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“The Impossible Dream (The Quest)”

To dream the impossible dream
To fight the unbeatable foe
To bear with unbearable sorrow
To run where the brave dare not go

To right the unrightable wrong
To love pure and chaste from afar
To try when your arms are too weary
To reach the unreachable star

This is my quest, to follow that star
No matter how hopeless, no matter how far
To fight for the right
Without question or pause
To be willing to march
Into hell for a heavenly cause

And I know if I’ll only be true
To this glorious quest
That my heart will lay peaceful and calm
When I’m laid to my rest

And the world will be better for this
That one man scorned and covered with scars
Still strove with his last ounce of courage
To fight the unbeatable foe
To reach the unreachable star

Song by Mitch Leigh, with lyrics written by Joe Darion. It was first
sung in the 1972 movie “Man of La Mancha” by Don Quixote as
he stands vigil over his armor, in response to Aldonza (Dulcinea)’s
question about what he means by “following the quest”.
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Preface

Nanotechnology is a field related to materials and devices with char-
acteristic dimensions in the nanometer scale where unique size, shape
and structure-dependent physical and chemical properties emerge,
opening new opportunities in science and technology. Among the
various nanostructured materials, metal oxide nanostructures and,
specifically, nickel hydroxide [Ni(OH)2] and nickel oxide (NiO) nanos-
tructures have recently attracted increasing attentions due to their
excellent performances in many applications, such as electrochromic
smart windows, electrochemical (bio)sensing, gas sensing, energy stor-
age and water splitting. Ni(OH)2 and NiO nanostructures can be
prepared by various methods. However, some of them require expen-
sive or complex experimental setup which can not be used for large
scale production. Therefore, in the last decades reasearchers have
devoted many e↵orts in developing simple, low-cost and scalable syn-
thesis methods of Ni(OH)2 and NiO nanostructures. Among them,
the chemical bath deposition (CBD) is considered the most advanta-
geous one. In fact, CBD involves the simple immersion of substrates
into an aqueous solution of Ni(OH)2 precursors which allows to de-
posit nanostructured Ni-based thin films, named “nanowalls”, with
high surface-to-volume ratio and porous structure. Since the pio-
neering NiO CBD by Pramanik and Battacharya in 1990, CBD has
been widely used to prepare Ni-based nanowalls. Still, as a solution-
based method, CBD lacks of a good control and reproducibility. To
overcome these limitations, CBD needs to be fully investigated and
controlled. In this thesis, a careful analysis of the most important

11



CBD parameters (reagents, deposition time and temperature) is con-
ducted, leading to a better control and reproducibility of the method.
Moreover, a growth model for Ni-based nanowalls is proposed. The
full comprehension of Ni-based nanowalls growth allows to enhance
their electrochemical properties. To further improve the electrical
and electrochemical properties of Ni-based nanowalls for specific ap-
plications, several strategies are presented, including thermal anneal-
ing and/or electrochemical processes, or decoration with metals by
electroless deposition method. In this way, novel Ni-based nanostruc-
tures, such as Ni nanofoam, Au decorated NiO nanowalls, nanoporous
NiO film and Ni(OH)2@Ni core-shell nanochains, are obtained, show-
ing excellent performances for various applications, including non-
enzymatic glucose sensing, PCR-free DNA sensing, acetone and NO2

sensing, and energy storage.
The thesis is organized as follows:

• the first chapter is an introduction to nickel hydroxide and
oxide nanostructures. The fundamental properties and fabri-
cation methods of Ni(OH)2 and NiO nanostructures are first
presented. Then, a literature overview of Ni(OH)2 and NiO
thin films grown by low-cost CBD is reported, focusing on the
proposed models for film formation and growth;

• the second chapter concerns the careful investigation of the
most important CBD parameters, which leads to a new model
for film formation and growth. The morphological, structural
and electrochemical properties of Ni-based nanowalls are also
presented. The optimized Ni-based nanowalls were transformed
into the novel Ni nanofoam by a thermal annealing process
in reducing atmosphere and applied for non-enzymatic glucose
sensing, showing remarkable performances in terms of high sen-
sitivity, selectivity, stability and low limit of detection (LoD);

• the third chapter reports an introduction to Contagious Agalac-
tia (CA), an infectious disease which reduces the milk produc-
tion in goats and sheep, caused by the bacterium Mycoplasma
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agalactiae (Ma). To provide a cost and time-saving diagnosis
method for CA other than conventional PCR-based approach,
a novel impedimetric Ma DNA sensor is presented. The sen-
sor consists of Au decorated NiO nanowalls obtained by gold
electroless deposition onto NiO nanowalls, which were function-
alised with Ma probe ssDNA and used to sense the hybridiza-
tion with Ma complementary ssDNA;

• the fourth chapter introduces the urgent need for low-cost sen-
sors of acetone and NO2. Then, the acetone sensing perfor-
mances of NiO nanowalls are presented. Moreover, a novel
nanoporous NiO film with impressive sensitivity, selectivity,
stability and low LoD to NO2 at room temperature is pre-
sented. A model for the NO2-NiO interaction mechanism is
also proposed;

• the fifth chapter reports an introduction to nanostructures for
hybrid supercapacitors. Then, novel Ni(OH)2@Ni core-shell
nanochains, prepared by CBD, thermal annealing and electro-
chemical oxidation, are presented. Due to this unique core-shell
architecture, high-rate energy storage performances in terms of
superior specific capacity, rate capability and stability are ob-
tained.
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This chapter is focused on nickel hydroxide [Ni(OH)2] and oxide
(NiO) nanostructures, that have recently emerged as important ma-
terials in many applications, including sensing and energy storage.
First, the crystal structure and general properties of these materials
are described. Then, a large number of common methods to synthe-
size Ni(OH)2 and NiO nanostructures are presented. Finally, the
chemical bath deposition (CBD) of Ni(OH)2 and NiO thin films is
reviewed.

1.1 Metal oxides nanostructures and their
applications

Nanotechnology opened new opportunities in almost every scientific
field due to the enhancement of physical and chemical properties of
nanoscale materials at their unique size and shape. Among them,
metal oxides nanostructures are considered to be one of the most
fascinating research topic, playing a vital role in physics, chemistry,
materials science and biotechnology. Figure 1.1 reports a collection
of ZnO nanostructures, one of the most investigated metal oxides.

The various metallic elements can form a wide variety of oxides,
such as ZnO, NiO, SnO2, In2O3, CuO, Co3O4, MoO3, WO3, IrO2,
Fe2O3, TiO2, V2O5 and RuO2. The d -shells of transition metal ox-
ides are partially filled, while the s-shells are always fully filled by
electrons, determining their typical semiconducting behaviour with
wide bandgaps and high dielectric constants [1.2].
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Figure 1.1: A collection of ZnO nanostructures, among which
nanosprings, nanorings, nanobows and nanohelices [1.1].

Metal oxide nanostructures, having at least one dimension be-
tween 1 and 100 nm, can be classified as 0-D, 1-D and 2-D (Figure
1.2) [1.3]. Quantum wells (thin films) are 2-D nanostructures, where
charges are confined only in one dimension and free to move in the re-
maining two dimensions. Quantum wires (nanowires, nanorods) are
1-D nanostructures, where charges are confined in two dimensions
and free to move in the third dimension. Quantum dots (nanoparti-
cles) are 0-D nanostructures, where charges are confined in all direc-
tions. Due to charges confinement in metal oxide nanostructures, the
density of energy states is no longer continuous like bulk counterparts,
but discrete, enabling new and enhanced properties. As a results, a
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wide variety of metal oxides nanostructures with peculiar morpholo-
gies and properties have been developed, showing potential in many
applications, such as sensing ((bio)molecules, heavy metals, pH, UV
photons, gases, etc.), energy storage (batteries, supercapacitors, fuel
cells), solar cells, energy harvesting (photovoltaic, piezoelectric, py-
roelectric, thermoelectric, etc.), water splitting, water remediation,
optics (LEDs, lasers, waveguides, etc.), microelectronics (transistors,
memories, etc.) and so on [1.2].

Figure 1.2: Schematic illustration of a bulk semiconductor and semi-
conductor nanostructures with reduced dimensionality, such as quan-
tum well (thin film), quantum wire (nanowire, nanorod), quantum
dot (nanoparticle), with the corresponding density of energy states
(DOS) [1.3].

Nanostructured materials can be obtained by various synthesis
methods, which are broadly classified as top-down or bottom-up (Fig-
ure 1.3) [1.4]. The top-down approach involves the orderly elimina-
tion of material from larger or bulk solids until nanostructures are
obtained. Contrarily, in the bottom-up approach, nanostructures are
build through self-assembling of ions, atoms or molecules.
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Figure 1.3: Schematic illustration of the top-down and bottom up
approaches to obtain nanostructures [1.4].

The synthesis method of nanostructures represents a critical issue
for practical applications. In fact, although several prototypes based
on metal oxide nanostructures with outstanding performances have
been reported, only few of them have been successfully transferred to
commercial products due to their complex, costly and unreproducible
fabrication. Therefore, simple, low-cost, reproducible, large-area and
scalable synthesis methods are required to allow practical applica-
tions.

Among the various metal oxide nanostructures, Ni(OH)2 and NiO
have recently emerged due to their excellent performances in many
applications, such as sensing, energy storage and water splitting [1.5–
8]. Moreover Ni is an abundant element in Earth (Figure 1.4) and,
compared to the other metal oxides, Ni(OH)2 and NiO nanostructures
with tunable properties can be synthesized by simple, low-cost, large
area and scalable methods, which are particularly attracting for both
academy and industries.
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Figure 1.4: Abundance (atom fraction) of the chemical elements in
Earth’s upper continental crust as a function of atomic number [1.9].

In the following section, the structure, properties and common
synthesis methods of Ni(OH)2 and NiO nanostructures are presented.

1.2 Nickel (oxy)hydroxide and oxide: struc-
ture, properties and synthesis

1.2.1 Nickel (oxy)hydroxide

In 1966, Bode et al. identified two polymorphs of Ni(OH)2, indi-
cated as ↵ and � [1.10]. �-Ni(OH)2 adopts a hexagonal close-packed
structure of Ni2+ and OH- ions, which is isostructural to brucite and
naturally occurs as the mineral theophrastite (Figure 1.5) [1.5].
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Figure 1.5: Crystal structure of �-Ni(OH)2: (a) unit cell projection
and (b) ball-and-stick unit cell (u = 0.24 and v = 0.47, or u = 0.2221
and v = 0.4275). Grey = Ni2+, red = O2–, pink = H+ [1.11].

↵-Ni(OH)2 consists of layers of �-Ni(OH)2 intercalated by wa-
ter molecules and cations (NO3-, CO3

2-, SO4
2-, Cl-, etc.), therefore

is often denoted as ↵-Ni(OH)2·xH2O where x is the degree of hy-
dration (typically, 0.41  x  0.7) [1.5, 12]. The crystal structure
of ↵-Ni(OH)2 is illustrated in Figure 1.6, where intercalated water
molecules appear to be fixed. Actually, it has been demonstrated
that they have some freedom to rotate and translate within the ab
plane, acting as a sort of “amorphous glue” that holds the �-Ni(OH)2
layers together.

Ni(OH)2 electrodes can be electrochemically oxidized (charge pro-
cess) into nickel oxyhydroxide (NiOOH) and reduced back (discharge

21
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Figure 1.6: Crystal structure of ↵-Ni(OH)2·xH2O: (a) unit cell pro-
jection and (b) ball-and-stick unit cell for x = 0.67 (typically, 0.41 
x  0.7). Grey = Ni2+, red = OH–, blue = H2O [1.11].

process) to Ni(OH)2, as follows [1.13]:

Ni(OH)2 ⌧ NiOOH + e� +H+. (1.1)

NiOOH is a non-stoichiometric compound whose structure resem-
bles that of Ni(OH)2 with half as many hydrogen atoms. There are
two phases of NiOOH, known as � and �, associated to ↵ and �-
Ni(OH)2, respectively. It is worth noting that the distance between
NiOOH layers in �-NiOOH (7 Å) is larger than �-NiOOH (4.85 Å),
due to the intercalated water molecules and cations (Li+, Na+, K+,
etc.) [1.12, 14]. This di↵erence leads to a higher oxidation state in
�-NiOOH rather than �-NiOOH (3.5-3.67 versus 3) [1.15, 16]. As a
consequence, the oxidation reaction to �-NiOOH occurs at a lower
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potential than �-NiOOH, resulting in a higher specific capacity (462-
480 versus 289 mAh g-1) [1.12, 14].

Bode et al. proposed a simple scheme (Figure 1.7) to explain
the electrochemical oxidation and reduction processes involving the
two phases of Ni(OH)2 and NiOOH [1.10]. Although the complete
picture could be more complicated, this scheme represents a good
overall description of the processes that occur at Ni(OH)2 electrodes,
which are extensively described below.

Figure 1.7: Bode’s scheme illustrating the electrochemical processes
between the various phases of Ni(OH)2 and NiOOH [1.12].

Only a small variation of Ni(OH)2 and NiOOH unit cell parame-
ters has been observed after �-Ni(OH)2 ⌧ �-NiOOH and ↵-Ni(OH)2
⌧ �-NiOOH reactions [1.14]. However, internal mechanical stress
occurs during the redox cycling because of the di↵erent density of
Ni(OH)2 and NiOOH [1.5].

High charge rates and prolonged overcharging of �-Ni(OH)2 in
KOH could favour the formation of �-NiOOH [1.14]. The direct ox-
idation reaction �-Ni(OH)2 ! �-NiOOH has not been observed yet.
In fact, while �-Ni(OH)2 ⌧ �-NiOOH only implies the removal of
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one proton and one electron, with no other structural changes ex-
cept a slight variation of cell parameters, the oxidation to �-NiOOH
requires the intercalation of water molecules, the exchange of pro-
tons and alkali ions, and a layer movement [1.14]. Therefore, the
energy barrier to form �-NiOOH is higher than �-NiOOH. As a re-
sult, first �-Ni(OH)2 ! �-NiOOH occurs, then �-NiOOH is obtained
by overcharging. Nevertheless, the reduction process �-NiOOH !
�-Ni(OH)2 is allowed.

↵-Ni(OH)2 spontaneously transforms into �-Ni(OH)2 through pro-
longed redox cycling in alkaline solutions. This phenomenon, which
has been widely observed in the field of rechargeable battery anodes,
is typically referred to as “ageing” [1.5].

Using density functional theory, Hermet et al. predicted that �-
Ni(OH)2 is a semiconductor with a direct bandgap of ⇠2.9 eV, which
is in agreement with the experimental value that they obtained from
UV–Vis absorption spectrum, lying in the range 3.0÷3.5 eV [1.17].

Hermet et al. studied also the dielectric response of �-Ni(OH)2
[1.17]. The experiments were performed on an disc-shaped pellet
made from pressed �-Ni(OH)2 powder with gold electrodes in the
frequency range 1÷106 Hz and temperature range 150÷298 K. A
dielectric constant of 4.1 was obtained at 106 Hz and 150 K, while a
value of 5.96 was expected by theoretical calculations. Hermet et al.
have also calculated the two components of the dielectric permittivity
tensor ✏1, which is related to the second derivative of the electronic
energy with respect to an applied electric field, by using a linear
response formalism. Then, the corresponding refractive indices of n?
= 1.88 and n// = 1.82 were obtained.

The electrical conductivity of Ni(OH)2 electrode materials is an
useful tool to evaluate their potential in energy storage applications
[1.5]. The first measurements were carried out by Motori et al., who
found that uncycled ↵-Ni(OH)2 exhibited a low conductivity that
ranged from 10-13 to 10-17 S cm-1 depending on the temperature
(298-423 K) and time (1-120 min) after the application of a step
voltage [1.18]. Such a low conductivity was attributed to the ionic
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conduction. After redox cycling, �-Ni(OH)2 was obtained by ageing,
showing higher conductivity than ↵ phase. Moreover, the absorption
of water in uncycled ↵-Ni(OH)2 and cycled �-Ni(OH)2 electrodes re-
sulted in a very strong increase in the electrical conductivity of 10-4

S cm-1 at 2% absorbed water content and 1 min after voltage appli-
cation, which is consistent with the idea that some water inside the
structure is necessary to activate these materials. Palencsaár and
Scherson also observed that the conductivity of a Ni(OH)2 micropar-
ticle (30 µm in size) immersed in 9 M KOH, increased by a factor of
⇠50 upon oxidation to NiOOH [1.19].

1.2.2 Nickel oxide

NiO shows the same crystal structure of NaCl, having octahedral
Ni2+ and O2- ions (Figure 1.8) [1.20]. It can be found in nature as the
rare mineral bunsenite. Stoichiometric NiO appears as a green pow-
der. Also, as a binary metal oxide, NiO could be non-stoichiometric,
appearing as a black powder.

Figure 1.8: Crystal structure of NiO [1.20].

In alkaline solutions, NiO electrodes can be oxidized to NiOOH
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and reduced back to NiO, as follows [1.6]:

NiO + OH� ⌧ NiOOH + e�. (1.2)

NiO is a p-type semiconductor, with holes as the main carriers
due to the vacancies of Ni in the crystal structure (Ni1-�O) [1.21]:

NiO + �V
00

Ni ! Ni1��O+ 2�h�. (1.3)

Based on UV-Vis absorption spectra, a wide bandgap between 3.3
and 4.0 eV has been reported for NiO [1.22]. Moreover, Spear and
Tannhauser prepared undoped NiO crystals by epitaxial deposition
and measured a hole mobility of 20-50 cm2 V-1 s at room temper-
ature [1.23], while Morin prepared various NiO samples by thermal
decomposition of Ni precursors and measured a hole mobility of 0.1
cm2 V-1 s at 1000 K for all samples [1.24].

Rao et Smakula measured the dielectric constant of NiO crys-
tals in the frequency range 102÷1010 Hz and temperature range -
273÷400�C [1.25]. The dielectric constant increased exponentially
with temperature, being 9.1 at 0 K and all frequencies, and 11.9 at
25�C in the frequency range 106÷1010 Hz.

