at 60 ◦C. Finally, the powder was annealed at 400 ◦C in air for 2 hours

for complete conversion to NiO. For NiO-graphene co-synthesis materials described

later, H2O in the NiSO4 · 7 H2O solution was replaced by 30 ml exfoliated graphene

solution, synthesised as described below.

6.2.3 Exfoliated graphene synthesis

Aqueous solutions of exfoliated graphene were produced using a low power ultra-

sonic exfoliation technique outlined elsewhere.23, 24 Briefly, 1.5 g graphite was added
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to a 0.1% aqueous solution of sodium cholate (500 ml). Low power sonication was

carried out in a 150 W ultrasonic bath for 50 hours. The resulting suspension was

centrifuged at 1000 rpm for 90 minutes to remove residual graphite, and the super-

natant graphene solution decanted. The graphene concentration c was determined

using the Beer-Lambert law (A = εcl where A is the measured absorption, ε is the

molar absortivity, c is the solution concentration and l is the path length) at 660

nm assuming a molar absortivity ε of 6600 mL g−1 cm−1, and was determined to be

c = 0.03 mg ml−1

6.2.4 Materials characterisation

Materials were characterised by powder x-ray diffraction, scanning electron mi-

croscopy and Raman spectroscopy, details of which were given in Chapter 3 sections

3.2.1, 3.2.5 and 3.2.3 respectively.

6.2.5 Electrode processing

NiO suspensions were formed by sonicating NiO in DI H2O at a concentration of 1

mg ml−1 in an ultrasonic bath for 20 minutes. No surfactant or pH adjustment was

necessary to form a stable suspension. Suspensions were sprayed at a flow rate of 3 ml

min−1 and a nozzle height of 10 cm onto substrates heated to 110 ◦C pre-coated with a

thin layer of polyethylene imine (PEI, 0.1%, 2 coats) for improved adhesion. Typical

1 cm2 electrodes had a deposited mass of 0.5 mg cm−2 and a film thickness of 2-3 µm.

NiO-graphene composite electrodes were produced under identical conditions, further

described in Section 6.6. For co-sprayed samples, exfoliated graphene was sprayed at

1 ml min−1 through a nozzle positioned next to the NiO solution nozzle with a spray
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cone separation of 3 cm. The spraying area was adjusted accordingly to ensure all

sections of the substrate were exposed to both suspension spray cones.

6.2.6 Electrochemical characterisation

Electrochemical testing was performed using a Gamry ref 600 potentiostat in a three

electrode cell using a hydroflex reference electrode and a Pt coated titania counter

electrode and 2 M KOH aqueous electrolytes. Cyclic voltammetry was performed

in the potential range 0 to 0.6 V vs. hydroflex at scan rates 2 - 500 mV s−1.

Galvanostatic charge/discharge tests were performed at current densities of 0.5 - 100

A g−1. Specific capacitance values were reproducible to +/- 10 F g−1

6.3 Results and discussion

6.3.1 Nickel oxide characterisation

Figure 6.1: PXRD pattern of as-synthesised nickel oxide
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Figure 6.1 shows the PXRD pattern of as-synthesised nickel oxide powder after

annealing at 400 ◦C. The three clear peaks at 37.1, 43.1 and 62.5 ◦ (2θ) corresponded

to hkl values of (111), (200) and (220) respectively and the material was indexed to

NiO (JCPDS card number 22-1189) with a cubic unit cell and space group Fm3̄m.

PXRD of NiO electrodes taken after spray deposition (not shown) confirmed that

the chemical phase was not altered during electrode processing.

Figure 6.2: SEM images of (a) as-synthesised NiO and (b) NiO-graphene co-synthesised
composite

An SEM image of typical as-synthesised NiO is shown in Figure 6.2 (a) revealing

largely 1D nanostructures approximately 500 nm in length and 10 nm wide. This

nanomorphology from the hydrothermal synthesis was unaltered by the subsequent

relatively high temperature annealing at 400 ◦C. NiO synthesised in an exfoliated

graphene solution rather than in DI H2O, Figure 6.2 (b), exhibited a qualitatively
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identical nanostructure indicating that the presence of graphene did not significantly

affect the NiO morphology. It was possible to identify flat, plate-like carbon deposits

in Figure 6.2 (b) (circled), which were most likely multi-layer (not fully exfoliated or

partially re-stacked) graphene flakes.

6.4 Substrate choice

Most reports of NiO materials for supercapacitor electrodes utilise nickel or stain-

less steel foams as substrates/current collectors. It is important to note that these

materials both contain nickel atoms that are able to partake in an electrochemical re-

action in the KOH electrolyte to form nickel hydroxide,25–27 which is able to undergo

a reversible redox reaction according to:

Ni + 2OH− → Ni(OH)2 
 NiOOH +H+ (6.1)

Cyclic voltammetry (CV) curves of 1 cm2 untreated 316 stainless steel (SS) and

nickel foam immersed in 2 M KOH and cycled at 50 mV s−1 for 200 cycles are shown

in Figure 6.3.

Both materials exhibited redox peak pairs in the potential window over which NiO is

electrochemically active (-0.1 - 0.5 V vs SCE/0.9 - 1.5 V vs hydroflex). Stainless steel

showed a broad anodic and cathodic peak at 1.5 and 1.3 V vs a hydroflex reference

respectively, with a marginal increase of the peak current during cycling. Ni foam

exhibited two sharp anodic and cathodic peak pairs at 1.4/1.15 and 1.5/1.3 V vs

hydroflex, and a large increase in peak current during cycling. This increase can
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Figure 6.3: Cyclic voltammetry curves of (a) bare SS substrate and (b) bare Ni foam up
to 200 cycles at 50 mV s−1 in 2 M KOH

be attributed to increasing amounts of oxidised Ni in the form of Ni(OH)2 on the

surface of the Ni foam and subsequent redox cycling.28

For comparable 2D areas of immersed electrode, a large disparity between absolute

values of current was apparent, with the integrated area under cycle 200 for nickel

foam (218 mC) ∼17 x larger than that of cycle 200 for stainless steel (12.5 mC). This

variation likely arose from (1) the higher absolute surface area exposed to electrolyte

solution in the case of the foam (the stainless steel plate provided an accessible surface

area of 1 cm2 whereas the porous nature of nickel foam allowed for a surface area

8.7 times greater, according to the supplier’s data); and (2) the reduced availability

of Ni atoms to undergo reaction in the 316 stainless steel (Ni content = 10 - 14 %)

compared with pure Ni foam.

As these commonly utilised substrates exhibit electrochemical activity in KOH, it is

important to carefully extract the charge storage behaviour arising from the “elec-
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trode material” itself from the overall measured behaviour of electrode plus substrate,

since it is unlikely that all the underlying substrate surface could be entirely shielded

from contact with the electrolyte solution, especially with the porous structures that

are preferable for supercapacitor electrodes. It is not obvious from many litera-

ture reports that this factor is either acknowledged or accounted for in the reported

capacitances.

Figure 6.4: 10th cycle CV curves of bare stainless steel, bare Ni foam and bare ITO
coated glass at 50 mV s−1 in 2 M KOH

To avoid electrochemical contributions due to the reaction of the substrate and elec-

trolyte (or reactions between the electrode and substrates), ITO coated glass was

initially used as a substrate/current collector for the sprayed NiO nanomaterials and

its composites. A CV curve of ITO coated glass in KOH is also shown in Figure 6.4

(green) and, unlike Ni foam or stainless steel, there was no significant redox peaks or

double layer capacitance, while providing the necessary electrical conductivity (sheet

resistance of 7 ohm sq−1). Results subsequently presented in Sections 6.5 and 6.6

refer to samples sprayed exclusively onto ITO coated glass.
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6.5 Electrochemical activity of NiO

To first understand the baseline electrochemical behaviour of the system, electrodes

comprised of NiO nanostructures on ITO glass with no conductivity additive or

binder were investigated using cyclic voltammetry and galvanostatic charge/discharging.

CV curves for NiO electrodes in 2 M KOH at scan rates from 2 - 250 mV s−1 are

shown in Figure 6.5. Curves at scan rates below 20 mV s−1 contained one clear

redox peak pair with an anodic peak at 1.3 - 1.35 V and a cathodic peak at 1.24

- 1.21 V. As the electrode contained no conductivity additive or binder, the redox

behaviour arose from the reaction of NiO as it was oxidised and reduced according

to:1–3, 29

NiO + OH− 
 NiOOH + e− (6.2)

Figure 6.5: (a) Cyclic voltammetry curves of NiO only electrodes at scan rates between 2
mV s−1 and 250 mV s−1, (b) capacitance of NiO electrodes calculated from cyclic voltam-
metry
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Specific capacitance was calculated from the CV curves according to:

Sc =

∫
IdV

2.m.ν.∆V
(6.3)

where
∫
IdV corresponds to the area under CV curves, m is the mass of electrode

material, ν is the scan rate in mV s−1 and ∆V is the operating potential window.

At scan rates up to 10 mV s−1, NiO electrodes sustained reasonable charge storage

behaviour and reversibility, with a maximum capacitance at 5 mV s−1 of 237 F g−1.

