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ABSTRACT

Nickel-based Nanomaterials for Electrochemical Supercapacitors

Nuha Alawi Alhebshi

The demand for energy storage technologies is rapidly increasing in
portable electronics, transportation, and renewable energy systems. Thus, the
objective of this research is to develop and enhance the performance of Ni-
based electrochemical supercapacitors by optimizing synthesis conditions and
design of the electrode materials. Conventional and on-chip supercapacitors

were developed with notable performance enhancement.

For conventional supercapacitors, a uniform and conformal coating
process was developed to deposit Ni(OH); nanoflakes on carbon microfibers in-
situ by a simple chemical bath deposition at room temperature. The
microfibers conformally-coated with Ni(OH); make direct physical contacts with
essentially every single nanoflakes, leading to more efficient electron
transport. Using this strategy, we have achieved devices that exhibit five times
higher specific capacitance compared to planar (non-conformal) Ni(OH);
nanoflakes electrodes prepared by drop casting of Ni(OH); on the carbon

microfibers (1416 F/g vs. 275 F/g).

For on-chip storage applications, microfabricated supercapacitors were
developed using a combination of top-down photolithography and bottom-up

CBD. The resulting Ni(OH), micro-supercapacitors show high-rate redox activity
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up to 500 V/s and an areal cell capacitance of 16 mF/cm? corresponding to a
volumetric stack capacitance of 325 F/cm?®. This volumetric capacitance is 2-
fold higher than carbon and metal oxide based micro-supercapacitors.
Furthermore, these micro-supercapacitors show a maximum energy density of

21 mWh/cm?, which is superior to the Li-based thin film batteries.

To enhance cycling stability, Ni-Cu-OH and Ni-Co-OH ternary electrodes
have been prepared with different Ni:Cu and Ni:Co ratios by CBD at room
temperature on carbon microfibers. It is observed that the electrodes with
Ni:Cu and Ni:Co composition ratio of 100:10 results in an optimum capacitance
and cycling stability. For the optimum composition, Ni-Co-OH with graphene
and carbon nanofibers electrode was tested, with resultant improvement in

electrode potential window, equivalent series resistance, and cyclic stability.

To further increase energy density, Ni(OH),//Graphene asymmetric
supercapacitor were fabricated with areal capacitance of 253 mF/cm® at 5
mA/cm? which is higher than NiO//rGO prepared by hydrothermal method. Ni-
Co-OH/G-CNF//Graphene asymmetric supercapacitor results in a maximum
power of 23 mW within an operating voltage of 2.2 V which are higher than of
Ni(OH),//Graphene (15.94 mW within 1.8 V). Our asymmetric supercapacitors
have flexible-electrodes, low-cost fabrication process and environmentally

friendly materials.
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Chapter 1 . INTRODUCTION

1.1.  MOTIVATION

The demand for electrical energy storage devices, batteries and
electrochemical supercapacitors is rapidly increasing in many crucial
applications such as portable electronics, electric transportations and
renewable energy systems. In fact, the global market for electrochemical
supercapacitors is currently valued in the hundreds of millions of dollars, and it
is expected to continue to grow as demonstrated in Figure 1.1 and

Figure 1.2.%? Therefore improved energy storage systems need to be

developed.
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Figure 1.1 Global market for electrochemical supercapacitors, 2008-2015.
Source: BCC Research.’
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Figure 1.2 Global market for electrochemical supercapacitors, 2012-2019.
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Electrochemical supercapacitors can be useful in many applications
either as stand-alone (e.g., in regenerative braking systems) or in combination
with batteries (e.g., in electric vehicles).® In addition, electrochemical
supercapacitors find applications as uninterruptible power supplies, DC power
systems, mobile devices and rechargeable toy and camera motors. As a specific
example, electrochemical supercapacitors are considered an alternating power
source in solar watches where electrochemical supercapacitors power the

watch for several nights after being completely charged during days.*

1.2. BACKGROUND

Electrochemical supercapacitors are energy storage devices that

electrochemically store electrical charges with superior capacitance than that



21

of electrostatic capacitors. Electrostatic capacitors consist of two parallel
conductive sheets, called electrodes, separated by an insulator, called
dielectric. When a voltage difference is applied between the electrodes, the
dielectric will be polarized. Therefore, electrical energy is stored on the
electrodes by electrostatic force.” The capacitance of parallel-plate

electrostatic capacitors can be calculated by:

C=— Equation 1.1

where A is electrode area, ¢ is dialectic permittivity and d is the distance
between electrodes (the thickness of the dielectric). The capacitance of
electrostatic capacitors ranges from nanofarads to millifarads, while the
capacitance of electrochemical supercapacitors ranges from millifarads to
kilofarads due to the superior surface area of porous electrodes used in

electrochemical supercapacitors.”

Electrochemical supercapacitors can be classified into electrical double
layer capacitors (EDLC) and Faradic capacitors (FC), also known as
pseudocapacitors. In EDLC, electrical charges are held at the interfacial double
layer between a porous electrode and a liquid electrolyte as illustrated in
Figure 1.3.° Electrode materials used in EDLC should be porous with large
surface to achieve larger capacitance, with the ideal pore size in the range of
few nanometers.> The electrode material should also be electrically conducting

to facilitate electron flow to the collector.
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Figure 1.3 Sketch of electrical charge storage mechanism in EDLC.

In Faradic capacitors, electrical charges are stored through Faradic
oxidation-reduction (redox) reactions depending upon the electrode potential
as illustrated in Figure 1.4.> The preferred Faradic electrode materials should
have multi-oxidation states in order to facilitate reversible oxidation and
reduction during the charging and discharging processes. Due to the differences
in the energy storage mechanisms between EDLC and FC, the latter normally
exhibit higher capacitance but weaker cyclic stability than those of ELDC. The
supercapacitor community has recently become interested in combining both
porous materials and transition metals into the same electrode (called a hybrid
electrode) in order to leverage the large surface areas of porous electrodes and

the higher capacitance of some pseudocapacitive (Faradic) materials.
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Figure 1.4 Sketch of electrical charge storage in FC.

1.3. LITERATURE REVIEW

Conducting porous materials such as graphene have been extensively
investigated for both fundamental understanding and practical
implementations in ELDC.®’ For FC, transition metal oxide/hydroxides and
electrical conductive polymers have been intensively reported in the
literature.®'?> Among metal oxide electrode materials, RuO,-based electrodes
have the highest theoretical capacitance, but Ru metal is extremely
expensive.'? IrO,-based electrodes are even more expensive than RuO,."™ MnO,-
based electrodes are cost-effective candidates but they have been extensively
studied and results in lower capacitances than that of Ru,0-based electrodes.™

VO,-based electrodes were also used but they are toxic materials.'® MoOs-based
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electrodes exhibit lower specific capacitance than the previous oxides."” NiO-

based electrodes'®"

and Co;04-based electrodes and their hydroxides® have
higher specific capacitances than MnO; and MoOs, lower cost than RuO;, much
lower toxicity than VO, and relatively fewer studies than MnO; -based

electrodes.

Nickel hydroxide (Ni(OH);) is one of the most promising electrode materials

! natural

for energy storage device due to its electrochemical redox reactivity,?
abundance, environmental friendliness and low cost. Ni(OH); has been typically
used for alkaline rechargeable batteries because its Faradic discharge behavior
is characterized by a flat (constant) voltage region over a long discharge time

(in hours).?? The electrical charges are stored on Ni(OH), electrodes during

Faradic oxidation-reduction reaction:
NiOOH + e + H,0 <« Ni(OH); + OH Equation 1.2

The theoretical maximum specific capacity for one-electron reaction of
Ni(OH), battery electrodes is calculated by the following equation to be 290
mA.h/g :

n.F _ 96485 [C/mol]

Cs = M~ 92.7[mol/g]

=1041[C/g] = 290 [mA.h/g] Equation 1.3

Where C; is capacity [mA.h/g], n is number of transferred electrons [e], F is

Faraday constant [C/mol] and M is molar mass of electrode material [mol/g].
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On the other hand, the supercapacitor behavior is recognized by the
characteristic sloping curve of discharge voltage over short discharge time (in
seconds).” Some battery materials, including Ni(OH);, show supercapacitor
behavior when designed at the nanoscale or in thin film form because the
electrolyte diffusion into the entire nanostructured or thin film electrodes is
faster than into the bulk-structured electrodes.? This phenomenon is based on
fact that nanomaterials and thin films have larger surface to volume ratio than

bulk materials.

The theoretical maximum specific capacitance for one-electron reaction

of Ni(OH), supercapacitor electrodes are calculated by the following equation:

nF 96485 [C/mol]
M.E  92.7 [mol/g]x0.6 [V]

C, = = 1735 [F/g] Equation 1.4

where E is electrode potential window [V] which is typically 0.6 V for Ni(OH);

electrodes in KOH aqueous electrolyte solution.

The main issue of Ni(OH); electrodes is the capacitance decay during long
charge-discharge (CD) cycling. For instance, a high specific capacitance of 2222
F/g at 1 A/g has been achieved using Ni(OH), electrode, prepared by chemical
bath deposition on nickel foam at room temperature, but with a capacitance
retention of 62% after only 2000 CD cycles at 1 A/g.?* It has been reported in
the same study that the major contributor to such capacitance decay is the
phase transformation from a-Ni(OH);/y-NiOOH to [B-Ni(OH),/B-NiOOH redox

coupled phases, at relatively low discharge current densities.?*
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Table 1.1 Summary of published reports on Ni(OH); electrodes prepared by
hydrothermal and CBD.

. Specific
Morphology Synthesis Method Capacitance Ref.
B-Ni(OH), nanosheets Solvothermal method 1528 F/g at 1 A/g 2
Coin-like B-Ni(OH), Coordmatlo.n homogeneous 1300 F/g at 1 A/g 2%
nanoplates precipitation

-Ni(OH); cross-linked
nanowalls

2675 F/g at 0.005 |

0
Hydrothermal treatment at 100 °C Ao,

-Ni(OH); hierarchical 1398.5 F/g at 0.005 28

Hydrothermal 180 °C

hollow microspheres A/cm?
Honeycomb-like Ni(OH), CBD at 60 °C on stainless steel 398 Fg at a scan 29
thin film substrates. rate of 5 mV/s
Interconnected CBD at 70 °C on stainless steel 296 F/g at 0.005 30
honeycomb-like Ni(OH), substrates A/cm?
Interconnected Ni(OH), CBD at 70 °C on stainless steel 468 F/g at 0.005 30
nanoflakes substrates A/cm?

a-Ni(OH), interconnected CBD at room temperature on Ni 2200F/gat 1 A/g,

40% drop after 24
nanoflakes foam 2000 cycles
' ' . 1420 F/g at 1A/g,
B-N1(OH)2{ G-NIOOH CBD at room temperature on Ni tested stability for 31
composite film foam

1000 cycles

There are several studies indicating that high specific capacitance can
be achieved using Ni(OH); electrodes prepared by hydrothermal synthesis
method. However, one of the disadvantages of this method is that it is time
consuming and has heightened sensitivity of oxide morphology to hydrothermal
process conditions, which make it difficult to scale up to the industrial scale.

Chemical bath deposition (CBD), on the other hand, is a much simpler process
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and can be performed at room temperatures. It is also highly scalable
suggesting that it has the potential to be more cost effective compared with
other chemical synthesis methods. Substrates used in CBD can be conductive or
nonconductive materials in contrast to those used in electrodeposition. The
first study of using CBD for NiO preparation was carried out by Pramanik et al.
The chemical bath used in that study, an aqueous mixture of nickel sulfate,
potassium persulfate and ammonia solution, was later used by others to
prepare Ni(OH); and Ni0.>* Table 1.1 summarizes reported performance for

Ni(OH), electrochemical capacitors electrodes prepared by hydrothermal and

CBD.

Table 1.2 Summary of published reports on Ni-Co-OH//graphene asymmetric
supercpators that thier Ni(OH); electrodes were prepared by CBD.

Positive //Negative . Specific Voltage -
Electrode Synthesis Methods Capacitance | Electrolyte Ref.
Modified hummers method for CNT 78.33F/g 1.8V 14
Ni(OH),/CNT//rGO
CBD for Ni(OH), At 2 A/g in KOH
CVD for CNT 110.6 F/g 1.8V 35
Ni(OH),/CNT//AC
CBD for Ni(OH), at 5 mA/cm? in KOH
5 d 84.3F/g 1.5V
Ni-Co-OH//rGO Chemical reduc‘t1on for rGO CBD for 36
Ni-Co-OH at 5 mV/s in KOH
Chemical reduction for rGO
95.7F/g 1.7V 37
Co304/Ni(OH),//rGO Hydrothermal for Cos;04
at5mA/cm? | in KOH
CBD for Ni(OH),

Another capacitive device structure that has become interesting recently

is the asymmetric supercapacitor.®® Asymmetric supercapacitors consist of two
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dissimilar types of electrodes: double layer electrode and one Faradic
electrode. For example, a typical two-electrode asymmetric device
construction includes a carbon-based electrode and a Faradic electrode
material. The main feature of asymmetric supercapacitors is a wider cell
voltage than symmetric supercapacitors hence getting higher energy in addition
to utilization of both storage mechanisms of electrical double layer by porous

materials and redox reactions by metal oxides/hydroxides.

An asymmetric supercapacitor of Ni(OH),/CNT//reduced graphene oxide (rGO),
prepared by modified hummers method and CBD, has been reported with a specific
capacitance of 78.33 F/g and a specific energy of 35.24 Wh/kg at 2 A/g.** Similar
asymmetric supercapacitor of Ni(OH),/CNT//activated carbon (AC), prepared by
chemical vapor deposition (CVD) and CBD, has been reported with a specific energy of
50.6 Wh/kg and a cyclic stability of 17% C, loss after 3000 cycles.®® It has been
achieved a higher specific energy, 77.8 Wh/kg, for a Ni(OH),/rGO//porous graphene
asymmetric supercapacitor, with a cell voltage of 1.6 V, specific capacitance of 218.4
F/g and 5.7% C, loss after 3000 cycles.** Ni-Co-OH//rGO asymmetry supercapacitor,
prepared by CBD and chemical reduction, has been reported with a cell voltage of 1.5
V and a specific power range from 0.32 kW/kg to 5 kW/kg.** C03;04/Ni(OH),//rGO
asymmetric supercapacitor, prepared by CBD, hydrothermal and chemical reduction,
has been reported with a specific capacitance of 95.7 F/g at 5 mA/cm”.* Table 1.2
shows a summary of published reports on Ni-Co-OH//graphene asymmetric

supercapacitors that their Ni(OH), electrodes were prepared by CBD.
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1.4. OBJECTIVES

The energy stored in a parallel-plat capacitor device is given by Equation
1.5. In order to increase the energy (E) stored in electrochemical
supercapacitors, we can increase either the capacitance (C) or the operating

voltage (V) of the device.
E = % CcCV? Equation 1.5

The capacitance can be increased by increasing the surface area (area of
contact between the porous electrodes and liquid electrolyte). The surface
area can be increased by developing 3-dimensional (3D) nanostructured
electrodes that allow efficient electrolyte penetration and contact with active
sites on the surface of the porous electrode. The operating voltage can be
increased by adding carbon materials to transition metals electrodes,
fabricating asymmetric supercapacitors, changing electrolyte, and connecting

several supercapacitors in series.

In this work, Ni(OH); nanomaterial has been selected for detailed studies
due to its several attractive features. These features include significant
electrochemical redox reactivity,?' larger specific surface area than that for
Ni(OH), bulk-material, higher theoretical capacitance, natural abundance,
environmental friendliness, and low cost. However, the main issue of Ni(OH);
electrode is the capacitance decay during long-term charge-discharge (CD)

cycling. Therefore, the specific objectives of this research are to fabricate Ni-
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based electrochemical supercapacitors with high capacitance, wide operating
voltage window, good stability, and low cost. In addition, we will evaluate this
material in conventional and microfabricated device structures and study their
synthesis-structure-property relationships in  Ni(OH); electrodes and

electrochemical devices.

1.4.1. Conventional Supercapacitors

Conventional conducting planar substrates such as stainless steel and
carbon paper are usually used as current collectors in reported and commercial
supercapacitors. In this work, we focus on preparing Ni-based electrodes by
optimizing CBD conditions to achieve the desired nanostructure and surface
area on 3-dimensional current collectors. In particular, we optimized the
process to develop conformal coatings on of flexible carbon microfibers by
controlling process conditions such as solution composition and deposition

time.

The microfibers conformally-coated with Ni(OH), make direct physical
contacts with essentially every single nanosheet since the nanosheets nucleate
directly out of the microfiber surface. In this way, nanosheets make direct
electrical contact with conducting carbon microfibers, leading to more
efficient electron transport. Using this strategy, we are able to develop
uniform 3-dimensional nanostructured electrodes with larger surface area and

higher capacitance than 2- dimensional planar Ni(OH); electrodes.
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In order to improve cycling stability, we studied doping the Ni(OH);
electrodes with various types of dopants including Cu, Co, graphene and carbon
nanofibers. In order to increase the operation voltage and energy density, we
focus on fabricating Ni-based asymmetric supercapacitors in which the positive
electrode contains Ni-based nanomaterials and the negative electrodes

contains graphene.

1.4.2. On-chip Supercapacitors

Supercapacitors can be desighed and fabricated at micro-scale level and
used as on-chip devices. In this work, we focus on employing a combination of
top-down photolithographic process and bottom-up chemical bath deposition
(CBD) to fabricate Ni-based on-chip supercapacitors, also known as u-
supercapacitors. In particular, we optimized the process to develop a uniform
Ni(OH), nanosheets over Pt/Ti/glass current collectors by inserting different

additional thin layers, such as Ni and Au, between Ni(OH); and Pt/Ti/glass.

In fact, the small separation distance (in micro-scale) between micro-
interdigitated finger electrodes is the key parameter in the fast movement of
the electrolyte ions, leading to high-rate redox activity. Using this strategy,
we are able to develop Ni-based on-chip supercapacitors with higher redox rate
activity than the conventional supercapacitors (that have a separation distance

in milli-scale between the electrodes).
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In addition, we fabricate flexible on-chip supercapacitors by depositing
Ni(OH),/Ni/Pt/Ti on polyethylene naphthalate (PEN) plastic substrate instead
of glass. In order to further increase the operation voltage and potential
applications, we use series-connected capacitors for powering a light emitting

diodes.
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Chapter 2 . EXPERIMENTAL TECHNIAUES

2.1. MATERIALS SYNTHESIS TECHNIQUES
2.1.1. Chemical Bath Deposition

One of the simplest and cost-effective techniques for depositing
nanomaterials on substrates is chemical bath deposition (CBD). It can be
performed at very low temperatures in contrast with hydrothermal method.*
Substrates used in CBD can be conductive or nonconductive materials in
contrast with that used in electrodeposition.“’ In addition, CBD is considered as
an inexpensive technique that is suitable for large-scale production.® The first
study of using CBD for NiO preparation was done by Pramanik et al.*’ The
chemical bath used in that study, an aqueous mixture of nickel sulfate,
potassium persulfate and ammonia solution, were later used by others to

prepare Ni(OH); and NiO.*!