Stoichiometric NiO powders showed an electrical conductivity of
⇠10-14 S cm-1, which increased with non-stoichiometry, either due to
a deficiency of Ni or an addition of Li, up to 10-7÷10-1 S cm-1 [1.25].
Jlassi et al. reported NiO thin films by spray pyrolysis technique
where the electrical conductivity varied from 10-1 to 1.7⇥10-2 S cm-1

by increasing film thickness from 240 to 620 nm [1.26].
Furthermore, NiO showed also electrochromism, i.e. the ability

to change its optical properties (colour) by applying a voltage. This
phenomenon has potential for the development of smart windows
that increase the energy e�ciency of building (for example by regu-
lating the amount of energy entering through the window so that the
need for air conditioning becomes lower) [1.27]. In particular, NiO
is one of the most attractive electrochromic materials due to its high
electrochromic e�ciency, large dynamic range, good reversibility, and
low-cost [1.28].
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1.2.3 Synthesis methods

Several methods to synthesize Ni(OH)2 and NiO materials with de-
sired phase and morphology have been reported [1.5]. Typically,
Ni(OH)2 is deposited by bottom-up chemical methods. Then, NiO is
obtained by thermal annealing of Ni(OH)2. NiO can be also directly
obtained by bottom-up physical methods, which are less common in
literature. Therefore, in the following pages, the synthesis methods
of Ni(OH)2 are first presented.

Ni(OH)2 can be prepared by chemical precipitation (Figure 1.9(a)).
Generally, a basic solution (NaOH, NH3, etc.) is added to a Ni2+ salt
solution (Ni(NO3)2, NiCl2, etc.) or vice versa. Then, at su�ciently
high pH, OH- concentration exceeds the solubility limit and Ni(OH)2
precipitates [1.5]:

Ni2+ + 2OH� ! Ni(OH)2. (1.4)

The crystalline phase and morphology of Ni(OH)2 are determined by
the preparing conditions (precursors and their concentration, time,
temperature and pH). For example, the precipitation at room tem-
perature favours the formation of ↵-Ni(OH)2, while the precipitation
at higher temperatures produces mixed-phase ↵/� or pure �-Ni(OH)2
materials [1.29]. The challenge with this method is to precisely con-
trol the morphology and properties of Ni(OH)2 due to its fast pre-
cipitation [1.6].

Chemical bath deposition (CBD) is similar to the chemical pre-
cipitation, and is considered to be the most advantageous method
to synthesize Ni(OH)2 and NiO thin films. It will be exhaustively
discussed in the next section of this chapter.

The electrochemical precipitation method is based on electro-
chemical redox reactions which allow to deposit Ni(OH)2 onto con-
ductive substrates (Figure 1.9(b)). Typically, the substrates are
placed in a Ni2+ salt solution and kept at a negative potential which
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leads to a cathodic current from the reduction of water:

2H2O+ 2e� ! H2 + 2OH�. (1.5)

Then, reaction 1.4 occurs and Ni(OH)2 precipitates onto the sur-
face of the substrate due to its low solubility [1.5]. The phase and
morphology of Ni(OH)2 are determined by Ni salt counterion and
concentration, pH and temperature of the solution, cathodic cur-
rent and substrate. Typically, deposition currents of a few mA cm-2

yield ↵-Ni(OH)2, while larger currents produce the mixed-phase ↵/�
[1.30, 31]. Although the electrochemical precipitation is a simple
method to uniformly deposit Ni(OH)2, its small-scale production and
the requirement of conductive substrates limit its use for practical ap-
plications [1.6].

The sol-gel is a simple and cheap synthesis method, which can
be defined as the conversion of a precursor solution into an inorganic
solid by a chemical route [1.6]. It always begins with the preparation
of a sol, i.e. a colloidal suspension of very small particles (1 nm to
1 µm) through a surfactant, followed by a treatment of the sol to
prepare a gel, i.e. an integrated network of discrete particles or poly-
mers. For example, a Ni(OH)2 sol can be prepared from chemically
precipitated powder by repeatedly washing it with water, while a gel
can be further obtained by centrifuging the sol, forming arrays of
discrete Ni(OH)2 colloidal particles (Figure 1.9(c)). In this method,
surfactants, solvents, time and temperature are the main factors to
tune the properties of the resulting materials.

Chemical ageing, the spontaneous ↵-Ni(OH)2 ! �-Ni(OH)2 trans-
formation in alkaline solutions, is also considered a �-Ni(OH)2 syn-
thesis method (Figure 1.9(d)). It has been reported that this process
is favoured at high temperatures (e.g. 70-80�C) in concentrated al-
kaline media (e.g. 5 M KOH) [1.5].

Hydrothermal and solvothermal methods are very similar, except
for the solution being aqueous or non-aqueous, respectively. In a
typical process (Figure 1.9(e)), precursors and solvent are placed in
a pressure vessel (autoclave) and then heated above the boiling point
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of water (typically, 150-200�C for Ni(OH)2). The vessel could be big
enough to make hydrothermal and solvothermal methods useful for
large-scale production, however its volume is fixed. Therefore, as the
solution is heated, the pressure and boiling point increase. The so-
lution remains liquid at such high temperatures that precursors fully
dissolve. Then, the temperature is decreased, and Ni(OH)2 precipi-
tates. Generally, �-Ni(OH)2 is formed at the high temperatures used
in hydrothermal and solvothermal syntheses. However, it is possible
to produce ↵-Ni(OH)2 materials, for example by introducing an in-
tercalating agent into the reaction mixture, as reported by Dixit et
al. [1.32].

Medway et al. showed that on first immersion of a single crystal Ni
electrode in a KOH solution, a bilayer, i.e. Ni(OH)2 layer underlaid
by a NiO layer, was formed on Ni surface (Figure 1.9(f)) [1.33]. Pro-
longed redox cycling increased the thickness of both Ni(OH)2/NiOOH
and NiO layers, due to the reaction between OH- and Ni2+ ions and
between O2- and Ni2+ ions, respectively. After a number of redox cy-
cles, the Ni(OH)2/NiOOH layer growth was stopped as the compact
NiO layer thickened. The final thickness of the Ni(OH)2/NiOOH
layer was ⇠5 nm. Later on, this method has been used to synthe-
size Ni(OH)2 on nanostructured Ni electrodes, often referred to as
“electrochemical oxidation” [1.34].

Figure 1.10 reports the images of Ni(OH)2 samples prepared by
the above mentioned methods, including (a) ↵-Ni(OH)2 film by chem-
ical precipitation [1.35], (b) “nanoflower” composed of nanosheets by
hydrothermal method [1.36], (c) “dandelion-like” hollow �-Ni(OH)2
microsphere by sol-gel method [1.37], (d) an “unusually” large �-
Ni(OH)2 “pseudo-single crystal” by chemical precipitation [1.38], (e)
↵-Ni(OH)2 “nanoribbons” by hydrothermal method [1.39] and (f) �-
Ni(OH)2 “nanoflowers” by microwave assisted hydrothermal method
[1.40].
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Figure 1.9: A collection of methods to prepare Ni(OH)2. (a) Chemi-
cal precipitation: an aqueous solution of Ni2+ salt is basified, leading
to supersaturation and Ni(OH)2 precipitation. (b) Electrochemical
precipitation onto a conductive substrate: the reduction of water
produces OH- ions at the cathode surface, which react with Ni2+

ions in solution. (c) Sol–gel methods: a solution of Ni2+ salt and
a surfactant is basified to form a Ni(OH)2 sol. The sol is treated
(e.g. by centrifugation or drying) to produce a gel. (d) Chemical
ageing: conversion of ↵-Ni(OH)2 into �-Ni(OH)2 in concentrated al-
kaline media at high temperatures or, slowly, at room temperature.
(e) Hydrothermal method: Ni(OH)2 precursors are fully dissolved in
a pressure vessel at high temperatures, then temperature is decreased
and �-Ni(OH)2 precipitates. (f) Electrochemical oxidation of Ni elec-
trodes: ↵/�-Ni(OH)2 layer is formed on Ni surface, often underlaid
by a non-stoichiometric NiO layer [1.5, 11].
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Figure 1.10: A collection of images of Ni(OH)2 samples prepared
by various synthesis methods. (a) Light micrograph of an electro-
chemically precipitated ↵-Ni(OH)2 film, cracked after drying [1.35].
(b) SEM image of �-Ni(OH)2 “nanoflowers” prepared by hydrother-
mal method (the inset is a high magnification image of a nanoflower,
showing its nanosheets) [1.36]. (c) TEM image of a “dandelion-like”
hollow �-Ni(OH)2 microsphere prepared by sol-gel method [1.37]. (d)
SEM image of an “unusually” large �-Ni(OH)2 “pseudo-single crys-
tal” prepared by chemical precipitation (insets are high magnification
images of a particle basal plane and edge) [1.38]. (e) TEM image of ↵-
Ni(OH)2 “nanoribbons” (10-20 nm thick) prepared by hydrothermal
method [1.39]. (f) SEM image of �-Ni(OH)2 “nanoflowers” prepared
by microwave-assisted hydrothermal method (the inset is a high mag-
nification image of a nanoflower) [1.5, 40].
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Less common methods to synthesize Ni(OH)2 include microwave-
assisted synthesis, sonochemical methods, electrophoretic deposition
and spray pyrolysis. In the microwave-assisted synthesis, a microwave
oven is used to heat a solution more homogeneously than conventional
heating methods, producing nanoparticles with very uniform shape
and narrow size distribution [1.5]. The sonochemical method is based
on powerful ultrasound radiations (0.02-10 MHz) to drive Ni(OH)2
precipitation [1.5]. This method allows to obtain amorphous prod-
ucts, the insertion of nanoscale materials into mesoporous materials,
the deposition of nanoparticles onto ceramic and polymeric surfaces,
and the formation of proteinaceous micro and nanospheres. The elec-
trophoretic deposition is based on charged powder particles, dispersed
or suspended in a liquid medium, attracted and deposited onto a con-
ductive substrate of opposite charge on application of a DC electric
field [1.6]. By changing the deposition time and applied potential it is
possible to tune the thickness and morphology of the deposited film.
In spray pyrolysis a solution of the precursors is sprayed on a heated
substrate, where they undergo thermal decomposition [1.20]. This
method allows to easily control film thickness, density and porosity.

Concerning NiO preparation, typically it consists in a thermal an-
nealing process of Ni(OH)2 materials synthesized by the above men-
tioned methods. Such a process has been performed for 1 h or more
in air or inert atmosphere at 300-500�C [1.22, 36, 37, 41, 42]. It
has been often reported that it preserves the morphology of Ni(OH)2
materials [1.22, 36, 41].

A few physical methods allow to directly obtain NiO, such as
pulsed laser deposition, physical vapour deposition, molecular beam
epitaxy, and magnetron sputtering [1.20]. However, these methods
are considered expensive and thus are not frequently used.
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1.3 Nickel hydroxide and oxide thin films
grown by chemical bath deposition

1.3.1 Historical overview

CBD is one of the simplest and most e↵ective methods to grow
Ni(OH)2 and NiO nanostructures. In fact, the only requirements for
CBD are a vessel to contain a solution, typically an aqueous solution
of precursors, and substrates on which the deposition is carried out
[1.43]. Stirring and a thermostat that maintains a specific and con-
stant temperature in the solution are often used. Compared to other
methods, CBD o↵ers di↵erent advantages. In particular, contrary
to the hydrothermal method, CBD is performed at very low tem-
peratures, and contrary to the electrochemical precipitation method,
substrates for CBD can be either conductive or not. In addition,
CBD is considered a low-cost method that is suitable for large-scale
production. However, particular care is needed with the preparing
conditions (reagents and their concentration, temperature, stirring,
etc.) to ensure CBD e↵ectiveness and reproducibility.

CBD of NiO thin films was reported for the very first time by
Pramanik and Bhattacharya in 1990. A glass substrate was kept
for 1 h in a solution of nickel sulfate (NiSO4), potassium persulfate
(K2S2O8), ammonia (NH3) and deionized water at room temperature
[1.44]. In this way, a film was deposited onto the substrate, showing
black appearance, 275 nm thickness, NiO polycrystalline nature, p-
type semiconductive behaviour with 1.75 eV bandgap and ⇠10-5 S
cm-1 electrical conductivity.

Since this pioneering work, several Ni(OH)2 and NiO thin films
were deposited by Pramanik’s CBD, with the aim to understand and
control their growth or to test them for various applications (Figure
1.11).
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Ni(OH)2 and NiO thin films by CBD

1990 2000 2010 2020

1990: Pramanik and Battacharya

prepared NiO thin films by CBD for the

first time

2006: Han et. al investigated

film growth kinetics and the

role of potassium persulfate

2008: Xia et. al investigated

the electrochromic properties

2010: Hu et. al investigated

the supercapacitive properties

2016: Iwu et. al tested the non-

enzymatic glucose sensing

performances

2015: Ke et. al investigated

the role of ammonia

1993: Bukovec et al. observed Ni(OH)
2

phase in the as-deposited films

Figure 1.11: Temporal scale of research on Ni(OH)2 and NiO thin
films prepared by Pramanik’s CBD.

In 2006, Han et al. studied Pramanik’s CBD and reported the first
SEM images of the as-deposited film (Figure 1.12) [1.22]. Han de-
scribed film morphology as a uniform fine-grained, cellular-like struc-
ture with a final thickness of ⇠180 nm. Later on, this peculiar mor-
phology has been referred to as “nanowalls”: an ideal 3D nanostruc-
ture with high surface-to-volume ratio composed of a tight network
of nanosheets (10-20 nm thick) that are aligned on a substrate [1.45].
The morphology of nanowalls also occurs on the macroscale in nature,
forming the inner structure of prickly pear pads (Figure 1.13).

Contrarily to Pramanik, the film deposited by Han contained
Ni(OH)2/NiOOH phase, while NiO phase was obtained only after
a thermal annealing process for 1h in air at 500�C, which did not
a↵ect film morphology (Figure 1.12(a)) [1.22]. Also, a wide bandgap
of 3.5 eV was estimated for the annealed film. Although this value
is much larger than Pramanik’s one, it is in agreement with previous
reports [1.47–52].
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(a) (b)

Figure 1.12: (a) SEM plan-view of the as-deposited film (left) and
annealed film for 1 h in air at 500�C (right), and (b) SEM cross-
sectional view of the as-deposited film on oxidized Si substrate [1.22].

(a) (b)

Figure 1.13: (a) Prickly pear catctus, and (b) internal structure of
its pads, resembling that of “nanowalls” [1.46].
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In 2008, Xia et al. prepared NiO thin films on ITO glass sub-
strates by CBD and thermal annealing in air at di↵erent temperatures
(300, 350 and 400�C), studying their electrochromic properties [1.41].
Xia’s NiO thin films were coloured by applying step voltages of 0.77
V (vs. Hg/HgO reference electrode) for coloration and 0 V for bleach-
ing, which correspond respectively to the oxidation (NiO + OH- !
NiOOH + e-) and reduction (NiOOH + e- ! NiO + OH-) peak
potentials of cyclic voltammetry curves recorded in 1 M KOH. NiO
thin films colour changed from black in the coloured state to trans-
parent in the bleached state (Figure 1.14(a)). The electrochromic ef-
ficiency increased with decreasing annealing temperature, leading to
an impressive transmittance variation between coloured and bleached
states (82% at 550 nm) for the NiO sample obtained at 300�C (Figure
1.14(a)).

(a) (b)

Figure 1.14: (a) Photographs of NiO thin films in the coloured (top)
and bleached (bottom) states, and (b) optical transmittance spectra
of NiO thin films annealed at di↵erent temperatures (300, 350 and
400�C) [1.41].
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Since 2010, Ni-based nanostructures have attracted tremendous
attention as supercapacitive electrode materials for energy storage
applications. Due to its unique advantages, Pramanik’s CBD has
been widely used to deposit Ni(OH)2 and NiO on various substrates,
leading to remarkable energy storage performances [1.13, 15, 53–55].
Moreover, in 2016 Iwu et al. grew a Ni nanofoam by Pramanik’s CBD
and thermal annealing in reducing atmosphere, and applied it for
non-enzymatic glucose sensing, demonstrating superior performances
than other Ni(OH)2 and NiO nanostructures reported in literature
[1.42].

In all these applications areas, it is well known that the compre-
hension and prediction of crystal growth is a key element in improving
the functionality of Ni(OH)2 and NiO nanostructures [1.56]. This is
particularly important in bottom-up approaches such as CBD, which
are increasingly demanded for nanostructures production on a large
scale at low cost [1.57]. Therefore, in the following part of this chap-
ter, the models for film formation and growth kinetics by Pramanik’s
CBD are presented, while a review on sensing and energy storage
applications of such films is reported in the following chapters.

1.3.2 Film formation and growth

Film formation

Several attempts to describe the chemistry of film formation by Pra-
manik’s CBD have been made, focusing on the role of a specific
reagent: potassium persulfate and ammonia.

Initially, Pramanik proposed NiO phase formation via a two-step
mechanism [1.44]:

NiSO4 + xK2S2O8 + 2(1 + x)OH� !
NiO1+x + xK2SO4 + (1 + x)SO4�

2 + (1 + x)H2O (1.6)
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NiO1+x + 2
x

3
NH3 ! NiO +

x

3
N2 +H2O. (1.7)

Reaction 1.6 involves NiO deposition where Ni has mixed valencies
2+ and 3+. Ni3+ is then reduced by ammonia to Ni2+ according to
reaction 1.7.

Subsequently, Bukovec et al. performed XRD analysis of the
as-deposited films, observing 4Ni(OH)2·NiOOH·xH2O mixed phase
rather than NiO phase [1.58].

To clarify the role of potassium persulfate, Han et al. performed
CBD with and without persulfate in solution [1.22]. No film forma-
tion was observed in the absence of persulfate. However, in both
cases, particles formed by homogeneous nucleation in solution were
found. XRD patterns of both types of particles were compatible
with Ni(OH)2·2H2O or 4Ni(OH)2·NiOOH·xH2O phase, but the par-
ticles formed without persulfate showed worse crystallinity than those
formed with persulfate. The as-deposited film with persulfate showed
poor crystallinity and similar XRD pattern. Therefore, di↵erently
from what reported by Pramanik and in agreement with Bukovec,
the as-deposited film did not contain NiO, which was further ob-
tained by a thermal annealing process.