However the electrochemical behaviour deteriorated rapidly beyond a relatively slow

scan rate of 20 mV s−1, above which the peak current did not surpass the peak

anodic current of 10 A g−1 obtained at 10 mV s−1 and specific capacitance reduced

to 50 F g−1 at 50 mV s−1 and then to less than 10 F g−1 at 150 mV s−1.

Galvanostatic charge/discharge testing of NiO electrodes was performed at current

densities of 1 - 50 A g−1 and at all current densities, the resulting curves showed a

distinctly non-linear shape, with a plateau between 1.3 - 1.4 V vs hydroflex, as shown

in Figure 6.6. Non-linear charge/discharge behaviour (no clear “saw tooth” shape of

EDLC behaviour) is typical of pseudocapacitive materials involving a faradaic charge

transfer process. Capacitance was calculated from the discharge curves according

to:

Cs =
I

dV
dt
m

(6.4)

where I is the discharge current density, m is the electrode mass and dV
dt

was es-

timated considering the integrated area under the discharge curve, A, to be dV
dt

=

∆V 2

2A
due to the non-linearity of the slope. Capacitance estimated from the discharge
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Figure 6.6: Charge discharge curves of NiO electrodes at a current density of (a) 1 A g−1

(b) 5 A g−1 (c) 10 A g−1 (d) 20 A g−1

curves is shown as a function of current density in Figure 6.7 with capacitance a

maximum of 132 F g−1 at a charging current of 1 A g−1 and dropping to below 70

F g−1 at a charging current of 20 A g−1.

The poor charge storage behaviour at even relatively low rates can be attributed to

sluggish electron transfer throughout the NiO electrode. This is an inherent feature

of metal oxide electrodes and highlights the necessity of conductivity additives to

improve performance. To overcome this limitation and improve energy storage be-

haviour, exfoliated graphene solutions were added to NiO nanostructures to improve

conductivity both throughout the electrode and to then enhance charge transfer
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Figure 6.7: Capacitance from discharge curves for NiO electrodes in 2 M KOH

behaviour with the current collector.

6.6 Effect of graphene additions - processing

The spray deposition processing technique readily allowed for the addition of exfo-

liated graphene to the NiO electrodes. It was possible to add graphene at several

stages of the process: during chemical synthesis of the NiO (‘co-synthesis’), in the

pre-spray suspension (‘co-suspension’) or during spraying (‘co-spray’). A schematic

description of the different processing routes is shown in Figure 6.8.

To investigate the effect of the processing route on the interaction between NiO

and graphene, composite electrodes were prepared through each of the three routes.

However, it was not possible initially to form a stable co-suspension of NiO and

graphene as the opposing surface charges on the two materials resulted in immediate

attraction and agglomeration, causing both materials to fall out of suspension. The

addition of 1 % sodium dodecyl sulphate (SDS) as a surfactant and high power (750

W) sonication allowed a pseudo-stable suspension to form (approximately 30 minutes
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Figure 6.8: Spray deposition of NiO and graphene nano-suspensions

stability window) that was sufficient to allow for electrode formation.

Figure 6.9: SEM images of NiO-graphene electrodes by co-spraying technique
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Figure 6.9 shows representative SEM images of the surface of NiO-graphene co-

sprayed electrodes. The images suggested a higher overall carbon content in the

co-sprayed electrodes compared with the co-synthesised electrodes (Figure 6.2 (b)),

which might be expected due to the larger volume of graphene suspension involved

in processing (200 ml co-sprayed compared with 30 ml in the co-synthesis vessel).

As graphene/NaCholate exhibited no electrochemical activity in the potential win-

dow that NiO was electrochemically active, it did not affect the resulting compos-

ite electrode capacity directly through double layer or pseudocapacitance contribu-

tions.

Figure 6.10: (a) Raman spectra of graphene, NiO-g co-synthesis, NiO-g co-suspension
and NiO-g co-spray sprayed electrodes (b) zoom in region of D and G peaks (c) zoom in
of the 2D peak
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The nickel oxide-graphene (NiO-g) composite samples were investigated by Raman

spectroscopy. Figure 6.10 (a) shows the Raman spectra of the precursor graphite

powder before exfoliation (black) and a sprayed graphene electrode (red) with en-

larged areas of interest in Figures 6.10 (b) and (c). The presence of graphene platelets

after exfoliation was confirmed by the common graphene D, G and 2D peaks30

at 1349, 1580 and 2700 cm−1 respectively. As expected, the Raman spectra of

three NiO-g composite sprayed electrodes (co-synthesis, co-spray and co-suspension)

also contained D, G and 2D peaks corresponding to graphene rotation/vibration

modes.

The ratio of Raman D to G peak intensity (ID/IG) can be used to characterise the

number of structural defects in graphene31–33 and D and G peaks for NiO-g com-

posites are shown more clearly in Figure 6.10 (b). Aqueous exfoliation produced

comparatively pristine, defect free graphene with ID/IG = 0.33 for the graphene-

only sample, which was maintained in the co-sprayed electrode. For co-suspension

electrodes, there was in increase to ID/IG = 0.52 suggesting that the high power soni-

cation required to form a stable co-suspension induced defects in the graphene sheets.

When NiO was synthesised in the graphene suspension itself (NiO-g co-synthesis),

defect concentration showed a much more marked increase to ID/IG = 0.95, which

likely occurred during high-temperature annealing as the additional spectrum in Fig-

ure 6.10 (b) shows a low ID/IG ratio for the co-synthesis material after hydrothermal

synthesis but before annealing. There was no significant underlying Raman response

of NiO in the 1250 to 3000 cm−1 region of interest.
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6.6.1 Electrochemical characterisation

A comparison of CV curves at 10 mV s−1 and resulting capacitances for NiO-g

composite electrodes as well as NiO electrodes without graphene is shown in Figure

6.11. The processing route had a significant effect on the electrochemical activity,

affecting both the voltage of redox peaks (Figure 6.11 (a)) and the charge stored

(Figure 6.11 (b)).

Figure 6.11: (a) Cyclic voltammetry curves for NiO and NiO-g composite electrodes with
different processing routes at 10 mV s−1 in 2 M KOH electrolyte, and (b) capacitance from
cyclic voltammetry for NiO and NiO-g composite electrodes

Electrodes produced through co-suspension exhibited the lowest charge storage, with

a capacitance of 53 F g−1 at 2 mV s−1. This poor performance was likely due

to the necessary addition of sodium dodecyl sulphate (SDS) as a surfactant for

suspension stabilisation, which then likely covered the NiO surface, blocking access of

electrolyte ions to the active NiO material and increasing through-electrode ion and

electron resistance. In contrast, the addition of graphene either through co-synthesis

or co-spraying provided for a significant improvement in charge storage behaviour,

notably improving capacitance retention at higher scan rates. Co-synthesis electrodes

exhibited the highest specific capacitance of 248 F g−1 at 2 mV s−1, which reduced
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to 100 F g−1 at 250 mV s−1, and a highest capacitance for co-sprayed electrodes of

200 F g−1 at 10 mV s−1. In both cases, the principle effect of the graphene was

concluded to be improved electron transfer throughout the electrode.

The superior performance of co-synthesised electrodes could be attributed to the

more intimate contact that can be expected between NiO and graphene as Ni2+ ions

were able to ‘anchor’ to surface oxygen groups on the graphene during synthesis,34, 35

allowing for better electron transfer compared with co-sprayed samples where con-

tact between the two materials only occurred briefly during the comparatively rapid

drying on the substrate after deposition. Additionally, the higher number of struc-

tural defects within the graphene in co-synthesis electrodes may have facilitated

movement of electrolyte ions throughout the electrode whereas the more pristine

graphene sheets in the co-sprayed electrodes may block ion access to the inner parts

of the electrode.36

Galvanostatic charge/discharge cycling over a maximum voltage range of 0.5 V, de-

termined from the CV curves, at a current density of 1 A g−1 was performed for

NiO and NiO-g composite electrodes and the resulting curves are shown in Figure

6.12. NiO-g co-synthesis electrodes showed qualitatively similar charge and dis-

charge profiles to pure NiO electrodes in Figure 6.12 (b) and (a) respectively, with a

flat plateaux in charge and discharge curves for both electrodes at 1.35/1.3 V corre-

sponding to the faradaic charge transfer reaction in Equation 6.1. Discharge times at

equivalent current densities were 60 - 100% longer for NiO-g co-synthesis electrodes

than for NiO electrodes, which corresponded to their higher specific capacitance and

improved charge storage. Co-sprayed samples in Figure 6.12 (c) exhibited less pro-

nounced discharge plateau than NiO and co-synthesised electrodes. A reduction in

discharge times occurred when NiO and NiO-g co-synthesis electrodes were contin-

143



uously cycled that led to a gradual reduction in capacitance, as shown in Figure

6.13. In contrast, co-sprayed NiO-g electrodes showed increasing capacitance up to

100 cycles, which may have been caused by their improved electrode structural in-

tegrity due to the higher amount of carbon in the electrode and/or improved physical

contact between the two materials as cycling proceeded. NiO-g electrodes from co-

suspensions in Figure 6.12 (d) provided negligible charge storage and a large vertical

“IR” drop at the start of the discharge, further supporting that their poor electro-

chemical performance was due to increased resistance caused by the use of SDS in

the electrode processing.