(a) CBD on carbon substrate (b) CBD on metallic substrate

Figure 2.1 Sketch and photograph of chemical bath deposition (a) on carbon
microfibers substrate. (b) on metallic substrate.
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In the research of this dissertation, carbon microfibers substrates,
metallic substrates and flexible substrates were immersed in chemical bath
containing a clear-green mixture of 1 M of nickel(ll) sulfate hexahydrate
(Ni504.6H,0), 0.15 M of potassium persulfate (K;5;0g) in deionized (DI) water
(H20) at room temperature. Ammonium hydroxide solution (30-33% NH; in H;0)
was then added to the mixture drop by drop with stirring for few seconds. As
the reactions progressed, the mixture became dense, and the color turned into
dark blue. The solution was then kept at room temperature. To optimize the
synthetic conditions for the deposition of conformal Ni(OH);, the same
procedure was repeated for different deposition times of 1h, 2h and 5h and at
different ammonium hydroxide concentrations of 1.5 mL, 3 mL and 5 mL. The
chemically coated substrates were afterwards taken out, washed by DI H,0

several times and dried at room temperature for 1h in air.

The fundamental chemistry of Ni(OH), formation can be explained by a
simple reaction involving the release of nickel cations and hydroxyl group
anions from the precursors undergoing nucleation and precipitation of Ni(OH);
41, 42

nanoparticles. This mechanism has been well-established in the literature

and is can be represented by the simple reaction:
Ni%* + 20H" — Ni(OH), Equation 2.1
2.1.2. Chemical Exfoliation

One of the simplest and cost-effective techniques for preparing

graphene is the chemical exfoliation of graphite.®* Chemical exfoliation is an
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environmentally friendly method as it does not require strong acids in contrast
with Hummer’s method, or high temperature and high pressure in contrast with
hydrothermal method. In addition, it can produce large quantity of high
electrical conductive graphene since it is exfoliated directly from graphite

without forming graphene oxide.**

The fundamental principle of chemical
exfoliation process depends on the intercalation of a chemical material such as
1-pyrenecarboxylic acid (PCA) into graphite sheets by sonication.® Using

longer sonication time, the graphene nanosheets can be scrolled onto

themselves forming carbon nanofibers or nanoscrolls.*

Graphene and carbon nanofibers (G-CNF) were prepared by chemical
exfoliation in this research. A mixture of 100 mg of graphite and 16.5 mg of PCA
in 50 mL of methanol were sonicated for 45 minutes (BRANSON Ultrasonic
Cleaner 2510). Then, additional 200 mL of DI H,0 was added to the mixture
with continuous sonication for several hours. G-CNF were collected by vacuum
filtering using nanoporous membrane (Celgard 3501). The collected G-CNF were
dissolved in ethanol and casted drop by drop on carbon microfibers substrate at

60°C followed by washing with DI H,0 several times and drying in air overnight.
2.1.3. Photolithography

In order to fabricate micro-supercapacitors that can be integrated as on-
chip energy storage in portable electronic devices, micro-electrodes should be
designed. Photolithography is an optical printing technique that transfers a

design pattern on a substrate.* The fundamental principle of photolithography
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depends on the light exposure such as ultra-violet (UV) through a micro-
fabricated mask, which is an transparent substrate with selective opaque
areas, on a substrate coated by a photoresist layer, which is a photosensitive

materials such as methoxy-propyl acetate (PGMEA).*

Positive Negative
Photoresist Photoresist
| Mask | | Mask | — ]

Photoresist

1. Exposure
Substrate

2. Baking -
]

3. Development

Figure 2.2 Sketch of positive and negative photolithography (re-sketched).*

When a positive photoresist is used, the exposed area of the photoresist
is interacted and removed by a developer which is a chemical solution such as
tetra-methyl-ammonium-hydroxide (TMAH). When a negative photoresist is
used, the unexposed area of the photoresist is interacted and removed by a
developer. In both positive and negative cases, a micro-pattern of photoresist

is remained on the substrate as compared in Figure ®

In our research, glass substrates (Fischer) were cut into 1x1” size,

cleaned with a soap solution to remove the dirt, followed by ultrasonication in
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acetone, isopropanol, and DI water sequentially for 5 minutes each, and then
dried by blowing nitrogen. Plastic substrates based on polyethylene
naphthalate (PEN) sheets were employed to fabricate flexible solid-state p-
supercapacitors. AZ9260 positive photoresist of PGMEA was spun coated at 3000
rpm for 60 seconds over the glass or PEN substrates to get 10 ym thick
photoresist layers. Photoresist coated substrates were soft baked at 110 °C for
3 minutes. The UV exposure was carried out using EVG contact aligner at a
constant dose of 1800 mJ/cm? through the Cr/Glass mask having interdigitated
micro-patterns. After exposure, samples were developed in AZ726 developer
solution TMAH for 6 minutes which resulted in the formation of micor-patterns
in the photoresist layer. Metal layers of 50 nm Ni/200 nm Pt/20 nm Ti were
deposited by sputtering (Equiment Support Co., Cambridge, England) over the
patterned photoresist layer. Before the lift-off process, the samples were
immersed in the CBD bath containing precursor for the Ni(OH), for 1-2 hrs.
During the CBD process, Ni(OH); nanoflakes were precipitated on the entire
substrate uniformly. The lift-off was then performed in acetone to remove the
unexposed photoresist layer along with the metal layers and Ni(OH); deposits
present on it. This process has resulted in the Ni(OH), deposits over the
interdigitated planar Ni/Pt/Ti electrodes. In this study, we have employed 30
interdigitated fingers (15 electrodes for each polarity) with a typical width of
each finger 100 uym, and spacing between the fingers of 50 um; the total area

of all the fingers is 0.15 cm?.
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2.2. MATERIALS CHARECRIZATION TECHNIQUES
2.2.1. Scanning Electron Microscope

Scanning electron microscope (SEM) is considers as one of the most
powerful techniques for characterizing the surface morphology of bulk and
nanomaterials. The working principle of SEM is based on scanning a small-
diameter electron probe with a focused primary electrons over the sample.
Then, secondary electrons from each atom on the specimen are emitted,
detected, amplified and forming an image of the scanned area.* In addition to
the secondary electrons, X-ray is emitted from the sample when a higher-
energy electron beam interacts with sample atoms. Such energy dispersive X-
ray spectroscopy (EDXS) is characteristic for each element so that it is used to

determine the elements present in the sample.

We have used Nova Nano SEM 630 (FEI Company) with Everhart-Thornley
detector (ETD) as secondary electrode detector. A lower accelerating voltage
of 5 kV was used in order to confined the beam interaction with the sample to
regions very close the surface. Therefore, the images are much rich in surface
details compared to those images that could be obtained at higher accelerating
voltage (15-30 kV) where the beam penetrates in depth of the sample. In
addition, a short working distance (WD) of around 5 mm was obtained in order
to reduce the probe size and hence increase the resolution. In addition, the
elemental spectra and mapping distribution in Ni-Cu-OH and Ni-Co-OH samples

was confirmed by EDXS equipped with SEM using higher acceleration voltage of
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10 kV as X-ray requires higher energy to be emitted from the sample atoms

than the secondary electrons.
2.2.2. X-ray Diffraction

X-ray diffraction (XRD) is considered as one of the fundamental
techniques to characterize the crystal structure. The physical fundamental of
XRD is based on the path deference between the X-ray waves scattered by
atoms from adjacent lattice planes (hkl) of spacing du.*® The resultant
intensity peaks on XRD pattern at each measured angle shows the condition of

the constructive interference according to Bragg’s law:

niA = 2dpy,; Sinf Equation 2.2

where n is an integer represents the order of diffraction, 1 is the wavelength of
the X-ray source, and @ is the angle between the incidence and diffraction to

the lattice planes.®

For the crystal structure characterization of our samples, D8 Advance
XRD System (Bruker Corporation) equipped with Cu Ka X-ray source (A =
0.15406 nm) was used. The XRD measurement that was used is theta/2theta
scan measurement where the X-ray source and detector are coupled to move
simultaneously while the sample location is fixed. As each crystal structure and
phase have characteristic XRD patterns, our resultant patterns were compared
to database sheets in order to determine the crystal structure and the phases

present in our samples.
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2.2.3. Transmission Electron Microscope

In order to further characterize the crystal structure, high resolution
transmission electron microscope (HRTEM) and selected area electron
diffraction (SAED) were used. The main working principle depends on
transmitting a high accelerated electrons beam through a thin sample. If the
sample is crystalline, the electrons are diffracted by atomic planes inside the
sample.” Arrangements of atoms and interplanar distance can be seen and
measured by HRTEM images. SAED resultant patterns can be considered as

analogue to the patterns of X-ray diffraction.?

We have used Titan Super Twin G2 60-300 TEM (FEI Company) with a
high accelerating voltage of 300 kV. Such higher-energy electrons can

penetrate distances of several microns into the sample in contrast with SEM.
2.2.4. Raman Spectroscopy

Raman spectroscopy technique is widely used in order to characterize
the molecular structure of the materials. The physical principal of Raman
spectroscopy is based on the inelastic scattering of the electromagnetic
radiation of a source by the molecules of a sample.*’ Raman spectrum records
the frequency changes between radiation and scattering frequency which is
called Raman Shifts. Such frequency changes corresponds to the energy
difference between the initial and final energy level of molecular vibration

excited by the photon energy of the incident radiation.*
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Raman spectroscopy (LabRAM ARAMIS, Horiba-Jobin Yvon) was used in
this research and acquired with notch filters cutting at 100 cm™ using a He-Ne

laser (633 nm, 5 mW at source) and a laser spot size of 1.5 ym.
2.3. ELECTROCHEMICAL PERFORMANCE TECHNIQUES
2.3.1. Cyclic Voltammetry

Cyclic voltammetry (CV) is widely used to study the redox reaction
reversibility and determine the voltage window of electrodes or devices. The
principle of CV is to measure the resulting current simultaneously when
applying a linear voltage to an electrode or a device between two preset

voltage limits.°

In the research of this dissertation, CHI 660D and VMP3 multichannel
electrochemical workstations (CH Instruments Incorporation and Bio-Logic)
were used for CV experiments. CV experiments were carried out at different
scan rates selected from 1 mV/s to 100 mV/s for conventional supercapacitors

and from 10 mV/s to 500 V/s for on-ship micro-supercapacitors.
2.3.2. Galvanostatic Cycling (Chronopotentiometry)

Galvanostatic cycling (CD) is widely used to calculate the capacitance
and cycling stability of electrodes or devices. The principle of CD is to measure
the resulting voltage simultaneously when applying a constant current to an

electrode or a device between two preset voltage limits.°
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CHI 660D and VMP3 multichannel electrochemical workstations (CH
Instruments Incorporation and Bio-Logic) were used for our CD experiments. CD
experiments were carried out at different current densities selected from 1 A/g
to 20 A/g for conventional supercapacitors and from 50 pA/cm? to 250 pA/cm?

for on-ship micro-supercapacitors.
2.3.3. Electrochemical Impedance Spectroscopy

The equivalent series resistance, charge transfer resistance and diffusion
impedance of electrochemical devices can be studied by electrochemical
impedance spectroscopy (EIS). The main difference between EIS and CV that in
EIS a sinusoidal voltage signal is imposed at a range of frequencies and the

resulting current is measured, while a linear voltage is applied in CV.>°

CHI 660D and VMP3 multichannel electrochemical workstations (CH
Instruments Incorporation and Bio-Logic) were used for our EIS experiments. EIS
experiments were performed in the frequency range from 100 kHz to 0.1 Hz at
open circuit potential by applying a small sinusoidal voltage with an amplitude
of few millivolts (5-10 mV). All electrochemical measurements were carried out

at room temperature in 1 M of KOH aqueous electrolyte.
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Chapter 3 . CONFORMALLY-COATED NICKEL HYDROXIDE

NANOSTRUCTED ELECTRODES

Nuha A. Alhebshi, R. B. Rakhi and H. N. Alshareef, Conformal coating of

Ni(OH), nanoflakes on carbon fibers by chemical bath deposition for efficient
supercapacitor electrodes. Journal of Materials Chemistry A, 1, 14897-14903,

doi: 10.1039/C3TA12936E (2013)

ABSTRACT

A novel supercapacitor electrode structure has been developed in which
a uniform and conformal coating of nanostructured Ni(OH); flakes on carbon
microfibers is deposited in-situ by a simple chemical bath deposition process at
room temperature. The microfibers conformally-coated with Ni(OH); nanoflakes
exhibit five times higher specific capacitance compared to planar (non-
conformal) Ni(OH), nanoflakes electrodes prepared by drop casting of Ni(OH);
powder on the carbon microfibers (1416 F/g vs 275 F/g). This improvement in
supercapacitor performance can be ascribed to the preservation of the three-
dimensional structure of the current collector, which is a fibrous carbon fabric,
even after the conformal coating of Ni(OH); nanoflakes. The 3D network
morphology of the fibrous carbon fabric leads to more efficient electrolyte
penetration into the conformal electrode, allowing the ions to have greater
access to active reaction sites. Cyclic stability testing of the conformal and

planar Ni(OH); nanoflakes electrodes, respectively, reveals 34% and 62% drop in
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specific capacitance after 10000 cycles. The present study demonstrates the
crucial effect that electrolyte penetration plays in determining the

pseudocapacitive properties of the supercapacitor electrodes.
3.1. INTRODUCTION

In the face of increasing energy demand and the development of
alternative sources to meet such demand, energy storage technologies are
increasingly becoming a crucial component of many renewable energy systems.
Supercapacitors, which fill the gap between batteries and conventional
electrostatic capacitors in terms of power and energy densities, are considered
as a very important element of energy storage applications.” They can be
useful in many applications either as stand-alone (e.g., in regenerative braking
systems) or in combination with batteries in hybrid electric vehicles.® To
increase the energy density of supercapacitor we must increase either the
capacitance or operating voltage of the devices. By increasing the specific
surface area at the interface between electrodes and electrolyte, the
capacitance can be increased. This goal can be realized by developing
nanostructured electrodes that allow efficient electrolyte penetration and
maintain low resistance. Several classes of materials have been reported in
this respect, including carbon-based materials,” transition metal

oxides/hydroxides,> and conductive polymers.>

It is desirable that simple and cost-effective materials and processes are

used to fabricate the electrodes. For example, RuO; is one of the best
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pseudocapacitive materials, but is expensive.”® Nanostructured Ni(OH), has
been considered as a promising candidate as supercapacitor electrode due to
its well-defined electrochemical redox reactions, large specific surface area,
tunable morphology by modifying synthetic conditions, environmental
friendliness, and comparatively low cost of its precursors. There are several
studies indicating that high specific capacitance can be achieved using Ni(OH);
electrodes. Gong et al.? synthesized B-Ni(OH), nanosheets using solvothermal
method and showed a specific capacitance of 1528 F/g at 1 A/g. Coin-like B-
Ni(OH), nanoplates with a specific capacitance around 1300 F/g at 1 A/g were
synthesized using coordination homogeneous precipitation method by Li et al.?

B-Ni(OH), cross-linked nanowalls prepared by Lu et al.”

using hydrothermal
treatment at 100 °C exhibited a specific capacitance of 2675 F/g at 0.005
A/cm?.  Hydrothermal processing was also used to prepare different
morphologies by changing the treatment temperature. For instance, a specific
capacitance of 1398.5 F/g at 0.005 A/cm? for B-Ni(OH), hierarchical hollow
microspheres prepared at 180 °C was reported by Yang et al.”® The previous
reports indicate that the cross-linked nanowalls morphology provides promising
supercapacitor performance. However, one of the disadvantages of the
hydrothermal method is that it is time consuming and has heightened
sensitivity of oxide/hydroxide morphology to hydrothermal process conditions,
which make it difficult to scale up to industrial scale. Chemical bath

deposition, on the other hand, is a much simpler process and can be performed

at very low temperatures. Therefore, it has the potential to be more cost
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effective. Substrates used in CBD can be conductive or nonconductive materials
in contrast with that used in electrodeposition. In addition, CBD is considered
as an inexpensive technique that is suitable for large-scale production. The
first study of using CBD for NiO preparation was done by Pramanik et al.*? The
chemical bath used in that study, an aqueous mixture of nickel sulfate,
potassium persulfate and ammonia solution, were later used by others to

prepare Ni(OH); and Ni0.*'

Few papers have studied the utilization of CBD in preparing

nanostructured Ni(OH), for supercapacitor applications. Patil et al.*

prepared
honeycomb-like Ni(OH); thin film via a CBD at 60 °C on stainless steel
substrates. The resultant specific capacitance was 398 F/g at a scan rate of 5
mV/s. A specific capacitance of 296 F/g at 0.005 A/cm? was obtained for
interconnected honeycomb-like Ni(OH);, and a specific capacitance of 468 F/g
at 0.005 A/cm? was exhibited by interconnected Ni(OH), nanoflakes prepared
using CBD at 70 °C on stainless steel substrates by Dubal et al.”” Further, a-
Ni(OH), interconnected nanoflakes was synthesized using CBD at room
temperature on Ni foam and resulted in a high specific capacitance of 2200 F/g
at 1 A/g by Hu et al.**. However, the electrode in that particular study suffers
from a 40% relative specific capacitance drop after only 2000 cycles.?* A recent
paper showed that B-Ni(OH);/y-NiOOH composite film with interconnected
nanoflakes prepared by CBD at room temperature on Ni foam exhibited a

specific capacitance of 1420 F/g at 1A/g. However, its cyclic stability test was

measured only for 1000 cycles.”® In addition, it is not clear what the
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contribution of the Ni foam may have been to the overall capacitance of these

devices in those studies.