Based on the hydrolysis reaction suggested by Hodes et al. [1.59]

S2O
2�
8 + 2H2O ! 2SO2�

4 +H2O2 + 2H+ (1.8)

Han proposed the homogeneous nucleation and precipitation of Ni(OH)2
nanoparticles in solution (reaction 1.4), which further react with
S2O8

2- ions onto substrate surface through a molecular level hetero-
geneous reaction

2Ni(OH)2 + S2O
2�
8 ! 2NiOOH + 2SO4�

2 + 2H+. (1.9)

This model explains why persulfate is necessary for film formation.
Later on, Xia et al. observed �-Ni(OH)2 and �-NiOOH phases

by XRD analysis of the as-deposited film, attributing the divergence
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from Han and Bukovec XRD results to the di↵erent preparing con-
ditions (reaction time and temperature, ageing time, reagents con-
centrations) [1.41]. Therefore, Xia proposed a two-step model, where
first Ni(OH)2 is formed by the reaction of a nickel-water-ammonia
complex with OH- ions

[Ni(H2O)6�x(NH3)x]
2+ + 2OH� ! Ni(OH)2 + (6� x)H2O+ xNH3

(1.10)
and then NiOOH is formed by reaction 1.9.

All these models attest the fundamental role of persulfate, which is
required for film formation. Nevertheless, Pawar et al. demonstrated
that at 80�C film formation occurs also in the absence of persulfate,
despite the resulting film showed poorer electrical and electrochemical
properties than film deposited with potassium persulfate under the
same preparing conditions [1.60].

Concerning the role of ammonia, Ke et al. performed CBD onto
TiO2 nanowires using di↵erent ammonia concentrations (1.8, 2.4 and
3.4% NH3 in H2O) [1.13]. SEM analyses (Figure 1.15) revealed an
increase of nanosheets thickness (2 ! 23 nm) with increasing NH3

concentration (1.8 ! 3.4%). Moreover, di↵erently from previous re-
ports, XRD analyses indicated the presence of �-Ni(OH)2 phase.

To explain these observations, Ke hypothesised that ammonia
plays a dual role. One is that OH- ions released by NH3 molecules

NH+
4 +OH� $ NH3 · H2O (1.11)

react with Ni2+ ions to form Ni(OH)2 nanocrystal seeds (reaction
1.4). The other is that H2O and NH3 molecules coordinate Ni2+

ions, forming the nickel-water-ammonia complex, which can be fur-
ther hydrolysed into Ni(OH)2 by additional OH- ions, as suggested
by Xia et al. (reaction 1.10).

Based on this model, Ni(OH)2 formation was explained as fol-
lows. First, reaction 1.4 occurs, forming Ni(OH)2 nanocrystal seeds
which anchor on TiO2 surface to reduce the surface energy via a
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Figure 1.15: SEM images of Ni(OH)2 nanosheets on TiO2 nanowires
grown by CBD with di↵erent ammonia concentrations: (a) 1.8, (b)
2.4 and (c) 3.4% NH3 in H2O (the insets are high-magnification SEM
images). (d) Schematic illustration of Ni(OH)2 nanosheets growth
process [1.13].

heterogeneous nucleation process. Then, Ni(OH)2 nanosheets are
formed because of ammonia. In fact, it has been reported that NH3

molecules selectively adsorb onto (001) crystal faces of Ni(OH)2 by
hydrogen bonds, existing between the nitrogen atom of ammonia and
the hydrogen atom of the surface hydroxyl groups (N-H-O), as illus-
trated in Figure 1.16 [1.61]. Therefore, the (001) faces are passivated
and Ni(OH)2 growth proceeds only along the [001] direction, form-
ing nanosheets (Figure 1.15(d)). However, adsorbed NH3 molecules
can react with H2O molecules and Ni2+ ions in solution, forming the
nickel-water-ammonia complex, which can further lead to Ni(OH)2
precipitation upon reaction with OH- ions (reaction 1.10). As a re-
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sult, an increase in the ammonia concentration leads to an increase
in OH- ions concentration and thus nanosheets thickness based on
reaction 1.10.

Figure 1.16: Schematic illustration of NH3 molecules attached to
(001) faces of �-Ni(OH)2 nanosheets [1.61].

Di↵erently from persulfate-based models, potassium persulfate
was not even included in this model, however Ke reported no film
formation in the absence of persulfate, in agreement with Han.

1.3.3 Film growth kinetics

Han et al. studied also the growth mechanism of NiO thin films
prepared by CBD, using a quartz crystal microbalance (QCM) and
monitoring film thickness in real time during CBD (Figure 1.17(a))
[1.22].

Three di↵erent growth regimes were distinguished:

• an initial induction phase (I), a few seconds long, where no film
growth is recorded;
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(a) (b)

Figure 1.17: Film thickness versus time measured by QCM during
CBD: (a) without solution stirring and (b) at di↵erent stirring speeds
[1.22].

• a linear growth regime (II), ⇠10 min long, where film thickness
increases proportionally with growth time;

• a depletion growth regime (III), where film growth rate drops
quickly to zero and final film thickness is reached.

The e↵ect of solution stirring was also investigated, finding that
final film thickness was strongly dependent on the stirring speed (Fig-
ure 1.17(b)). In particular, while the induction phase and growth
rate in the linear growth regime were almost una↵ected by stirring,
the duration of the linear growth regime shortened with increasing
stirring speed. As a consequence, the depletion growth regime was
reached in less time than without stirring, resulting in a lower final
film thickness. This result was interpreted by the competition be-
tween heterogeneous nucleation and film growth on the substrate, and
homogeneous nucleation and growth of particles in solution. Then,
the resulting final thickness is determined by the relative rates of
these processes. In fact, higher stirring speed can enhance particles
aggregation and growth in solution at the expense of film growth and,
thus, final film thickness.
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1.4 Conclusions

In this chapter, the crystal structure and the physical and chemi-
cal properties of Ni(OH)2 and NiO nanostructures have been sys-
tematically outlined. Recent advancements on synthesis methods of
Ni(OH)2 and NiO nanostructures have been also discussed. Typi-
cally Ni(OH)2 is first obtained by various methods, such as chemical
and electrochemical precipitation, sol-gel, ageing, hydrothermal, elec-
trochemical oxidation and CBD. Then, NiO is obtained by thermal
annealing. In particular, CBD is considered to be the most advan-
tageous method to synthesize Ni(OH)2 and NiO thin films, being
simple, low-cost, large area and scalable. The deposited films dis-
play the peculiar morphology of “nanowalls”, i.e. a tight network of
nanosheets (10-20 nm thick) aligned on a substrate, with high poros-
ity and surface-to-volume ratio. Despite several attempts have been
made to clarify film growth by CBD, a model that fully explains the
mechanism of film formation and growth kinetics is still absent. The
development of such a model is required to fully exploit the potential
of Ni(OH)2 and NiO thin films, enabling improved performances in
sensing and energy storage applications.

In the following chapter, film formation and growth kinetics by
CBD have been investigated and successfully modelled. The im-
proved growth opened the route towards enhanced performances in
non-enzymatic glucose sensing, DNA sensing, gas sensing and energy
storage.
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Chapter 2

Ni-based nanowalls for
non-enzymatic glucose
sensing
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Non-enzymatic glucose sensing is a particularly active research field,
given the growing number of diabetic patients and, consequently, the
need to develop simple, low-cost and non-invasive devices that oper-
ate with physiological fluids (e.g. human tears and saliva) other than
blood. However, due to the very low glucose concentration in these
fluids, new materials with enhanced sensitivity towards sub-mM glu-
cose concentrations are required. Ni-based nanostructures are attrac-
tive catalytic materials for many electrochemical applications, among
which non-enzymatic glucose sensing. In this chapter, the growth ki-
netics of Ni-based nanowalls, a self-assembled network of nanosheets
(10-20 nm thick, 0.1÷1 µm tall) grown by chemical bath deposition
(CBD), is investigated and modelled. Using scanning electron mi-
croscopy (SEM), X-ray di↵raction (XRD) and Rutherford backscat-
tering spectrometry (RBS) two growth regimes have been identified
for CBD at room temperature: first, the fast growth of disordered
NiOOH·4Ni(OH)2 nanosheets occurs, followed by a slower growth
of well-aligned ↵-Ni(OH)2 nanosheets. A higher growth temperature
of 50�C, leading only to well-aligned nanosheets, demonstrated supe-
rior electrochemical properties in terms of charge storage and charge
transfer, as confirmed by cyclic voltammetry (CV) and electrochemi-
cal impedance spectroscopy analyses (EIS). The improved growth ki-
netics was then applied to non-enzymatic glucose sensing, reaching
the unprecedentedly high sensitivity of 31 mA mM-1 cm-2 on a lin-
ear range of 0.02÷0.4 mM, which matches the requirements for non-
enzymatic glucose sensing in tears and saliva.

2.1 Non-enzymatic glucose sensing

In the last decades there has been an increasing interest of the scien-
tific community for quantitative determination of di↵erent chemical
species, which is often driven by practical and urgent needs as in the
case of the diagnosis and care of diabetes.
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Diabetes includes a series of metabolic disorders associated with
a persistent hyperglycemic condition, i.e. an increase of sugars (glu-
cose) concentration in blood, caused by a pathological reduction of in-
sulin secretion by the pancreas. Among the complications of diabetes
there are ketoacidosis (accumulation of altered metabolism products)
and chronic diseases which involve di↵erent organs, including eyes,
kidneys, heart, blood vessels and peripheral nerves [2.1].

According to the World Health Organization (WHO), there are
more than 400 million people su↵ering from diabetes in the world
(Figure 2.1). This number is continously increasing and, based on
current projections, diabetes will be the seventh cause of death in
2030.

Figure 2.1: Estimated number of people with diabetes worldwide and
per region in 2017, and predicted for 2045 [2.2].

Although it is not easy to accurately estimate the costs for di-
abetes, it is unquestionable that these a↵ect heavily the finances of
national health services in various countries. For example, according
to data provided by the American Diabetes Association, the total
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cost of diagnosed diabetes in the USA in 2018 was about 327 billion
of dollars, 67.3% paid by the government [2.3].

The costs for diabetic patients are also particularly high due
largely to glucose self-monitoring. In fact, for a diabetic patient it is
vital to constantly monitor the level of glucose in the blood. This is
typically done with enzymatic sensors, based on electrodes containing
an enzyme (glucose oxidase) specific for glucose oxidation and capa-
ble of producing an electrical signal related to the concentration of
glucose in the blood (3-8 mM for a healthy patient). The most com-
mon glucometer is reported in Figure 2.2(a). This device forces the
patient to prick his finger to extract the blood drop to be examined.

(a) (b)

Figure 2.2: (a) A typical kit for glucose self-monitoring, consisting
in an enzymatic glucometer and a lancing device, and (b) Google
Contact Lens, formed by a miniaturized sensor and a wireless com-
munication system [2.4].

The main disadvantage of enzymatic glucometers lies in the in-
vasiveness of the measurement, which is typically repeated several
times during the day without allowing to catch any anomalies be-
tween one measurement and another. Because of the invasiveness,
children and adolescents are particularly reluctant to perform these
measurements. Furthermore, because of the enzyme instability it
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is necessary to replace the electrode after one or two weeks of use,
increasing the cost for glucose self-monitoring [2.5, 6].

To overcome the limitations of enzymatic sensors, researchers are
now focused on the development of “user-friendly” devices that can
detect glucose in other physiological fluids such as human tears and
saliva. For example, Google is working on “smart” contact lenses,
based on a miniaturized sensor connected to an antenna, that could
measure and communicate glucose levels in tears via wireless (Fig-
ure 2.2(b)). However, the glucose concentration in tears and saliva is
orders of magnitude lower than blood (0.02-0.07 and 0.02-0.4 mM, re-
spectively). Therefore, non-enzymatic glucose sensors with excellent
sensing performances to such low glucose concentrations are required.

The best strategy for non-enzymatic glucose sensing is represented
by the combination of materials that can directly oxidize glucose and
nanostructures, which thanks to their high surface-to-volume ratio
o↵er a larger area for glucose detection, reaching high sensitivity and
decreasing the limit of detection (LoD) without the complications
due to the enzyme. Di↵erent nanomaterials have been tested for non
enzymatic glucose sensing, including metals (Pt, Au, Cu, Ni, Ag)
[2.1, 7], alloys (Cu-Ag, Pt-Pd) [2.8, 9] and metal oxides (CuO, NiO)
[2.10–13]. Among them, Ni-based nanostructures are considered the
best ones due to their typical high sensitivity and low-cost, especially
if compared to Au and Pt [2.5]. Direct glucose oxidation in Ni-based
nanostructures is enabled by the Ni2+/Ni3+ redox couple, as in the
case of Ni(OH)2/NiOOH [2.5]:

NiOOH + glucose + OH� ! Ni(OH)2 + gluconolactone + H2O+ 2e�.
(2.1)

Unfortunately, non-enzymatic glucose sensors su↵er from poor se-
lectivity if compared to enzymatic ones, limiting the development of
commercial products.

Typically, the non-enzymatic glucose sensing performances of ma-
terials are tested by using a potentiostat and a three electrode setup
(a Pt counter electrode, a reference electrode and the sensing ma-
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terial as working electrode) in 0.1 M NaOH (pH⇠12) as supporting
electrolyte. Then, chronoamperometric measurements (current vs
time) are performed by applying a constant potential equal to the
oxidation potential of the sensing material (for example Ni(OH)2 !
NiOOH). Each glucose addition, according to equation 2.1, induces a
current increase, while the applied potential allows the catalytic e↵ect
through a continuous regeneration of the oxidizing species (NiOOH).
Figure 2.3 reports a characteristic chronoamperometric curve for dif-
ferent additions of glucose. Glucose sensitivity is further obtained by
the linear fit of the calibration curve, as shown in the inset in Figure
2.3.

Figure 2.3: Amperometric response of the Ni nanofoam with succes-
sive additions of glucose at 20 s time intervals in 0.1 M NaOH. The
inset is the calibration curve (adapted from ref. [2.14]).
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Among the more recent Ni-based nanostructures reported for non-
enzymatic glucose sensing, Ni nanofoam, an ensamble of Ni nanopar-
ticles (20-30 nm in size) obtained upon annealing in reducing atmo-
sphere of Ni-based nanowalls grown by CBD, is the most promising
one. In fact, Ni nanofoam showed excellent non-enzymatic glucose
sensing performances in terms of high sensitivity of 2.37 mA mM-1

cm-2 in the range 0.01÷0.7 mM, low LoD of 5 µM, quick response
time (1 s), high selectivity against common interfering species (200
µM glucose versus 20 µM uric acid, 10 µM ascorbic acid and 10 µM
acetaminophen) and long-term stability (4% response loss after 64
days) [2.14]. Nevertheless, the sensitivity of Ni nanofoam is strongly
dependent on electrolyte pH, decreasing significantly by reducing the
pH from 12 to 7.4, which is close to the pH value of physiological
fluids [2.15]. To further improve the sensitivity of Ni nanofoam, the
simplest approach is to optimize the CBD deposition of Ni-based
nanowalls. In fact, a full comprehension of the growth mechanism
during CBD could lead to an e↵ective improvement of the catalytic
properties of Ni-based nanowalls, and thus Ni nanofoam.

2.2 Materials and methods

2.2.1 Synthesis

Ni-based nanowalls were grown by CBD on c-Si substrates (1⇥2 cm2

samples, cut from n-type, 6’ Czochralski wafers), or on commercial
indium-doped tin oxide (ITO) substrates (working area 1⇥1 cm2) or
on Ni foam (Goodfellow, thickness 1.6 mm, porosity 95%, 20 pores
cm-1) substrates, after rinsing with isopropanol and deionized wa-
ter (MilliQ, 18 M⌦ cm), and drying in N2 gas flow. Solution for
CBD was prepared by mixing 0.42 M NiSO4·6H2O (Sigma-Aldrich,
99%), 0.07 M K2S2O8 (Sigma-Aldrich, 99%) and 3.5 wt% ammonia
(Sigma-Aldrich, 28–30 wt% NH3 in H2O). Particular care was taken
to prepare the solution by adding the reagents in the above-mentioned
order, while performing mechanical agitation (⇠20 s) to facilitate
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their dissolution. Just after solution preparation, substrates were
immersed vertically in it and kept at room temperature for varying
durations (60-7200 s) in order to study the growth kinetics. Then,
samples were rinsed several times with deionized water to remove
unwanted microparticulate, if any, and dried under N2 gas flow. To
investigate the e↵ect of growth temperature on the film growth, the
very same procedure was repeated by maintaining the temperature at
50�C through a bain-marie configuration. All samples were labelled
with growth temperature and time (e.g., RT-480 indicates the film
deposited at room temperature for 480 s).

Some films grown on ITO or on Ni foam substrates were also
annealed at 350�C for 60 min in Ar followed by 60 min in forming
gas (Ar:H2 95:5 mixture) to obtain Ni nanofoam electrodes useful for
glucose sensing tests [2.14].

2.2.2 Characterization

Si substrates were used to conduct morphological analysis of Ni-based
nanowalls. The surface morphology and thickness of samples were
characterized by a scanning electron microscope (Gemini field emis-
sion SEM Carl Zeiss SUPRA 25) combined with energy dispersive
X-ray spectroscopy (EDX). The crystalline phases of samples were
identified by XRD in glancing incidence mode (0.2�) using a Smart-
lab Rigaku di↵ractometer, equipped with a rotating anode of Cu K↵

radiation, operating at 45 kV and 200 mA. RBS (2.0 MeV He+ beam
at normal incidence) with a 165� backscattering angle was performed
by a 3.5 MV HVEE Singletron accelerator system. RBS spectra were
analyzed using XRump software to study the elemental composition
of samples [2.16].

Electrochemical analyses were performed using a potentiost (Ver-
saSTAT 4, Princeton Applied Research, USA) and a three-electrode
setup with a Pt counter electrode, a saturated calomel electrode
(SCE) as reference electrode, and working electrodes (1⇥1 cm2 im-
mersed area). All measurements were performed at room temper-
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ature in 0.1 M sodium hydroxide (NaOH, ACS reagent, �97 %)
supporting electrolyte. CV curves were recorded at 50 mV s-1 scan
rate in the potential range -0.1÷0.9 V. EIS was performed at the
oxidation potential with a 20 mV superimposed sinusoidal voltage
in the frequency range 102-10-2 Hz. CA analysis was employed to
study the non-enzymatic glucose sensing performances of samples.
CA measurements were performed under continuous stirring, in or-
der to promptly homogenize the glucose in the solution and to help
the out-di↵usion of the oxidation products, by applying a constant
potential equal to the oxidation peak.