Figure 6.12: Charge discharge graphs for the 2nd, 10th, 50th and 100th cycle for elec-
trodes (a) NiO only (b) NiO-g co-synthesis (c) NiO-g co-spray and (d) NiO-g co-suspension

The improved electron transport afforded by the addition of graphene was further

studied by electrochemical impedance spectroscopy over the frequency range 100,000

- 0.01 Hz. Complex plane Nyquist plots of NiO and NiO-graphene composite elec-

trodes taken at the open circuit potential are shown in Figure 6.14. The diameter of
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Figure 6.13: Capacitance calculated from discharge curves for NiO and NiO-g composite
electrodes

the high frequency semi-circle is commonly related to charge transfer resistance and

was estimated to be ∼1500 Ω for the NiO-g co-suspension electrode, compared with

∼50 Ω for NiO and NiO-g co-sprayed, and < 10 Ω for the NiO-g co-synthesis elec-

trodes. Thus, charge transfer behaviour was consistent with capacitances obtained

by CV and charge/discharge measurements. Henceforth, all nickel oxide-graphene

(NiO-g) electrodes described refer to ‘co-synthesis’ sprayed electrodes.

Figure 6.14: Nyquist plots of NiO and NiO-graphene composite electrodes at OCP with
the high frequency semi-circle shown in inset
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6.6.2 Optimised composite electrode - further tests

Cyclic voltammetry data can be used to probe the reversibility and kinetics of elec-

tron transfer reactions in solution, and the CV curves for NiO-g electrodes at scan

rates up to 100 mV s−1 shown in Figure 6.15 indicate the symmetric behaviour of

the anodic and cathodic reaction in this case.

Figure 6.15: Cyclic voltammetry curves for nickel oxide-graphene composite electrodes
at scan rates between 2 and 100 mV s−1 in 2 M KOH

Using data from these CV curves, Figure 6.16 reveals a strong linear dependance

of both the anodic and cathodic reaction peak current with the square root of the

scan rate (ν1/2). This behaviour is typical of a “fast” electron transfer process at the

electrode/electrolyte interface controlled by linear diffusion kinetics to the electrode

surface.37 The potential separation of peak currents between the anodic and cathodic

sweep increases with scan rate, from 100 mV at 2 mV s−1 to 380 mV at 100 mV s−1,

and further at higher scan rates, which is due to the progressive limitation placed

on the reaction due to limited ion diffusion at high scan rates.

To evaluate the rate performance of NiO-g electrodes, galvanostatic charge/discharge

cycling was performed at current densities between 1 and 50 A g−1 and corresponding
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Figure 6.16: Peak current vs square root scan rate

capacitances calculated from the discharge curves according to Equation 6.4 are

shown in Figure 6.17. A maximum capacitance of 254 F g−1 was obtained at 1 A

g−1, which was retained at over 100 F g−1 even for extremely high charging currents

of 50 A g−1. Capacitances were comparable with, but slightly lower than, NiO-

graphene composite electrode manufactured by slurry/casting onto Ni foam38 where

a specific capacitance of 274 F g−1 was achieved at 1 A g−1 and 220 F g−1 at 10 A

g−1, compared with 162 F g−1 at 10 A g−1 in this work.

Figure 6.17: Specific capacitance and columbic efficiency of nickel oxide-graphene elec-
trodes from galvanostatic charge/discharge tests at charging current densities of 1 - 50 A
g−1 in 2 M KOH
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The columbic efficiency (η) of cycling was calculated according to:

η =
td
tc
∗ 100 (6.5)

where td/c are the time to discharge/charge respectively. The electrodes showed

high columbic efficiencies of over 90 % at all current densities suggesting excellent

electrochemical reversibility.

6.6.3 Effect of a nickel foam substrate

Given its relatively widespread use in the literature as a substrate for nickel oxide

based supercapacitors, and to test the effect that the substrate/current collector

material and morphology may have on energy storage behaviour, the optimised nickel

oxide-graphene co-synthesis composite suspension was sprayed onto PEI pre-coated

nickel foam, rather than the “flat” ITO coated glass slides previously described. This

electrode material/substrate combination is referred to as NiO-g/Ni.

As supplied Ni foam can be expected to provide an enhanced surface area per unit

area of current collector compared with the flat ITO glass substrates, and as shown

in Figures 6.18 (a) - (c) the foam comprised an extremely open framework, truss-

like structure. The nanostructured morphology of the NiO-g was maintained after

spray deposition onto this Ni foam, as shown in Figures 6.18 (d) - (f), where the

as-deposited nano-structure appeared qualitatively similar to the plan morphology

of the same material on ITO coated glass, but now coated over the majority of the

Ni foam surface.
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Figure 6.18: SEM image of (a) - (c) macrostructure of NiO-graphene coated Ni foam
and (d) - (f) zoom in of NiO-graphene coating

NiO-g/Ni electrodes were first cycled at 50 mV s−1 in a three electrode cell under

conditions identical to those used for NiO-g/ITO electrodes (Section 6.6.2) and bare

Ni foam (Section 6.4) and the resulting CV curves of bare nickel foam (black) and

NiO-g/Ni (red) for the 2nd, 50th, 100th and 200th CV cycle are shown in Figure

6.19. From Equation 6.3, the increased area under the CV curve indicated that the

NiO-g coating on Ni foam provided a significantly improved charge storage capability

compared with Ni foam alone. The increased charge storage must arise from surface

redox reactions of the deposited NiO-g material discussed previously, although it
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Figure 6.19: CV curves at a scan rate of 50 mV s−1 in 2 M KOH for Ni foam (black)
and NiO-g on Ni foam (red) for the (a) 2nd (b) 50th (c) 100th and (d) 200th cycle

was not possible to exclude some contribution from the Ni foam substrate. The

minimum possible charge storage provided by NiO-g on Ni foam was calculated by

subtracting the integrated area under the Ni foam curves from the integrated area

under NiO-g/Ni curves at the same cycle number and scan rate:

Cs =
(
∫
IdVNiOg/Ni −

∫
IdVNifoam)

(2.ν.∆V.m)
(6.6)

Capacitance calculated from Equation 6.3 for NiO-g/Ni electrodes with and without

subtracting Ni foam contributions (Equation 6.6) up to 200 cycles are shown in Figure

6.20. When only the raw data is considered, the capacitance of NiO-g/Ni electrodes

appeared to almost double from 404 F g−1 during cycle 1 to 812 F g−1 during

cycle 200. However, as already shown in Figure 6.3 (b) this increase in capacitance
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Figure 6.20: Capacitance from CV curves 1) calculated from raw data (black) and 2)
calculated subtracting the effect of Ni foam contribution (red)

behaviour also occurred for the Ni foam only when cycled in KOH. When
∫
IdVNifoam

was subtracted from
∫
IdVNiOg/Ni, a marginal increase in capacitance over the first

10 cycles occurred followed by stabilisation at ∼450 F g−1. From microscopy, most of

the Ni foam surface was coated with NiO-g, and therefore it was unlikely that there

was a majority contribution of the Ni foam surface to electrochemical reactions once

spray coated. The approximate method developed here allows for the maximum

effect of substrate reactions on behaviour to be estimated. Consequently, it is likely

that the “true” specific capacitance of NiO-g on this reactive, high area substrate

lies somewhere in between the red and black lines in Figure 6.20.

Figure 6.21 compares specific capacitance as a function of scan rate for NiO-g/ITO

glass with NiO-g/Ni (with and without Ni foam contribution considered). Deposition

onto Ni foam increased the specific capacitance at all scan rates, including when any

Ni foam contributions were accounted for, from 248 to 742 F g−1 at 2 mV s−1 and

from 221 to 319 F g−1 at 200 mV s−1. The increase in specific capacitance may be

attributed primarily to an increase in surface area from 1 cm2 for flat ITO electrodes

to 8.7 cm2 for porous Ni foam, assuming coating was possible throughout the Ni

foam. The NiO-g nanostructures were deposited in a relatively densely-packed layer,
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Figure 6.21: Capacitance calculated from cyclic voltammetry at scan rates from 2 to 250
mV s−1 for NiO-g composites on ITO coated glass, NiO-g/Ni from raw data and NiO-g/Ni
with the contribution from the substrate subtracted

as shown in Figure 6.2 (b), and so the highly porous Ni foam substrate allowed higher

accessibility of electrolyte ions to the surface of NiO at comparable electrode mass

loading. A higher surface area additionally allowed for thinner film coatings for a

similar electrode mass, and therefore facilitated shorter electron and ion diffusion

lengths.

Galvanostatic charge/discharge curves for NiO-g/Ni electrodes at charging currents

10 - 100 A g−1 are shown in Figure 6.22 (a) and the corresponding capacitance

estimated from the discharge curves up to 1000 cycles are shown in Figure 6.22 (b).