In the present study, we demonstrate a novel and simple method for
obtaining a conformal coating of Ni(OH), nanoflakes on fibrous carbon fabric
using CBD at room temperature. We show that the three dimensional structure
of conformal Ni(OH), electrode exhibits a higher specific capacitance by
increasing electrolyte penetration, giving easy access to the active Ni(OH); sites
on the electrode. It also gives a significantly improved cycling performance

compared with previous reports on CBD of Ni(OH); electrodes.

(@) At Room Temperature (b) At Room Temperature

1st Step 1st Step 2nd Step
o ——

Figure 3.1 Schematic of the synthesis of Ni(OH); interconnected nanoflakes by
CBD and fabrication of (a) conformal Ni(OH); electrode and (b) planar Ni(OH),
electrode.

3.2. EXPERIMENTAL METHODS

3.2.1. Synthesis of Conformal Ni(OH); Nanoflakes

A piece of a commercial fibrous carbon fabric (carbon cloth 7302003,

Fuel Cell Store) was used as a substrate, which has 99% carbon content and a
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mass density of 11.5 mg/cm?®. This substrate was immersed in a chemical bath
containing a clear-green mixture of 5.26 g of nickel(ll) sulfate hexahydrate
(Ni5O4.6H,0), 1 g of potassium persulfate (K;S;0s) and 45 mL of deionized (DI)
water (H;0) in a 150 mL Pyrex beaker at room temperature. 3 mL of ammonium
hydroxide solution (30-33% NH; in H,0) was then added to the mixture drop by
drop with stirring for few seconds. As the reactions progressed, the mixture
became dense, and the color turned into dark blue. The solution was then kept
without stirring at room temperature for 1h. To optimize the synthetic
conditions for the deposition of conformal Ni(OH),, the same procedure was
repeated for longer deposition times of 2h and 5h and at different ammonium
hydroxide concentrations of 3 mL and 5 mL. The chemically coated substrates
were afterwards taken out, washed by DI H,0 several times and dried at 60 °C
for 1h in air. Four samples of conformal Ni(OH), were prepared on fibrous
carbon fabric pieces of different areas of 1.94, 1.32, 2.00 and 1.75 cm? with
magnitudes of mass loading of 2.07, 2.02, 1.11 and 0.44 mg/cm?, respectively.
The mass loading, for each sample, was calculated by means of weighing the
carbon substrates before and after the deposition using a microbalance (XP26,

METTLER TOLEDO).
3.2.2. Synthesis of Planar Ni(OH), Nanoflakes

The same mixture of chemicals as in the above experiment, using 5mL of
ammonium hydroxide and deposited for 2h, without the fibrous carbon fabric

insertion into the reaction beaker was used for the synthesis of stand-alone
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Ni(OH), nanoflakes. The resultant dense-dark blue solution was filtrated to
collect a pasty precipitated product, washed by DI H,0 several times and dried
at 60 °C for 1h in air. The collected Ni(OH), nanoflakes powder was then mixed
with ethanol and casted drop by drop on the fibrous carbon fabric. The
substrate coated by drop casting was afterwards taken out and dried at 60 °C
for 1h in air. Two samples of planar Ni(OH); were prepared on fibrous carbon
fabric pieces of different areas of 1.58 and 1.50 cm? with magnitudes of mass
loading of 1.76 and 1.06 g/cm?. All the chemicals used in these experiments

were analytical grade (SIGMA-ALDRICH) and without further purification.
3.2.3. Materials Characterization

The structure of the conformal and planar Ni(OH); nanoflakes was
analyzed using X-ray diffraction (XRD). A D8 Advance System from Bruker
Corporation, equipped with Cu Ka X-ray source (A = 0.15406 nm) was used. In
addition, a selected area electron diffraction (SAED) pattern and high
resolution transmission electron microscope (TEM) images (Titan Super Twin G2
60-300 TEM, FEI Company) with 300 kV were used to investigate both the
structure and microstructure of the Ni(OH); powder. Physical adsorption-
desorption of Kr at the liquid-nitrogen temperature of -195.85°C using
Accelerated Surface Area and Porosimetry (ASAP 2420 System, Micromeritics
Company) with the Brunauer-Emmett-Teller (BET) method were used to
measure the porosity and the specific surface area of the conformal Ni(OH);

nanoflakes. The surface structure and morphology of conformal and planar
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Ni(OH); nanoflakes were observed using scanning electron microscope (SEM)

images (Nova Nano SEM 630, FEI Company) at different magnifications.

3.2.4. Electrochemical Measurements

The electrochemical properties of conformal and planar Ni(OH);
electrodes were investigated in standard three-electrode configuration using an
electrochemical workstation (CHI 660D, CH Instruments Incorporation) by
carrying out cyclic voltammetry (CV), galvanostatic (CD) and electrochemical
impedance spectroscopy (EIS) measurements. Fibrous carbon fabric coated with
Ni(OH), nanoflakes were used as working electrodes in electrochemical cell
containing 1 M KOH aqueous electrolyte solution. A saturated calomel electrode
(SCE) and a Pt wire were used as a reference electrode and a counter-
electrode, respectively. In addition, symmetric supercapacitor devices based
on conformal Ni(OH); on fibrous carbon fabric were fabricated. A coin cell of
stainless steel (CR2032, MTI Corporation) containing 1 M KOH in standard two-
electrode configuration was investigated wusing the electrochemical

workstation.

CV experiments were carried out at different scan rates selected from 1
mV/s to 50mV/s. CD experiments were performed using current densities
selected from 1 A/g to 10 A/g. EIS experiments were carried out at a direct
current (DC) with OV bias and a sinusoidal signal of 5 mV in a frequency range
from 0.01 Hz to 100 kHz. EIS data was analyzed using a complex plane

impedance plot (Nyquist plot).
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3.3. RESULTS AND DISCUSSIONS

3.3.1. Materials Properties

Conformal Ni(OH); nanoflakes were directly deposited on fibrous carbon
fabrics by a simple CBD method sketched in Figure 3.1 (a). The same chemical
bath mixture, without the fibrous carbon fabric insertion into the reaction
beaker, was used for the synthesis of stand-alone Ni(OH); nanoflakes sketched
in Figure 3.1 (b). The chemistry of Ni(OH); formation can be explained by a
simple reaction involving the release of nickel cations and hydroxyl group
anions from the precursors undergoing homogeneous nucleation and
precipitation of Ni(OH); nanoparticles. This mechanism has been well-

41, 42

established in the literature and it can be represented by the simple

reaction:
Ni%* + 20H" — Ni(OH), Equation 3.1
(a) g a- Ni(OH),

B —Ni(OH),
4Ni(OH),.NiOOH
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Figure 3.2 Structural characterization of Ni(OH); nanoflakes by (a) XRD
patterns of (i) conformal Ni(OH), on fibrous carbon fabric and (ii) Ni(OH);
powder, (b) SAED pattern of Ni(OH); powder, and (c) lattice resolved HRTEM
image of Ni(OH), powder.
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The XRD pattern in Figure 3.2 (a) shows that both conformal and planar
Ni(OH); nanoflakes have mixed phases of a-Ni(OH); (JCPDS 00-038-0715), B-
Ni(OH), (JCPDS 00-014-0117) and 4Ni(OH),-NiOOH (JCPDS 00-006-0044). The
polycrystalline nature of the resultant nickel hydroxide has been predicted
based on the fact that Ni(OH),-phase can be oxidized to NiOOH-phase using
persulfate as indicated in the following molecular level heterogeneous

reaction:*

2Ni(OH); + $;08%> — 2NiOOH + 250,% + 2H* Equation 3.2

Figure 3.2 (b) shows SAED performed on Ni(OH), powder. The pattern
confirms the existence of B-Ni(OH); crystal structure in our sample. The lattice
resolved HRTEM image shown in Figure 2c identifies the (101) atomic planes of
a hexagonal crystal structure for the Ni(OH); powder with an interplanar

distance of 2.3A.

Kr adsorption-desorption isotherm of conformal Ni(OH); nanoflakes on
fibrous carbon fabric, shown in Figure 3.8 (a) of Supporting Information,
indicates that they are neither mesoporous nor microporous structures, which
results in lowering the surface area of our sample. The specific surface area of
conformal Ni(OH), nanoflakes on fibrous carbon fabric was measured from the
attached BET plot shown in Figure 3.8 (b) of Supporting Information. Since our
fibrous carbon fabric consists of microfibers, instead of nanofibers or
nanotubes, a small specific surface area is expected. The result revealed that

our conformal Ni(OH); nanoflakes on fibrous carbon fabric has a specific surface
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area of 0.7 m?*/g which is smaller than the 0.8 m?/g in which reported for
Ni(OH),/carbon nanotubes core/shell nanostructures on Ni foam substrate.® It
is well-known that carbon nanotubes/fibers have larger specific surface areas
than that of carbon microfibers. Therefore, it can be concluded that the

specific surface area of our Ni(OH); and the reported one are comparable.

Figure 3.3 SEM images of (a) fibrous carbon fabric, (b), (c)and (d) conformal
Ni(OH), nanoflakes on fibrous carbon fabric at different magnifications, (e) and
(f) planar Ni(OH); nanoflakes on fibrous carbon fabric at different
magnifications.

Figure 3.3 (a) shows an SEM image of the fibrous carbon fabric. It can be
seen that this substrate has a 3D structure consisting of a network of
microfibers. Such spun-yarn fabric structure provides additional flexibility to
the substrate. Figure 3.9 of Supporting Information shows SEM images of
conformal Ni(OH); nanoflakes prepared at different synthetic conditions . It can

be noticed that carbon microfibers have no uniform coating of Ni(OH);
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prepared using 3 mL of ammonium hydroxide and deposited for 1 h shown in
Figure 3.9 (a) of Supporting Information. Similar observations can be seen in
Figure 3.9 (b)-(d). Our goal was to carefully optimize the CBD process to
achieve a direct and conformal precipitation of Ni(OH); nanoflakes on the
microfibers in the carbon fabric substrate. Figure 3.3 (b) and (c) show that we
have been successful in conformally coating Ni(OH); nanoflakes on fibrous
carbon fabric using 5 mL of ammonium hydroxide deposited for 2 h. Figure 3d
shows a high magnification SEM image of the conformal Ni(OH); coating on
fibrous carbon fabric. It can be seen that the coating of Ni(OH), are composed
of interconnected nanoflakes. In addition, the conformal coating of Ni(OH);
nanoflakes on fibrous carbon fabric have also been achieved using a 3 mL of
ammonium hydroxide deposited for 5 h shown in Figure 3.9 (c) of the
Supporting Information. Based on the SEM comparisons of our samples, it is
thought that the nucleation and growth of conformal Ni(OH), on fibrous carbon
fabric requires either high ammonium hydroxide concentration with short
deposition time or low ammonium hydroxide concentration with long deposition

time.

Figure 3.3 (e) shows the morphology of the planar Ni(OH); electrode. As
discussed earlier, this electrode was formed by first precipitating Ni(OH);
powder in the beaker using the CBD process. The powder was then coated by
drop casting on the carbon fabric substrate. This method covers not only some
of the microfibers, but also the spaces between them, and hence resulted in

planar coating (as opposed to 3D coating as shown in Figure 3.3 (b) and (c).
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Figure 3.3 (f) shows that the planar coating of Ni(OH), are composed also of

interconnected nanoflakes.

Figure 3.4 TEM images of (a) Ni(OH), interconnected nanoflakes (b) a high
resolution TEM image of (a).

Detailed structural analysis of these interconnected Ni(OH), nanoflakes
can be obtained from the analysis of TEM images. The structure in Figure 3.4
(a) has neither mesopores nor micropores, which is comparable with the result
of the previous isotherm in Figure 3.8 (a). Individual nanoflakes have an
average thickness of nearly 39.3 nm as measured from the high resolution TEM

image as shown in Figure 3.4 (b).
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Figure 3.5 CV plots of (a) conformal Ni(OH), electrode, (b) planar Ni(OH);

electrode, both at lower scan rates, and (c) comparison of CV loops of both

samples measured at 1 mV/s (d) Specific capacitance as a function of scan
rates for both electrodes.

3.3.2. Electrochemical Performance

CV curves of conformal and planar Ni(OH), electrodes in 1 M KOH
electrolytes were carried out by three-electrode electrochemical -cell
configuration (half-cell) and presented in Figure 3.5 (a) and (b). Additional CV
plots of both samples at higher scan rates are shown in Figure 3.10 (a) and (b)
of Supporting Information. Both reduction (cathodic) and oxidation (anodic)
current peaks are clearly visible. It is well-known that electrons can be stored

and then released during the following redox reaction:
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NiOOH + e + H,0 <> Ni(OH); + OH' Equation 3.3

Therefore, the shapes of all CV curves in this study indicate that the
charging-discharging mechanism of our electrodes is mainly based on reversible
redox (or Faradic) reaction between Ni(ll) and Ni(lll). In addition, the absence
of the rectangular shape of CV plots, which is the characteristic CV of an
electrochemical double layer formed at the electrode/electrolyte interface,
indicates that fibrous carbon fabrics has no obvious role in the charging-
discharging mechanism of our electrodes. In order to confirm this observation,
fibrous carbon fabric electrode was examined in 1 M KOH. The specific
capacitance of fibrous carbon fabric electrode, calculated form discharge
curves, was found to be less than 1 F/g although its CD curves (Figure 3.13)
have the trigonal shapes, which are the ideal shapes of electrochemical double
layer capacitors based on carbon materials. Therefore, the specific capacitance
of our Ni(OH); on fibrous carbon fabric electrode can be ascribed mainly to the

redox reaction of Ni(OH); and not to carbon microfibers.

In Figure 3.5 (a) and (b) and Figure 3.10 (a) and (b) of Supporting
Information, there is a shift in oxidation and reduction potentials caused by
changing scan rates. It is well-known that only outer active sites can sustain
redox reactions completely at high scan rates. Therefore, specific capacitances
at low scan rates can utilize both outer and inner active sites. Figure 3.5 (c)
and (d) concludes that the specific capacitance of the conformal Ni(OH);

electrode is significantly higher than that of planar Ni(OH); electrode.
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Figure 3.6 Discharge curves of (a) conformal Ni(OH); electrode, (b) planar
Ni(OH), electrode, both at lower current densities, and (c) comparison of
discharge curves of both samples measured at 1A/g. (d) Specific capacitance as
a function of current densities.

Discharge curves of conformal and planar Ni(OH); electrodes in 1 M KOH
electrolytes are presented in Figure 3.6 (a) and (b). Additional discharge
curves of both samples at higher current densities are shown in Figure 3.10 (c)
and (d) of Supporting Information. It can be seen that the discharge times for
conformal Ni(OH); electrode are longer than those for planar Ni(OH);
electrode. These discharge curves were used to calculate the specific
capacitance at different current densities using Equation 2.5 of Supporting
Information. As a result, the conformal Ni(OH); electrode exhibited a specific

capacitance of 1416 F/g at 1A/g which is five times higher than that of 275 F/g
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at 1A/g for planar Ni(OH), electrode, both of these values were derived from

Figure 3.6 (c). Figure 3.6 (d) shows that over a range of current densities, the

conformal Ni(OH); electrode shows significantly higher specific capacitance. It

can be seen that at high current densities discharge times decrease to few

seconds, and the potential drop caused by electrical resistance (IR drop)

increases. CD experiments were also carried out on additional conformal

Ni(OH); electrodes at different mass loadings and current densities, as shown in

Figure 3.11 and Figure 3.12 of Supporting Information. The magnitudes of

mass loading of Ni(OH); for the studied samples were 0.44 , 1.11 and 2.07

mg/cm?. As expected, the magnitude of specific capacitance increases with

decreasing mass loading.
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Figure 3.7 (a) Specific capacitance retention of conformal and planar Ni(OH);
electrodes for 10000 cycles at a current density of 20 A/g. (b) Nyquist plots of
conformal and planar Ni(OH); electrodes with an enlarged scale in the inset.

One important aspect of evaluating a supercapacitor performance for

industrial applications is its cyclic stability. Figure 3.7 (a) shows the specific

capacitance retention of conformal and planer Ni(OH); electrodes after 10000
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cycles at a current density of 20 A/g. The magnitudes of mass loading of
conformal and planer Ni(OH), were 2.02 and 1.06 mg/cm?, respectively. The
rise in specific capacitances during the first 150 cycles, as shown in Figure 3.7
(a), can be explained by considering that pseudocapacitive materials are
usually required to undergo several CD cycles to be fully activated and provide
maximum Faradic capacitance. Comparing the values of the specific
capacitance decrease after cycling observed in this work with those reported in
the literature, an enhancement in cyclic stability performance has been
achieved in our samples. Specifically, 22% specific capacitance drop is observed
after 2000 for conformal Ni(OH); electrode, as shown in Figure 3.7 (a),
compared to 37.6% specific capacitance drop after only 2000 cycles was
reported for a-Ni(OH), prepared using similar synthetic conditions.?* Cyclic
stability testing of the conformal and planar Ni(OH); nanoflakes electrode
respectively reveals 34% and 62% drops in specific capacitance after 10000

cycles, respectively.

Figure 3.7 (b) shows Nyquist plots obtained from EIS experiments for
conformal and planar Ni(OH), electrodes with an enlarged scale in the inset.
The ideal shape of Nyquist plot consists of a semicircle in the high frequency
region and a vertical straight line in the low frequency region. It is evident that
the ideal shape is achieved in the case of conformal Ni(OH); electrode while a
small deviation is observed in the case of the planar electrode. It is well-
accepted that the ionic diffusion of the electrolyte ions in electrodes can be

indicated by the slope of the straight line in the low frequency region. It can be
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noticed from Figure 3.7 (b) that the slope of the conformal Ni(OH); electrode
is larger hence it has a higher diffusion rate of electrolyte ions than that planar
Ni(OH); electrodes. This result can be attributed to the 3D nature of the
structure of conformal Ni(OH); electrode, which facilitates the accessibility of
electrolyte ions to active materials. In addition, it can be calculated that both
conformal and planar Ni(OH); electrodes have a solution electrolyte resistance
and charge-transfer resistance of ~6.9Q and ~2Q), respectively. The low charge-
transfer resistances were achieved by the efficient attachment of Ni(OH);
nanoflakes on fibrous carbon fabric current collector, providing an ideal
pathway for electron transport. Both the high diffusion rate of the electrolyte
ions and the low charge-transfer resistance of conformal Ni(OH); electrode

explain its enhanced specific capacitances, as previously discussed.