2.3 Ni-based nanowalls

2.3.1 Morphological, structural
and chemical characterization

The as-deposited films were uniform in appearance and exhibited
a black/grey colour to the naked eye. The SEM images reported
in Figure 2.4 show the plan view (top panels) and cross-sectional
view (bottom panels) of RT-2700 (Figure 2.4(a)), RT-480 (Figure
2.4(b)) and 50–480 (Figure 2.4(c)). All samples are characterized by
an open nanoporous structure formed by interconnected nanosheets,
each with a thickness of 10–20 nm. Comparing Figure 2.4(a) and (b),
it seems that the size of these pores increases with growth time, while
for fixed growth time, the growth temperature produce a shrinkage
of the pores size distribution (Figure 2.4(b) and (c)).

The cross-sectional image of RT-480 (Figure 2.4(b)) shows that
the film has a thickness of ⇠350 nm and is composed of randomly
oriented sheets with irregular shapes. RT-2700 (Figure 2.4(a)) is
thicker (⇠1100 nm), as expected, and its profile reveals a messy
structure (similar to RT-480) up to a thickness of 400-500 nm, on
top of which a more loose-fitting feature is present. These considera-
tions agree with the plane views (Figure 2.4(a) and (b)) and suggest
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complex kinetics with at least two di↵erent regimes: an early stage
(random regime) producing disordered nanosheets, and a subsequent
phase (self-ordered regime) giving an ordered structure with verti-
cal nanosheets. The cross-sectional image of 50-480 (Figure 2.4(c))
shows that the film is slightly thinner (⇠250 nm) than that grown at
room temperature and same growth time. In addition, it is formed
by nanosheets that are nearly perpendicular to the substrate plane,
resembling the profile observed in the top part of RT-2700 (Figure
2.4(a)). Therefore, the growth temperature significantly a↵ects the
morphology of Ni-based nanowalls.

Figure 2.4: SEM images (plane views in top panels, cross-sectional
views in bottom panels) of RT-2700 (a), RT-480 (b) and 50–480 (c).
The scale bar is for all images [2.17].

To investigate the growth kinetics, the thickness of as-deposited
films was measured by cross view SEM images as function of growth
time and temperature. Figure 2.5 reports the results. The 50�C
kinetics shows a fairly constant growth rate of 0.160 nm s-1 in the
full growth time range (260-2700 s). The room temperature kinetics
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supports the idea of two regimes: first a random regime (260-720 s)
with a fast growth rate is observed, followed by a self-ordered regime
(720÷7200 s) with a slower growth rate of 0.145 nm s-1 (close to
that of the 50�C kinetics). Contrary to what was reported by Han
and co-workers [2.18], no depletion regime stopping film thickness
growth was observed, at least for growth durations up to 7200 s. Our
results on the growth kinetics at the two temperatures supports the
observation that nanosheets grown at 50�C for shorter times appear
very similar to those formed at room temperature for longer growth
times.

Figure 2.5: Film thickness versus growth time for samples grown at
room temperature (blue closed squares) and 50�C (red open squares).
The error bars are of the same size as the symbols [2.17].
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Based on these observations, it can be assumed that during the
random regime the fast precipitation rate causes the growth of ran-
domly oriented and irregular nanosheets, while during the self-ordered
regime the slower precipitation rate allows the growth of well-aligned
nanosheets. Above 400 s, the Ni-based nanowalls at 50�C have a film
thickness smaller than room temperature, probably because at higher
temperatures the random regime is much shorter.

To understand the very early stage of film formation, a few sam-
ples were prepared at room temperature for less than 300 s (Figure
2.6). A heterogeneous nucleation occurs onto substrate surface, form-
ing small nuclei that can be already observed after 60 s. Nuclei grow
until they merge together and a compact film is formed at ⇠180 s.
Then, film growth proceeds vertically.

60 s

180 s

260 s

200 nm

Figure 2.6: SEM images and corresponding schematic illustrations of
early stage film formation at room temperature. The scale bar is for
all images [2.17].

Han et al. observed no film formation in the absence of K2S2O8
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[2.18]. In this work, the role of K2S2O8 on the growth kinetics was
investigated as follows. During a room temperature growth, some
K2S2O8 was added 1200 s after solution preparation, in such a way
as to double its original concentration (0.07 ! 0.14 M). No e↵ect on
the growth kinetics was observed at all for samples extracted after
the extra addition of K2S2O8, as their thicknesses resembled those
presented in Figure 2.5 at room temperature. Another test was con-
ducted at room temperature by immersing some substrates much
later solution preparation (1200 s). No traces of Ni-based nanowalls
were found. Therefore, it is clear that K2S2O8 plays a key role in
driving the CBD. Moreover, it works only immediately after solu-
tion preparation and any further addition does not a↵ect the growth
kinetics.

Figure 2.7 reports the glancing incidence XRD patterns of RT-260
and RT-1160, which belong respectively to the random regime and to
the self-ordered one. In both patterns, the two sharp peaks (50.8 and
53.4�) are due to the sample holder. RT-260 shows a broad signal at
⇠55�, related to the mixed phase NiOOH·4Ni(OH)2 (PDF 06-0044).
RT-1160 shows instead two clear peaks at 34 and 39�, which could
be related to either NiOOH·4Ni(OH)2 or ↵-Ni(OH)2 phase (JCPDS
22-04444). However, the peak at 34� has a shoulder at ⇠33.5�, where
the (110) peak of ↵-Ni(OH)2 phase is expected. RT-1160 shows also
a broad signal at 55�, due to residual traces of NiOOH·4Ni(OH)2
phase. Thus, XRD analysis clarified the presence of crystallites in
room temperature grown Ni-based nanowalls, and showed that the
random regime starts with the precipitation of NiOOH·4Ni(OH)2,
while ↵-Ni(OH)2 phase is formed only during the self-ordered regime.
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Figure 2.7: XRD patterns of RT-260 (black line) and RT-1160 (green
line) [2.17].

A chemical composition analysis was conducted by RBS technique
and some RBS spectra of samples grown at room temperature are
shown in Figure 2.8). From right to left, a peak at ⇠1.5 MeV can
be observed, attributed to Ni, the most common heavy element in
the samples. At lower energies (⇠1.25 MeV), a second peak can be
barely identified in the RBS spectra of RT-260 and RT-480, which
could be ascribed to sulphur (S) coming from CBD reagents. Then,
at ⇠0.7 MeV, a peak due to O can be further recognized on top of
the broad signal of the Si substrate.
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Figure 2.8: RBS spectra of RT-260 (black line), RT-480 (grey line)
and RT-1160 (green line) [2.17].

Figure 2.9(a) reports the time evolution of Ni and O areal den-
sities in Ni-based nanowalls, as obtained by integrating the various
peaks in the RBS spectra through a proper simulation code [2.16].
Ni curve follows a trend which resembles the one previously observed
for film thickness measurements (Figure 2.5), suggesting that Ni pre-
cipitation flux is proportional to film growth rate during the whole
deposition process. O/2 curve is close to the Ni one, pointing out
a stoichiometric ratio O/Ni⇠2, in agreement with Ni(OH)2/NiOOH
species identified by XRD.
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(a)

(b) (c)

Figure 2.9: (a) Areal density of Ni (open squares), O/2 (open circles)
and S*5 (open triangles) versus growth time obtained from the RBS
spectra of samples grown at room temperature, (b) EDX spectrum of
RT-480, and (c) S/Ni versus growth time at room temperature (blue
open diamonds) and 50�C (red open diamonds) [2.17].
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To evaluate the filling factor, i.e. the fraction of volume occupied
by Ni-based nanowalls, Ni areal density, film thickness measurements
and Ni concentration in Ni(OH)2 were joined [2.19]. As reported in
Figure A1, the filling factor decreases with growth time (70% !
60%), confirming the SEM observation that porosity increases with
time.

EDX analysis of RT-480 (Figure 2.9(b)) confirmed the presence
of S, which has never been observed before in Ni-based nanowalls.
Figure 2.9(a) reports also the areal density of S*5 and it is interesting
to note that S/Ni ratio decreases exponentially with time (Figure
2.9(c)). Due to the similar time extension, S/Ni trend seems to be
correlated with the random regime and with the K2S2O8 role observed
above.

The results reported so far evidence the key roles of growth tem-
perature and K2S2O8 in the CBD of Ni-based nanowalls. Indeed, two
clear growth regimes are attested, during which a random precipita-
tion of NiOOH·4Ni(OH)2 nanosheets precedes that of self-ordered
↵-Ni(OH)2 nanosheets.

2.3.2 Growth model

To understand the precipitation mechanism of Ni-based nanowalls
it can be useful to separately focus on the two growth regimes. In
the random regime a transient role of the persulfate ion (S2O8

2-) is
expected, while a steady kinetics is hypothesised in the self-ordered
regime.

The dissolution of NiSO4·6H2O in the ammonia solution produces
the typical blue colour, due to the formation of the nickel-water-
ammonia complex. This complex is in equilibrium with the free forms
of the ligands and Ni(OH)2 colloidal nanoparticles, as indicated by
Xia et al. (reaction 1.10) [2.20]. With the addition of K2S2O8, a
chromatic variation towards a deep blue/black colour is observed in
the solution, as a consequence of the reaction between S2O8

2- ions
and Ni(OH)2, leading to the formation of NiOOH through reaction
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1.10 [2.20]. As a Ni3+ species, NiOOH is unstable in solution and
precipitates [2.21]. Therefore, Ni(OH)2 and NiOOH are the building
blocks of the random regime. Traces of S are thus incorporated into
the film, as indicated by RBS analyses, and a random precipitation
occurs, leading to a disordered structure (Figure 2.4(b)). Such a
process gradually stops as the ammonia complexation goes on and the
role of the S2O8

2- ions is progressively reduced. Then, Ni precipitation
proceeds with the formation of a well-organized ↵-Ni(OH)2 phase in
the so-called self-ordered regime, through the reaction between Ni2+

and OH- ions (reaction 1.4) [2.22]. ↵-Ni(OH)2 growth is sustained by
the release of OH- ions by ammonia, which also plays a key role in
shaping Ni-based nanowalls [2.23].

One can assume that ↵-Ni(OH)2 phase is continuously produced,
while NiOOH phase precipitates only in the first regime. Taking into
account the exponential decay of the S/Ni ratio (Figure 2.9(c)), the
random growth regime was modelled by the following equation

ds = k exp(�t/⌧) (2.2)

where s [nm] is the film thickness, t [s] is the growth time, k [nm s-1]
is the initial rate of reaction 1.10, and ⌧ [s] is the time constant of
the random growth regime.

When the oxidizing action of S2O8
2- ions stops, film growth pro-

ceeds via the self-ordered regime. Since the growth kinetics curves in
Figure 2.5 show a constant growth rate for the self-ordered regime,
it was modelled by the following equation

ds = �dt (2.3)

where � [nm s-1] is a parameter related to the availability of free Ni2+

ions in solution. Combining equation 2.2 and 2.3, given that s = 0
at t = 0, it follows that the full growth kinetics can be described by
the following equation

s(t) = ↵ (1� exp(t/⌧)) + � t (2.4)
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where ↵ = kt [nm]. Figure 2.10 reports the film thickness measure-
ments versus growth time at room temperature and 50�C and fits
of data based on equation 2.4. Since the proposed model does not
include the nucleation phase (0-260 s at room temperature), the fit
of room temperature data starts at t = 260 s (i.e., room temperature
data are shifted so that the point at 260 s becomes the (0,0) point).

Figure 2.10: Film thickness (squares) and sphere radius (circles) ver-
sus growth time for the samples grown at room temperature (blue
closed symbols) and 50�C (red open symbols). The lines represent
the fits of data based on equation 2.4 [2.17].

As a matter of fact, the film surface as extracted from the bath
is decorated with porous spheres resembling the same morphological
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features of the film (Figure 2.11). Such spheres are a byproduct of the
CBD, as they come from a homogenous nucleation in the bulk of the
CBD solution, followed by a random landing on the film [2.14]. Fig-
ure 2.10 also reports the radius of the porous spheres versus growth
time at room temperature and 50�C (growth kinetics curves were
obtained by measuring the average radius of the spheres found onto
film surface). The same model is able to describe spheres growth
at the two temperatures. Actually, the growth of film or sphere is
essentially a 1D or a 3D expression of the same process, which occurs
in one direction for the film, or in all directions for the spheres. Still,
these data help to understand the growth process.

2 µm

1 µm

Figure 2.11: SEM images at di↵erent magnifications of RT-900, show-
ing some porous spheres [2.17].

Table 2.1 reports the fit parameters of the four series of data. Fo-
cusing on film cases, the duration of the random regime is influenced
by growth temperature. In fact, ⌧ drops from 490 s at room temper-
ature to 60 s or lower at 50�C. Instead, k, calculated as the ratio ↵/t,
increases with growth temperature (1.42 nm s-1 at room temperature
and 3.25 nm s-1 at 50�C), indicating that reaction 1.10 is much faster
at higher temperature. On the other hand, the random regime lasts
for shorter times at higher temperature, so its overall e↵ect is less
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Data ↵ [nm] � [nm s-1] ⌧ [s]

Film thickness - Room temperature 695 0.145 490

Spheres radius - Room temperature 1250 0.160 500

Film thickness - 50�C 195 0.175 <60

Spheres radius - 50�C 650 0.260 <80

Table 2.1: Growth model parameters obtained from the fits of the
data reported in Figure 2.10 based on equation 2.4 [2.17].

pronounced than at room temperature. Also, �, that is the rate of
reaction 1.4, increases from 0.145 nm s-1 at room temperature up to
0.175 nm s-1 at 50�C, suggesting that Ni(OH)2 self-ordered precip-
itation becomes faster with increasing temperature. When spheres
growth is considered, � changes from 0.160 nm s-1 at room temper-
ature to 0.260 nm s-1 at 50�C, with a thermal increase more pro-
nounced than for the film. Actually, Ni precipitation mechanism is
limited by the di↵usion and reaction processes, both thermally acti-
vated. The values of � obtained for film growth at room temperature
are quite similar to those found for spheres growth at the same tem-
perature. Since the di↵usion extent for the spheres is always larger
than for the film (where reactants come only in one direction), this
indicates that the self-ordered regime should be reaction-limited at
room temperature. At 50�C the value of � for the spheres growth
is much higher than that for the film growth. Therefore, at higher
temperatures, the self-ordered regime seems to be di↵usion-limited.
Such a conclusion indicates that a self-ordered growth at higher tem-
peratures should produce better material in terms of chemical bonds
and surroundings. In the following, the electrochemical properties of
Ni-based nanowalls grown at di↵erent temperatures are investigated
and then applied for the non-enzymatic glucose sensing.
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2.3.3 Electrochemical properties

The relationship between Ni-based nanowalls morphology and elec-
trochemical properties was investigated by using RT-480 and 50-480,
both ⇠300 nm thick and grown on ITO substrates. Indeed, RT-480
is made of random oriented nanosheets, while 50-480 is made of ver-
tically ordered nanosheets (Figures 2.4(b) and (c)). Therefore, these
samples allow to distinguish of the e↵ect of the nanosheets shape on
the electrochemical properties. CV was performed until stable curves
were obtained (⇠30 CV cycles for both samples). Figure 2.12(a) com-
pares the CV curves of RT-480 and 50-480. In both cases a pair of

(a)

CPE

ESR
Rct

(b)

Figure 2.12: (a) CV curves of RT-480 (blue solid line) and 50-480
(red dashed line) recorded at 50 mV s-1 scan rate in the potential
range -0.1÷0.9 V in 0.1 M NaOH. (b) Nyquist plots of RT-480 (blue
closed triangles) and 50-480 (red open triangles) recorded at the ox-
idation potential with a 20 mV superimposed sinusoidal voltage in
the frequency range 102÷10-2 Hz in 0.1 M NaOH. Lines are fits of
Nyquist plots based on the reported equivalent circuit model [2.17].

redox peaks can be observed at ⇠0.17 V (reduction peak) and ⇠0.62
V (oxidation peak), caused by the reversible redox reaction Ni2+/Ni3+

in alkaline solution (equation 1.1). Moreover, it can be seen that the
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Sample ESR [⌦] Rct [⌦] CPE [F s(n-1)] n [s]

RT-480 185 0.0056 490 0.90

50-480 34 90 0.0127 0.93

RT-480 NF 34 1780 0.0016 0.87

50-480 NF 38 840 0.0031 0.86

50-1200 NF Ni foam 18 36 0.0382 0.77

Table 2.2: Circuit parameters obtained from the fits of samples
Nyquist plots [2.17].

area enclosed by the CV of 50-480 is larger than RT-480. Given their
similar thicknesses, such a datum suggests a better charge storage
capability for the film grown at higher temperature [2.22].

EIS was carried out to investigate the impedance behaviour of
the random and self-ordered nanosheets. The Nyquist plots (imag-
inary versus real part of the impedance) of RT-480 and 50-480 are
compared in Figure 2.12(b). Both curves show a semicircular shape,
which can be described by the Randles circuit reported in Figure
2.12(b). This model includes an equivalent series resistance (ESR),
which is the combined resistance of electrolyte and internal resistance
of the sample, connected in series with the double layer capacitance
in parallel with the charge-transfer resistance of the electrode (Rct)
[2.24]. To account for the non-ideal capacitive behaviour of the sam-
ple, the double layer capacitor was replaced by a constant phase
element (CPE), with n being an ideality factor. The experimental
data were successfully fitted with this model to obtain the circuit
parameters reported in Table 2.2 (note that the data of RT-480 NF,
50-480 NF and 50-1200 NF Ni foam samples will be discussed later).
The value of ESR is almost the same for the two samples, as ex-
pected. Rct decreases from 185 ⌦ (RT-480) to 90 ⌦ (50-480). Since
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film thickness is almost the same for the two samples, this result sug-
gests that the self-ordered nanosheets (50-480) are able to sustain a
charge transfer rate about twice that of the random nanosheets (RT-
480). This datum agrees with the above observation that the higher
growth temperature should produce better material.

2.3.4 Glucose detection performances

RT-480 and 50-480 grown on ITO substrates were then employed for
non-enzymatic glucose sensing, to test if the improved growth kinet-
ics can a↵ect some real applications. Iwu et al. showed that Ni-based
nanowalls can be converted to Ni nanofoam upon annealing in reduc-
ing atmosphere, leading to a more stable electrode and higher glucose
sensitivity [2.14]. Therefore, RT-480 and 50-480 were annealed to ob-
tain Ni nanofoam samples (RT-480 NF and 50-480 NF), finding that
film thickness reduces, as already reported by Iwu, and the random
and/or self-ordered configuration are preserved. In addition, to inves-
tigate the e↵ect of the substrate on the glucose sensing performances,
the Ni nanofoam was realized also on Ni foam substrate by CBD at
50�C for 1200 s, followed by reducing annealing. The resulting sam-
ple, labelled 50-1200 NF Ni-foam, is shown in Figure 2.13.