Specific capacitances for the NiO-g/Ni electrodes of over 300 F g−1 were maintained

up to an extremely high charge density of 100 A g−1, which is much higher than

many reports of nickel oxide/graphene composites that often use charge/discharge

current densities as low as 0.2 A g−1,39 and rarely greater than 30 A g−1.40 Although

lower charge/discharge currents often result in higher specific capacitance values,

they do not fully highlight the extremely high power potential of these composite

electrodes.
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Figure 6.22: (a) Charge and discharge curves for NiO-g/Ni foam electrodes at charge
densities 10 - 100 A g−1, (b) capacitance from NiO-g/Ni discharge curves at up to 1000
cycles at charging currents between 10 and 100 A g−1, (c) discharge curves of NiO-g/Ni
and Ni foam electrodes at 20 A g−1, and (d) capacitance as a function of charging density
for NiO-g/Ni raw data and NiO-g/Ni after Ni foam contribution was removed

Representative discharge curves for NiO-g/Ni (solid lines) and Ni foam (dashed lines)

up to 1000 cycles at a discharge current density of 20 A g−1 are shown in Figure 6.22

(c). Both electrodes showed an increase in discharge time with cycling, although

the increase was much more pronounced for NiO-g/Ni foam electrodes. Similarly,

when calculating capacitance from discharge curves according to Equation 6.4, the

contribution from Ni foam was approximated and accounted for by subtracting the

integrated area under Ni foam alone discharge curves. At all current densities, by

cycle 1000, this corresponded to ∼15 % decrease in capacitance, shown in Figure
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6.22 (d). The specific capacitance calculated from charge/discharge was higher than

reports of nickel oxide nanoflakes grown directly on nickel foam during hydrothermal

synthesis41 with no graphene/conductivity element included, where specific capaci-

tance at 10 A g−1 was 383 F g−1 compared with 571 F g−1 in this work. The sprayed

composite electrodes also showed improvements compared with NiO-graphene on Ni

foam42 where the capacitance stabilised at a maximum of 400 F g−1 during cycling

at a comparatively low discharge current of 2 A g−1. Reports of graphene oxide-

NiO composites manufactured through an electrophoretic deposition (EPD) process

achieved a specific capacitance of approximately 460 F g−1 at a current density of

10 A g−1, less than the capacitance in this work, despite the use of expensive EPD

for graphene oxide synthesis.

6.6.4 Conclusions

Nickel oxide-graphene composite electrodes have been prepared using a spray de-

position route on ITO coated glass and porous nickel foam substrates. Aqueous

suspensions of exfoliated graphene were incorporated to reduce rapid capacitance

fading of NiO at high scan rates due to sluggish electron transfer. The processing

route utilised for the addition of graphene was explored and a co-synthesis technique

shown to result in superior energy storage characteristics due to improved physical

interaction and electron transfer between NiO and graphene, and a higher concentra-

tion of graphene defects, assumed to aid ion mobility throughout the electrode.

The electrochemical contribution of the substrate for NiO-graphene on Ni foam elec-

trodes, which is often neglected in the literature, was considered and approximations

made in an attempt to separate out the contribution to charge storage from each
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material. Specific capacitance was greatly affected by the substrate choice, with a

maximum capacitance from cyclic voltammetry of 248 F g−1 at 2 mV s−1 when ITO

glass was used compared with between 743 and 940 F g−1 for NiO-g/Ni foam com-

posites. For a NiO-g/Ni electrode, high capacitance of over 300 F g−1 was sustained

at extremely high charging densities of 100 A g−1 and charge/discharge stability was

maintained up to at least 1000 cycles.
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Chapter 7

Asymmetric supercapacitor

devices with all-sprayed

electrodes

7.1 Introduction

Over the last decade there has been a rapid increase in the number of research papers

concerning electrode materials for electrochemical capacitors, with the vast major-

ity involving investigations into electrode behaviour in a conventional three elec-

trode electrochemical cell. Although three electrode testing is necessary to evaluate

carefully the electrochemical reactions, cycle life and stability window of individual

electrodes, for use in practical applications, these single electrodes - such as those

described in Chapters 4 and 6 - must be paired to form full-cell devices where one

electrode acts as the anode and the other the cathode. Pairing two electrodes in-
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evitably reduces the capacitance of the device when compared with the individual

electrodes since the cell functions as two capacitors in series. This gives a maximum

device capacitance of half of the individual electrodes tested in a three cell set up

according to:

1

Ccell
=

1

C+

+
1

C−
(7.1)

where Ccell is the capacitance of the device and C+/− are the individual cath-

ode/anode capacitances measured in a three electrode set up. This results in Ccell

= C+

2
when C+ = C− for a symmetric device and Ccell being limited by the lowest

capacitance electrode where C+ 6= C−. If gravimetric capacitance is considered, the

specific capacitance is reduced further by an additional factor of 2 as the total mass

of electrode materials is doubled.

The maximum energy density (Wh L−1) / specific energy (Wh kg−1) provided by a

full-cell supercapacitor device is:1

Emax =
1

2
C∆V 2 (7.2)

where C is specific capacitance and ∆V is the operating potential of the device.

To maximize specific energy, both the capacitance and voltage window must be

maximised; however, the square term relating to operating potential means extending

∆V is a more efficient way of increasing specific energy. The capacitance provided

by an electrode is an intrinsic property of the active material involved but as shown

in earlier chapters, it may be maximised by controlling the morphology/structure of

the electrode to increase surface area and enhance electron and ion mobility.
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Where an aqueous electrolyte is employed, ∆V is limited by the breakdown (elec-

trolysis) of water with H2 and O2 evolution occurring beyond ∆V = 1.23 V. One way

the potential limit may be circumvented is through the use of organic electrolytes

or room temperature ionic liquids that can provide a potential window of up to 3

V or more.2, 3 Nonetheless, an aqueous system may still be attractive from an in-

dustrial/commercial perspective due to high ion mobilities in aqueous systems and

therefore high power delivery, and to avoid the safety risks of expensive, toxic and

flammable organic solvents.

To extend the operating potential window of an aqueous device, two non-equivalent

electrodes can be paired as anode and cathode with complementary operating volt-

age windows in the same electrolyte in order to extend hydrogen/oxygen evolution

overpotentials. This technique has been widely used in battery systems such as the

lead-acid battery that has an operating potential of 2 V in aqueous H2SO4.

When considering the performance of full-cell supercapacitors, it is important to

retain the high power density of single electrodes while providing a useable specific

energy as, since where higher energy densities are pursued, care must be taken not

to sacrifice power density so that the device begins to act simply as a low per-

forming battery with few practical applications. For example, a recent activated

carbon//Ni(OH)2 asymmetric device reached specific energy of 36 Wh kg−1,4 that

was exceptional for a supercapacitor, but the specific power was sacrificed to only

100 W kg−1, which was comparable with the low power performance of a Li-ion

battery.

Typical asymmetric supercapacitors consist of one faradaic, or pseudocapacitive,

electrode and one EDLC electrode i.e. a metal oxide electrode paired with a car-

bon electrode such as Ni(OH)2//carbon,5–10 MnO2//carbon,11–17 CNT//TiO2
18 and
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RuO2//carbon.19, 20 Nickel oxides are sensible candidate materials for asymmet-

ric supercapacitors because of their high theoretical capacitance, excellent cycling

stability in KOH but a relatively low active potential window (∼0.5V) in a symmet-

ric full-cell device. Iron oxides have a more negative active potential window than

most other transition metal oxides and so are of interest as a higher energy density

replacement anode for carbon in asymmetric devices.

In this chapter, the FeOx/MWNT and NiO-g sprayed electrodes previously described

in Chapters 4 and 6 are investigated for their suitability in various full-cell configu-

rations involving carbon black as an EDLC electrode.

7.2 Experimental details

All materials were purchased from Sigma (UK) and used without further purifica-

tion.

7.2.1 Electrode processing

FeOx/MWNT and NiO-g electrodes on ITO, stainless steel (SS) and copper foil were

prepared as described previously in Chapters 4 and 6 respectively.

High surface area commercial carbon black electrodes, henceforth referred to as SC3

(commercial name), were prepared by sonicating a 5 mg ml−1 mixture of SC3 in NMP

with 5% PTFE added at 100% ultrasonic amplitude for 5 minutes to form a stable

suspension. SC3 suspensions were then sprayed at a flow rate of 1 ml min−1 onto

ITO, stainless steel (SS) and copper foil substrates heated to 200 ◦C and pre-treated
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with a thin layer of polyethyleneimine (PEI).

ITO and SS substrates were pre-cut to 2 x 1 cm with a 1 x 1 cm section exposed

to the atomised spray droplets. Copper foil was coated over a 30 x 30 cm area to

allow punching of 8 - 15 mm diameter circular disks for use in swagelok and coin

cells.

7.2.2 Electrochemical testing

Individual carbon black (SC3) electrodes were tested by cyclic voltammetry in a

three electrode arrangement using aqueous electrolytes (2 M KOH, 0.5 M Na2SO3,

0.5 M Li2SO4). A Pt coated Ti wire was used as the counter electrode, a calomel elec-

trode (SCE) as reference electrodes in Li2SO4 and Na2SO3 and a hydroflex electrode

as reference electrode in KOH to prevent potential shifting and electrode degrada-

tion.