Electrochemical performance of symmetric supercapacitor devices based
on conformal Ni(OH); on fibrous carbon fabric were evaluated by two-electrode
electrochemical cell configuration (full-cell) as shown in Figure 3.13 and
Figure 3.14 of Supporting Information. Figure 3.14 (a) shows CV curves at
different scan rates of the full device showing well-behaved CV curves. The
discharge curves at different current densities are shown in Figure 3.14 (b)
and (c). Figure 3.14 (d) and its inset show consistent specific capacitance
values as obtained from CV and CD measurements using
Equation 3.6 and Equation 3.7 of Supporting Information, respectively.
Specifically, the specific capacitance as functions of current density gives a

maximum specific capacitance of 368 F/g at 0.25 A/g (615 mF/cm?). Nyquist
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plots of this symmetric supercapacitor with an enlarged scale in the inset of
Figure 3.14 (e) results in electrical resistance of 15 Q and solution resistance
of 1.22 Q). Ragone plot, energy vs. power densities, was driven from discharged
curves as shown in Figure 3.14 (f). Our symmetric supercapacitor have a
maximum energy density of 18.4 Wh/kg at 150 W/kg and a maximum power
density of 980 W/kg at 0.3 Wh/kg, calculated using

Equation 3.8 and Equation 3.9 of Supporting Information, respectively.

3.4. CONCLUSIONS

In this study, a conformal and uniform coating of interconnected Ni(OH);
nanoflakes was directly (in-situ) deposited on a fibrous carbon fabric substrate
by CBD at room temperature. The conformal Ni(OH); morphology, was
compared to Ni(OH), nanoflakes with planar morphology that are attached to
fibrous carbon fabric using drop casting. In aqueous KOH electrolyte, conformal
Ni(OH), electrode exhibited a specific capacitance of 1416 F/g at 1 A/g which is
five times higher than that of 275 F/g at 1 A/g for planar Ni(OH), electrode.
This sharp increase in specific capacitance in case of conformal Ni(OH), can be
attributed to more efficient electrolyte ion diffusion, as indicated from Nyquist
plots. Moreover, cyclic stability studies of conformal and planer Ni(OH),
electrodes respectively reveals 34% and 62% drops in specific capacitance after
10000 cycles. The present study demonstrates the crucial effect of
pseudocapacitive electrode morphology on electrolyte penetration and

supercapacitor performance.
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Figure 3.9 SEM images of Ni(OH), nanoflakes on fibrous carbon fabric prepared
at different synthetic conditions as indicated on the table.
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Figure 3.13 Two-electrode measurements of fibrous carbon fabric based
symmetric supercapacitor (a) CV curves at different scan rates. (b) Discharge
curves at higher current densities. (c) Discharge curves at lower current

densities. (d) Nyquist plots with an enlarged scale in the inset.
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Figure 3.14 Two-electrode measurements of conformal Ni(OH); based
symmetric supercapacitor (a) CV curves at different scan rates. (b) Discharge
curves at higher current densities. (c) Discharge curves at lower current
densities. (d) Specific capacitance as a function of current densities (scan rate
in the inset). (e) Nyquist plots with an enlarged scale in the inset. (f) Ragone
plot. The mass loading per unit of area is 1.67 mg/cm? of Ni(OH); on each
electrode.
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The specific capacitance (Cs) of an electrode in half-cell configuration
(3-electrode measurements), as a function of scan rates, was calculated from
CV curves by applying the equation:

C. = [idv
S mar®
dt

Equation 3.4

where i is variable current [A], m is the mass of one electrode's active

materials [g], 4V is discharge voltage [V] and dv/dt is scan rate [V/s].

The specific capacitance of an electrode in half-cell configuration (3-
electrode measurements), as a function of current densities, was calculated

from discharge curves by applying the equation:

IAt

s=— Equation 3.5

where | is constant current [A], At is discharge time [s], m is the mass of one

electrode’s active materials [g], and AV is discharge voltage [V].

It is noticed in the literature that specific capacitance values calculated
from CV curves are usually higher than those values calculated from discharge
curves. In this study, the results of both calculation methods indicated that
conformal Ni(OH), electrode exhibited specific capacitances significantly higher

than that of planar Ni(OH); electrode.
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The specific capacitance of an electrode in full-cell configuration (2-
electrode measurements), as a function of scan rates, was calculated from CV

curves by applying the equation:

C, =—— Equation 3.6

where Q is the charge of the discharge curve [C], m is the mass of one

electrode’s active materials [g], and AV is discharge voltage [V].

The specific capacitance of an electrode in full-cell configuration (2-
electrode measurements), as a function of current densities, was calculated

from discharge curves by applying the equation:

_2IAt
ST mAv

Equation 3.7

where all parameters as same as those of Equation 2.4

The energy (E) and power (P) densities of an electrode in full-cell

configuration (2-electrode measurements), were calculated by applying the

equations:

E = %CSAV2 Equation 3.8
E .

P = o Equation 3.9

where Cs is specific capacitance calculated from discharge curves, AV is

discharge voltage [V] and At is discharge time [s].
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Chapter 4 . NICKEL-COPPER AND NICKEL-COBALT

HYDORXIDES BASED ELECTRODES

Nuha A. Alhebshi and H. N. Alshareef, Ternary Ni-Cu-OH and Ni-Co-OH

Electrodes for Electrochemical Energy Storage, Materials for Renewable and

Sustainable Energy, 4(4), 1-9, doi: 10.1007/s4024301500647 (2015)

ABSTRACT

In this project, Ni-Cu-OH and Ni-Co-OH ternary electrodes have been
prepared. Different Ni:Cu and Ni:Co ratios were deposited by chemical bath
deposition (CBD) at room temperature on carbon microfibers. Since Ni(OH); is
notorious for poor cycling stability, the goal of the work was to determine if
doping with Cu or Co could improve Ni(OH), cycling stability performance and
conductivity against reaction with electrolyte. It is observed that the
electrodes with Ni:Cu and Ni:Co composition ratio of 100:10 result in the
optimum capacitance and cycling stability in both Ni-Cu-OH and Ni-Co-OH
electrodes. This improvement in cycling stability can be attributed to the
higher redox reversibility as indicated by the smaller CV redox peak separation.
In addition, it is found that decreasing Cu and Co ratios, with fixed CBD time,
enhances nanoflakes formation, and hence increases electrode capacitance.
For the optimum composition (Ni:Co = 100:10), composites of the ternary

electrodes with graphene and carbon nanofibers were also tested, with
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resultant improvement in potential window, equivalent series resistance, areal

capacitance and cycling stability.
4.1. INTRODUCTION

The demand for electrical energy storage devices, batteries and
electrochemical supercapacitors is rapidly increasing in many crucial
applications such as portable electronics, electric transportation, and
renewable energy systems.? It is well-known that rechargeable batteries have
higher energy but less power than those of electrochemical supercapacitors.’
Electrochemical supercapacitors can be classified into electrical double layer
capacitors (EDLC) and Faradic capacitors. In EDLC, charges are held at the
interfacial double layer between a porous material and an electrolyte solution,
while charges are stored in Faradic capacitors during Faradic oxidation-
reduction (redox) reactions depending upon the electrode potential.’ Due to
the differences in these energy storage mechanisms, Faradic capacitors
fundamentally exhibit higher capacitance but weaker charge-discharge cycling
stability than those of ELDC. Porous materials with electrical conductivity have
been earlier investigated for both fundamental understanding and practical
implementations in EDLC.>’ For Faradic capacitors and rechargeable batteries,
transition metal oxides/hydroxides and intrinsically conductive polymers have

been intensively reported in the literature.®"

Nickel hydroxide (Ni(OH);) nanomaterial is one of the most promising

electrode materials for Faradic capacitors and rechargeable alkaline batteries,
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due to significant electrochemical redox reactivity,?' larger specific surface
area than that of Ni(OH) bulk material, natural abundance, environmental
friendliness, and low cost. However, the main issue of Ni(OH) electrodes is the
capacitance decay during charge-discharge (CD) cycling. For instance, a high
specific capacitance, 2222 F/g at 1 A/g, has been achieved using Ni(OH)
electrode prepared by chemical bath deposition (CBD) on nickel foam at room
temperature, but with a capacitance retention of 62% after only 2000 CD cycles
at 1 A/g.** It has been reported in the same study that the major contributor to
such capacitance decay is the phase transformation from a-Ni(OH) or y-NiOOH

to B-Ni(OH) or B-NiOOH phases, at relatively low discharge current densities.*

Such problem of low charge-discharge cycling stability has long been
recognized for rechargeable Ni/Cd and Ni/MH alkaline batteries, and has been
tackled by means of using metal additives such as Co, Ca, Zn and Al.>*%®* Co
additive results in a good electrode material for electrochemical
supercapacitors because its oxides and hydroxides exhibit high capacitance,
while Cu offers excellent electrical conductivity. Recently, metal additives,
binary and ternary oxides/hydroxides have been used in Ni-based
electrochemical supercapacitors to enhance the cycling stability, electrical
conductivity and capacitance. Even though enhanced performances of Ni-based
electrochemical supercapacitors have been reported in the literature, many of
the synthetic processes used in electrode materials preparation are energy
consuming, environmentally unfriendly, and costly. For instance, a cell

capacitance retention of 94.5% after 4000 CD cycles at 5 A/g and a cell
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capacitance retention of 86% after 47,000 CD cycles at 25 A/g have been
reported for (Ni-Co-Cu)(OH),-CuO//AC asymmetric supercapacitor. However,
its cell capacitance of ~58 F/g at 5 A/g and ~54 F/g at 25 A/g was relatively
low, and it was prepared by cathodic deposition which requires external energy

source.®*

In contrast to electrodeposition and hydrothermal synthesis methods,
chemical bath deposition (CBD) is a highly recommended synthesis method for
industrial and commercial implementations because it is simple, scalable, fast,
cost effective, does not require external energy source, and can be done at
room temperature. Ni(OH); and NiO thin films were prepared by CBD for the
first time by Pramanik and Bhattacharya.* Since then, Ni(OH), nanomaterials
prepared by CBD have been investigated and utilized as electrodes for
electrochemical supercapacitors. For example, a specific capacitance of 1416
F/g at 1 A/g has been reported for conformal coating of Ni(OH), nanoflakes
electrode, prepared by CBD at room temperature on carbon microfibers, with a
capacitance retention of 66% after 10,000 CD cycles at 20 A/g.%° In addition,
Ni-based electrodes with metal additives, binary, and ternary hydroxides have
been prepared by CBD and used in electrochemical supercapacitors. A specific
capacitance of 1030 F/g at 3 A/g has been reported for Ni-Co binary hydroxides
electrode, prepared by CBD at 80 °C on nickel foam, but its cycling stability
was studied for only 1000 CD cycles at 15 A/g.% Specific capacitances of 1970
F/g at 5 mV/s and 859 F/g at 6 A/g have been reported for Ni-Cu spherical

double hydroxide electrode, prepared by CBD at room temperature on Nickel
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foam, but with a capacitance retention of 69% after only 1600 CD cycles at 6

A/g.%

Reduced graphene oxide (rGO) nanosheets have been also utilized for
electrochemical supercapacitors with much better cycling stability than that of
metal oxide and hydroxide electrodes.® One of the best results for reduced

graphene oxide supercapacitors was reported by Bai et al.®’

using a modified
Hummer’s method and hydrothermal reduction, and obtaining a full-cell
specific capacitance of 230 F/g at 1 A/g and a capacitance retention of ~89%
after 10,000 cycles. However, there are other simpler methods which can be
used to prepare reduced graphene oxide, and it is useful to study their
performance. One such simple method is the chemical exfoliation of graphite.*
Chemical exfoliation is an environmentally friendly and cost-effective method
as it does not require strong acids (as in Hummer’s method), or high
temperature and high pressure (as in the hydrothermal method). In addition, it
can produce large quantity of electrically conductive graphene since it is
exfoliated directly from graphite without forming graphene oxide. An et al.®®

have reported a full-cell specific capacitance of 120 F/g at 2 mA for chemically

exfoliated graphene-based supercapacitors.

In this project, Ni-Cu-OH and Ni-Co-OH electrodes have been prepared
using different Ni:Cu and Ni:Co ratios by CBD at room temperature on carbon
microfibers. Effects of changing Ni:Cu and Ni:Co ratios on electrode

morphology and electrochemical performance are investigated. For the
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optimum composition (Ni:Co = 100:10), composites of the ternary electrodes
with graphene and carbon nanofibers were also tested, with resultant
improvement in potential window, equivalent series resistance, areal

capacitance and cycling stability.
4.2. EXPERIMENTS

4.2.1. Synthesis of Ni-Cu-OH, Ni-Co-OH and G-CNF

Ni-Cu-OH electrodes were prepared by CBD with Ni:Cu ratios of 100:3,
100:10 and 100:25. The chemical bath consisted of 1 M of nickel(ll) sulfate
hexahydrate (NiSO4.6H,0), different molarities (0.03, 0.10 and 0.25 M) of
copper(ll) sulfate pentahydrate (CuSO4.5H,0) and deionized (DI) water (H;0) in
Pyrex beakers at room temperature. Then, 1.56 mL of ammonium hydroxide
solution (30-33% NHs; in H,0) and 0.15 M of potassium persulfate (K,S;03) were
added subsequently to the mixture. Several pieces of commercial carbon
microfibers substrates from Fuel Cell Store (carbon cloth 7302003, 99% carbon
content and 11.5 mg/cm?) were immersed in the chemical bath by clamps at
room temperature. The immersed parts of all carbon substrates have the same
area of 1.00 cm?. After 1 h, the coated substrates were taken out, washed
several times with DI H,0 and dried in air at room temperature overnight. Ni-
Co-OH electrodes with Ni:Co ratios of 100:3, 100:10 and 100:25 were prepared
by the same previous procedures but with cobalt(ll) chloride hexahydrate

(CoCl;.6H;0) of different molarities (0.03, 0.10 and 0.25 M). All the chemicals
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used in this project are of analytical grade (SIGMAALDRICH) and were used

without further purification.

Graphene and carbon nanofibers (G-CNF) were prepared using a
modified chemical exfoliation process.** A mixture of 100 mg of graphite and
16.5 mg of 1-pyrenecarboxylic acid (PCA) in 50 mL of methanol were sonicated
for 45 min (BRANSON Ultrasonic Cleaner 2510). Then, 200 mL of DI H,0 was
added to the mixture with continuous sonication for several hours. G-CNF were
collected by vacuum filtration using nanoporous membranes (Celgard 3501).
The collected G-CNF were dissolved in ethanol and casted drop by drop on
carbon microfibers substrate at 60 °C followed by washing with DI H,0 several
times and drying in air overnight. Finally, G-CNF on carbon microfibers were
used as substrates in CBD of the same previous procedure of Ni-Co-OH with
Ni:Co ratio of 100:10 and deposition time of 1 h - 2 h to prepare Ni-Co-OH/G-

CNF electrodes.
4.2.2. Materials Characterization

The mass loading of each electrode was calculated by weighing the
carbon substrate before and after the CBD using a sensitive microbalance from
METTLER TOLEDO (XP26, 0.001 mg resolution). The morphology of Ni-Cu-OH,
Ni-Co-OH and Ni-Co-OH/G-CNF electrodes were observed by scanning electron
microscopy (SEM) at different magnifications. The elemental spectra and
mapping distribution in Ni-Cu-OH and Ni-Co-OH electrodes are confirmed by

energy dispersive X-ray spectroscopy (EDX). SEM was equipped with EDX from
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FEI Company (Nova Nano SEM 630). G-CNF was characterized using X-ray
diffraction (XRD) from Bruker Corporation (A D8 Advance System) and Raman

spectroscopy from HORIBA Scientific.

4.2.3. Electrochemical Measurements

Ni-Cu-OH, Ni-Co-OH and Ni-Co-OH/G-CNF were used as working
electrodes. Saturated calomel electrode (SCE) and a platinum (Pt) wire were
used as reference electrode and counter electrode, respectively. The aqueous
electrolyte solution was 1 M of potassium hydroxide (KOH). Electrochemical
redox reactions were studied by cyclic voltammetry (CV). Electrode
capacitances and cycling stability were calculated by chronopotentiometric
(galvanostatic) charge-discharge (CD). Equivalent series resistances, charge
transfer resistances and diffusion control were studied by electrochemical
impedance spectroscopy (EIS). All experiments were carried out in standard
three electrode configuration using a multichannel Potentiostat/Galvanostat/

EIS from BioLogic Science Instruments (VMP3).

4.3. RESULTS AND DISCUSSION

4.3.1. Materials Properties

EDX elemental mapping images for Ni-Cu-OH electrode and Ni-Co-OH
electrode with Ni:Cu and Ni:Co ratios of 100:10 are shown in Figure 4.1 (a) and
(b), respectively. Figure 4.1 (a) confirms the presence of carbon, nickel,

copper and oxygen in Ni-Cu-OH electrode. In addition, it can be seen that
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nickel, copper and oxygen are homogenously distributed around carbon
microfibers. Figure 4.1 (b) confirms the presence of carbon, nickel, cobalt and
oxygen on Ni-Co-OH electrode with homogenous distribution around carbon
microfibers. EDX spectra of all Ni-Cu-OH and Ni-Co-OH electrodes of
composition 100:3, 100:10 and 100:25 are shown in Figure 4.7 (of the

Supplementary Information).

Figure 4.1 (a) and (b) EDX elemental mapping images for Ni-Cu-OH and Ni-Co-
OH electrodes, respectively.
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(a) Ni:Cu of 100:3 (b) Ni:Cu of 100:10 (c) Ni:Cu of 100:25 (d) Ni:Co of 100:3

Figure 4.2 SEM images of (a)-(c) Ni-Cu-OH electrodes of 100:3, 100:10 and
100:25, respectively. (d)-(f) Ni-Co-OH electrodes of 100:3, 100:10 and 100:25,
respectively. (g) G-CNF electrode. (h) Ni-Co-OH/G-CNF electrode. All
electrodes are coated on carbon microfibers substrates.