All Ni nanofoam samples were conditioned for glucose sensing by
CV, until stable curves were obtained. In this way, a very thin outer
layer of the active Ni(OH)2/NiOOH species is formed. CV curves of
RT-480 NF and 50-480 NF (Figure A2(a)) show that the oxidation
potential is the same (⇠0.55 V) and lower than before annealing
(Figure 2.12(a)). The peak current density reduces, too. However,
CV curve of 50-480 NF still encloses the largest area.

By comparing the Nyquist plots of the two samples, still 50-480
NF exhibits a lower impedance than RT-480 NF (Figure A2(b)). In
particular, Rct of 50-480 NF is still half than RT-480 NF (Table 2.2),
as it occurs before annealing. However, Rct values are one order
of magnitude greater than Ni-based nanowalls. This result could
be explained by the detrimental e↵ect of the reducing annealing on
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20 µm

200 nm

Figure 2.13: SEM images at di↵erent magnification of 50-1200
NF Ni foam [2.17].

ITO substrates. Instead, Rct of 50-1200 NF Ni-foam (Nyquist plot in
Figure A3) is ⇠20 times smaller than 50-480 NF. This improvement
could be ascribed to the larger area of the Ni foam substrate (1⇥1
cm2 Ni foam is ⇠3 times larger than 1⇥1 cm2 flat substrate), to the
better electrical contact and to the prolonged CBD at 50�C, leading
to a thicker film.

CA analysis was employed to test the non-enzymatic glucose sens-
ing performances of Ni nanofoam samples. The calibration curves of
RT-480 NF and 50-480 NF (Figure A4) indicated that the sensitivity
of 50-480 NF (1.03 mA mM-1 cm-2) is almost double than RT-480 NF
(0.64 mA mM-1 cm-2). This result can be attributed to the superior
electrochemical properties of the self-ordered nanosheets evidenced
by CV and EIS analyses.

Figure 2.14 reports the amperometric response and calibration
curve of 50-1200 NF Ni-foam, showing an unprecedentedly high glu-
cose sensitivity of 31 mA mM-1 cm-2 mM-1 in the glucose concentra-
tion range 0.02÷0.4 mM. To evaluate the contribution of the Ni foam
substrate, the inset in Figure 2.14 reports also the calibration curve
of a bare Ni foam substrate whose surface was activated by CV.
The sensitivity is much smaller (2.3 mA mM-1 cm-2) than 50-1200
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NF Ni-foam, demonstrating the dominant role of the Ni nanofoam.
Moreover, 50-1200 NF Ni-foam showed a 5 µM LoD, calculated by
assuming S/N = 3, and a quick response to glucose (1-2 s).

]]

Figure 2.14: Amperometric response of 50-1200 NF Ni-foam with
successive glucose additions at 30 s time intervals in 0.1 M NaOH.
The inset compares the calibration curves of 50-1200 NF Ni-foam
(red spheres) and a bare Ni foam substrate activated by CV (grey
circles). The error bars are of the same size as the symbols [2.17].

Table 2.3 compares the performances of recent non-enzymatic glu-
cose sensors based on Ni nanostructures deposited onto Ni foam sub-
strate. The sensitivity of 50-1200 NF Ni-foam is much higher than
those previously obtained with NiO nanostructures on Ni foam (6.7
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mA mM-1 cm-2 in [2.12], 3.2 mA mM-1 cm-2 in [2.13]). Despite the
Ni foam presence (which still contributes to the glucose oxidation),
the much higher sensitivity reported here is attributed to the op-
timization of the nanostructure shaping obtained through the 50�C
CBD and to the nanowalls ! nanofoam transformation. The lin-
ear response range is su�ciently wide for the detection of glucose in
concentrations as low as those present in human saliva and tears.
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2.4 Conclusions

In this chapter, the growth mechanism of Ni-based nanowalls ob-
tained by chemical bath deposition was investigated as function of
growth time (60-7200) and temperature (room temperature and 50�C).
Two growth regimes were observed: (i) a random regime with a
fast precipitation of random oriented and irregular NiOOH·Ni(OH)2
nanosheets, followed by (ii) a self-ordered regime with a slower precip-
itation of vertically-aligned and self-ordered ↵-Ni(OH)2 nanosheets.
While the self-ordered regime seems endless, the random regime has
a time duration which reduces with increasing temperature. During
the first regime a S incorporation occurs and a key role is played by
the K2S2O8 at the very early stage of the CBD, being a fundamental
precursor for the precipitation of Ni-based nanowalls. The growth
kinetics was satisfactorily modelled assuming the above two regimes,
with the results that at 50�C the growth seems to be di↵usion-limited,
leading to a better material in terms of chemical bonds and sur-
roundings. The redox transition Ni2+/Ni3+ of Ni-based nanowalls
was tested on proper electrodes by using CV and EIS analyses. It was
found that the samples obtained at higher growth temperature en-
sure better charge storage capability and higher charge transfer rate,
confirming the superior growth method. Ni-based nanowalls were
also applied to non-enzymatic glucose detection after a proper ther-
mal treatment at 350�C in reducing atmosphere, leading to a porous
structure formed by Ni nanoparticles (20-30 nm in size), called Ni
nanofoam. The higher growth temperature still a↵ects the electro-
chemical performances as the glucose sensitivity is doubled in the
sample fabricated by CDB at 50�C. After such an optimization, Ni
nanofoam was grown on Ni foam substrate, reaching an unprecedent-
edly high glucose sensitivity of 31 mA cm-2 mM-1 in the linear range
0.02÷0.4 mM, a very low limit of detection of 5 µM and a quick
response to glucose (1-2 s). Moreover, as previously reported, Ni
nanofoam ensures high selectivity to glucose against common inter-
fering species (200 µM glucose versus 20 µM uric acid, 10 µM ascorbic
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acid and 10 µM acetaminophen) as well as high stability (4% response
loss after 64 days). These impressive performances open the route
towards non-invasive glucose detection in human saliva and tears.
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Chapter 3

Au decorated NiO nanowalls
for PCR-free Mycoplasma
agalactiae sensing
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Contagious Agalactia (CA) is an infectious disease of small rumi-
nants (goats and sheep), endemic in the Mediterranean countries,
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caused by the Mycoplasma agalactiae (Ma). Ma is responsible for a
severe reduction and even suppression of the milk production, and oc-
casionally can lead to abortion and death of lambs or kids. Due to its
morbidity, CA can rapidly spread in the whole flock, causing serious
economic losses for farmers. Therefore, a rapid diagnosis of CA is
very important. Routinary diagnostics is mainly based on isolation
of the pathogen in selective media, on serological tests and on direct
identification of the pathogen DNA using Polymerase Chain Reaction
(PCR)-based methods. However, these methods represent time con-
suming, costly and complex procedures because of the slow Ma growth,
the risk of cross-contamination with other species of Mycoplasma, the
presence of inhibitors in milk samples which interfere with the re-
action, and the low detection limit levels. Recently, PCR-free DNA
biosensors have attracted increasing attention due to their rapid, sim-
ple and economical testing. In this chapter, a low-cost electrochemical
Ma DNA sensor based on Au decorated NiO nanowalls is reported.
Au decoration was conducted by Au electroless deposition on NiO
nanowalls grown by chemical bath deposition and thermal annealing,
and characterized by scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX) and electrochemical impedance
spectroscopy (EIS). Ma probe ssDNA, functionalized with a fluores-
cent dye (Cy3), was successfully immobilized onto Au decorated NiO
nanowalls surface, as confirmed by fluorescent microscopy. Then,
the complementary Ma ssDNA (1.7-48.5 ng µl-1) was detected upon
DNA hybridization by monitoring the impedance of Au decorated NiO
nanowalls. The reported synthesis method as well as the promising
performances of Au decorated NiO nanowalls open the route towards
cheap and fast PCR-free detection of Ma.

3.1 Contagious Agalactia

Contagious Agalactia (CA) is an infectious disease of small rumi-
nants, such as goats and sheep, characterized by mastitis, arthritis
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and keratitis, leading to a severe reduction and even suppression of
milk production and, occasionally, to abortion and death of young
animals [3.1]. Due to its morbidity, CA can rapidly spread in the
whole flock, causing serious economic losses for farmers. For exam-
ple, Loria et al. estimated an expense of more than 100,000 e for
a small farm in Sicily [3.2]. Nowadays, CA is found across several
continents, including mainly North America, Western Asia, North
Africa, and Europe, being endemic in most Mediterranean countries
(Figure 3.1) [3.3]. In particular, in Sicily CA is responsible of about
40% of mastitis in small ruminants [3.4]. Because of its large di↵usion
and important economic impact, the World Organization for Animal
Health included CA in the list of notifiable diseases of animals [3.5].

Figure 3.1: Contagious Agalactia distribution in Europe [3.6].
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Mycoplasma agalactiae (Ma) is the principal aetiological agent of
CA in sheep, while other mycoplasmas are pathogenic in goats. My-
coplasmas are one of the smallest self-replicating bacteria [3.7]. They
have a small genome (0.58-1.4 Mbp), which codes for proteins in-
volved in metabolic and enzymatic activities, and also phase-variable
lipoproteins allowing them to evade the host immune system and per-
sist for long periods [3.8]. The principal sources of Ma infection are
the ingestion of contaminated feed, water or milk. Then, Ma eas-
ily propagates in the flock by contact between infected and healthy
animals [3.5].

The primary diagnosis of CA is based on the observation of clinical
signs, however the presence of many other diseases in endemic areas
typically makes it more complicate [3.9]. The timely identification
of CA is essential to prevent its di↵usion. Therefore, there is an
urgent need for sensitive, selective and rapid diagnostic methods for
CA early detection.

The routine analysis method for isolating and identifying Ma in
clinical samples involves Ma culture in liquid or solid media. However,
this is a very complicate and time consuming method (7-10 days)
because of the slow Ma growth [3.7]. Various serological tests have
been used to identify Ma, but they have poor selectivity [3.9].

Recently, sensitive, selective and rapid tests for Ma identification
have been developed, driven by the great advances in molecular bi-
ology and biotechnology. Among them, those based on Ma DNA
amplification by Polymerase Chain Reaction (PCR) are the most re-
liable and used ones [3.9].

PCR-based methods allow to exponentially amplify a specific DNA
segment (gene), generating from thousands to millions of copies by
several cycles (Figure 3.2). PCR products are subjected to elec-
trophoresis and/or filtered by an appropriate membrane and exposed
to a solution containing a probe DNA for hybridization, which is
chemically or enzymatically labelled with radioactive and chemilu-
minescent materials or ligands, since the DNA itself is not able to
provide any signal [3.10]. The selectivity of PCR strongly depends
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on the gene to be amplified, which has to be carefully chosen (typi-
cally Ma 16S rRNA gene) [3.9].

Figure 3.2: Schematic illustration of a complete PCR cycle [3.11]

Among the PCR-based methods, real-time PCR, i.e. the moni-
toring of gene amplification during PCR rather than at the end of
PCR, is the most sensitive and quick method, being also automated
[3.9]. For example, Oravcová et al. performed the real-time PCR of
Ma p40 gene [3.5]. Nevertheless, all PCR-based methods are limited
by their high cost, use of carcinogenic agents, contamination of the
laboratory by nucleic acids and strong dependence on probe DNA,
hybridization conditions, type of membrane, labelling, and environ-
ment [3.12]. Therefore, simple, rapid, low-cost, sensitive and selective
PCR-free methods for Ma detection are needed. Such a way could
also replace the analysis into a specialized laboratory with a quick
test in farm.

The detection of DNA hybridization ensures high selectivity be-
cause of the intrinsic specificity of DNA base pairing [3.13]. As a
result, a wide variety of DNA hybridization sensors have been re-
ported, based on optical, electrochemical and piezoelectric transduc-
ers. Among them, electrochemical sensors are the most advantageous
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ones as a rapid, sensitive, selective, and cost/energy-saving technol-
ogy [3.14]. Typically, electrochemical sensors consist of a solid elec-
trode, where probe ssDNA is immobilized via physical absorption,
self-assembly or covalent conjugation. Upon hybridization of probe
ssDNA and complementary ssDNA [3.10], a signal is generated whose
amplitude determines the sensitivity of the electrochemical sensor
[3.13]. Therefore, various electrochemical techniques have been used
to enhance the hybridization signal, leading to a further classification
of electrochemical sensors in voltammetric, amperometric, coulomet-
ric and impedimetric sensors [3.15]. In particular, electrochemical
impedance spectroscopy (EIS) allows to detect the variations of the
impedance at the electrode/electrolyte interface during both probe ss-
DNA immobilization and hybridization with complementary ssDNA
[3.16]. The impedance can be measured at several frequencies or at
a single frequency by using a very small amplitude sinusoidal volt-
age without significantly disturbing the properties being measured
[3.15, 17].

The probe ssDNA immobilization represents a fundamental step
of the sensor fabrication. In fact, it has been demonstrated that the
sensing performances (sensitivity, selectivity, stability, etc.) depend
mainly on the immobilized probe ssDNA (binding method, confor-
mation, orientation, surface density, etc.) [3.18]. Probe DNA can
be immobilized through various approach, such as adsorption, avidin
(or streptacidin)-biotin interactions and covalent bonds. In partic-
ular, the most used approach is based on the strong covalent bond
between Au and S, which easily allows to bind thiolated (SH terminal
group) probe ssDNA onto the surface of Au-based electrodes, form-
ing a self-assembled monolayer (SAM) of ssDNA with high stability,
compactness and orderliness. This approach is typically performed
in bu↵er solutions where the electrostatic repulsions between a ss-
DNA fragment (which is negatively charged due to DNA phosphate
groups) and the other ssDNA fragments and cations push the ssDNA
onto the surface of the electrode [3.19, 20].

Au decoration of nanostructured thin films by electroless deposi-
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tion (ELD) represents a simple and low-cost method to fabricate high
surface area Au electrodes for probe ssDNA immobilization. ELD is
based on reduction reactions which occur in aqueous solution with-
out external electrical power, leading to the conformal deposition of
metals on various substrates, including insulating materials [3.21]. In
particular, Au decoration of NiO nanowalls grown by chemical bath
deposition (CBD) and thermal annealing represents a promising ap-
proach to fabricate a low-cost impedimetric sensor to detect Ma DNA
hybridization.

3.2 Materials and methods

Ma DNA sensor fabrication and sensing experiments were performed
at the Tel Aviv University (Tel Aviv, Israel) under the supervision
of prof. Yosi Shacham-Diamand and prof. Adi Avni.

3.2.1 Synthesis

Au coated substrates (1⇥1.5 cm2, consisting of 50 nm thick Au layer
on 15 nm thick Ti adhesion layer deposited by evaporation onto 100
nm thick SiO2 layer on Si substrate, cut from Czochralski wafer)
and Ni foam substrates (1⇥1.5 cm2, Goodfellow, thickness 1.6 mm,
porosity 95%, 20 pores cm-1) were rinsed with acetone, isopropanol
and deionized water (MilliQ, 18 M⌦ cm), and dried under N2 gas
flow. Ni(OH)2 nanowalls were grown on cleaned substrates by CBD.
Solution composition for CBD was 0.42 M NiSO4·6H2O (Alfa Ae-
sar, 98%), 0.07 M K2S2O8 (Alfa Aesar, 97%) and 3.5 wt% ammonia
(Merck, 30-33 wt% NH3 in H2O). The solution was heated up to
50�C and kept at this temperature through a bain-marie configura-
tion [3.22]. Substrates were immersed (1⇥1 cm2 area) in the solution
for 20 min, and then rinsed with deionized water to remove unwanted
microparticulate and dried under N2 gas flow. Ni(OH)2 nanowalls
were further annealed at 350�C for 60 min in vacuum to obtain NiO
nanowalls.
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Prior to Au ELD, NiO nanowalls were immersed for 10 min in
7.5% v/v% hydrazine hydrate (Sigma-Aldrich, 50-60 v/v% N2H4 in
H2O) at room temperature, and rinsed with deionized water. Solu-
tion composition for Au ELD was 2 g l-1 potassium dicyanoaurate
(KAu(CN)2, Sigma-Aldrich, 98%), 45 g l-1 trisodium citrate dihy-
drate (Na3C6H5O7·2H2O, Sigma-Aldrich), 70 g l-1 ammonium chlo-
ride (NH4Cl, Sigma-Aldrich, �99.5 %), 8 g l-1 sodium hypophosphite
monohydrate (NaH2PO2·H2O, Merck, �99 %). Solution pH was ad-
justed to 7.5, then the solution was heated up to 80�C and kept at
this temperature through a bain-marie configuration. NiO nanowalls
were immersed in the solution for di↵erent durations (15 s, 1 and 3
min) to obtain Au decorated NiO nanowalls samples, and then rinsed
with deionized water and dried under N2 gas flow.

Ma thiolated probe ssDNA had the 25-base sequence Thiol-C6-
TGT GAT AAG AAC GAA AAT TCA CAA A (Hylabs, HPLC, 8990
Da molecular weight), eventually modified with a cyanine (Cy3) on 3’
end (Hylabs, HPLC, 9577 Da molecular weight). Solution composi-
tion for probe ssDNA immobilization was 1X TE bu↵er, consisting of
10 mM Tris (tris(hydroxymethyl)aminomethane, C4H11NO3, Sigma-
Aldrich, �99.8%) and 1 mM EDTA (ethylenediaminetetraacetic acid,
C10H16N2O8, Sigma-Aldrich, �99%), 40 mM sodium chloride (NaCl,
Sigma-Aldrich, �99.5 %), 5 mM magnesium chloride (MgCl2, Sigma-
Aldrich, �98%), 4.5 µM Ma thiolated probe ssDNA and 0.5 µM Cy3-
modified Ma thiolated probe ssDNA. The DNA immobilization was
performed by keeping Au decorated NiO nanowalls in the solution
for 5 h at room temperature under stirring (100 rpm). Samples were
then rinsed with deionized water and dried under N2 gas flow.