The specific details of the various two electrode electrochemical cell arrangements

were dependent on the particular electrolyte and substrate used. For cells using

KOH, ITO coated glass substrates were used to avoid substrate-electrolyte inter-

action. The ITO/glass substrates were conductive only on the single ITO coated

face rather than through the substrate and so could not act as a double-sided cur-

rent collector. Additionally, the brittle glass prevented post-spray modification of

the electrode area. These properties precluded use of ITO/glass in standard two-

electrode cells (swagelok, button, coin) and so to test the electrochemical behaviour

on these substrates, two electrodes were pressed together separated by a glass mi-

crofibre membrane (300 µm, Whatman) wetted with KOH, the assembled layers held

together with a plastic clip, and then immersed in electrolyte solution.
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FeOx/MWNT and SC3 electrodes deposited on copper foil substrate/current collec-

tor were suitable for use in the more device-like swagelok and coin cells. Electrodes

were punched from coated copper foil sheets to circular electrodes of 8 - 12 (swagelok)

and 15 mm (coin cell) diameter. Coin cells were assembled by layering cathode -

wetted glass fibre separator - anode - stainless steel current collector - spring/spacer

and packaging in standard coin cell casing before sealing using a hydraulic crimper.

Swagelok cells were assembled with two electrodes facing each other, separated by

an electrolyte wetted glass fibre separator and held together by pressure applied via

the screw/thread.

All electrochemical testing was carried out using a Gamry Reference 600 potentiostat.

Cyclic voltammetry was carried out in the optimised potential window at scan rates

between 2 and 500 mV s−1. Galvanostatic charge and discharging was carried out at

current densities of 0.1 - 20 A g−1. Cycling behaviour was studied by galvanostatic

charge and discharging at 1 A g−1 for 500 cycles. Specific capacitance values were

reproducible to +/- 10 F g−1. Electrochemical impedance spectroscopy was carried

out using a face-to-face arrangement submerged in a glass cell of the electrolyte with

no separator and an electrode separation distance of 5 mm.

7.3 Results and discussion

7.3.1 Materials and electrode characterisation

Material characterisation data for FeOx/MWNT and NiO-g electrodes can be found

in Chapters 4 and 6 respectively. The SC3 carbon electrodes comprised of carbon

nanoparticles that were spray deposited to form electrodes with an average thick-
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ness of 5 µm. The specific surface area and micropore volume have been estimated

previously to be 3069 m2 g−1 and 0.22 cm3 g−1 respectively.21

When two non-identical paired electrodes are charged, any applied voltage will split

across the cell according to the capacitance of each electrode, that depends on spe-

cific capacitance and deposited mass. To ensure that the maximum cell voltage is

achieved, the charge on both electrodes must be balanced i.e. q+ = q−. As q =

m * C * ∆E where m is electrode mass, C is specific capacitance and ∆E is the

electrode operating potential window, for two electrode arrangements discussed in

this chapter, the mass ratio of anode to cathode material was calculated according

to:22

ma

mc

=
Cc ∗∆Ec
Ca ∗∆Ea

(7.3)

using the capacitance data from three electrode experiments, and the appropriate

mass ratios, which are shown in Table 7.1. For symmetric devices, a 1:1 mass ra-

tio of anode:cathode material was suitable whereas for asymmetric devices, different

electrode masses on the anode and cathode were used to balance charge across the

electrodes so that one electrode did not degrade quicker than the other if fading were

to be problematical. The deposited mass was calculated by weighing substrates be-

fore and after spraying and consequently represented the total mass of the electrode,

including any conductivity additives (MWNT, graphene) and binder (PTFE), rather

than the electrochemically active material only.
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Anode Cathode Electrolyte
Ca

(Fg−1)
Cc

(Fg−1)
∆Ea

(V)
∆Ec

(V)
ma

mc

FeOx/MWNT FeOx/MWNT
Na2SO3

Li2SO4

312 312 1.1 1.1 1

FeOx/MWNT SC3 Li2SO4 148 103 1.1 1 0.63
SC3 NiO-g KOH 114 248 1 0.6 1.3

FeOx/MWNT NiO-g KOH 49 248 1 0.6 3

Table 7.1: Mass balancing data for iron oxide, nickel oxide and carbon electrodes in
various full-cell arrangements

7.3.2 A carbon black supercapacitor electrode

Untreated commercial carbon black has displayed attractive properties as a super-

capacitor electrode with high cycling stability and high capacitance in aqueous elec-

trolytes in previous work in the group.21 Carbon black is low cost, non-toxic and

abundant and displays energy storage capabilities in a range of aqueous electrolytes

over varying potential ranges with fast kinetics and therefore high power capabilities,

making it an ideal candidate for use in asymmetric supercapacitor devices.

To deduce suitable operation potentials for full-cell devices involving SC3 carbon

black, sprayed SC3 electrodes were first tested in a three-electrode configuration

using 2M KOH, 0.5 M Na2SO3 and 0.5 M Li2SO4 electrolytes and the resulting

cyclic voltammograms at scan rates of 2 - 250 mV s−1 are shown in Figures 7.1 (a)

to (c) respectively.

All the voltammograms displayed a generally rectangular/parallelogram shape with

no significant redox peaks suggesting charge storage was largely double layer (EDLC)

in KOH, Li2SO4 and Na2SO3. The current response at switching potentials lagged

slightly in Li2SO4 indicating some resistive behaviour and that ion mobility was slow-

est in this electrolyte. The electrochemical stability window differed in the different
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Figure 7.1: Cyclic voltammograms for SC3 carbon in (a) KOH (b) Li2SO4 and (c) Na2SO3

at scan rates of 2 - 250 mV s−1

electrolytes based on the electrolyte pH and concentration that affected hydrogen

and oxygen evolution overpotentials.

In 2 M KOH, the operating potential was between -1 and 0 V vs SCE, which was more

negative than the electrochemical window and hydrogen evolution overpotential for

NiO-g electrodes in Chapter 6.6.4 (between 1 and 1.6 V vs hydroflex/0 and 0.6 V

vs SCE). When SC3 electrodes were cycled in 0.5 M Na2SO3, the active potential

range was between -1 and 0 vs SCE with oxygen evolution occurring at 0.4 V vs

SCE. This directly overlapped with the potential window of FeOx/MWNT electrode

in the same electrolyte suggesting that pairing FeOx/MWNT with SC3 in Na2SO3
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would not result in an extended operating potential and no significant improvement

in specific energy. However, when SC3 electrodes were cycled in Li2SO4, the gas

evolution overpotentials shifted to higher potentials and SC3 electrodes were then

active between 0 and 1 V vs SCE, and were therefore potentially suitable as an

asymmetric cathode for FeOx/MWNT in Li2SO4.

Figure 7.2: Capacitances from the CV curves of SC3 in 0.5 M Na2SO3 (green), 0.5 M
Li2SO4 (red) and 2 M KOH (black)

Specific capacitances calculated from cyclic voltammetry at scan rates 2 - 250 mV

s−1 are shown in Figure 7.2. When compared with the metal oxides in earlier chap-

ters, there was much lower capacitance fading at high scan rates. Electrodes cy-

cled in KOH showed the lowest capacitance fading as the relatively small, mobile

OH− ions allowed for improved kinetics compared with larger, lower mobility SO2−
3/4

ions.23

7.3.3 An iron oxide symmetric capacitor

To first test the behaviour of a symmetric supercapacitor arrangement, FeOx/MWNT

symmetric two-electrode devices were constructed using a swagelok cell arrangement.

169



Copper foil was chosen as the substrate/current collector that provided low mass and

high mechanical flexibility. The separator was pre-soaked in 0.5 M Na2SO3 electrolyte

solution as FeOx/MWNT electrodes exhibited preferable energy storage behaviour

in this electrolyte (Chapter 4). The symmetric devices were characterised by cyclic

voltammetry and galvanostatic charge/discharge operating over potentials of 1.2 and

1 V respectively.

Figure 7.3: (a) Cyclic voltammograms and (b) capacitance calculated from CV curves
for FeOx/MWNT full-cell

Figure 7.3 (a) shows cyclic voltammetry curves and (b) the corresponding estimated

capacitances at scan rates between 2 and 150 mV s−1 in Na2SO3. The symmetric

FeOx/MWNT devices exhibited a maximum capacitance of 88 F g−1 at a scan rate

of 2 mV s−1 that rapidly decayed to less than 30 F g−1 at 100 mV s−1, and were

lower than single electrodes in a three cell configuration (maximum of 312 F g−1),

as expected from Equation 7.1.

The cycling behaviour measured by galvanostatic charge/discharging in Na2SO3 is

shown in Figure 7.4 for current densities of 0.1 to 1 A g−1. Both the charging

and discharging profiles exhibited non-linear behaviour, particularly above 0.9 V,

due to the pseudocapacitive reactions of SO2–
3 , although the plateaux and inflection

potentials were not as obvious as those in the single electrode tests, especially during
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Figure 7.4: Charge discharge curves of FeOx/MWNT symmetric cells at a current density
of (a) 1 A g−1, (b) 0.5 A g−1 and (c) 0.1 A g−1

discharge. After 100 cycles, capacitance retention was 66% at 1 A g−1 and 75% at 0.1

A g−1, which falls below the rule-of-thumb 80% fading of initial capacitance.