SEM images in Figure 4.2 (a)-(c) show the morphology changes for Ni-Cu-
OH electrodes of 100:3, 100:10 and 100:25, respectively. Nanoflakes are clearly
shown at Ni:Cu ratio of 100:3 in Figure 4.2 (a), while increasing the Cu content
to 100:10 and 100:25 leads to suppression of nanoflake formation and to growth
of flat morphology, as shown in Figure 4.2 (b) and (c). SEM images Ni-Co-OH
electrode of 100:3, 100:10 and 100:25 in Figure 4.2 (d)-(f), respectively, show
nanoflakes morphology at different stages of growth. It seems that nanoflakes
in Figure 4.2 (f) have grown incompletely. It can be concluded that increasing
Co ratio to 100:10 and 100:25 slows nanoflake formation and growth, even
though the CBD time was fixed for all studied electrode compositions.
Nanoflake morphology is considered as one of the most preferred morphologies

for electrochemical supercapacitors due to the large possible interface
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between nanoflake surface and electrolyte. Therefore, it is expected that the
nanoflake morphology, such as in Figure 4.2 (a), (d) and (e), leads to higher
capacitance than the flat morphology, such as in Figure 4.2 (b), (c) and (f).
Small magnification SEM images of all Ni-Cu-OH and Ni-Co-OH electrodes of
100:3, 100:10 and 100:25 are shown in Figure 4.8 (a)-(f) in the Supplementary
Information which shows that the carbon microfibers substrates have been
conformally coated. Graphene and carbon nanofibers (G-CNF) can be seen
clearly in Figure 4.2 (g). The diameter of an individual CNF is around 200 nm
as shown in Figure 4.8 (g) of the Supporting Information. Figure 4.8 (h) shows
Ni-Co-OH coated on G-CNF using Ni:Co ratio of 100:10 and a deposition time of
1 h. Using the same ratio but with a deposition time of 2 h leads to increased

nanoflake growth as shown in Figure 4.8 (h).

XRD pattern of G-CNF is compared with that of graphite in Figure 4.9
(a) in the Supplementary Information. It can be seen that (002) peak of G-CNF
at 26.5° is broader than that of graphite indicating that the interplanar
distance between graphene nanosheets is increased and the particles size is
decreased. D band and G band of Raman spectrum are shown in Figure 4.9 (b)
confirming graphene formation in our G-CNF sample. Figure 4.9 (c) shows a

photograph of G-CNF dissolved homogenously in water and methanol.
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Figure 4.3 (a) and (b) CD curves of Ni-Cu-OH and Ni-Co-OH electrodes of
100:10, respectively. (c) and (d) CV curves of Ni-Cu-OH and Ni-Co-OH
electrodes of 100:10, respectively. Enlarged CVs curves after 10000 cycles are
shown in the insets. (e) and (f) CV curves of Ni-Cu-OH and Ni-Co-OH electrodes,
respectively, of 100:25, 100:10 and 100:3.

4.3.2. Electrochemical Performance

Figure 4.3 (a) and (b) shows the CD behavior of Ni-Cu-OH and Ni-Co-OH
electrodes of 100:10, respectively. Before 10,000 cycles, there are two
separate charging plateaus. The first plateau spans a potential of 0.348 to
0.450 V, while the second plateau spans from 0.450 to 0.532 V. After 10,000
cycles, the first charging plateau is shifted toward higher potential from 0.419
to 0.480 V, while the second plateau covers from 0.480 V to the preset
maximum charging potential (0.532 V) which is fixed during all 10,000 cycles.
This shift in the range of charging plateaus toward higher potentials indicates

can be one of the reasons behind the capacitance decay during long CD cycles
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as confirmed and explained in the following CV results section. In addition,
there are two separated discharging plateaus after 10,000 cycles instead of one
discharging plateau. Similar CD behavior is also observed for Ni-Co-OH
electrode as seen in Figure 4.3 (c), but with one broad plateau in the
discharge curve consisting of two or more overlapping plateaus. As expected,
both Ni-Cu-OH and Ni-Cu-OH electrodes have shorter charging-discharging time
after 10,000 cycles, indicating a decrease in capacitance as shown in
Figure 4.4. All previous changes in the potential plateau, number of plateaus
and shape of charging-discharging curves can be due to structural
rearrangement in the electrode materials as confirmed by CV curves in
Figure 4.3 (c) and (d). CD curves at different current densities of all Ni-Cu-OH
and Ni-Co-OH electrodes of 100:3, 100:10 and 100:25 are shown in Figure 4.10

of the Supplementary Information.

Figure 4.3 (c) and (d) illustrates CV behavior of Ni-Cu-OH and Ni-Co-OH
electrodes of 100:10, respectively. Before 10,000 cycles, it can be seen in
Figure 4.3 (c) that there are two partially overlapping oxidation peaks that can
be attributed to Ni(OH),/NiOOH and Cu(OH),/CuOOH based on the following
well-known reactions in which electrons can be stored and then released,

reversely:

Ni(OH), + OH" <> NiOOH + H,0 + e’ Equation 4.1

Cu(OH); + OH <« CuOOH + H,0 + e Equation 4.2
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After 10,000 cycles, the oxidation peak of Ni-Cu-OH electrode is shifted
towards higher potential than the initial one of the same electrode. In
addition, there are two separated reduction peaks after 10,000 cycles instead
of the initial overlapping one. These two observations are in agreement with a
similar reported case for Ni(OH); electrode ** and can be explained based on
Bode’s diagram of the electrochemical phase transformation of nickel
hydroxide in alkaline solution.®® One of the Bode’s diagram findings is that the
redox potential of B-Ni(OH),/B-NiOOH is higher than that of a-Ni(OH),/y-
NiOOH. Analogous to Bode’s diagram, our Ni-Cu-OH electrode may have a-
Ni(OH);/y-NiOOH and a-Cu(OH);/y-CuOOH coupled phases in the initial cycles
and then they may be transformed to B-Ni(OH),/B-NiOOH and B-Cu(OH),/p-
CuOOH coupled phases due to prolonged cycling in alkaline electrolyte (KOH).
Similar CV behavior is also observed for Ni-Co-OH electrode as seen in
Figure 4.3 (d). However, three separated reduction peaks are observed after
10,000 cycles, which supports our prediction of the phase transformations from
a-Ni(OH);/y-NiOOH and a-Co(OH);/y-CoOOH in the initial cycles to B-Ni(OH),/B-

NiOOH and B-Co(OH),/B-CoOOH in the final cycles.

Figure 4.3 (e) and (f) compares the CVs of Ni-Cu-OH and Ni-Co-OH
electrodes, respectively, at the same scan rate of 10 mV/s. Based on the well-
generalized relationship stating that smaller potential separation between CV
redox peaks indicates higher redox reversibility, it can be concluded that our
Ni-Cu-OH electrode of 100:25 has better redox reversibility than Ni-Cu-OH

electrodes of 100:10 and 100:3 as indicated by Figure 4.3 (e). Similarly, Ni-Co-



85
OH electrode of 100:25 has better redox reversibility than Ni-Co-OH electrodes
of 100:10 and 100:3 as indicated in Figure 4.3 (f). This redox reversibility
seems to lead to better cycling stability of the devices. CVs at different scan
rates of all Ni-Cu-OH and Ni-Co-OH electrodes of 100:3, 100:10 and 100:25 are
shown in Figure 4.11 of the Supplementary Information.
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Figure 4.4 (a) and (b) The cycling stability curves of Ni-Cu-OH and Ni-Co-OH
electrodes, respectively. (c) and (d) Areal capacitances of Ni-Cu-OH and Ni-Co-
OH electrodes, respectively. (e) and (f) Specific capacitances of Ni-Cu-OH and

Ni-Co-OH electrodes, respectively.

Figure 4.4 (a) and (b) represents the cycling stability curves of Ni-Cu-OH
and Ni-Co-OH electrodes, respectively, of 100:3, 100:10 and 100:25. It can be
concluded that using Ni-Cu-OH and Ni-Co-OH electrodes of 100:25 leads to
higher capacitance retention during 10,000 CD cycles at 10 A/g, than that of

other electrodes of 100:10 and 100:3. This improvement in cycling stability can
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be ascribed to the characteristic difference in the redox reversibility as
indicated by previous CV curves. In addition, Ni-Co-OH electrode of 100:25
exhibits higher capacitance retention of 55% than 47% exhibited by Ni-Cu-OH of
100:25, after 10,000 CD cycles at 10 A/g. Areal capacitances of Ni-Cu-OH and
Ni-Co-OH electrodes are compared in Figure 4.4 (c) and (d), respectively,
while specific capacitances are compared in Figure 4.4 (e) and (f) for Ni-Cu-
OH and Ni-Co-OH electrodes, respectively. As Ni-Cu-OH and Ni-Co-OH
electrodes can be used in rechargeable alkaline batteries, areal and specific
capacities are calculated and compared in Figure 4.12 of the Supplementary
Information. Both areal and specific capacitances have been calculated from
CD curves of Figure 4.4 (a) and (b). It is concluded that using Ni-Cu-OH and Ni-
Co-OH electrodes 100:3 leads to better areal capacitance than that of other
electrodes of 100:10 and 100:25. Such differences in capacitances are expected
due to the different morphologies as shown in previous SEM images. Ni-Co-OH
electrode of 100:10 seems to be the optimum composition of our electrode as
it has higher capacitance retention than Ni-Cu-OH and Ni-Co-OH electrodes of
100:3 in addition to higher areal and specific capacitances than Ni-Cu-OH and

Ni-Co-OH electrodes of 100:25.
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Figure 4.5 (a) and (b) Complex impedance (Nyquist) plots of Ni-Cu-OH and Ni-
Co-OH electrodes of 100:10 before and after 10,000 cycles, respectively.
Enlarged. Nyquist plots are shown in the insets.

Electrochemical impedance spectroscopy results of Ni-Cu-OH and Ni-Co-
OH electrodes of 100:10 are represented by the complex impedance (Nyquist)
plots in Figure 4.5 (a) and (b), respectively. At low frequencies, the 45° phase
angle of Ni-Co-OH electrode’s Nyquist plot represents the presence of Warburg
impedance (W) that is due to diffusion of electrolyte ions to the electrode. At
high frequencies, Ni-Cu-OH electrode has smaller equivalent series resistance
(ESR) than Ni-Co-OH electrode, as can be seen from the x-axis intercept. After
10,000 cycles, the semicircles became more obvious and larger than the initial
semicircles. Such increase in charge transfer resistance (R¢r) during prolonged

cycling is one of the factors behind the decrease in capacitance.
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Figure 4.6 (a) CD of Ni-Co-OH and Ni-CoOH/ G-CNF electrodes. (b) CV of Ni-Co-
OH and Ni-Co-OH/G-CNF electrodes. (c) Nyquist plot of Ni-Co-OH and Ni-Co-
OH/G-CNF electrodes. Enlarged Nyquist plots are shown in the insets. (d)
Cycling stability curves of Ni-Co-OH and Ni-Co-OH/G-CNF electrodes. (e) and (f)
Area and specific capacitances of Ni-Co-OH and Ni-Co-OH/G-CNF electrodes,

Figure 4.6 shows the electrochemical performance of Ni-Co-OH/G-CNF

respectively.

electrode compared with the previous Ni-Co-OH electrode of Ni:Co ratio of

100:10. Adding G-CNF to Ni-Co-OH electrode leads to increase potential

window as seen in CD and CV curves in Figure 4.6 (a) and (b), respectively, as

expected. Figure 4.6 (c) of Nyquist plot shows that the ESR of Ni-Co-OH/G-CNF

is smaller than that of Ni-Co-OH due to the electrical conductivity of graphene.

Moreover, adding G-CNF to Ni-Co-OH electrode leads to enhanced capacitance

retention over 10,000 cycles as shown in Figure 4.6 (d). This improvement in

the cycling stability can be explained by the fact that there is no phase

transformation

involved during the charge-discharge process of G-CNF
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electrode. Figure 4.6 (e) and (f) represents areal capacitance and specific
capacitance, respectively. Ni-Co-OH/G-CNF electrode has higher areal
capacitance (507 mF/cm?) than Ni-Co-OH electrode (409 mF/cm?). By taking
into account that both electrodes have the same substrate area (1 cm?), the
areal capacitances of these electrodes are actually equivalent to their absolute
capacitances. The specific capacitances cannot be measured accurately as
shown in Figure 4.6 (f) due to the big difference in mass loadings of Ni-Co-
OH/G-CNF and Ni-Co-OH. The mass loading of Ni-Co-OH/G-CNF (1.19 mg/cm?)
is 4 times higher than that of Ni-Co-OH (0.30 mg/cm?) because Ni-Co-OH can be
deposited on larger surface area when using G-CNF carbon microfibers than
using only carbon microfibers. As Ni-Co-OH/G-CNF electrode can be used in
rechargeable alkaline batteries, areal and specific capacities are calculated

and compared in Figure 4.12 (c) and (d) of the Supplementary Information.
4.4, CONCLUSIONS

In this project, Ni-Cu-OH and Ni-Co-OH electrodes were prepared using
different Ni:Cu and Ni:Co ratios by CBD at room temperature on carbon
microfibers. It is observed that incorporation of Co at lower concentration
(100:10) enhances nanoflake formation and hence increases capacitance and
cycling stability. The improvement in cycling stability can be ascribed to the
characteristic difference in the redox reversibility as indicated by CV curves.
Phase transformations of Ni-Cu-OH and Ni-Co-OH electrodes are indicated by

the shifting and the splitting of CD plateaus and the shifting and the splitting of
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CV redox peaks. Composites based on the ternary hydroxides, graphene and

carbon nanofibers on carbon microfibers increase potential window, decrease

equivalent series resistance (ESR), areal capacitance and enhance cycling

stability.
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Figure 4.7 (a)-(c) EDX spectra confirm the presence of C, O, Ni and Cu on all
Ni-Cu-OH electrodes. (d)-(f) EDX spectra confirm the presence of C, O, Ni and
Co on all Ni-Co-OH electrodes.
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Figure 4.8 (a), (b) and (C) Small magnification SEM images of Ni-Cu-OH
electrodes of 100:3, 100:10 and 100:25 Ni:Cu ratios, respectively. (d), (e) and
(f) Small magnification images of Ni-Co-OH electrodes of 100:3, 100:10 and
100:25 Ni:Co ratios, respectively. (g) G-CNF electrode. (h) Ni-Co-OH/G-CNF
electrode prepared by 2h of CBD.
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Figure 4.9 (a) XRD pattern of graphite and G-CNF. (b) Raman spectrum of G-
CNF. (c) Photographs of G-CNF in water and methanol.
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Figure 4.10 (a), (b) and (c) Charge-discharge plots of Ni-Cu-OH electrodes of
100:3, 100:10 and 100:25 Ni:Cu ratios, respectively. (d), (e) and (f) Charge-
discharge plots of Ni-Co-OH electrodes of 100:3, 100:10 and 100:25 Ni:Co
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Figure 4.11 (a), (b) and (c) CV plots of Ni-Cu-OH electrodes of 100:3, 100:10
and 100:25 Ni:Cu ratios, respectively. (d), (e) and (f) CV plots of Ni-Co-OH
electrodes of 100:3, 100:10 and 100:25 Ni:Co ratios, respectively.
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Figure 4.12 (a) and (b) Areal capacity of Ni-Cu-OH and Ni-Co-OH electrodes,
respectively. (c) Areal capacity of Ni-Co-OH (100:10) and Ni-Co-OH/G-CNF
electrodes. (d) and (e) Specific capacity of Ni-Cu-OH and Ni-Co-OH electrodes,
respectively. (f) Specific capacity of Ni-Co-OH (100:10) and Ni-Co-OH/G-CNF
electrodes.
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Chapter 5 . NICKEL-BASED ASYMMETRIC

SUPERCAPACITORS

Nuha A. Alhebshi and H. N. Alshareef, Flexible and low-cost asymmetric

supercapacitors based on Ni-Co-OH and Graphene-carbon nanofibers

Electrodes, to be submitted.
ABSTRACT

In this project, we have fabricated Ni(OH); based asymmetric
supercapacitors with enhanced electrochemical performance, flexible-
electrodes, low-cost fabrication process, and environmentally friendly
materials. Ni-based electrodes have been prepared by chemical bath deposition
(CBD). Graphene and carbon nanofibers (G-CNF) electrodes have been prepared
by chemical exfoliation method. Both electrodes have been deposited at room
temperature on flexible carbon microfibers as current collectors.
Ni(OH),//Graphene asymmetric supercapacitor results in an areal capacitance
of 253 mF/cm? at 5 mA/cm? which is higher than reported 185 mF/cm? at 5
mA/cm? for NiO//rGO asymmetric supercapacitor prepared by hydrothermal
method. Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitor results in a
maximum power of 23 mW within 2.2 V which is higher than the maximum
power and the maximum operating voltage of our Ni(OH),//Graphene (15.94

mW within 1.8 V).
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5.1. INTRODUCTION

The recent trend in supercapacitors research has been trending toward
fabricating asymmetric supercapacitors.38 Asymmetric supercapacitors consist
of two dissimilar electrodes; e.g., one of its electrodes can be porous materials
and the other electrode can be transition metal oxide/hydroxides. The main
feature of asymmetric supercapacitors is a wider cell voltage than symmetric
supercapacitors, which can in principle lead to higher energy density and
better capacitance by utilization of both storage mechanisms of electrical

double layer and redox reactions.

An asymmetric supercapacitor of Ni(OH),/CNT//reduced graphene oxide
(rGO), prepared by modified hummers method and CBD, has been reported
with a specific capacitance of 78.33 F/g and a specific energy of 35.24 Wh/kg
at 2 A/g.** Similar asymmetric supercapacitor of Ni(OH),/CNT//activated
carbon (AC), prepared by chemical vapor deposition (CVD) and CBD, has been
reported with a specific energy of 50.6 Wh/kg and a cycling stability of 17% C
loss after 3000 cycles.® It has been achieved a higher specific energy, 77.8
Wh/kg, for a Ni(OH),/rGO//porous graphene asymmetric supercapacitor, with
a cell voltage of 1.6 V, specific capacitance of 218.4 F/g and 5.7% C; loss after
3000 cycles.*® Ni-Co-OH//rGO asymmetric supercapacitor, prepared by CBD and
chemical reduction, has been reported with a cell voltage of 1.5 V and a
specific power range from 0.32 kW/kg to 5 kW/kg.*® Co0304/Ni(OH),//rGO

asymmetric supercapacitor, prepared by CBD, hydrothermal and chemical
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reduction, has been reported with a specific capacitance of 95.7 F/g at 5

mA/cm?.¥’

5.2. EXPERIMENTAL METHODS

5.2.1. Synthesis of Graphene and Carbon Nanofibers Electrodes

Graphene and carbon nanofibers (G-CNF) were prepared by chemical
exfoliation. A mixture of 100 mg of graphite and 16.5 mg of 1-pyrenecarboxylic
acid (PCA) in 50 mL of methanol were sonicated for 45 minutes (BRANSON
Ultrasonic Cleaner 2510). Then, additional 200 mL of DI H,0 was added to the
mixture with continuous sonication for several hours. G-CNF were collected by
vacuum filtering using nanoporous membrane (Celgard 3501). The collected G-
CNF were dissolved in ethanol and casted drop by drop on carbon microfibers
substrate at 60°C followed by washing with DI H,0 several times and drying in
air overnight. For comparison purposes, a commercial graphene was dissolved
with polytetrafluoroethylene (PTFE) in ethanol and casted drop by drop on
carbon microfibers substrate at 60 °C followed by washing with DI H,0 several

times and drying in air overnight.