Non-complementary ssDNA for prehybridization had the 30-base
sequence ATG GTC TCA CTG CTC TGC ACC AGC GGG GAA
(Hylabs, 9168 Da molecular weight). Prehybridization was performed
by keeping the samples (Au decorated NiO nanowalls with immobi-
lized Ma probe ssDNA) for 1-5 h at 40�C in in phosphate bu↵er
solution (PBS, pH 7) containing 12 µM non-complementary ssDNA.

Ma complementary ssDNA for hybridization had the 25-base se-
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quence TTT GTG AAT TTT CGT TCT TAT CAC A (Hylabs, de-
salted, 8510 Da molecular weight). Hybridization was performed by
keeping the samples (Au decorated NiO nanowalls with immobilized
Ma probe ssDNA and 5 h prehybridization) for 1 h at 40�C in PBS
(pH 7) containing di↵erent concentrations (⇠1.7, 4.3, 12.8, 21.3 ng
µl-1) of Ma complementary ssDNA. Note that the Ma dsDNA formed
by the hybridization of Ma thiolated probe ssDNA and Ma comple-
mentary ssDNA was not denatured after each experiments, therefore
the sensor response was evaluated for ⇠1.7, 6, 14.5, 27.2, 48.5 ng µl-1

Ma complementary ssDNA.

3.2.2 Characterization

The surface morphology of samples was characterized by a scanning
electron microscope (Gemini field emission SEM Carl Zeiss SUPRA
25) combined with energy dispersive X-ray spectroscopy (EDX). Cy3
fluorescence was observed by a confocal microscope with a ⇠510 nm
excitation wavelenght.

EIS was performed using a potentiostat (BioLogic VSP) and a
three-electrode setup with a Pt counter electrode, a commercial sil-
ver chloride reference electrode (Ag/AgCl), and the samples as work-
ing electrodes (1⇥1 cm2 immersed area). All measurements were
performed at room temperature in PBS (pH 7) containing 10 mM
ferri-ferrocyanide ([Fe(CN)6]3-/4-, Sigma-Aldrich, �99%) as support-
ing electrolyte. EIS measurements were carried out at 0 V versus
open circuit potential with 10 mV superimposed sinusoidal voltage
in the frequency range 106÷10-1 Hz. EIS measurements were repeated
at least 3 times for each experiment.
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3.3 Au decorated NiO nanowalls

3.3.1 Morphological and chemical characteriza-
tion

Figure 3.3 shows the schematic illustration of the di↵erent steps to
fabricate the Ma DNA sensor.

Substrate NiO nanowalls

2. Electroless
deposition

1. CBD + 
annealing

3. DNA
immobilization

Au decorated
NiO nanowalls

Au decorated NiO nanowalls with 
Ma probe ssDNA

Figure 3.3: Schematic illustration of the various fabrication steps of
the Ma DNA sensor based on Au decorated NiO nanowalls.

First, NiO nanowalls were grown by CBD and thermal annealing
in vacuum. No variations in nanowalls morphology were observed by
using SEM after the annealing process.
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Then, Au ELD was carried out for di↵erent durations: 15 s, 1 and
3 min. Despite the colour of NiO nanowalls turned from brown/black
to yellow/gold after only 15 s, suggesting Au deposition, SEM anal-
ysis did not evidence any appreciable change in nanowalls morphol-
ogy even after 3 min of Au ELD (Figure 3.4(a)). Nevertheless, Au
presence was unambiguously proved in the EDX spectrum of NiO
nanowalls sample prepared on Ni foam substrate and subjected to 3
min Au ELD (Figure 3.4(b)).

1 μm

(a)

0 5 10 15

NiLa

AuMa

OLa

AuLb

AuLa
NiKb

In
te

ns
ity

 [a
.u

.]

Energy [eV]

NiKa

(b)

Figure 3.4: (a) Plan-view SEM image and (b) EDX spectrum of Au
decorated NiO nanowalls (3 min ELD) on Ni foam substrate.

Finally, Ma thiolated probe ssDNA was immobilized on Au dec-
orated NiO nanowalls samples grown on Au substrates, and Cy3 flu-
orescence was checked by using a confocal microscope to attest the
DNA immobilization. The same procedure was also applied for a
bare NiO nanowalls sample. No Cy3 fluorescence was observed in
NiO nanowalls and Au decorated NiO nanowalls obtained by 15 s
and 1 min ELD. Instead, Au decorated NiO nanowalls obtained by
3 min ELD showed a bright and uniform fluorescence over the en-
tire area covered by the nanowalls (Figure 3.5(a)). In particular,
Figure 3.5(a) shows the plan-view micrograph of the interface be-
tween the region with and without Au decorated NiO nanowalls.
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The fluorescence in Au decorated NiO nanowalls is so bright that
the Au substrate appears black, suggesting no DNA immobilization.
Actually, this results demonstrates that having a high surface area
Au nanostructure rather than a flat Au surface allows to immobi-
lize much more DNA. The successful DNA immobilization was also
confirmed by the uniform presence of bubble-like structures (10-20
nm in size) onto both sides of Au decorated NiO nanowalls (Figure
3.5(b)). This result is in agreement with Guler et al. who immobi-
lized ssDNA on polypyrrole-coated electrospun poly(✏-caprolactone)
nanofibers, observing an increase in nanofibers surface roughness and
diameter after ssDNA immobilization process [3.17].

Substrate
Au decorated
NiO nanowalls

10 μm

(a)

100 nm

Ma probe ssDNA

(b)

Figure 3.5: (a) Confocal microscopy and (b) SEM image of Au
decorated NiO nanowalls (3 min ELD) on Au substrate after Cy3-
functionalized Ma thiolated probe ssDNA immobilization.

3.3.2 Mycoplasma agalactiae DNA sensing

EIS was carried out at the end of each sensor fabrication step (CBD,
Au ELD and Ma thiolated probe ssDNA immobilization), and Figure
3.6 shows the recorded Bode plots of NiO nanowalls, Au decorated
NiO nanowalls and Au decorated NiO nanowalls with Ma probe ss-
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DNA. In particular, Figure 3.6(a) reports impedance modulus |Z|
[⌦] versus frequency, while Figure 3.6(b) reports impedance phase [�]
versus frequency). Bode plots were preferred to Nyquist plot since
they show the frequency response of the system. The largest varia-
tions in both impedance modulus and phase were registered at 0.1
Hz (Table A1). In fact, Au ELD caused a decrease in both |Z| (⇠369
! ⇠149 ⌦) and Phase(Z) (⇠-71 ! -51�). The lower impedance after
ELD can be attributed to the formation of a Shottcky junction at the
Au/NiO interface. Then, Ma thiolated probe ssDNA immobilization
increased both |Z| (⇠149 ! ⇠194 ⌦) and Phase(Z) (⇠-36 ! -51�).

10-1 100 101 102 103 104 105 106
10

100

 NiO nanowalls
 Au decorated NiO nanowalls
 Ma probe ssDNA

|Z
| [
Ω

]

Frequency [Hz]

(a)

10-1 100 101 102 103 104 105 106
-90

-80

-70

-60

-50

-40

-30

-20

-10

0

P
ha

se
(Z

) [
°]

Frequency [Hz]

 NiO nanowalls
 Au decorated NiO nanowalls
 Ma probe ssDNA

(b)

Figure 3.6: Bode plots ((a) impedance modulus versus frequency
and (b) impedance phase versus frequency) of NiO nanowalls (black
squares), Au decorated NiO nanowalls (yellow circles) and Au dec-
orated NiO nanowalls with Ma probe ssDNA (blue triangles) as ob-
tained by EIS experiments at 0 V versus open circuit potential with 10
mV superimposed sinusoidal voltage in the frequency range 106÷10-1

Hz in PBS (pH 7) containing 10 mM [Fe(CN)6]3-/4-.

Prior to sensing experiments with Ma complementary ssDNA,
prehybridization with a high concentration of non-complementary
ssDNA was performed. In this way, the surface of the Au decorated
NiO nanowalls was completely covered with DNA to obtain a stable

95



3
.
A
u

d
e
c
o
r
a
t
e
d

N
iO

n
a
n
o
w
a
ll

s
fo

r

P
C
R
-f
r
e
e

M
y
c
o
p
la

sm
a

a
g
a
la

c
t
ia
e

se
n
si
n
g

3
.
A
u

d
e
c
o
r
a
t
e
d

N
iO

n
a
n
o
w
a
ll

s
fo

r

P
C
R
-f
r
e
e

M
y
c
o
p
la

sm
a

a
g
a
la

c
t
ia
e

se
n
si
n
g

3
.
A
u

d
e
c
o
r
a
t
e
d

N
iO

n
a
n
o
w
a
ll

s
fo

r

P
C
R
-f
r
e
e

M
y
c
o
p
la

sm
a

a
g
a
la

c
t
ia
e

se
n
si
n
g

0 1 2 3 4 5
10

100

Freq. = 0.1 Hz
 |Z|
 Phase(Z)

Prehybridization time [h]

|Z
| [
Ω

]

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

P
ha

se
(Z

) [
°]

Figure 3.7: Impedance modulus (green closed squares) and phase
(black open circles) at 0.1 Hz as function of prehybridization time
with non-complementary ssDNA.

impedimetric behaviour. Therefore, it can be reasonably assumed
that any further impedance variation after exposure to Ma comple-
mentary ssDNA can be ascribed only to its successful hybridization
with the immobilized Ma thiolated probe ssDNA. Sensor impedance
was monitored as function of prehybridization time (1, 2, 3, 4 and 5
h) and the recorded Bode plots are shown in Figure A5, while the
values of impedance modulus and phase at 0.1 Hz are reported in
Figure 3.7. |Z| decreased with prehybridization time, and a nearly
stable value (⇠69) was obtained only after 5 h. On the contrary,
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Phase(Z) was almost constant with prehybridization time and after
5 h it was -52�.

EIS was conducted also after hybridization with di↵erent concen-
trations of Ma complementary ssDNA (1.7, 6, 14.5, 27.2 and 48.5 ng
µl-1). The recorded Bode plots are shown in Figure A6, while the
values of impedance modulus and phase at 0.1 Hz are reported in
Table A1. |Z| increased with increasing Ma complementary ssDNA
concentration up to 104 ⌦ for 48.5 ng µl-1, while Phase(Z) was almost
constant and equal to -51� for 48.5 ng µl-1.

These results can be summarized in the Phasor diagram shown in
Figure 3.8, where the impedance at 0.1 Hz is represented by a vector
with modulus |Z| [⌦] and phase given by the angle with ReZ axis. It
is worth noting that ReZ did not change after Au ELD and Ma thi-
olated probe ssDNA immobilization, while ImZ changed leading to
the above aforementioned impedance variations during sensor fabri-
cation process. Prehybridization and hybridization processes did not
a↵ect Phase(Z) but only |Z|, which, in particular, decreased upon pre-
hybridization with non-complementary ssDNA and increased upon
hybridization with Ma complementary ssDNA.
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Figure 3.8: Phasor diagram of sensor impedance at 0.1 Hz at the
end of each fabrication and sensing steps. The inset is the schematic
illustration of the various steps of Ma DNA sensing [3.? ].

Sensor response to Ma complementary ssDNA was evaluated as

Response =
|Zhyb.|� |Zprehyb.|

|Zprehyb.|
⇤ 100 (3.1)

where |Zhyb.| [⌦] and |Zprehyb.| [⌦] are the modulus of the impedance
after hybridization and 5 h prehybridization, respectively. Figure 3.9
reports the calibration curve of the sensor, showing a high response
in the Ma complementary ssDNA concentration range 1.7÷6 ng µl-1,
and then a saturation in the range 14.5÷48.5 ng µl-1. Therefore, the
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sensor is able to detect Ma DNA at very low concentrations.
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0

20

40

60

R
es

po
ns

e 
[%

]

Ma complementary ssDNA [ng µl−1]

Figure 3.9: Calibration curve of the Ma DNA sensor based on Au
decorated NiO nanowalls.

3.4 Conclusions

Novel Au decorated NiO nanowalls were obtained by Au ELD onto
NiO nanowalls grown by CBD and thermal annealing. The Au deco-
rated NiO nanowalls represent a low-cost and high surface area plat-
form for thiolated DNA immobilization. In particular, Ma thiolated
probe ssDNA was successfully immobilized onto Au decorated NiO
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nanowalls and used as an imdedimetric sensor for Ma complemen-
tary ssDNA sensing. The sensor demonstrated the ability to detect
Ma DNA even at the very low concentration of 1.7 ng µl-1, having
also the advantages of cheaper and quicker analysis than conventional
PCR-based approach, and also the high selectivity ensured by the in-
trinsic specificity of DNA hybridization. Moreover, the sensor could
be reused, as it is possible to denature the hybridized dsDNA by heat-
ing the sensor. These results open the route towards PCR-free Ma
detection for the early diagnosis of CA, and allow similar application
into other DNA detection.
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Chapter 4

NiO nanostructures for gas
sensing
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Gas sensors based on NiO nanostructures are attracting a great at-
tention, combining the high stability and low-cost of NiO with the
high sensitivity of nanostructured materials. Specifically, NiO nanos-
tructures have shown remarkable performances for acetone sensing
and NO2 sensing at room temperature, which are important targets
for non-invasive diagnosis of diabetes and environmental monitor-
ing, respectively. However, NiO-based acetone sensors are typically
based on composite structures to improve NiO sensitivity, increas-
ing also the cost and complexity of the fabrication process, while
no NiO-based NO2 sensor at room temperature showed high sensi-
tivity, selectivity and stability, and limit of detection (LoD) in the
sub-ppm concentration range, as required by applications. In this
chapter, NiO nanostructures were fabricated by a low-cost chemical
bath deposition (CBD) of Ni(OH)2 nanowalls and various post-growth
thermal annealing processes at 350�C. In particular, NiO nanowalls
were obtained upon annealing in inert atmosphere and applied for
acetone sensing. The response to acetone at various temperatures
was recorded and successfully modelled by two adsorption sites. Both
sites are active below 250�C, while only the quicker one is active above
250�C. At the optimal temperature of 250�C, NiO nanowalls showed
high sensitivity, good selectivity and low LoD (⇠200 ppb). Further-
more, a novel nanoporous NiO film, a porous thin film formed by NiO
nanoparticles (30-50 nm), was obtained upon annealing in reducing
atmosphere followed by annealing in oxidizing atmosphere, and then
applied for NO2 sensing at room temperature, demonstrating high sen-
sitivity to sub-ppm concentrations (140÷700 ppb), excellent selectiv-
ity and stability, and an extremely low LoD of 20 ppb. The NO2

sensing mechanism by NiO was investigated and satisfactorily mod-
elled by two energetically di↵erent and independent adsorption sites.
Both of them are active at room temperature above a NO2 concentra-
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tion threshold, while only one site is active at higher temperatures.
The reported simple and low-cost fabrication methods, and the su-
perior sensing performances of NiO nanowalls and nanoporous NiO
film make them promising materials for the development of cheap and
realiable sensors of acetone and NO2 at room temperature.

4.1 The need of gas sensors

In recent years, air pollution has become an issue of major concern all
over the world due to the increasing emissions of toxic and harmful
gases into the atmosphere [4.1]. Common pollutants include volatile
organic compounds (VOCs), CO, SO2, H2S, NH3, O3 and NO2 emit-
ted mostly from vehicles and factories (Figure 4.1), which are harm-
ful for the environment and human health and, therefore, need to be
continuously monitored by gas sensors [4.2, 3].

Figure 4.1: Schematic illustration of the air pollutants sources [4.4].

Moreover, several VOCs present in human breath have been di-
rectly related to diseases. In fact, it has been demonstrated that
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some diseases, such as lung cancer, asthma, diabetes and cystic fi-
brosis, induce variations of the concentration of specific gases in hu-
man breath. The standard analysis of the exhaled breath is done by
gas chromatography and mass spectrometry. However, this approach
is expensive, complex and time-consuming, especially for early-stage
clinical diagnosis. Gas sensors represent a promising alternative to
detect VOCs in human breath, however meeting the requirement of
fast, accurate and low-cost sensors for early diagnosis of diseases is
still challenging [4.1].

Among the di↵erent gas sensors, chemoresistive gas sensors based
on metal oxide semiconductors sensitive to the surrounding environ-
ment are considered the most attracting ones due to their simple
operation, fabrication and miniaturization (Figure 4.2) [4.5]. Since
the pioneering sensor of Taguchi in 1950, significant progresses were
achieved in this field driven by the recent development of nanotech-
nology [4.1]. In fact, nanostructured metal oxides with high surface-
to-volume ratio, high specific surface area and crystal facets with
higher surface reactivity have considerably improved the performances
of chemoresistive gas sensors [4.5].

Figure 4.2: Schematic illustration of a chemoresistive gas sensors ex-
posed to two di↵erent environments that a↵ect its electrical resistivity
[4.6].
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NiO, a p-type semiconductor, is considered one of the most promis-
ing candidate for the development of chemoresistive gas sensors due
to its relatively wide bandgap (3.3-4.0 eV), high chemical and ther-
mal stability, measurable resistance variations associated to chem-
ical reactions on the surface, negligible dependence from humidity
and low-cost [4.7–10]. As a result, several NiO nanostructures for
gas sensors have been reported, showing remarkable sensing perfor-
mances to various gases, including ethanol, acetone, benzaldehyde,
formaldehyde, NO2, H2 and H2S [4.11].

Nowadays, the research on NiO nanostructures for gas sensors is
focused on approaching as many as possible of the ideal requirements
of a sensor, i.e. high sensitivity, high selectivity, high stability, low
LoD and quick response. To achieve them there are two main strate-
gies: 1) developing new NiO nanostructures with unique size and
shape-dependent properties, and 2) understanding the microscopic
sensing mechanism.

4.2 Materials and methods

4.2.1 Synthesis

Conductometric gas sensors were fabricated onto ceramic platforms,
consisting in alumina substrates (6⇥3 mm2) with Pt interdigitated
electrodes on front-side and a Pt heater on backside. The ceramic
platforms were cleaned with deionized water (MilliQ, 18 M⌦ cm) and
dried under N2 gas flow. Kapton tape was used to prevent deposition
onto the Pt heater. Ni(OH)2 nanowalls were directly deposited onto
Pt interdigitated electrodes by a 50�C CBD [4.12]. Solution for CBD
was obtained by mixing 0.42 M NiSO4·6H2O (Alfa Aesar, 98%), 0.07
M K2S2O8 (Alfa Aesar, 97%) and 3.5 wt% ammonia (Merck, 30-33
wt% NH3 in H2O). The solution was heated up to 50�C and main-
tained at this temperature through a bain-marie configuration. The
ceramic platforms were placed vertically in the solution for 8 min,
and then rinsed with deionized water to remove unwanted micro-
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precipitates and dried under NO2 gas flow.
Some Ni(OH)2 nanowalls samples were annealed for 1 h in Ar at

350�C to obtain NiO nanowalls, while the others were annealed for 1
h in Ar, followed by 1 h in forming gas (Ar:H2 95:5 mixture) at 350�C
to obtain porous thin films formed by Ni nanoparticles (20-30 nm),
as widely shown in previous reports [4.13, 14], which were further
annealed for 1 h in synthetic dry air (20% O2, 80% N2, RH <3%) at
400�C to obtain nanoporous NiO films.