7.3.4 An iron oxide - carbon black asymmetric supercapac-

itor

Most reports of asymmetric supercapacitors use a carbon-based anode4–8, 11–20, 24–27

to provide high stability and high hydrogen evolution overpotential. Despite the

potential increase in specific energy due to pseudocapacitive reactions, as well as this

high hydrogen evolution overpotential, low cost and environmental stability, there

have been few reports of iron oxide anodes in asymmetric supercapacitor devices:

iron oxide has been paired successfully with MnO2
28, 29 in aqueous electrolytes and

CNTs30 and activated carbon31 in non-aqueous systems.
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FeOx/MWNT electrodes were investigated for their suitability in an asymmetric

two-electrode configuration using an SC3 electrode as the cathode and a Li2SO4

electrolyte. As Li2SO4 is benign and non-corrosive, a copper foil substrate/current

collector was used and so the device could be tested utilizing swagelok and coin cells

with a glass-fibre separator. CV curves of FeOx/MWNT and SC3 single electrodes

in Li2SO4 are shown in Figure 7.5. The FeOx/MWNT electrode response was pseu-

docapacitive with two clear redox peaks at -0.9/-0.4 V vs SCE suggesting charge

storage arose from both double layer capacitance and a pseudocapacitive reaction at

the iron oxide surface. The hydrogen evolution reaction occurred at potentials <-1 V

vs SCE. The SC3 electrode response was largely rectangular showing the beginning

of oxygen evolution at 1 V vs SCE suggesting that cathodic charge storage was due to

primarily double later capacitance. The electrochemical stability windows of the two

electrodes therefore overlapped across a common voltage range, indicating that cell

voltages of up to 2 V may be possible for an asymmetric full-cell arrangement.

To elucidate the applicable operating voltage window (OVW) for the asymmetric

cell, FeOx/MWNT-SC3 devices with a mass ratio of ma

mc
= 0.63 were cycled at 50

mV s−1 with increasing maximum cell potentials from 0.5 V to 2 V, and the resulting

CV curves are shown in Figure 7.5 (b). When the OVW was limited to <1.2 V a

constant current response occurred with a rectangular CV curve as charge storage

arose only from double layer capacitance. Small deviations in the CV curves in

the form of superimposed peaks emerged at operating potentials >1.2 V due to

the onset of previously identified pseudocapacitive reactions in the FeOx/MWNT

electrode. Capacitances estimated from the CV curves in Figure 7.5 (b) are shown

in Figure 7.5 (c) and indicated a sharp increase at an OVW of 1.5 V as the FeOx

pseudocapacitive reactions were activated. There was an increase in capacitance up

to the maximum OVW of 2 V, and so 2 V was chosen as a suitable cell potential for
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Figure 7.5: (a) Cyclic voltammograms of FeOx/MWNT and SC3 carbon in a three
electrode arrangement in 0.5 M Li2SO4 electrolyte at a scan rate of 10 mV s−1, (b)
FeOx/MWNT-SC3 two electrode cell across different potential windows at a scan rate of 50
mV s−1, (c) capacitance calculated from CV curves in (b) and, and (d) FeOx/MWNT-SC3
two electrode arrangement at scan rates of 2 - 250 mV s−1 in Li2SO4

the FeOx-SC3 arrangement.

Galvanostatic charge/discharge studies were performed on FeOx/MWNT-SC3 de-

vices at charging currents between 2.5 and 15 A g−1 and the resulting charge/discharge

curves for the 500th cycle are shown in Figure 7.6 (a). There was a relatively large

IR drop of approximately 180 mV on current switching, due to ohmic resistance

across the swagelok cell caused by both the intrinsic electrode resistance and in-

hibited mobility across the separator. This might be improved by optimising the

separator thickness and material to maximise ion mobility, and by improved cell

design to maximise contact between the electrode material/current collector and

electrode/separator.
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Figure 7.6: (a) 500th charge/discharge cycle for FeOx/MWNT-SC3 cells at charge den-
sities 0.5 - 5 mA (b) Capacitance from charge/discharge cycling test with 5 cycles at 2
mA shown inset (c) Capacitance as a function of discharge current (d) Specific power and
energy for FeOx-SC3 cells from charge/discharge cycling

Both charge and discharge curves displayed a non-linear response to a constant

current due to the pseudocapacitive activity of the FeOx/MWNT electrode. To test

the stability of the arrangement, devices were subject to 500 charge/discharge cycles

and the capacitance calculated from discharge curves is shown in Figure 7.6 (b) with

the inset figure showing 5 consecutive charge/discharge cycles at a charging current

of 2 mA. After an initial increase in capacitance over the first 10 - 100 cycles as the

electrode/separator/electrode arrangement settled, the capacitance stabilised at all

current densities.

Specific energy E and power W for the device were calculated from these capaci-
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tances using Equations 7.226, 27, 32, 33 and

W =
E.D.

t
(7.4)

respectively where t is the discharge time (h) after any IR drop occurred. Figure

7.6 (d) shows a maximum specific energy of 13 Wh kg−1 at a specific power of 3,060

W kg−1 which reduced to 6.6 Wh kg−1 at a specific power of 23,600 W kg−1. These

energy and power densities are discussed further in terms of the other configurations

studied later.

7.3.5 A nickel oxide - carbon black asymmetric supercapac-

itor

The combination of a nickel oxide or hydroxide cathode with a carbon anode is

one of the most commonly explored asymmetric supercapacitor systems. Most of-

ten a faradaic, battery like nickel cathode in the form of Ni(OH)2 to provide high

energy potential is paired with a carbon EDLC anode to provide high power poten-

tial (Ni(OH)2//AC,5, 8 Ni(OH)2//CNT7, 10 Ni(OH)2//graphene6), however it is also

possible to use a pseudocapacitive NiO cathode (NiO//AC,24 NiO//rGO25).

NiO-graphene (NiO-g) composite electrodes were tested in a two-electrode asymmet-

ric configuration with an SC3 electrode as the anode and a 2 M KOH electrolyte.

As the electrolyte necessary for NiO pseudocapacitive reactions was KOH, the sub-

strate/current collector used was ITO/glass and electrodes were pressed together,

separated by a wetted glass fibre separator, as described in section 7.2.2. CV curves

of individual NiO-g and SC3 electrodes tested in a three electrode cell with 2 M
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KOH electrolyte are shown in Figure 7.7 (a). NiO-g electrodes exhibited pseudo-

capacitive behaviour between 1 and 1.6 V vs hydroflex with large, reversible redox

peaks at 1.25/1.41 V, while SC3 displayed double layer capacitive behaviour with a

rectangular current response between 0 and 1 V vs hydroflex. The combination of

these two materials indicated that a cell voltage of 1.6 V may be possible for a two

electrode configuration.

CV curves of two-electrode devices with a mass ratio of ma

mc
= 1.3 cycled at 50 mV s−1

at operating voltage windows (OVW) between 0.5 and 1.9 V are shown in Figure 7.7

(b). When the OVW was <0.8 V, the CV curves displayed a quasi-rectangular shape,

suggesting primarily double-layer capacitance. As the OVW reached 0.8 V, gentle

peaks emerged as redox activity/pseudocapacitance began on the NiO-g cathode.

The redox peaks continued to increase in height to a maximum at an OVW of 1.6

V, beyond which the peaks became distorted due to gas evolution reactions.

Corresponding capacitances from Figure 7.7 (b) are shown in Figure 7.7 (c), reaching

a maximum of 21 F g−1 when OVW = 1.7 V, above which electrode degradation

caused capacitance fading. Although a maximum capacitance was achieved at OVW

= 1.7 V, the half cell behaviour suggested that oxygen evolution may occur at ∼ 1.6

V, and so the device was cycled over a range of scan rates at an operating voltage

of 1.6 V to maximise the operating potential and capacitance without excessively

undermining cycle life. CV curves of the two electrode NiO-g-SC3 device operated

at 1.6 V at scan rates of 2 - 200 mV s−1 are shown in Figure 7.7 (d) with the NiO-g

redox activity indicated by the current peaks at ∼0.4 and ∼1 V, which was largely

maintained at all scan rates investigated.

Although cyclic voltammetry can be used to evaluate qualitatively the electrochem-

ical behaviour of a cell, it has been suggested34, 35 that a more accurate method
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Figure 7.7: (a) Cyclic voltammograms of SC3 carbon and NiO-g in a three electrode
arrangement in 2 M KOH electrolyte at a scan rate of 10 mV s−1, (b) cyclic voltammetry
curves of SC3-NiO-g two electrode cell across different potential windows at a scan rate of
50 mV s−1, (c) capacitance calculated from CV curves in (b) as a function of operating
potential, and (d) cyclic voltammetry curves of a SC3-NiO-g two electrode cell at scan
rates of 2 - 250 mV s−1

of determining the highest acceptable voltage of a cell is to use electrochemical

impedance spectroscopy (EIS). Because of the discrepancy in the apparent optimum

OVW from cyclic voltammetry tests, EIS was performed on two-electrode cells at

various cell polarizations and at frequencies between 100,000 and 0.01 Hz. The

impedance behaviour was modelled and fitted using the equivalent circuit shown in

Figure 7.8, which has been suggested for an asymmetric supercapacitor containing

one EDLC and one pseudocapacitive electrode.16, 34 According to the model, RESR

represents the equivalent series resistance of the system which encompasses elec-

trolyte resistance and resistance through the electrode, Rct represents double layer

charge transfer resistance, Cct represents double layer charge transfer capacitance, W

accounts for a Warburg coefficient caused by finite diffusion within electrode pores
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and Ccell represents the cell capacitance. Both capacitor elements were modelled

as a constant phase element (CPE) that accounts for imperfections in the electrode

surface that cause rotation in the low frequency region of the Nyquist plot by (1-α)

x 90◦. These imperfections can be thought of as arising from a combination of pseu-

docapacitance in the NiO-g electrode and general electrode defects, roughness and

porosity.