5.2.2. Synthesis of Ni(OH), and Ni-Co-OH/G-CN Electrodes

Ni(OH), and Ni-Co-OH electrodes were prepared by CBD with Ni:Co ratios
of 100:0 and 100:10, respectively. The chemical bath consisted of fixed 1M of
Nickel(Il) Sulfate Hexahydrate (NiSO4.6H;0), changed molarities (OM and 0.10M)

of Cobalt(ll) Chloride Hexahydrate (CoCl;.6H;0) and deionized (DI) water (H;0)
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in Pyrex beakers at room temperature. Then, 1.56 mL of ammonium hydroxide
solution (30-33% NH; in H;0) and 0.15M of potassium persulfate (K;S;03) were
added subsequently to the mixture. Several pieces of commercial carbon
microfibers substrates from Fuel Cell Store (carbon cloth 7302003, 99% carbon
content and 11.5 mg/cm?) were immersed in the chemical bath by clamps at
room temperature. The immersed parts of all carbon substrates have the same
area of 1.00 cm?. After 2 h, the coated substrates were taken out, washed
several times by DI H,0 and dried in air at room temperature overnight. All the
chemicals used in this project are analytical grade (SIGMA-ALDRICH) and
without further purification. Finally, G-CNF on carbon microfibers were used as
substrates in CBD of the same previous procedure of Ni-Co-OH to prepare Ni-

Co-OH/G-CNF electrodes.
5.2.3. Materials Characterization

The mass loading of each electrode was calculated by weighing the
carbon substrate before and after the CBD using a sensitive microbalance from
METTLER TOLEDO (XP26, 0.001 mg resolution). The morphology of G-CNF,
Ni(OH),, Ni-Co-OH/G-CNF electrodes were observed by scanning electron

microscope (SEM) at different magnifications.
5.2.4. Electrochemical Measurements

For full-cell measurements, two asymmetric supercapacitors have been
fabricated. First, Ni(OH); was used as a positive electrode and graphene was

used as a negative electrode for comparison proposes. Second, Ni-Co-OH on G-
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CNF were used as a positive electrode and graphene was used as a negative
electrode. The aqueous electrolyte solution was 1M of potassium hydroxide
(KOH). Electrochemical redox reactions were studied by cyclic voltammetry
(CV). Electrode capacitances and cycling stability were calculated by
chronopotentiometry charge-discharge (CD). Equivalent series resistances,
charge transfer resistances and the diffusion control were studied by
electrochemical impedance spectroscopy (EIS). All experiments were carried

out using a multi-channel Potentiostat/ Galvanostat/ EIS from BioLogic Science

Instruments (VMP3).

b) Ni(OH), ~

Figure 5.1 SEM images of (a) Carbon nanofibers (graphene in inset). (b) Nickel
hydroxide. (c) Nickel-cobalt hydroxides on graphene and carbon nanofibers.

5.3. RESULTS AND DISCUSSIONS

5.3.1. Materials Properties

Figure 5.1 (a) shows the morphology of G-CNF. It can be seen that the
carbon nanofiber diameter is around 200 nm and the graphene thickness is

around 13 nm. Figure 5.1 (b) shows that Ni(OH); has nanoflakes morphology in
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which preferred for electrolyte penetration into the electrode. Similar
nanoflakes morphology has been seen for Ni-Co-OH on G-CNF as shown in
Figure 5.1 (c). In addition, it can be shown that Ni-Co-OH nanoflakes were
coated conformally around carbon nanofibers. All G-CNF, Ni(OH), and Ni-Co-
OH/G-CNF samples were coated conformally on carbon microfibers as shown in

Figure 5.7 of the Supporting Information.

5.3.2. Electrochemical Performance

Figure 5.2 shows an illustration of our asymmetric supercapacitor
configuration. In Ni(OH),//Graphene asymmetric supercapacitor, Ni(OH); was
used as a positive electrode (cathode) and graphene was used as negative
electrode (anode) separated by nanoporous polypropylene separator as seen in
Figure 5.2 (a). In Ni-Co-OH//Graphene asymmetric supercapacitor, the
hydroxide was used as a positive electrode, and graphene was used as negative
electrode separated by nanoporous polypropylene separator as seen in
Figure 5.2 (b). In Figure 5.2 (c), stainless steel coin cell was used to test our
asymmetric supercapacitors in full cell configuration as a standard-elementary

cell. Our flexible electrodes can be further implemented in flexible cells.
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(@) Ni(OH)2 // Graphene

Ni(OH), nanoflakes Graphene on carbon

on carbon microfibers microfibers

(b) Ni-Co-OH/G-CNF // Graphene

i

Ni-Co-OH nanoflakes on Graphene on carbon
graphene and carbon nanofibers microfibers
on carbon microfibers

KOH aqueous electrolyte on
nanoporous polypropylene separator

Figure 5.2 (a) SEM images and sketch of Ni(OH); and graphene electrodes. (b)
SEM images and sketch of Ni-Co-OH/G-CNF and graphene electrodes. (c)
Photographs of an asymmetric supercapacitor in coin cell.
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Figure 5.3 (a) and (b) CV and CD curves of graphene electrode, respectively.
(c) and (d) CV and CD of Ni(OH),//Graphene asymmetric supercapacitor,
respectively. (e) Capacitance of Ni(OH),//Graphene asymmetric supercapacitor
at different current values. (d) Energy and power of Ni(OH),//Graphene
asymmetric supercapacitor.

Figure 5.3 (a) shows CV curves of graphene electrode at different scan
rates (from 10 mV/s to 100 mV/s) in the negative potential range (from 0 V to
-0.55 V). A capacitance of 193.2 mF at 2 mA has been achieved by the
graphene electrode as calculated from the CD curve of Figure 5.3 (b) using

Equation 5.1.

CV and CD curves of Ni(OH),//Graphene asymmetric supercapacitor are
shown in Figure 5.3 (c) and (d) at different scan rates and current values,
respectively. Our Ni(OH),//Graphene asymmetric supercapacitor can be

charged and discharged in scan rates up to 25 mV/s within a cell voltage of 1.8
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V which is wider than 1.7 V reported for NiO//reduced graphene oxide (rGO)

asymmetric supercapacitor prepared by hydrothermal method.®

Figure 5.3 (e) shows the capacitance of Ni(OH),//Graphene asymmetric
supercapacitor at different current values as calculated using Equation 5.1.
The areal capacitance at different current values is shown in Figure 5.8 (a) of
the Supporting Information. The areal capacitance of our Ni(OH),//Graphene
asymmetric supercapacitor (253 mF/cm? at 5 mA/cm?) is higher than that of
NiO//rGO asymmetric supercapacitor (185 mF/cm? at 5 mA/cm?) prepared by

hydrothermal method.®’

Figure 5.3 (f) shows the energy and power of Ni(OH),//Graphene
asymmetric supercapacitor. The areal energy and areal power are shown in
Figure 5.8 (b) of the Supporting Information. Our Ni(OH),//Graphene
asymmetric supercapacitor have a maximum energy of 0.16 mW.h at a power

of 7.03 mW and a maximum power of 15.94 mW at an energy of 0.14 mW.h.

Ni-Co-OH/G-CNF /| G
6] —400mvis
—— 200 mV/s
— 100 mV/s
34 ——50mVis
—10mVis

Ni-Co-OH/G-CNF /| G
(a ) | —10Vis

(b ) Ni-Co-OH/G-CNF // G
404 —3Vis
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209 ——08Vis

—06Vls __—
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Figure 5.4 CV curves of Ni-Co-OH/G-CNF//Graphene asymmetric
supercapacitor at different scan rates.
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CV curves of Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitor are
shown in Figure 5.4. Both the redox peaks and the semi-rectangular CV shape
can be clearly seen until a higher scan rate (10 V/s) than our previous
Ni(OH),//Graphene (25 mV/s). This improvement in scan rates can be due to
inserting graphene and carbon nanofibers between Ni-Co-OH and carbon
microfibers, facilitating a quicker permeability of electrolyte ions onto the
nanofibrous design of Ni-Co-OH/G-CNF electrode than the microfibrous design

of Ni(OH); electrode.

Ni-Co-OH/G-CNF /| G
(C) 100 Ni-Co-OHIG-CNF//G o

S ESR=10Q
'’ R_ =30
CcT

Ni-Co-OH/G-CNF /| G (b)
—20mA 204
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Figure 5.5 (a) and (b) CD curves of Ni-Co-OH/G-CNF//Graphene asymmetric
supercapacitor at different current values. (c) Complex plane of
electrochemical impedance spectroscopy (Nyquist plot) of Ni-Co-OH/G-
CNF//Graphene asymmetric supercapacitor with an enlarged scale in the inset.

CD curves of Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitor are
shown in Figure 5.5 (a) and (b). Ni-Co-OH/G-CNF//Graphene asymmetric
supercapacitor can be charged and discharged at wide constant current range
from 0.6 mA up to 20 mA. In addition, the operating voltage of 2.2 V is wider
than the operating voltage of our previous Ni(OH),//Graphene (1.8 V). Such
improvement in operating voltage can be due to adding graphene and carbon

nanofibers to Ni-Co-OH on the same electrode. In fact, Ni-Co-OH and G-CNF
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can be considered as two capacitors connected in series because one side of G-

CNF is directly connected to the current collector (carbon microfibers) and the

other side of G-CNF is directly connected to the Ni-Co-OH nanoflakes. It is well

known that the equivalent voltage of the two series capacitors is the sum of

the voltage of individual capacitors.

Complex plane of electrochemical impedance spectroscopy (Nyquist

plot) of Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitor is shown in

Figure 5.5 (c). An equivalent series resistance (ESR) of 1 Q is calculated from

the intercept of the x-axis, while a charge transfer resistance (Rct) of 3 Q is

calculated from the diameter of the semi-circle.
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Figure 5.6 (a) Capacitance of Ni-Co-OH/G-CNF//Graphene asymmetric
supercapacitor at different current values. (d) Energy and power diagram
(Ragone plot) of Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitor. (c)
Efficiency of Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitor at
different current values.

Capacitance of Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitor

at different current values is calculated by Equation 5.1 and shown in

Figure 5.6 (a). The maximum capacitance of 49 mF at 1 mA for Ni-Co-OH/G-

CNF//Graphene asymmetric supercapacitor is lower than the capacitance of



105

our previous Ni(OH),//Graphene asymmetric supercapacitor due to the fact
that is the reciprocal of the equivalent capacitance of two series capacitors is
the sum of the reciprocals of the individual capacitances. As mentioned earlier,
Ni-Co-OH and G-CNF can be considered as two capacitors connected in series.
Therefore, it is expected to have lower capacitance for Ni-Co-OH/G-CNF than

Ni(OH),.

Energy and power plot of Ni(OH),//Graphene asymmetric supercapacitor
is shown in Figure 5.6 (b). A maximum energy of 118 mW.s is recorded at 1
mA, while a maximum power of 23 mW is achieved at 20 mA. In addition, a
power of 16.12 mW at 14 mA is slightly higher than the maximum power of our
previous Ni(OH),//Graphene asymmetric supercapacitor (15.94 mW at 14 mA).
Such improvement in the power can be due to the higher electrical

conductivity of Co, graphene and carbon nanofiber than Ni(OH)s,.

Efficiency of Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitor at
different current values is shown in Figure 5.6 (c). At low current, where the
charge time is longer than at higher current, the low charge-discharge
efficiency of 78% can be ascribed to the self-discharge or leakage during the
long charge time. At high current, the charge-discharge efficiency is stabilized

around 92%.
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5.4. CONCLUSIONS

Ni(OH); and Ni-Co-OH electrodes were prepared by chemical bath
deposition in-situ on carbon microfibers at room temperature. G-CNF
electrodes were prepared by chemical exfoliation method. Ni(OH),//Graphene
and Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitors were fabricated
in KOH aqueous electrolyte. Ni(OH),//Graphene asymmetric supercapacitor
results in an areal capacitance of 253 mF/cm? at 5 mA/cm? which is higher
than reported 185 mF/cm? at 5 mA/cm? for NiO//rGO asymmetric
supercapacitor prepared by hydrothermal method. Ni-Co-OH/G-CNF//Graphene
asymmetric supercapacitor results in a maximum power of 23 mW within 2.2 V
which are higher than the maximum power and the operating voltage of our
Ni(OH),//Graphene (15.94 mW within 1.8 V). Our asymmetric supercapacitors
are featured by not only their enhanced electrochemical performance, but also
by their flexible-electrodes, low-cost fabrication process and environmentally

friendly materials.
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SUPPORTING INFORMATION

(c) Ni-Co-OH/G-CNF "

ol
5%

Figure 5.7 Low magnification SEM images of (a) Graphene and carbon
nanofibers. (b) Nickel hydroxide. (c) Nickel-cobalt hydroxides on graphene and
carbon nanofibers. All are coated on carbon microfibers substrates.

1At
N

C Equation 5.1

where C is capacitance [mF], / is applied constant current [mA], At is discharge

time range [s], and 4V is discharge potential range [V].

q=CAV =1At Equation 5.2

where q is electrical charge [C].

==+ = Equation 5.3

where C" and C are capacitances of positive and negative electrodes,

respectively [mF].
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E= %C AV? Equation 5.4
E .
P = v Equation 5.5

where E is energy [mW.s] and P is power [mW].
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Figure 5.8 (a) Areal capacitance of Ni(OH),//Graphene asymmetric
supercapacitor at different current values. (b) Areal energy and areal power of
Ni(OH),//Graphene asymmetric supercapacitor.
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Chapter 6 . ON-CHIP SUPERCAPACITORS USING NICKEL

HYDROXIDE NANOFLAKES

N. Kurra*, Nuha A. Alhebshi* and H. N. Alshareef, Microfabricated

Pseudocapacitors Using Ni(OH), Electrodes Exhibit Remarkable Volumetric
Capacitance and Energy Density. Advanced Energy Materials, 5, 1401303, doi:

10.1002/aenm.201401303 (2015) *Contributed equally

ABSTRACT

Metal hydroxide based microfabricated pseudocapacitors with impressive
volumetric stack capacitance and energy density are demonstrated. A
combination of top-down photolithographic process and bottom-up chemical
synthesis is employed to fabricate the micro-pseudocapacitors (u-
pseudocapacitors). The resulting Ni(OH),-based devices show several excellent
characteristics including high-rate redox activity up to 500 V s and an areal
cell capacitance of 16 mF cm™ corresponding to a volumetric stack capacitance
of 325 F cm™. This volumetric capacitance is two-fold higher than carbon and
metal oxide based p-supercapacitors with interdigitated electrode
architecture. Furthermore, these p-pseudocapacitors show a maximum energy
density of 21 mWh cm™, which is superior to the Li-based thin film batteries.
The heterogeneous growth of Ni(OH); over the Ni surface during the chemical
bath deposition is found to be the key parameter in the formation of uniform

monolithic Ni(OH); nanosheets with vertical orientation, responsible for the
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remarkable properties of the fabricated devices. Additionally, functional
tandem configurations of the p-pseudocapacitors are shown to be capable of

powering a light-emitting diode.
6.1. INTRODUCTION

The nanotechnology revolution has promoted technological advances
with increasing levels of miniaturization of electronic, energy harvesting, and
energy storage devices.”””" As an example, small scale energy storage devices
are currently in high demand to power up microelectronic devices such as
microelectromechanical systems (MEMS), microsensors and nanorobotics.’>”® A
planar configuration of the energy storage devices is essential to allow more
robust integration of on-chip energy storage devices to power up
microelectronic devices.”*”> However, thin film based energy storage devices
suffer from the poor power density due to limited diffusion of the ions in this
architecture.”®’” To circumvent the poor rate capabilities of thin-film based
supercapacitors, the interdigitated electrode geometry is a better option
because there is no separator in this case, allowing the fast movement of ions
in the same plane.”*’® These micro-supercapacitors (u-SCs), which exhibit high
power density when compared to microbatteries, and good frequency response,
can be thought of replacement for the bulk Al-based electrolytic

capacitors.”*%

Various fabrication techniques such as photolithography,®' laser

2

scribing,®? ink jet printing,® micromolding®* in combination with the other
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l,85 6

deposition techniques such as electrochemica electrophoretic,® chemical
vapor deposition,®’ sputtering techniques® have been employed in building the
u-SC devices. Carbon based u-SCs have been fabricated by employing different
forms of carbon materials such as carbide derived carbon, activated carbon,
onion like carbon, carbon nanotubes, graphene, reduced graphene

81,83,86,87.89.90 A5 these carbon materials store the charge through the

oxide.
formation of electrochemical double layers (EDLs), they have exhibited lower
values of areal capacitance in the range of 0.1-6 mF cm2.8¢8891 |n order to
enhance the areal capacitance, several pseudocapacitive materials such as
MnO,,® Ru0,,%* MoS,” and even conducting polymers were electrodeposited
over the current collectors.”*” Generally, due to fast reversible redox
reactions or Faradaic charge transfer at the surface of electroactive species,
pseudocapacitors exhibit much higher specific capacitance when compared to
that of carbon-based materials. The geometric parameters such as the width,
length and the spacing between the finger electrodes are important in arriving
at the optimized values of capacitance and rate capability of a u-SC.96 Ni(OH);
has been the high capacity pseudocapacitve material with its well-defined
redox electrochemistry, was employed as an electrode material for high energy
density applications.?”®>? However, the electrochemical behavior of Ni(OH);
electrodes in the planar interdigitated configuration has not been studied yet.