4.2.2 Characterization

The surface morphology of the NiO nanostructures was characterized
by a scanning electron microscope (Gemini field emission SEM Carl
Zeiss SUPRA 25). SEM images were analysed by Gatan Microscopy
Suite Software.

Gas sensing tests were performed in a stainless-steel test chamber
which allowed measurements in controlled atmosphere. Gases coming
from certified bottles were used and further diluted in synthetic dry
air (RH <3%) at a given concentration by mass flow controllers. The
sensors were heated from room temperature up to 400�C under a dry
air total stream of 100 sccm by using a dual-channel power supplier
instrument Agilent E3632A to bias the built-in heater. The response
of the sensors to pulses (⇠180 s long) of the gases was evaluated by
recording the resistance (or conductance) of the sensitive film at an
applied voltage of 1.0 V through a Keithley 6487 picoammeter.

4.3 Acetone sensor based on NiO nanowalls

4.3.1 Overview of acetone sensors based on NiO

Acetone (C3H6O) is a VOC and appears as a colorless liquid with
a characteristic pungent smell and boiling point of 56.5�C, which is
widely used in industries, laboratories and also in pharmaceutics [4.8].
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In natural environments, acetone is flammable and explosive. More-
over, acetone is harmful to human health, causing irritation to eyes,
nose and throat [4.15]. Furthermore, acetone has recently attracted
increasing attentions as a potential biomarker for non-invasive diag-
nosis of diabetes, since the breath of diabetic patients shows higher
acetone concentrations (>1.8 ppm) than healthy people (<0.9 ppm)
(Figure 4.3) [4.10]. Therefore, the development of acetone sensors
with high sensitivity and selectivity, and low LoD is necessary to
ensure safety in workplace and to enable non-invasive diagnosis of
diabetes.

Figure 4.3: (a) Schematic illustration of a portable acetone sensor
based on Pt@In2O3 core-shell nanowires prepared by electrospinning,
and response of the device to the exhaled breath from healthy (b) and
diabetic (c) volunteers [4.16].
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To improve the sensitivity to acetone, NiO nanostructures have
been doped [4.17] or combined with other semiconductor [4.8, 10,
18–21] or metal nanostructures [4.22], demonstrating remarkable re-
sponse to acetone (0.8-2000 ppm) at relatively high operating tem-
perature (169-400�C). However, the cost and poor scalability of these
nanostructures could limit their practical application.

4.3.2 Morphological and electrical characteriza-
tion

NiO nanowalls were obtained upon thermal annealing in inert atmo-
sphere of Ni(OH)2 nanowalls grown by CBD. As previously demon-
strated by XRD, the annealing process induced a chemical trans-
formation (Ni(OH)2 ! NiO) [4.13]. Moreover, no morphological
changes were observed by SEM analysis, in agreement with previous
reports. In fact, Figure 4.4(a) shows the plan-view SEM image of
NiO nanowalls grown on c-Si substrate, consisting of the well-known
porous and high surface area network of ⇠20 nm thick and ⇠270
nm tall nanosheets. The thickness was measured from the grey value
profile along a line perpendicular to the nanosheets. For example,
Figure 4.4(b) reports the measurement along the line perpendicular
to the nanosheet marked with the red circle in Figure 4.4(a). The
height of the nanosheets was measured by the cross-view SEM im-
age shown in Figure 4.4(c). A high BET surface area of 38 m2 g-1

was previously measured for a NiO nanowalls sample prepared under
similar conditions [4.13].

NiO nanowalls resistance as function of temperature was mea-
sured to determine the activation energy for conduction (Figure A7).
By using the Arrhenius equation, an activation energy of 0.35 eV
was found (more details in the Appendix). According to the wide
bandgap expected for NiO (3.3-4.0 eV) [4.7, 9], this result suggests
the presence of defect levels very close to the valence band of NiO, as
previously observed for a microwave-synthesized NiO thin film [4.24].
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Figure 4.4: (a) Plan-view SEM image of NiO nanowalls (the inset
shows the sensor), (b) grey value profile along the line perpendicular
to the nanosheet marked with the red circle, and (c) cross-view SEM
image of NiO nanowalls [4.23].

4.3.3 Acetone sensing performances

NiO nanowalls grown on interdigitated electrodes (inset in Figure
4.4(a)) were applied for acetone sensing. NiO is a p-type semicon-
ductor where holes are the majority carriers. Upon exposure to a
reducing gas such as acetone, electrons are injected into NiO and
recombine with holes, increasing NiO resistance. Therefore, the re-
sponse of the NiO-based sensor to acetone [%] was defined as follows

Response =
Rgas �Rair

Rair
⇤ 100 (4.1)

where Rgas is the resistance under acetone flow [⌦] and Rair is the
baseline resistance in synthetic dry air [⌦].

It is well known that the gas sensing performances of metal ox-
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ides strongly depend on the operating temperature. To identify the
optimal temperature for acetone sensing, the response of the sen-
sor to a 10 ppm acetone pulse was recorded at various temperatures
(150÷350�C), and the obtained results are compared in Figure 4.5(a).
Both the response and signal shape vary significantly with tempera-
ture. In particular, the response reaches a maximum at 250�C (Figure
4.5(b)). The signal shape is related to the response kinetics, which
can be studied from the fit of the response transient using Langmuir
adsorption theory. A single site isotherm was used to fit the response
transients at 300 and 350�C, as follows [4.25]

Response(t) = R1 [1� exp(�t/⌧1)] (4.2)

where R1 is a pre-exponential factor and ⌧1 is the response time [s].
The response transients at 150, 200 and 250�C were fitted only by
using a two-site isotherm, as follows [4.25]

Response(t) = R1 w1[1� exp�(t/⌧1)]+R2 w2[1� exp(�t/⌧2)] (4.3)

where R1 and R2 are pre-exponential factors, ⌧1 and ⌧2 are the re-
sponse times of site 1 and 2 [s], w1 and w2 are the weight of site 1
and 2 in the response (being w1 + w2 = 1). Figure 4.5(c) compares
the fits for 250�C (left panel) and 350�C (right panel), showing the
specific contribution of each site in the response. Similar impressive
fits were obtained also for the other temperatures (Figure A8), and
the obtained results are shown in Figure 4.5(d). Both sites are active
below 250�C, where site 1 is always faster than site 2. Indeed, both
sites show quicker kinetics for increasing temperature. By increasing
the temperature above 250�C, w1 increases so that only site 1 is ac-
tive. Due to the very small response and recovery times above 250�C,
a rectangular signal shape is observed in Figure 4.5(a) for 300 and
350�C. Still, at 250�C both sites are equally involved in the response
to acetone (w1 ⇡ w2 ⇡ 50%), resulting in the maximum response
in Figure 4.5. Because of the higher and quick enough response at
250�C, further experiments were performed at this temperature.
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Figure 4.5: (a) Dynamic responses of sensor to a 10 ppm acetone pulse
at various temperatures, (b) response as function of temperature, (c)
fits of the response transients of 250�C (left panel) and 350�C (right
panel) based on a two-site isotherm (equation 4.3) and a single site
isotherm (equation 4.2), respectively, and (d) results of the fits of the
response transients at various temperatures [4.23].
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Figure 4.6(a) reports sensor resistance upon exposure to various
pulses of acetone in the concentration range 1÷40 ppm at 250�C.
Figure 4.6(b) shows the calibration curve at 250�C. By considering
S/N = 3, a low LoD of ⇠200 ppb was calculated, which is lower than
those reported for other NiO-based sensors [4.17, 18]. Figure 4.6(c)
reports the results of the fits of the response transients by a two-site
isotherm (Figure A9). w1 ⇡ w2 ⇡ 50% for all acetone concentrations,
while ⌧1 and ⌧2 show only a small decrease from 2.5 to 5 ppm and
then are almost constant, as expected by Langmuir theory for low
gas partial pressure. Still, ⌧1 is always shorter than ⌧2.

Finally, the selectivity to acetone at 250�C was tested with 10 ppm
acetone, ethanol and H2, 20 ppm NH3, 5 ppm NO2 and CO pulses
(Figure 4.6(d)). The sensor showed comparable responses to acetone
and ethanol, as frequently reported for acetone sensors [4.8, 17–20],
and much lower responses to the other gases. Such a good selectivity
can be further improved by increasing the temperature up to 300�C
(Figure A10).

In conclusion, the NiO nanowalls-based sensor demonstrated re-
markable acetone sensing performances in terms of high response,
good selectivity and low LoD, which make it a promising cheap and
e�cient acetone sensor for non-invasive diagnosis of diabetes.
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(a) (b)

(c) (d)

Figure 4.6: (a) Dynamic responses of the sensor to acetone pulses in
the concentration range 1÷40 ppm at 250�C, (b) calibration curve at
250�C, (c) results of the fits of the response transients for various ace-
tone concentrations at 250�C based on a two-site isotherm (equation
4.3), and (d) selectivity test at 250�C [4.23].
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4.4 NO2 sensor based on nanoporous NiO
film

4.4.1 Overview of NO2 sensors based on NiO

Nitrogen dioxide (NO2) is considered the most dangerous air pol-
lutant since it causes photochemical smog, acid rains, ground-level
ozone formation and detrimental e↵ects on plants growth [4.26, 27].
Moreover, NO2 is irritating to eyes and it can lead to infections in
human respiratory system and asthma [4.28]. Due to its harmfulness,
in 2010 the United States Environment Protection Agency (USEPA)
o�ce fixed the air quality standards for NO2 to 100 ppb for one
hour exposure and 30 ppb for one year exposure (EPA-456/F-11-
003) [4.29, 30]. Actually, in 2016 nineteen of the European Union
(EU) Member States recorded NO2 concentrations above the annual
limit value of 40 µg m-3 (40 ppb) fixed by the EU and World Health
Organization (WHO), as shown in Figure 4.7. Therefore, there is a
serious need for the decrease of NO2 emissions as well as the devel-
opment of NO2 sensors at sub-ppm concentrations for environmental
monitoring.

Despite a wide variety of metal oxides nanostructures with dif-
ferent morphologies has been successfully investigated for NO2 de-
tection, most materials often require high operating temperatures,
leading to higher power consumption, and increased device complex-
ity and cost due to the presence of the heating element [4.32]. In
addition, the high operating temperature a↵ects sensor stability and
life time due to the thermally induced growth of metal oxide grains,
increasing also the risk of ignition upon exposure to flammable or
explosive gases [4.5]. To overcome these issues, the development of
cost and energy-saving gas sensors at room temperature is required.

Owing to their unique properties, several NiO-based nanostruc-
tures have been accurately engineered and tested for NO2 sensing at
room temperature, such as thin films [4.24], nanosheets [4.33, 34],
doped structures [4.35], core-shell architectures [4.9], and nanocom-
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Figure 4.7: Observed concentrations of NO2 in 2016. Dots in the last
two colour categories correspond to values above the annual limit
value fixed by EU and WHO (40 µg m-3) [4.31].

posites [4.32, 36–43]. However, most of these sensors are based on
relevant amounts of nanopowders which lead to high surface area and
so high sensitivity [4.44]. Therefore, the fabrication of nanostructured
NiO thin films with high surface area and low mass loading of NiO
is still challenging. Moreover, the room temperature response and
selectivity to sub-ppm NO2 concentrations have not been properly
explored yet, resulting in high LoD values which limit the practical
application of these technologies. In addition, despite the chemistry
of the interaction between NiO and NO2 is well-known [4.33], the
mechanism behind the NO2 sensing at room temperature has not
been fully clarified.
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4.4.2 Morphological and electrical characteriza-
tion

Figure 4.8(a) reports the schematic illustration of sensor fabrication
process by CBD of Ni(OH)2 nanowalls and post-growth thermal an-
nealing processes (Ni(OH)2 ! Ni in reducing atmosphere, Ni !
NiO in oxidizing atmosphere). SEM images reported in Figure 4.8
show the characteristic surface morphology of novel nanoporous NiO
film, consisting in a self-assembled network of nanosheets formed by
bunches of NiO nanoparticles (30-50 nm in size) with high surface-to-
volume ratio. These unique morphological features are very promis-
ing for easy adsorption and detection of gas molecules.

Thermal annealing

Ni(OH)2 nanowallsSubstrate

Chemical bath deposition

Nanoporous NiO(a)

Figure 4.8: (a) Schematic illustration of sensor fabrication process,
and (b), (c) SEM images at di↵erent magnifications of nanoporous
NiO film [4.45].

The Ni ! NiO transformation was confirmed by film resistance
measurements during the oxidizing annealing process (Figure 4.9).
Prior to the oxidizing annealing, the film showed a room temperature
resistance of ⇠3 ⌦, which increased with temperature as expected by
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a metal. Above ⇠200�C, film resistance decreased with temperature,
displaying the typical behaviour of a semiconductor. This change in
the electrical behaviour of the film indicates the Ni ! NiO transfor-
mation.

Figure 4.9: Real-time evolution of film resistance during the anneal-
ing for 1 h in synthetic dry air at 400�C, performed by using the
experimental setup for gas sensing tests [4.45].

4.4.3 NO2 sensing performances

Both NiO nanowalls and nanoporous NiO film were tested for NO2

sensing, however only the nanoporous NiO film was considered for
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further investigations due to its higher sensitivity (Figure A12).

Figure 4.10 reports the typical dynamic responses of nanoporous
NiO film-based sensor when exposed to di↵erent pulses of NO2 (0.14,
0.35, 0.7, 1.4, 2.8, 5.6 ppm) at room temperature (⇠20.6�C).

Figure 4.10: Dynamic responses of the sensor when exposed to dif-
ferent pulses of NO2 (0.14, 0.35, 0.7, 1.4, 2.8, 5.6 ppm) at room
temperature [4.45].

The sensor showed a baseline resistance of ⇠2.89 M⌦ and a re-
sistance decrease (conductance increase) upon exposure to NO2, as
expected for a p-type semiconductor interacting with an oxidizing
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gas [4.5]. Therefore, sensor response [%] was defined as follows

Response =
Ggas �Gair

Gair
⇤ 100 (4.4)

where Ggas is the conductance under NO2 flow [S] and Gair is the
baseline conductance in synthetic dry air [S].

Previous reports showed that the optimal operating temperature
for NiO-based NO2 sensors is 150�C [4.46, 47]. Therefore, the dy-
namic responses to NO2 were also recorded at 150�C (Figure A11).
Figure 4.11 compares the calibration curves of the sensor at room
temperature and 150�C. Both curves show a non-linear response ver-
sus NO2 concentration, resulting from the complex interaction be-
tween NO2 molecules and NiO surface. In both cases, a response
increase with NO2 concentration is recorded, as expected. Indeed,
the response to NO2 at room temperature is surprisingly higher than
150�C in the sub-ppm concentration range (0.14÷0.7 ppm), while the
response to NO2 over 3 ppm is almost the same at the two tempera-
tures. Moreover, the LoD, evaluated by considering S/N = 3, is 100
ppb at 150�C and as low as 20 ppb at room temperature.
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Figure 4.11: NO2 calibration curves at room temperature (blue
spheres) and 150�C (red open circles) [4.45].

To evaluate the response and recovery times of the sensor, the re-
sponse (Response(t)on) and recovery (Response(t)off ) transients for
various NO2 concentrations (0.14-5.6 ppm) were fitted by using Lang-
muir adsorption model with a single site, according to the following
equations [4.25]

Response(t)on = G[1� exp(�t/⌧on)] (4.5)

Response(t)off = G exp(�t/⌧off ) (4.6)

where G is a pre-exponential factor [%], ⌧on and ⌧off are the re-
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sponse and recovery times [s]. Figure 4.12(a) shows the fit of the
response and recovery transients of 0.7 ppm NO2 pulse at 150�C.
Similar fits were obtained for all NO2 concentrations (Figure A13)
and the results of the fits are reported in Table 4.1. At 150�C ⌧on
decreases and ⌧off increases with increasing NO2 concentration. In
addition, ⌧on is typically shorter than ⌧off for all NO2 concentrations,
in agreement with Langmuir adsorption model.

(a) (b)

Figure 4.12: Fits of the response and recovery transients to a 0.7
ppm NO2 pulse based on: (a) a single site isotherm (equations 4.5
and 4.6) at 150�C, and (b) a two-site isotherm (equation 4.7 and 4.8)
at room temperature [4.45].

As far as the room temperature behavior is concerned, the results
are less straightforward. The 0.14 and 0.35 ppm NO2 pulses at room
temperature can be successfully fitted by a single Langmuir site, while
the 0.7-5.6 ppm NO2 pulses at room temperature required a two-site
isotherm as follows [4.25]

Response(t)on = G won[1�exp�t/⌧on]+(100�won)[1�exp(�t/⌧ ⇤on)]
(4.7)
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NO2 [ppm]
Response at 150�C Recovery at 150�C

⌧on [s] ⌧off [s]

0.14 294 82

0.35 57 94

0.7 82 234

1.4 57 327

2.8 50 413

5.6 46 494

Table 4.1: Results of the fits of the response and recovery transients
for various NO2 pulses (0.14-5.6 ppm) at 150�C based on a single site
isotherm (equations 4.5 and 4.6) [4.45].

Response(t)off = G [woff exp(�t/⌧ ⇤off )+ (100�woff ) exp(�t/⌧ ⇤off )]
(4.8)

where G is a pre-exponential factor, ⌧on and ⌧off are the response and
recovery times of site 1 [s], ⌧ ⇤on and ⌧ ⇤off are the response and recovery
times of site 2 [s], won and woff represent the weights of the response
and recovery, respectively, attributed to site 1 [%].