Nyquist plots of SC3-NiO-g cells at cell voltages of 1.4 - 1.7 V are shown in Figure

7.9, with an inset showing the high frequency region.

Figure 7.8: Equivalent circuit used to model the SC3-NiO-g cell

Figure 7.9: Nyquist plots of a SC3-NiO-g cell at cell potentials of 1.4 - 1.7 V

Best-fit values of the elements in Figure 7.8 from the EIS spectra in Figure 7.9 are
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Model best-fit parameters Cell OVW
1.4 V 1.5 V 1.6 V 1.7 V

Rct (Ω) 4.6 4.9 5.2 6.3
RESR (Ω) 14 14 13.6 13.6

W (Ωs−
1
2 ) 7 6.5 5 5.5

Cct mF 0.01 0.02 0.04 0.07
αct 0.98 0.98 0.96 0.94

Ccell mF 10 10 10 10.8
αcell 0.90 0.86 0.82 0.76

Goodness of fit 0.87x10−4 0.99x10−4 1.21x10−4 2.18x10−4

Table 7.2: Fitting parameters of equivalent circuit in figure 7.8 at SC3-NiO-g cell poten-
tials of 1.4 - 1.7 V

shown in Table 7.2. To be considered an acceptable fit of the model to actual be-

haviour, the ‘goodness of fit’ parameter should be approximately 1 x 10−4, which is

equivalent to a 1% difference between the calculated and measured impedance.36 All

the best-fit values met this criteria and therefore the model was considered reason-

able. Rct increased from 4.6 to 6.3 Ω as cell potential increased from 1.5 to 1.7 V

because the barrier to ion exchange increased. A CPE can be considered an accept-

able substitution for a capacitor element in an equivalent circuit model when α '

0.9. At 1.4 and 1.5 V α = 0.9 and 0.86 respectively, however, once the cell potential

was at 1.6 V, α = 0.82 and at 1.7 V, α = 0.76, which suggested that another charge

transfer process (gas evolution) had begun to occur and that the highest accept-

able cell potential was 1.5 V if cycle life were to be preserved, despite the higher

capacitance at 1.6 V and 1.7 V from cyclic voltammetry. Therefore subsequently, for

charge/discharge testing and for specific energy and power estimations, a maximum

cell potential of 1.5 V was used.

The galvanostatic charge/discharge behaviour of SC3-NiO-g two electrode cells up to

1.5 V is shown in Figure 7.10. Charge/discharge curves at current densities between

0.5 and 5 mA in Figure 7.10 (a) displayed a typical non-linear shape due to the
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pseudocapacitive NiO-g redox activity with a small IR drop of ∼40 mV in all cases.

Excellent capacitance retention of >98% was maintained after 500 charge/discharge

cycles after an initial increase in the first 15 cycles due to so-called “conditioning”

of the NiO-g electrode, previously seen in other reports.37

Figure 7.10: (a) Charge/discharge curves of SC3-NiO-g two electrode cells at scan rates
of 0.5 - 5 mA, (b) capacitance retention for cycling at 2 mA/cm−1, (c) capacitance from
discharge curves, and (d) Ragone plot of SC3-NiO-g two electrode cells

Energy and power densities estimated from discharge curves after conditioning cycles

are shown in Figure 7.10 (d), with a maximum specific energy of 17 Wh kg−1 at a

specific power of 2,800 W kg−1, which reduced to 7 Wh kg−1 at a high specific power

of 7,900 W kg−1. These energy and power densities are discussed in terms of the

other configurations studied later.
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7.3.6 An iron oxide - nickel oxide asymmetric supercapaci-

tor

The combination of two transition metal oxides as anode and cathode in an asymmet-

ric configuration has not been widely reported, probably due to the increased likeli-

hood of capacitance fading, high electrode resistance and slow reaction kinetics and

therefore lower power potential, when compared with arrangements using one EDLC

(usually carbon) arrangements. Of the relatively few papers, FeOx//MnO2,28, 29

VN//NiO38, 39 and Ta2O5//RuO2
40 arrangements described relatively low power den-

sities, usually not exceeding 3 kW kg−1 and often dropping to lower than 0.5 kW

kg−1 when energy densities were increased above 15 Wh kg−1.

FeOx/MWNT-NiO-g configurations were investigated in a face-to-face two-electrode

arrangement on ITO/glass substrates, 2 M KOH electrolyte and a glass fibre separa-

tor. Cyclic voltammetry curves of the FeOx/MWNT and NiO-g individual electrodes

in KOH at a scan rate of 50 mV s−1 are shown in Figure 7.11 (a). From the pseudo-

rectangular CV with no apparent redox activity, the charge storage mechanism on

the FeOx/MWNT anode in KOH involved relatively weak double layer capacitance

only whereas the charge storage on the cathode involved surface-located pseudo-

capacitance. As there were no through-crystal faradaic reactions, compared with

Fe2O3//Ni(OH)2 devices previously reported,41, 42 this arrangement is more accu-

rately described as an asymmetric supercapacitor rather than an iron-nickel battery.

Due to the large disparity between the charge on each electrode over the respec-

tive potential windows, the mass ratio of this device was much greater than the

other arrangements already described, at ma

mc
= 3 - although this was still lower than

asymmetric devices that combine an EDLC electrode with a battery-like electrode
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where ma

mc
can exceed 5.7, 8 From the individual electrode CV curves, a maximum

two-electrode cell voltage of 1.8 V may be possible before gas evolution occurs.

Figure 7.11: Cyclic voltammograms of FeOx/MWNT and NiO-g (a) each electrode in a
three electrode arrangement in 2 M KOH electrolyte at a scan rate of 10 mV s−1 and (b)
in a two electrode arrangement at scan rates of 2 - 250 mV s−1

Cyclic voltammetry curves of two electrode cells up to 1.8 V at scan rates between 2

and 250 mV s−1 are shown in Figure 7.11 (b) where the pseudocapacitive redox reac-

tion of NiO-g occurred at 1.1 (anodic) and 1.2 (cathodic) V, which were maintained

at scan rates of up to 250 mV s−1.

To evaluate again the maximum acceptable OVW, EIS was performed using the

model described in Figure 7.8 but where the EDLC carbon anode was replaced by a

(largely) EDLC FeOx anode. The resultant Nyquist plots and best-fit values to the

model are shown in Figure 7.12 and Table 7.3 respectively.

Considering the α value of the cell CPE, at potentials of 1.4, 1.5 and 1.6 V, α= 0.87,

0.88 and 0.89 respectively, which suggested that these were acceptable cell potentials

for the cell to be operating as an acceptable capacitive arrangement. However, at

a cell potential of 1.7 V, α = 0.69, which was too low for the model to represent

the real, physical process occurring in the cell. From the shape of the Nyquist plot

in the medium and low frequency regions, a second charge transfer process with a
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Figure 7.12: Nyquist plot of FeOx/MWNT-NiO-g cell in 2 M KOH

Model best-fit parameters Cell OVW
1.4 V 1.5 V 1.6 V 1.7 V

Rct (Ω) 27 26.5 26 24
RESR (Ω) 23 23 23 24

W (Ωs−
1
2 ) 4.31 x10−4 0.006 5 10.5

Cct mF 0.5 0.75 1 0.5
αct 0.84 0.82 0.81 0.84

Ccell mF 840 820 810 840
αcell 0.87 0.88 0.89 0.68

Goodness of fit 2.88x10−4 0.78x10−4 0.52x10−4 3.11x10−2

Table 7.3: Fitting parameters of equivalent circuit in figure 7.8 at FeOx/MWNT-NiO-g
cell potentials 1.4 - 1.7 V

different time constant now occurred, evidenced by the emergence of a second broad

semi-circle. This may be due to an underlying pseudocapacitive/faradaic reaction

of the FeOx
41–43 or the beginning of gas evolution reactions on the electrodes. The

charge transfer resistance (Rct) of the FeOx/MWNT-NiO-g cell was much larger than

cells with a carbon electrode (∼ 25 Ω cf ∼ 5 Ω) because of the higher characteristic

resistance brought about by the combination of two transition metal oxide electrodes,

despite the use of MWNTs and graphene to enhance electrode conductivity.
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Figure 7.13: (a) Cyclic charge/discharging data for FeOx/MWNT-NiO-g cells at 0.5,
1 and 2 mA/cm2, (b) capacitance cycling data, (c) capacitance as a function of current
density, and (d) specific energy and power

The charge/discharge behaviour of FeOx/MWNT-NiO-g cells is shown in Figure 7.13.

Figure 7.13 (a) shows charge/discharge curves at current densities of 0.5 - 5 mA that

all displayed a non-linear shape with a shallow curve between 1.6 and 1 V due to

pseudocapacitive reactions on the NiO-g cathode, together with an inflection point

at 1 V with a steeper, linear portion between 1 and 0 V corresponding to double layer

charge propagation only. The cycling behaviour at the different current densities is

shown in Figure 7.13 (b) and suggested that after initial conditioning of the NiO-g

electrode during the first 10 charge/discharge cycles, excellent capacitance retention

of 98 - 100% was maintained at all current densities.