Hence, it is always interesting to study the redox behavior of the Ni(OH); in the

in-plane geometry in two-electrode configuration.
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Here, we use a simple strategy for fabricating on-chip planar
interdigitated electrodes with pseudocapacitive metal hydroxide coatings.
Specifically, Ni(OH); yu-SCs are fabricated by following the conventional
photolithography protocol to deposit metal layers over the patterned
photoresist with subsequent chemical synthesis of Ni(OH),. Different chemical
synthesis methods and metallic nucleation layers were tested. The fabricated
p-pseudocapacitors show an areal cell capacitance of 16 mF cm?with a
volumetric stack capacitance of 325 F cm>in 1 M KOH electrolyte. The high
rate capability of these p-pseudocapacitor devices are realized through the
appearance of redox peaks even at higher scan rates of 500 V s'in a two-
electrode configuration. Further, solid state and flexible
Ni(OH); micropseudocapacitors were fabricated employing polyvinyl alcohol
(PVA)/KOH gel electrolyte. This solid-state device showed cycling stability up
to 80% capacitance retention after 1000 cycles. The tandem configuration of
these Ni(OH), p-pseudocapacitors was employed to demonstrate the glowing of

a light-emitting diode (LED).
6.2. EXPERIMENTAL METHODS
6.2.1. Photolithography of Current Collector Substrates

Glass substrates (Fischer) were cut into 1 in x 1 in size, cleaned with a
soap solution to remove the dirt, followed by ultrasonication in acetone,
isopropyl alcohol, and deionized water sequentially for 5 min each, and then

dried by blowing nitrogen. Plastic substrates based on PEN sheets were
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employed to fabricate flexible solid-state p-SCs. Photoresist AZ9260 was spun
coated at 3000 rpm for 60 s over the glass or PEN substrates to get 10 pm thick
photoresist layers. Photoresist coated substrates were soft baked at 110 °C for
3 min. The UV exposure was carried out using an EVG contact aligner at a
constant dose of 1800 mJ cm™through the Cr/Glass mask having the
interdigitated patterns. After exposure, samples were developed in AZ726
developer solution for 6 min, which resulted in the formation of patterns in the
photoresist layer. Metal layers of 50 nm Ni/200 nm Pt/20 nm Ti were deposited
by sputtering (Equiment Support Co., Cambridge, England) technique over the
patterned photoresist layer. Before the lift-off process, the samples were
immersed in the CBD bath containing precursor for the Ni(OH); for 1-2 h. During
the CBD process, Ni(OH); nanoflakes were precipitated on the entire substrate
uniformly. The lift-off was then performed in acetone to remove the unexposed
photoresist layer along with the metal layers and Ni(OH),deposits present on it.
This process resulted in the Ni(OH); deposit over the interdigitated planar
Ni/Pt/Ti electrodes. 30 fingers were used (15 electrodes for each polarity) with
a typical width of each finger 100 pm, and spacing between the fingers of 50

um; the total area of all the fingers was 0.15 cm?.
6.2.2. Chemical Bath Deposition of Ni(OH), Nanoflakes

After deposition of Ni/Pt/Ti metal layers on the patterned photoresist
substrates, before the lift-off process, the substrates were dipped in a

chemical bath containing a clear-green mixture of 5.26 g of nickel(ll) sulfate
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hexahydrate (NiSO4.6H,0) in 20 mL of deionized (DI) water (H;0).%®> 1.6 mL of
ammonium hydroxide solution (30-33% NH;in H;0) was added drop by drop.
Then, 1.35 g of potassium persulfate (K;5,0s) in 33 mL of deionized (DI) water
(H,0) was added to the mixture with stirring for few seconds at room
temperature. As the reactions progressed, the mixture became dense, and the
color turned to dark blue. The solution was then kept without stirring at room
temperature for 1-2 h. After the CBD process, the samples were washed with
deionized water several times followed by drying at room temperature in a
fume hood overnight. Electrodeposition of Ni(OH), was performed in a standard
three-electrode configuration with Ni/Pt/Ti/Glass as working electrode,
Ag/AgCl as reference and Pt as counter electrodes, 0.1 M NiSO4+ 0.5 M
Na;S0,4 as electrolyte at a constant potential of -0.9 V at room temperature for

15 min.
6.2.3. Materials Characterization

The structural aspects of the Ni(OH); nanoflakes was analyzed using XRD.
Ni(OH), films were deposited over the plane Ni/Pt/Ti/Glass substrate in order
to do thin film XRD. A D8 Advance System from Bruker Corporation, equipped
with Cu Ka X-ray source (A = 0.15406 nm) was used. Surface morphology and
microstructure were imaged by SEM (Nova Nano 630 instrument, FEI Co., The
Netherlands). Energy-dispersive spectroscopy (EDS) analysis was performed
with an EDAX Genesis instrument (Mahwah, NJ) attached to the SEM column.

The film thicknesses were measured using a Veeco Dektak 150 surface
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profilometer. The bonding aspects of the Ni(OH); nanoflakes were investigated
using Raman spectroscopy (LabRAM ARAMIS, Horiba-Jobin Yvon). Raman spectra
were acquired with notch filters cutting at 100 cm™ using a He-Ne laser (633

nm, 5 mW at source) and a laser spot size of 1.5 pm.
6.2.4. Electrochemical Measurements

The electrochemical properties of Ni(OH); p-pseudocapacitors were
investigated in a two-electrode configuration using an electrochemical
workstation (CHI 660D, CH Instruments Incorporation). CV, galvanostatic CD,
and electrochemical impedance spectroscopy (EIS) measurements were
performed in 1 M KOH and PVA/KOH gel electrolytes. PVA/KOH gel electrolyte
was prepared by mixing 1.2 g of KOH with 2 g of PVA in 20 mL of water
followed by rigorous stirring at 85 °C until the formation of a clear gel. Solid-
state devices were fabricated by dropping 10 pL of the gel electrolyte across
the finger electrodes followed by drying at room temperature.

CV experiments were carried out at different scan rates selected from
10 mV s to 500 V s in a two-electrode configuration. CD experiments were
performed at different current densities selected from 50 pA cm™ to 250 pA
cm?. The EIS was performed in the frequency range from 100 kHz to 0.1 Hz at
open circuit potential by applying a small sinusoidal potential of 10 mV signal.
Electrochemical cycling stability was measured using VMP3 multichannel
electrochemical workstation (Bio-Logic). All measurements were carried out at

room temperature.
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6.3. RESULTS AND DISCUSSIONS
6.3.1. Materials Properties

The 3D schematic illustration for the fabrication process of our p-SC is
shown in Figure 6.1. The protocol involves a conventional photolithography
process to fabricate the planar interdigitated finger electrodes over a glass or a
plastic substrate. Initially, photoresist was spun coated on a glass slide as
shown in Figure 6.1 (a), which was then UV exposed through a Cr mask
followed by developing to obtain the interdigitated patterns on the photoresist
as shown in Figure 6.1 (b). Our strategy was to deposit the metal layers
followed by chemical deposition of Ni(OH), before the lift-off process. Since Au
was the most commonly used current collector in fabricating

microsupercapacitors, ¥92:94%

initially a Au/Ti bilayer was used to deposit
Ni(OH); by CBD process. However, it was found that the growth of Ni(OH); over
the Au current collector is non-uniform and grows in the form of domain-like
structures (see Supporting Information, Figure 6.7 (a)). These domain-like
structures of Ni(OH); exhibited poor adhesion and peeled off during
electrochemical measurements, presenting a serious challenge in fabricating
Ni(OH), p-SCs over Au current collectors. The uniform growth of Ni(OH), over
the current collector is essential in order to achieve reliable and stable
electrochemical performance. It was anticipated that Ni surface due to its

chemical compatibility may aid in the heterogeneous growth of Ni(OH); film at

the expense of preventing the aggregation of Ni2 species at the interface of
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solution/Ni surface. Indeed, it was observed that the growth of Ni(OH), over
the Ni surface was uniform (see Supporting Information, Figure 6.7 (b)). It
appears that the homogeneous growth is dominating over the heterogenous
film growth in the case of Au surface, leading to the formation of aggregated
Ni(OH); domain structures (see schematic in Figure 6.7, Supporting
Information). It can be anticipated that the surface energy and the interfacial
strain across the metal/Ni(OH); interface have the strong influence on the

uniform growth of Ni(OH); during the chemical bath deposition (CBD) process.

Expose Deposit

& develop Ni/PUTi

photoresist

Lift-off

Figure 6.1 Fabrication of Ni(OH), p-pseudocapacitor devices. (a)-(c) Schematic
illustration of the conventional photolithography process up to the metal layer
deposition. (d) CBD of Ni(OH), over the entire chip before the lift-off process.
(e) Lift-off using acetone after the CBD process. (f) Photographs showing the
Ni(OH), p-pseudocapacitor devices fabricated on glass and PEN substrates.

CBD is a bottom-up approach in which supersaturated solution gets

precipitated as a solid phase over a given substrate. This method involves with
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various distinct steps such as nucleation, coalescence and subsequent growth
by aggregation of the particles.” Hence, the uniform growth of Ni(OH), is
expected when there is a homogeneous formation of nucleation centers, which
happens through the rapid decomposition of clusters of metal precursor
molecules (in this case, Ni(OH);). These nucleation centers aid in the further
growth of the film through coalesce and aggregation of species. The important
step here is the formation of homogenous nucleation centers which is guided by
the surface energy of the substrate material besides the other parameters
(bath composition, temperature, etc.). During the growth process, the
nanosheets of Ni(OH), get corrugated together in order to lower the surface
energy, leading to the uniform and monolithic formation of Ni(OH), deposit.®*
In our case, we found that Au surface is not assisting the homogeneous
formation of nucleation centers, resulting in the growth of Ni(OH), domains. It
can be anticipated that other than Ni, stainless steel and graphitic substrates
may be expected to work the same as Ni.®*?® However, chemical bath

composition and temperature conditions may be optimized for controlling the

growth of Ni(OH),films over the other substrates.”

It was observed that while doing electrochemical measurements,
Ni(OH),/Ni electrodes were getting delaminated in 1 M KOH electrolyte (see
inset of Figure 6.7 (b), Supporting Information). Hence, we have devised a
metal tri-stack consisting of a thin layer of Ni (50 nm) deposited over the Pt/Ti
metal fingers. The thin layer of Ni increases the rate of heterogeneous film

growth over the homogeneous aggregation of particles resulting in uniform
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growth of Ni(OH); during the CBD process, while the bottom Pt/Ti current
collector was found to be quite stable in 1 M KOH electrolyte. Thus, the metal
layers (Ni/Pt/Ti) deposited over the patterned photoresist layer by sputter
deposition, as shown in Figure 6.1 (c), used for all of the p-pseudocapacitors
fabiated in this study. We found that the Ti layer was essential to provide
strong adhesion between the Ni/Pt film and the glass or plastic substrates, and
hence delamination of metal films could be avoided. On the other hand, the
thin layer of Ni (thickness, 50 nm) can promote the uniform nucleation and
growth of Ni(OH); nanosheets during the CBD process. Finally, Pt, which is
inert, plays the role of current collector. Before the lift-off process, the metal-
coated, patterned photoresist substrate was dipped in a chemical bath
containing the nickel hydroxide precursor for 1-2 h at room temperature in
order to precipitate the Ni(OH); nanoflakes over the entire surface as shown in
Figure 6.1 (d). This sample was then washed with deionized water to remove
the unreacted initial precursor moieties followed by drying in a fume hood at
room temperature. Next, the lift-off process was carried out in acetone to
remove the Ni(OH); and metal layers present on the unexposed regions of the
photoresist layer (Figure 6.1 (e)). The final outcome of the above
microfabrication process is the formation of planar interdigitated
Ni(OH), nanoflakes over the Ni/Pt/Ti current collectors. As the final step in the
process is the lift-off after the CBD process of Ni(OH);, which results in clean
interdigitated finger electrodes without any pseudocapacitive material in the

interspaces of the electrode patterns. Ni(OH); based micropseudocapacitors
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fabricated over the glass and plastic PEN substrates are shown in Figure 6.1

(f).

Figure 6.2 (a) shows a scanning electron microscopy (SEM) image
illustrating the uniform growth of Ni(OH); in a clean interdigitated pattern,
without having any deposits in between the fingers. The morphology of the
Ni(OH); consists of vertically grown nanoflakes in the monolithic form with a
typical thickness of 500 nm, as shown in Figure 6.2 (b) and (c). The X-ray
diffraction (XRD) pattern in Figure 6.2 (d) shows that nickel hydroxide grown
by CBD has mixed phases of a-Ni(OH), (JCPDS 00-038-0715) and 4Ni(OH),-NiOOH
(JCPDS 00-006-0044). The XRD pattern also shows Ni (JCPDS 00-004-0850) and
Pt (JCPDS 00-044-1294) peaks from the current collector. Nickel hydroxide was
predicted to have polycrystalline nature based on the fact that the Ni(OH),-
phase can be oxidized to the NiOOH-phase by persulfate, as indicated in the

following molecular level heterogeneous reaction:*'®

2Ni(OH); + 5,052 > 2NiOOH + 250.2+ 2H" Equation 6.1
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Figure 6.2 (a) and (b) SEM images showing the Ni(OH), finger electrodes. The
inset shows the tilt view of the CBD of Ni(OH),. (c) Zoom-in image shows the
uniform vertical growth of nanoflakes of Ni(OH), over the Ni/Pt/Ti current
collectors, inset shows the interconnected vertically grown Ni(OH), nanosheets.
(d) XRD pattern and (e) Raman spectrum of Ni(OH), grown by CBD.

Raman spectrum was recorded to confirm the bonding aspects of
Ni(OH); nanofalkes as shown in Figure 6.2 (e). The 460 cm™ band can be
attributed to the Ni-O(H) stretching mode, while the bands at 327 and 504

cm™" can be assigned to Ey(T) and A, (T) lattice vibrations of Ni(OH),.""

6.3.2. Electrochemical Performance

Ni(OH), interdigitated finger electrodes were investigated in 1 M KOH
electrolyte in a two-electrode configuration. The cyclic voltammetry (CV)
curves at different scan rates are shown in Figure 6.3. At low scan rate of 10

mV s”, the voltammogram exhibits the currents, which are due to oxygen
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evolution and redox reactions of Ni(OH),, as indicated in Figure 6.3 (a). The
redox peaks at 89 mV and -6 mV correspond to the oxidation and reduction of
the Ni(OH),, respectively as shown in Figure 6.3 (a). The sudden hike in the
current above the anodic potential of 0.4 V can be attributed to the evolution

of oxygen gas according to the following reaction:

40H - O; + 2H,0 + 4e” Equation 6.2
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Figure 6.3 (a)-(c) Cyclic voltammograms of CBD Ni(OH), finger electrodes at
different scan rates in a two-electrode configuration in 1 M KOH electrolyte.
The inset shows CV data collected at higher scan rate of 500 V s™'. Schematic
illustrating the d) in-plane and (e) sandwich configuration of the Ni(OH);
electrodes. (f) Comparison of CV data for planar vs sandwich configurations of
a Ni(OH); pseudosupercapacitor device at 40 mV s ™.

The CV curves display the redox peaks of Ni(OH), even at higher scan
rates of 10 and 50 V s in a two-electrode configuration as shown in Figure 6.3
(b) and (c), indicating the high rate capability of the Ni(OH); p-

pseudocapacitor. The observation of high rate redox active behavior can be
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attributed to the in-plane configuration of the interdigitated finger electrodes.
As there is no separator involved in this design, the fast movement of the
electrolyte ions in this planar configuration is responsible for the observation of
the redox peaks at higher scan rates up to 500 V s, which is otherwise
impossible in a conventional sandwich configuration (see Figure 6.3 (d) and
(e)). The CV curves of planar versus sandwich configuration of
Ni(OH), pseudocapacitor devices are shown in Figure 6.3 (f). The current
values are almost three times higher for the interdigitated planar
Ni(OH), pseudocapacitor when compared to the sandwich configuration. The
redox behavior of Ni(OH), was suppressed at a scan rate of 500 mV s in the
sandwich configuration, which is due to diffusion limitations in this
configuration (see Supporting Information, Figure 6.8). Due to diffusion limited
problems of electrolyte ions at higher scan rates, it was not possible to capture
the redox activity of the Ni(OH); in the sandwich configuration. In order to
avoid the problems associated with the oxygen evolution at higher anodic
potentials (above 0.4 V), the potential was limited up to 0.4 V to capture the

redox activity of the Ni(OH); only.

The typical CV curves of Ni(OH); p-pseudocapacitor in 1 M KOH
electrolyte at different scan rates in the potential window of -0.2 to 0.4 V are
displayed in Figure 6.4 (a)-(d). Two strong redox peaks are observed at a lower
scan rate of 10 mV s™'; these are due to reversible formation of Ni*2/Ni*3 redox
couple in a basic medium as shown in Equation 6.3. The oxidation of Ni** to

Ni** due to extraction of proton from the Ni(OH),in alkaline medium is seen as
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the oxidation peak marked in Figure 6.4 (a). The reverse process happens

: : : . .102,103
during the reduction reaction: : "™
Ni(OH); + OH" < NiOOH + H,0 + e Equation 6.3
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Figure 6.4 (a)-(d) Cyclic voltammograms of a Ni(OH), p-pseudocapacitor at
different scan rates in 1 M KOH electrolyte. (e) Charge-discharge curves at
different current densities. (f) Ragone plot showing the comparison of energy
and power density of Li thin-film batteries, electrolytic capacitors, carbon and
metal oxide based p-SCs with respect to Ni(OH); p-pseudocapacitor.

Even at higher scan rates of 1 Vs and 10 V s, the redox peaks are still
observed, indicating the fast redox reactions of Ni(OH);in this planar
interdigitated architecture as shown in Figure 6.4 (b) and (c). The high rate
redox activity of the Ni(OH); y-pseudocapacitors with high rate Faradaic
reactions contributing to the higher values of pseudocapacitance. The charge-
discharge curves are seen typical of Ni(OH); at current densities of 62.5 and

125 pA cm? are shown in Figure 6.4 (e). The areal cell capacitance was
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calculated from the discharge curve and found to be 16 mF cm’2, which is at
least two times higher when compared to carbon-based interdigitated
microsupercapacitors (0.1-6 mF cm?2)8838991104 The pare Ni/Pt/Ti electrodes,
without having the Ni(OH); deposit, have exhibited areal cell capacitance of
15-20 pF cm? in 1 M KOH electrolyte (see Figure $3, Supporting Information). It
is clear that Ni has a negligible contribution towards the cell capacitance
shown by Ni(OH),. CV data and charge-discharge (CD) for a 1 h CBD Ni(OH); p-
pseudocapacitor are shown in the Supporting Information, Figure 6.10.
Pseudocapacitive materials such as MnO;, RuO; and MoS; have exhibited an
areal capacitance in the range of 1-10 mF cm?2.®%% Similarly, the
electrodeposited Ni(OH), exhibited an areal capacitance of 1.5 mF cm?,
signifying that the CBD process is the better option in the fabrication of
Ni(OH); based p-pseudocapacitors with remarkable performance under the
fabrication conditions adapted in this study (see Figure 6.11, Supporting
Information). This is because CBD is an easily scalable process and is very cost-
effective, especially if done at room temperature as we have done in our
study. Wang and co-workers have demonstrated the effect of electrodeposition
temperature on the electrochemical performance of Ni(OH); over Ni foam
substrate.'® Similarly, the processing conditions such as bath composition,
temperature and nucleation layers can be optimized to arrive at the enhanced
electrochemical performance of the Ni(OH); y-pseudocapacitors by the
electrodeposition method. Volumetric stack capacitance of the device was

calculated by considering the total volume of the device and found to be 325 F
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cm, which is high compared to the various p-supercapacitor devices reported
in the literature and superior to carbon based p-supercapacitors (180 F cm).%"
83,86,87.89.90 The Ragone plot for the Ni(OH), p-pseudocapacitors at different
current densities is shown in Figure 6.4 (f). The device exhibits a maximum
energy density of 21 mWh cm™ at a power density of 262.5 mW cm™. This
energy density of the Ni(OH); p-pseudocapacitor is superior to the Li based
thin-film batteries (10 mWh cm™), p-SCs based on carbon materials (E = 0.15-9
mWh cm™) and metal oxide materials (1-5 mWh cm).2'% Due to high rate
capability of the Ni(OH); y-pseudocapacitor, it can deliver a maximum power
density of 750 mW cm™ at an energy density of 14 mWh cm?. This clearly
signifies that the importance of the interdigitated architecture of the
electrodes with suitable pseudocapacitive coatings, such as Ni(OH);, can have

energy densities that are superior to those of Li-based thin-film batteries.

The flexible nature of the Ni(OH); u-SC devices was investigated by
employing the polyvinyl alcohol (PVA)/KOH gel electrolyte. These devices were
fabricated on a flexible polyethylene naphthalate (PEN) sheet following the
photolithography and CBD process. A small amount of the PVA/KOH gel
electrolyte was applied across the finger electrodes followed by drying under
ambient conditions. CV curves exhibit redox peaks up to scan rate of 2 V s,
indicating the fast redox behavior of Ni(OH); even with the gel electrolyte as
shown in Figure 6.5 (a). At higher scan rates, CVs exhibit rectangular behavior
as the rate of the redox reaction may not be compatible with the diffusion rate

of electrolyte ions present in the polymer matrix as shown in Figure 6.5 (b).
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Furthermore, it can be seen from Figure 6.5 (c) that the CV curves under the
bent configuration remain the same as that of the normal device. The inset
shows a photograph of the bent Ni(OH); p-pseudocapacitor device. The charge-
discharge curves show the typical pseudocapacitive nature of Ni(OH);, as
illustrated by a strong deviation from the triangular nature of EDLs (see
Figure 6.5 (d)). This solid state device showed an areal cell capacitance of 2
mF cm?at a current density of 12 pA cm?, comparable to the
Ni(OH),/graphene based thin film solid state devices.'® Figure 6.5 (e) shows a
Nyquist plot of the Ni(OH); p-SC, which exhibits a semicircle in the high
frequency region with charge-transfer resistance of 2.6 kQ . The insulating
nature of the Ni(OH); deposit can be the major factor for this large value of
charge transfer resistance. The electrochemical cycling stability of the solid-
state device was tested for 1000 cycles, demonstrating capacitance retention

up to 80%, as shown in Figure 6.5 (f).
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Figure 6.5 Solid state flexible Ni(OH), pseudocapacitor. (a) and (b) CVs of the

solid state device with PVA/KOH gel electrolyte at different scan rates. (c) CV

scan of the device under normal and bent conditions at scan rate of 200 mV s™,

The inset shows a photograph of the bent Ni(OH), pseudocapacitor device. (d)

Charge-discharge curves at current densities of 12 and 30 pA cm™. (e) Nyquist

plot of the solid state device. (f) Electrochemical cycling stability of the device
over 1000 cycles.

As these p-SC devices can deliver less power; they may not be suitable
for practical applications. However, tandem configuration of these devices may
fetch extended voltage window or current based on the series and parallel
combinations, respectively. Here, we demonstrate the tandem configuration of
the Ni(OH); p-SCs in both series and parallel combinations. The potential
window has been extended up to 0.8 V when two cells are connected in a series
manner at the expense of reduction in the current values as shown
in Figure 6.6 (a) and (b). There is a shift and the broadness of the redox peaks
was observed for the two cells connected in series compared to the single cell

with relatively sharp redox peaks. Similarly, charge-discharge curves of the
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series-connected devices showed less time for the discharge as compared to
the single cell device as shown in Figure 6.6 (c). In contrast, for the parallel
combination of the p-SC cells, the discharge time was found to be higher when
compared to the single cell as expected (shown in Figure 6.6 (d)). Hence, the
series and parallel combination of these Ni(OH); p-pseudocapacitors was used
to extend the potential and current values, which can be harnessed in an
external circuit to light an LED. The inset in Figure 6.6 (d) shows the glowing
red LED powered from the tandem configuration of these Ni(OH); based p-

pseudocapacitors for almost 45 s after charging for 20 s.
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Figure 6.6 (a) and (b) CVs of the series connected Ni(OH); p-pseudocapacitor
at different scan rates. Charge-discharge curves of the tandem configuration of
Ni(OH), u-pseudocapacitor in (c) series and (d) parallel combinations. The inset

shows the red LED powered using a tandem configuration of the Ni(OH); p-
pseudocapacitor devices.

It is noteworthy that contributions from both the geometry and the
material are important to achieve the better performance of the p-SCs. The
capacitance of a microsupercapacitor is directly proportional to the ratio of the
width (w) to the finger spacing (s), i.e., w/s.”® As the width of the finger
increases, capacitance increases whereas the power density can be increased
by reducing the spacing between the fingers. Hence, the high scan rate ability
is associated with the high power density and high cell capacitance (high

energy density), and can be controlled through the geometric parameters of
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the device. In our case, the width of the each finger is 100 pym while the
spacing between the fingers is 50 ym. That means the w/s ratio is 2, and we
were able to achieve high scan rates up to 500 V s™'. The RC time constant of
the device depends on the geometric parameters such as w/s, responsible for
achieving the high scan rate ability of the p-SC devices. Lower the value of RC
time constant higher the scan rate ability. For our Ni(OH); micro-
pseudocapacitors, we have found that RC time constant is in the range of 430
ps; T=RC = 0.027 Q cm® x 16 mF cm™ = 432 ps, where R is the equivalent series
resistance (ESR), obtained from the high frequency region of the Nyquist plot
and C is the cell capacitance of the device. Recently, Dinh et al., have made
similar observations with the demonstration of high scan rate ability of the
microsuercapacitors based on CNTs and RuO,.”? The experimental data was
supported by the simulations involving computation of RC time constants with
respect to the interspacing between the fingers. > Reduced spacing between
the fingers will give rise to lower values of ESR, which in turn result in the
higher power density with high cell capacitance and then high scan rate
capability. However, depositing pseudocapactive materials over the finger
electrodes while reducing the spacing between the fingers without shorting the

positive and negative electrodes is a challenging aspect.

Ni(OH), has been the active transition metal hydroxide material with its
well-defined redox electrochemistry and high specific capacitance, and
became an attractive candidate material in commercial alkaline batteries and

also as a pseudocapacitor electrode material for high energy denisty
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applications.?”*>% From our study, it is clear that Ni(OH), has been proven to
exhibit high performance when patterned in the form of interdigitated finger

electrodes to realize the successful fabrication of p-pseudocapacitor devices.

Thus, the materials such as carbonaceous materials with high porosity
and high conductivity needed to be grown thicker to have higher total surface
area for achieving large capacitance values. As the metal oxides/hydroxides
are poorly conducting, optimal thickness is required to maintain higher values
of energy density and power density. Width/spacing (w/s) ratio of the
electrodes should be high for the higher values of cell capacitance and also

short migration distance of ions for the fast charge/discharge rates.
6.4. CONCLUSIONS

High rate redox, solid state, and flexible micropseudocapacitors were
fabricated using conventional lithography and CBD. The Ni(OH);-based -
pseudocapacitors showed high rate redox activity up to 500 V s™', with an area
cell capacitance of 16 mF cm™ and a volumetric stack capacitance of 325 F cm
3, which is superior to carbon and metal oxide based pSCs. These USCs showed a
maximum energy density of 21 mWh cm, which is superior to the Li-based thin
film batteries. These remarkable characteristics of the Ni(OH); p-
pseudocapacitors can be attributed to the uniform monolithic heterogenous
growth of Ni(OH); over the Ni surface during the chemical bath deposition.
Tandem configuration of these Ni(OH); based micropseudocapacitors was

employed to demonstrate the lighting of an LED.
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where i is the discharge current density, A is the total area of the all finger
electrodes in cmz, Ceeu is the cell capacitance, Cyq is the volumetric stack
capacitance, v; is the volume of the all finger electrodes, AV is the potential

window, At is the discharge time.

Ni(OH)/AN/TI/GlaS " 2

Figure 6.7 (a) Domain kind of growth of Ni(OH); over the Au/Ti/Glass surface.
(b) Uniform growth of Ni(OH), over the Ni/Ti/Glass surface. Inset shows the
delamination of Ni finger electrodes during the electrochemical measurements
in 1M KOH electrolyte. By using the tristakc (Ni/Pt/Ti) both uniform and well-
adhering N(OH); nanosheets were observed, as shown in main mansucrip. The
schematic shows the difference in the nucleation process of Ni(OH); over the
Au and Ni surfaces, respectively during the CBD process.

However, in our case, we have observed that the growth of Ni(OH), over
the Au current collector is non-uniform and seem to grow in the form of

domain-like structures (see Supporting information, Figure 6.7 (a)). The
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growth of Ni(OH); was seen uniform and monolithic over the Ni surface (see
Figure 6.7 (b)), but these fingers were getting delaminated while doing
electrochemical measurements in 1M KOH electrolyte. Hence, we have chosen
a thin layer of Ni (thickness, 50 nm) over the Pt/Ti metal fingers. As the top Ni
surface helps in the uniform growth of Ni(OH), during the CBD process while
the bottom Pt/Ti current collector was found to be quite stable in 1M KOH

electrolyte.
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Figure 6.8 CVs of Ni(OH); thin film supercapacitor in sandwich geometry at
scan rates of 100 and 500 mV/s. At higher scan rate of 500 mV/s, the redox
peaks are not prominent in this sandwich geometry while in planar
interdigitated configuration, redox behavior is seen even at a scan rate of 500
V/s.
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KOH electrolyte. (b) Areal cell capacitance with frequency of Ni/Pt/Ti p-SC.

Bare Ni/Pt/Ti/glass electrodes exhibit an areal capacitance of 15-20 pF/cm? in
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Figure 6.11 Comparison of (a) CV and (b) CD curves of CBD vs.
electrodeposited Ni(OH); micropseudocapacitors.

The electrodeposited Ni(OH), micropseduocapacitors showed almost an
order of magnitude less energy denisty compared to CBD process. However, the
optimisation process for the electrodeposition may be required in order to

achieve the better performance of the micropseudocapacior devices based on

Ni(OH),.
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SUMMARY

In this dissertation, we have studied and developed Ni-based electrode
materials and devices for capacitive energy storage for both conventional and
on-chip energy storage applications. The specific objectives of this research
were to fabricate Ni-based electrochemical supercapacitors with high
capacitance, wide operating voltage, good stability, and low cost. In addition,
we wanted to study the basic aspects of the electrochemical behavior of Ni-
based electrodes and devices. The main results of this work can be summarized

in the following points:

A uniform and conformal coating of nanostructured Ni(OH), flakes on
carbon microfibers has been deposited in-situ by a simple chemical bath

deposition (CBD) at room temperature.

e The microfibers conformally-coated with Ni(OH), nanoflakes exhibit five
times higher specific capacitance compared to planar (non-conformal)
Ni(OH), nanoflakes electrodes prepared by drop casting of Ni(OH); on

the carbon microfibers (1416 F/g vs. 275 F/g).

e Ni-Cu-OH and Ni-Co-OH ternary electrodes have been prepared with
different Ni:Cu and Ni:Co ratios by CBD at room temperature on carbon

microfibers.

e |t is observed that the electrodes with Ni:Cu and Ni:Co composition ratio

of 100:10 results in an optimum capacitance and cycling stability. In
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addition, it is found that decreasing Cu and Co ratios enhances

nanoflakes formation, and hence increases electrode capacitance.

For the optimum composition (Ni:Co = 100:10), Ni-Co-OH with graphene
and carbon nanofibers (G-CNF) electrode was tested, with resultant
improvement in electrode potential window, equivalent series

resistance, and cyclic stability.

Ni(OH),//Graphene and Ni-Co-OH/G-CNF//Graphene  asymmetric
supercapacitors have been fabricated at room temperature on carbon

microfibers with KOH electrolyte.

Ni(OH),//Graphene asymmetric supercapacitor results in an areal
capacitance of 253 mF/cm? at 5 mA/cm? which is higher than reported
185 mF/cm? at 5 mA/cm? for NiO//rGO asymmetric supercapacitor

prepared by hydrothermal method.

Ni-Co-OH/G-CNF//Graphene asymmetric supercapacitor results in a
maximum power of 23 mW within 2.2 V which are higher than the
maximum power and the operating voltage of our Ni(OH),//Graphene

(15.94 mW within 1.8 V).

Our asymmetric supercapacitors are featured by not only their enhanced
electrochemical performance, but also by their flexible-electrodes, low-

cost fabrication process and environmentally friendly materials.
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A novel combination of top-down photolithographic process and bottom-
up CBD synthesis has been developed to fabricate Ni(OH),-based micro

supercapacitors (u-supercapacitors).

The resulting Ni(OH),-based devices show high-rate redox activity up to
500 V/s and an areal cell capacitance of 16 mF/cm? corresponding to a
volumetric stack capacitance of 325 F/cm?®. This volumetric capacitance
is 2-fold higher than carbon and metal oxide based n-supercapacitors
with interdigitated electrode architecture. Furthermore, these p-
supercapacitors show a maximum energy density of 21 mWh/cm?, which

is superior to the Li-based thin film batteries.

Future Directions

Our recommendation regarding the future research prospects can be

summarized in the following points:

It is recommended to utilize in-situ characterizing techniques to detect
any morphological or structural changes on electrodes during charge-
discharge processes. For example, electrochemical potentiostat and
analytical electrochemistry TEM tip have been already combined for in-
situ electrochemical studies.'” Such detailed studies can provide further
insight on the factors behind decreasing capacitance during prolong

cycling.
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The effect of using different dopants with Ni(OH); electrodes and
different electrolytes can be investigated to further improve the device
resistance, power and cycling stability.

For our Ni-Co-OH/G-CNF conventional supercapacitors on carbon flexible
substrate, we recommend to utilize the advantageous of substrate
flexibility by designing and fabricating a cylindrical cell that can contain
larger area of folded-in (scrolled) electrodes than in the stainless steel
coin cell used in the research of this dissertation as an elementary
prototype.

For our Ni(OH), on-chip supercapacitors on metallic/glass and flexible
substrates, we recommend to add Co, graphene and carbon nanofibers
to Ni(OH);. Such hybridizing may reduce the resistance, increase the
power and cycling stability as have been achieved for our Ni-Co-OH/G-

CNF conventional supercapacitors.
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APPENDIX. TERMINOLGY

Capacitor “An Arrangement of conductors separated by an insulator
(dielectric) used to store charge or introduce reactant into an alternating-

current circuit.”'®

Capacitance “The property of a conductor or system of conductors that
describes its ability to store electric charge. The capacitance (C) is given by
Q/V, where Q is stored charge on one conductor and V the potential difference
between the two conductors (or between a single conductor and earth); it is

measured in farads.”'%®

Cell “ (in physical chemistry) A system in which two electrodes are in contact
with an electrolyte. The electrodes are metals or carbon plates or rods or, in
some cases, liquid metals (e.g. mercury). In an electrolytic cell a current from
an outside source is passed through the electrolyte to produce chemical
change. In a voltaic cell, spontaneous reactions between the electrodes and

electrolyte(s) produce a potential difference between the two electrodes.”'®

Electrode “A conductor that emits or collects electrons in a cell.”'®

Electrode potential “The potential difference produced between the
electrode and the solution in a half cell. It is not possible to measure this
directly since any measurement involves completing the circuit with the
electrolyte, thereby introducing another half cell. Standard electrode

potentials E° ; are defined by measuring the potential relative to a standard
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hydrogen half cell using 1.0 molar solution in 25°C. The convention is to
designate the cell so that the oxidized form is written first. For example,
Pt(s)|H,(2)H" (aq)| Zn**(aq) | Zn(s) The e.m.f of this cell is -0.76 volt (i.e. the
zinc electrode is negative). Thus the standard electrode potential of the
Zn*"|Zn half cell is -0.76V. Electrode potentials are also called reduction

potentials. "%

Electrolyte “A liquid that conducts electricity as a result of the presence of
positive or negative ions. Electrolytes are molten ionic compunds or solutions
containing ions, i.e. solution of ionic salts or of compounds that ionize in
solution. Liquid metals, in which the conduction is by free electrons, are not
usually regarding as electrolytes. Solid conductors of ions, as in the sodium-

sulphur cell, are also known as electrolytes.”'%

Electromotive force (e.m.f) “The greatest potential difference that can be
generated by a particular source of electric current. In practice this may be
observable only when the source is not supplying current, because of its

internal resistance.”'®

Energy “A measure of a system’s ability to do work. Like work itself, it is
measured in joules. Energy is conveniently classified into two forms: potential
energy is the energy stored in a body or system as a consequence of its
position, shape, or state (this includes gravitational energy, electrical energy,

nuclear energy, and chemical energy); kinetic energy is energy of motion and
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is usually defined as the work that will be done by the body possessing the

energy when it is brought to rest.”'%

Half cell “An electrode in contact with a solution of ions, forming part of a
cell. Various types of half cells exist, the simplest consisting of a metal
electrode immersed in a solution of metal ions. Gas half cells have a gold or
platinum plate in a solution with gas bubbled over the metal plate. The
commonest is the hydrogen half cell. Half cells can also be formed by a metal
in contact with an insoluble salt or oxide and a solution. The calomel half cell

is an example of this. Half cells are commonly referred to as electrodes.”'®

Power (in physics) “Symbol P. The rate at which work is done or energy is

transferred. In Sl unit it is measured in watts (joules per seconds).”'%®
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