Corresponding energy and power densities were estimated from Equations 7.2 and

7.4 and a maximum specific energy of 11.3 Wh kg−1 at a corresponding specific
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power of 1.4 kW kg−1 which reduced to 5.6 Wh kg−1 when a high specific power of

8.2 kW kg−1 was achieved.

7.4 Energy and power densities

Typical energy densities for current commercial supercapacitors based on activated

carbon are 1 - 6 Wh kg−1 with power densities up to 15 kW kg−1.44 It is impor-

tant to note that energy and power densities reported for single electrodes45–48 do

not have any ‘real’ meaning in a device context, and give potentially misleading,

high values of specific energy as capacitance is always reduced for two electrode

configurations.

A Ragone plot of the two-electrode cells in this chapter, compared with significant re-

sults from the literature,49 is shown in Figure 7.14. Symmetric FeOx/MWNT devices

showed reduced specific energy compared with all the asymmetric configurations, as

the voltage window was limited to 1 V. Although the highest energy densities from

the literature were not surpassed by any of the sprayed electrode arrangements, ac-

ceptable energy densities of 8 - 20 Wh kg−1 were achieved. Power densities for all

configurations were higher than most of the best literature and not lower than 1 kW

kg−1, possibly due to the thin film nature of the electrodes which was easily control-

lable to <500 nm (if necessary) with spray processing manufacture (although none

of the literature values were also based on this film technologies). If the maximum

specific power/power density of a supercapacitor is defined as:

P =
V 2

4Rs

(7.5)
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and Rs =
2
3
t.r′

A
where t is the electrode thickness,r’ is resistivity and A is the electrode

area, then, keeping all other factors constant, thinner electrodes will almost always

lead to higher power densities.

Figure 7.14: Ragone plot showing specific energy and power for full-cell devices in this
chapter and some of the highest reports from the literature

7.5 Conclusions

Full-cell, all-sprayed, two-electrode devices utilising a combination of optimised tran-

sition metal oxide electrodes, carbon electrodes and a range of aqueous electrolytes in

various combinations were investigated for their energy storage behaviour. Symmet-

ric devices based on FeOx/MWNT in Na2SO3 displayed reduced energy and power

densities and cycling performance due to a restricted operating potential and slower

kinetics for the pseudocapacitive-only reactions.

Asymmetric devices in KOH with a NiO-graphene cathode and carbon black anode
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provided power densities of 2,700 W kg−1 at an specific energy of 17 Wh kg−1 and

could be cycled reversibly with excellent capacitance retention of ∼97 % over 500

cycles. FeOx/MWNT-NiO-g devices had the poorest performance of the asymmetric

devices tested, due to the diminished redox activity of FeOx electrodes in KOH, with

a maximum specific energy of 11.3 Wh kg−1 at a relatively low specific power of 1,350

W kg−1. Asymmetric devices with a FeOx/MWNT anode and a SC3 cathode had a

wide operating voltage window of 2 V in Li2SO4 and produced a maximum specific

energy of 13 Wh kg−1 at a corresponding specific power of 3,100 W kg−1. In general,

the high power densities afforded by the relatively thin film sprayed electrodes were

comparable to commercial symmetric devices using organic electrolytes and with

higher energy densities, due to the wider operating voltage window provided in the

asymmetric arrangement.

For improved performance, substrate choice might be optimised, for example by

replacing ITO glass with a thin, high surface area nickel foam material for practi-

cal applications since the favourable morphology of Ni foam was shown to improve

performance of single NiO-g electrodes in Chapter 6.
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Chapter 8

Conclusions and future work

Two low cost, scalable transition metal oxide systems have been investigated for

their suitability for energy storage applications. Iron oxide and nickel oxide materi-

als were synthesised with controlled nanomorphology, and then fabricated into thin

(< 5 µm) film electrodes by atomised spray deposition in combination with nanos-

tructured carbon conductivity additives. The composite electrodes were investigated

using various electrochemical methods, both in two and three electrode configura-

tions in a range of suitable electrolytes, with a general focus on aqueous electrolyte

systems.

Due to its low cost, low toxicity, ease of handling, and attractive behaviour in previ-

ous energy storage devices, FeOx nanostructures were synthesised using a low tem-

perature, hydrothermal synthesis. The resultant 1-dimensional nanostructures were

fabricated into self supporting, porous electrodes with multi-walled carbon nanotubes

(MWNT) added to improve through-electrode conductivity. The best energy storage

behaviour was observed when a 4:1 mass ratio of FeOx:MWNT, which resulted in
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a maximum specific capacitance of 312 F g−1 in a 0.5 M Na2SO3 electrolyte via a

mechanism of charge storage due to redox activity of adsorbed SO–2
3 ions. Compar-

ing the electrochemical behaviour in several aqueous, benign electrolytes, when the

SO2–
3 ion was not present, the charge transfer mechanism involved reactions at the

FeOx surface, which resulted in lower specific capacitances and enhanced capacitance

fading. Future work could consider how to reduce the cost of the electrodes by ei-

ther investigating alternative, lower cost conductivity additives to MWNTs and/or

iron oxide structures that do not rely so heavily on rather bespoke, low productivity

hydrothermal routes.

The FeOx/MWNT electrodes were then investigated for their behaviour as a Li-

ion battery (LiB) electrode in a LiPF6 electrolyte. A first discharge cycle capacity

of 1180 mAhg−1 faded to 400 mAhg−1 after 20 cycles. The intimate combination

of two 1-D nanomaterials that underpinned the favourable properties during the

surface-dominated charge storage in the supercapacitor system was of less impor-

tance during the bulk intercalation/de-intercalation charge storage in LiPF6. There-

fore, future work could consider the effect of the nanomorphology of the iron oxide

for LiB applications and the structural integrity of the carbon conductivity addi-

tion. If different electrode material nanomorphologies were employed then the spray

parameters would need to be investigated and re-optimised to produce the highest

performing electrode structure.

Nickel oxide (NiO)/exfoliated graphene electrodes were manufactured using several

different spray processing variants. NiO nanostructures were synthesised using a

low temperature hydrothermal synthesis followed by high temperature annealing,

and aqueous graphene suspensions were produced via a room-temperature ultra-

sonic exfoliation technique. Synthesis of NiO in a graphene suspension and spraying

194



the resultant composite material into electrodes produced superior energy storage

properties compared with combining the two materials at a later stage of electrode

manufacture, due to improved physical contact and an increase in defect concen-

tration within the graphene nano-sheets. The co-synthesis electrodes produced a

specific capacitance from cyclic voltammetry of 248 F g−1 at 2 mV s−1 in 2 M KOH

when an ITO/glass substrate was employed, which increased to 742 F g−1 when the

composite material was sprayed onto a high surface area Ni foam substrate, due to

an (often ignored) electrochemical contribution of the Ni substrate in KOH. High

charge storage behaviour for the NiO/graphene electrodes on the Ni foam substrate

was maintained to over 300 F g−1 at a very high charge/discharge current density

of 100 A g−1. Future work expanding on the NiO/graphene results might focus on

further integration of low cost transition metal oxide and carbon materials for hy-

brid electrodes, for example by co-spraying or layer-by-layer spraying. Alternatively,

investigations into the effect of spray parameters e.g. flow rate of each suspension,

nozzle height etc could be expanded to better define the structure/property relation-

ship of NiO/graphene co-sprayed electrodes.

Finally, FeOx/MWNT and NiO/graphene electrodes were fabricated and tested in

two-electrode, aqueous, asymmetric devices to extend the working operation poten-

tial compared with two-electrode symmetric devices. A commercial carbon black

electrode was also fabricated and used to provide EDLC capacitance for high power

properties. The appropriate potential window/electrolyte combination was investi-

gated through cyclic voltammetry and electrochemical impedance spectroscopy, and

FeOx/MWNT-carbon, NiO/graphene-carbon and FeOx/MWNT-NiO/graphene con-

figurations were studied for their energy/power characteristics. The specific power of

all of the sprayed asymmetric devices was higher than that of comparable slurry/cast

devices in the literature; not lower than 1,000 W kg−1 for current densities of 0.5 A
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g−1, and above 10,000 W kg−1 for current densities up to 10 A g−1 due to the thin

film (< 10 µm) nature of the electrodes. Capacitance was retained at >95 % after

1000 cycles for all of the asymmetric combinations. FeOx/MWNT-carbon devices

with Li2O4 electrolyte showed the best performance with a maximum experimental

specific power of 23.5 kW kg−1 and a maximum experimental specific energy of 13

W kg−1.

Future work relating to aqueous, asymmetric supercapacitor devices might investi-

gate optimising the EDLC electrodes used to pair with FeOx/MWNT and NiO/graphene

electrodes in terms of material properties and electrode morphology. The sub-

strate/current collector used with a KOH electrolyte should be changed from solid

ITO/glass to a flexible metal foil for real-life, rolled devices. There is potential

for fabrication of an all-sprayed, Fe-Ni battery for high energy applications using

Fe2O3/Ni(OH)2 electrodes rather than FeOx/NiO. Finally, to achieve a device that

removes the need for liquid handling and complicated cell manufacture, investiga-

tion into solid state electrolytes in combination with transition metal oxide/carbon

electrodes might lead to the fabrication of an integrated, all-sprayed, asymmetric

device.
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