Figure 4.12(b) reports the fit of the response and recovery tran-
sients of 0.7 ppm NO2 pulse at room temperature, showing the spe-
cific contribution of each site in both the response and recovery. Sim-
ilar impressive fits were obtained for all NO2 concentrations (Figure
A14). The response and recovery times of the two sites and the cor-
responding weights for all NO2 concentrations are reported in Table
4.2. Site 1 is always active regardless the NO2 concentration, ⌧on is
always shorter than ⌧off , and by increasing NO2 concentration ⌧on de-
creases and ⌧off increases. Such a behaviour is fully compatible with
a typical Langmuir site. On the other hand, site 2 is observed over
a NO2 concentration threshold, ⌧ ⇤on is always larger than ⌧ ⇤off , and
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NO2[ppm]
Response at room temperature Recovery at room temperature
won [s] ⌧off [s] ⌧ ⇤

on [s] woff [s] ⌧off [s] ⌧ ⇤
off [s]

0.14 100 75 / 100 174 /

0.35 100 29 / 100 192 /

0.7 73 14.6 80 72 320 24

1.4 68 13 155 69 526 42.7

2.8 64 10.3 120 68 652 49

5.6 50 8.1 110 60 1230 107

Table 4.2: Results of the fits of the response and recovery transients
for various NO2 concentrations (0.14-5.6 ppm) at room temperature
based on a single site isotherm for 0.14 and 0.35 ppm NO2 (equations
4.5 and 4.6) and a two-site isotherm for 0.7-5.6 ppm NO2 (equations
4.7 and 4.8) [4.45].

both times have an almost constant trend with NO2 concentration.
Such a behaviour is not compatible with the Langmuir adsorption
model and can be attributed to an auxiliary mechanism. In particu-
lar, for 0.7 ppm NO2 site 2 is already active (27% of the response),
contributing up to 50% of the response for 5.6 ppm NO2. Thus, at
room temperature a larger contribution from site 2 is observed with
increasing NO2 concentration. Moreover, Table 4.2 shows that at
fixed NO2 concentration the weights of each site in the response and
recovery transients, as they came from the fits, are almost the same
(won = woff ). Therefore, it can be concluded that the two sites act
with independent processes and no interaction between them (1 $
2) can be observed. Based on their similar behaviour, site 1 at room
temperature can be identified with the single site observed at 150�C.
For fixed NO2 concentration, the longer response time and shorter
recovery time of site 1 at 150�C are due to the favoured NO2 des-
orption at higher temperatures, which slows down the response and
promotes the recovery.
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Sensors selectivity to low NO2 concentrations is critical for prac-
tical applications, therefore a selectivity test was performed by ex-
posure to pulses of di↵erent gases (140 ppb NO2, 100 ppm H2, 1000
ppm CO2, 50 ppm CO, 1000 ppm methane, 10 ppm acetone, 10% O2)
at room temperature, and the obtained results are reported in Figure
4.13. Sensor response to gases was almost negligible if compared to
the response to 140 ppb NO2, demonstrating an impressive selectiv-
ity at room temperature also when sub-ppm NO2 concentrations are
considered. SEM analysis performed after gas sensing tests showed
no appreciable changes in the morphology of nanoporous NiO film,
indicating a high stability of the sensing film (Figure A15).

Figure 4.13: Selectivity test at room temperature [4.45].
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The long-term stability of sensor response to a 5.6 ppm NO2 pulse
at room temperature was also investigated over a 30-day period (Fig-
ure 4.14(a)). Only a 4% loss in the response was observed after 30
days (inset in Figure 4.14(a)), suggesting an exceptional stability of
the sensor. Furthermore, the influence of RH variation (<3 ! 50%)
on both the baseline resistance in air and sensor response to a 5.6
ppm NO2 pulse at room temperature was examined (Figure 4.14(b)).
Such a large humidity variation decreased significantly the baseline
resistance from ⇠2.89 M⌦ to ⇠2.79 M⌦, and also the response to
5.6 ppm NO2 from ⇠10 to ⇠5% (inset in Figure 4.14(b)), while the
recovery time increased. Nevertheless, the response loss is relatively
small if compared to the large RH variation.
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Figure 4.14: (a) Long-term stability of the response to a 5.6 ppm
NO2 pulse at room temperature over a 30-day period, and (b) e↵ect
of RH variation (<3 ! 50%) on the response to a 5.6 ppm NO2 pulse
at room temperature [4.45].
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Table 4.3 reports a comparison of the room temperature NO2

sensing properties of recent NiO-based sensors. Most of the re-
ported sensors are made of powders which need to be transferred
onto electrodes, increasing the complexity of sensor fabrication pro-
cess [4.9, 32–43]. Only the microwave synthesized NiO thin film by
Benedict et al [4.24] and nanoporous NiO film can be grown directly
onto electrodes. Furthermore, the nanoporous NiO film showed the
lowest experimental (140 ppb) and calculated LoD (20 ppb) and the
best selectivity to NO2 even for concentrations as low as 140 ppb.
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4.4.4 NO2 sensing mechanism

The nanoporous NiO film-based sensor was tested for NO2 sensing
at room temperature and 150�C showing:

• a higher response at room temperature in comparison to 150�C,
in the sub-ppm concentration range;

• a single adsorption site at 150�C and two independent ad-
sorption sites at room temperature above a NO2 concentration
threshold.

To explain the higher response at room temperature, the electrical
behaviour without NO2 exposure must be considered. NiO is a p-type
semiconductor where holes are the majority carriers. Upon exposure
to air, O2 molecules are adsorbed on NiO surface where they capture
electrons, leading to upwards band bending and the formation of
a hole-accumulation layer beneath the surface. NO2 has a higher
electron a�nity (⇡2.28 eV) than O2 (0.43 eV), which results in a
superior ability to generate holes [4.2]. Therefore, after being exposed
to NO2 a significant hole-accumulation layer is produced, resulting
in a higher conductance (lower resistance). By assuming that for
a fixed NO2 concentration the number of holes generated at room
temperature and 150�C is almost the same, then the variation of
the conductance �G = Ggas - Gair [S] in equation 4.4 should be the
same at the two temperatures. Thus, the following ratio between the
response at room temperature and 150�C should be valid

Response(Room temperature)

Response(150�C)
⇡ Gair(150�C)

Gair(Room temperature)
(4.9)

where Gair(Room temperature) and Gair(150�C) are the conduc-
tances in air at room temperature and at 150�C, respectively. The ra-
tio in equation 4.9 can be estimated by measuring sensor resistance as
function of temperature (Figure A7), leading to Gair(150�C)

Gair(Roomtemperature) =
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89. Therefore, equation 4.9 states that the response at room temper-
ature to a fixed NO2 concentration can be ⇡89 times higher than
150�C. Actually, Figure 4.11 clearly shows that sensor response to
low concentrations of NO2 at room temperature can be up to 7 times
higher than 150�C, that is significantly lower than what expected.
In fact, the e↵ect of NO2 condensation coe�cient and hole mobility
have not been considered. In particular, it is expected that at higher
temperatures the condensation coe�cient of NO2 molecules is lower,
leading on average to a lower number of generated holes in NiO.
Also, the hole mobility should decrease with increasing temperature.
These considerations can explain the divergence of the experimental
response enhancement from the expected one.

Concerning the NO2 sensing mechanism, Zhang et al. have al-
ready reported a room temperature NO2 sensor based on NiO-SnO2-
rGO nanocomposites with two response times in the NO2 concentra-
tion range 5÷60 ppm [4.41]. However, the nature of these response
times has not been clarified. In this work, the presence of two re-
sponse and recovery times at room temperature was confirmed and
a model for NO2 sensing by NiO is proposed based on the following
hypotheses:

• the interaction between NO2 molecules and NiO occurs through
two energetically di↵erent and independent adsorption sites:

– site 1, called “Langmuir site”, with short response time
and long recovery time;

– site 2, called “auxiliary site”, with longer response time,
shorter recovery time, response slower than recovery, ob-
served only over a NO2 concentration threshold (0.35-0.7
ppm NO2 at room temperature).

• at superambient temperatures the desorption of NO2 molecules
from NiO surface is easier, increasing the NO2 concentration
threshold for auxiliary sites activation.
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It is worth noting that the behaviour of the auxiliary sites is not
common for room temperature NO2 sensors, however it has been
already observed for the NO2 sensor at room temperature based on
graphene flowers by Wu et al. [4.48]. Figure 4.15 shows the schematic
illustration of the proposed model for NO2 sensing by NiO at room
temperature and 150�C as function of NO2 concentration.

NO2 CONCENTRATION

TE
M

PE
R

AT
U

R
E

NiO

Room temperature

NiO

Room temperature

NiO

150°C

NiO

150°C

Langmuir site (site 1)

Auxiliary site (site 2)

NO2

Figure 4.15: Schematic illustration of the proposed model for NO2

sensing by nanoporous NiO film as function of temperature and NO2

concentration [4.45].

At room temperature and for low NO2 concentrations, most of the
Langmuir sites are available for NO2 adsorption, while the auxiliary
sites are almost empty due to the easier NO2 desorption. There-
fore, the response to NO2 is only due to the Langmuir sites. Then,
the Langmuir sites coverage increases with NO2 concentration until a
concentration threshold is reached (0.35-0.7 ppm) and only the aux-

134



4
.
N
iO

n
a
n
o
st

r
u
c
t
u
r
e
s

fo
r

g
a
s
se

n
si
n
g

4
.
N
iO

n
a
n
o
st

r
u
c
t
u
r
e
s

fo
r

g
a
s
se

n
si
n
g

4
.
N
iO

n
a
n
o
st

r
u
c
t
u
r
e
s

fo
r

g
a
s
se

n
si
n
g

4
.
N
iO

n
a
n
o
st

r
u
c
t
u
r
e
s

fo
r

g
a
s
se

n
si
n
g

iliary sites are available for further NO2 adsorption. To counterproof
this model, the total response at room temperature was decomposed
by evaluating the relative weight of each site as function of NO2

concentration (Figure 4.16). Clearly, above the NO2 concentration
threshold, the response of the Langmuir sites saturates and the re-
sponse of the auxiliary sites increases.

Figure 4.16: Total response to NO2 at room temperature (black
spheres), and response contribution of the Langmuir sites (red
squares) and auxiliary sites (blue triangles) [4.45].

At higher temperatures, the desorption of NO2 molecules from
both Langmuir and auxiliary sites is favoured. As a result, the full
coverage of the Langmuir sites, and thus the activation of the auxil-
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iary sites, is reached at a higher NO2 concentration threshold than at
room temperature. In particular, at 150�C such a threshold is higher
than 5.6 ppm NO2. As a result, at 150�C only the response of the
Langmuir sites is observed in the explored NO2 concentration range
(0.14÷5.6 ppm). To further confirm this, the response to a 5.6 ppm
NO2 pulse at higher temperatures (200 and 250�C) was recorded and
fitted successfully by using the single site Langmuir model (Figure
A16 and A17).

4.5 Conclusions

The low-cost fabrication of gas sensors based on NiO nanostructures
(NiO nanowalls and nanoporous NiO film) by chemical bath deposi-
tion and post-growth thermal annealing processes was reported.

NiO nanowalls were directly grown onto interdigitated electrodes
by CBD method and thermal annealing in inert atmosphere, and
applied for acetone sensing. The response transients at various tem-
peratures were recorded and successfully modelled by two adsorption
sites. Both sites are active below 250�C, while only the site with
shorter response time is active above 250�C. This model explains the
variation of the signal shape with the temperature and further deep-
ens the comprehension of acetone-NiO interaction mechanism. At
the optimal temperature of 250�C, the NiO nanowalls-based sensor
demonstrated remarkable acetone sensing performances in terms of
high sensitivity, low LoD (⇠200 ppb) and good selectivity, which are
particularly promising for non-invasive diagnosis of diabetes.

Novel nanoporous NiO film, a porous thin film formed by NiO
nanoparticles (30-50 nm in size) with high surface-to-volume ratio,
was applied for NO2 sensing at room temperature. The sensor showed
high sensitivity to NO2 in the sub-ppm concentration range at room
temperature, an extremely low LoD (20 ppb), excellent selectivity to
140 ppb NO2 and stability. In order to get insight into the NO2 sens-
ing mechanism, the response and recovery transients were analysed
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for various NO2 concentrations at room temperature and 150�C. Two
energetically di↵erent and independent adsorption sites were found:
the Langmuir site with short response time and long recovery time,
and the auxiliary site with longer response time and shorter recovery
time. Both sites contribute to the NO2 sensing at room temperature
where the auxiliary sites become relevant only above a NO2 concen-
tration threshold related to the full coverage of the Langmuir sites.
Only the Langmuir sites are active at superambient temperatures
due to the favoured NO2 desorption from both sites. The reported
cheap preparation of nanoporous NiO film and its excellent response
and selectivity to sub-ppm level NO2 at room temperature make it a
promising NO2 sensor for environmental monitoring.
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Chapter 5

Ni(OH)2@Ni core-shell
nanochains for energy
storage applications
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Hybrid supercapacitors, formed by a high power density capacitor-type
electrode and a high energy density battery-type electrode, have at-
tracted enormous attention due to their potential application in future
electric vehicles, smart electric grids, miniaturized electronic and op-
toelectronic devices, etc. Ni(OH)2 is considered a promising battery-
type material for hybrid supercapacitors because of its high theoretical
capacity and low-cost. Clearly, the energy storage performances of
Ni(OH)2 electrodes rely mainly on their peculiar design. In litera-
ture, various Ni(OH)2 nanostructures have been tested, however they
typically su↵er from poor rate capability, i.e. low capacity retention
at fast charge-discharge rates, limiting their coupling with capacitor-
type electrodes. In this chapter, a novel and low-cost approach to
fabricate a promising core-shell battery-type electrode for hybrid su-
percapacitors is presented. Ni(OH)2@Ni core-shell nanochains were
obtained by an electrochemical oxidation of Ni nanoparticles grown by
chemical bath deposition (CBD) and thermal annealing in reducing
atmosphere. This innovative nanostructure demonstrated a remark-
able charge storage ability in terms of high capacity (237 mAh g-1

at 1 A g-1) and rate capability (76% at 16 A g-1, 32% at 64 A g-1).
The relationships between electrochemical properties and core-shell
architecture were investigated and modelled. The high-conductivity Ni
core provides low electrode resistance and excellent electron transport
from the Ni(OH)2 shell to the current collector, resulting in improved
capacity and rate capability. The reported preparation method and
unique electrochemical behaviour of Ni(OH)2@Ni core-shell nanochains
show great potentialities in many field, including hybrid supercapac-
itors, batteries, electrochemical (bio)sensing, gas sensing and photo-
catalysis.
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5.1 Hybrid supercapacitors

The growing world energy demand, finite supply of fossil fuels and
climate change due to detrimental gases emission have attracted a
great attention of researchers in renewable energy resources and re-
lated energy storage technologies. A large variety of energy storage
devices has been developed so far, including batteries and superca-
pacitors (Figure 5.1) [5.1].

Figure 5.1: Ragone plot (specific power density against specific en-
ergy density) of various electrical energy storage devices [5.2].

Batteries store energy through di↵usion controlled redox reactions
in bulk electrode material, leading to high energy density. However,
their low power density hinders their use in those applications where
high power is required. On the other hand, supercapacitors, such as
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the electrical double layer capacitors (EDLCs) based on charge sepa-
ration at large electrode/electrolyte interface, bridge the gap between
conventional capacitors and batteries, providing higher energy den-
sity than conventional capacitors and higher power density than bat-
teries [5.2]. Figure 5.2 shows the schematic illustration of the energy
storage mechanisms of batteries and supercapacitors. Batteries are
characterized by redox peaks in cyclic voltammograms and plateaus
in galvanostatic discharge profiles (Figure 5.2(f) and (h)). Contrar-
ily, EDLCs are characterized by rectangular cyclic voltammograms
and linear galvanostatic discharge profiles (Figure 5.2(e) and (g)).
The electrochemical behaviour of EDLCs has been observed also for
some materials, such as RuO2 and MnO2, which store energy through
fast and reversible surface redox reactions. This class of materials is
typically referred to as “pseudocapacitors”. Despite this clear defi-
nition, many battery-type electrodes such as LiCoO2, Ni(OH)2, NiO
and other materials that exhibit faradaic behaviour have been often
presented as pseudocapacitive materials. As a result, the concept of
specific capacitance [F g-1] has been applied for these materials where
the most significant feature is the specific capacity [mAh g-1], leading
to confusing results and no straightforward comparison in literature
[5.3–5].
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Figure 5.2: (a-d) Schematic illustration of the di↵erent energy storage
mechanisms of capacitors and batteries. Double-layer capacitance de-
velops at (a) carbon particles or (b) porous carbon electrodes, arising
from adsorption of negative ions from the electrolyte onto the posi-
tively charged electrodes. Pseudocapacitive mechanisms include (c)
redox pseudocapacitance, as it occurs in RuO2, and (d) intercala-
tion pseudocapacitance, where Li+ ions are inserted into the host
material. (e-h) Electrochemical characteristics distinguishing capaci-
tor and battery-type materials. Cyclic voltammograms distinguish a
capacitor-type material, where the response to a linear change in po-
tential is a constant current (e), from a battery-type material, which
exhibits faradaic redox peaks (f). The galvanostatic discharge be-
haviour (where Q is the charge) of a MnO2 pseudocapacitor is linear
for both bulk and nanoscale material (g), while for LiCoO2 is linear
for nanoscale material and shows a voltage plateau for bulk material
(h), leading to a wrong classification of LiCoO2 as a pseudocapaci-
tive material, as it has occurred for Ni(OH)2 and NiO nanostructures
[5.3].
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Recently, novel supercapacitor-battery hybrid systems, namely,
hybrid supercapacitors, have received increasing interest since they
combine the high power density of a supercapacitor-type material
(negative electrode) with the high energy density of a battery-type
material (positive electrode) (Figure 5.3) [5.6].

Figure 5.3: General structure and energy storage mechanism of hy-
brid supercapacitors [5.6].

Among the most investigated positive electrodes for hybrid super-
capacitors are NiO and Ni(OH)2 owing to their low-cost, well-defined
redox reactions, environmental friendliness and high theoretical ca-
pacity (359 and 289 mAh g-1, respectively) [5.5].
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The most e�cient strategy to obtain Ni(OH)2 and NiO electrodes
with high capacity is to fabricate nanostructured materials. In fact,
it has been demonstrated that Ni(OH)2 and NiO nanostructures pos-
sess superior electrochemical properties due to their high surface-to-
volume ratio, e�cient electrolyte penetration and low resistance [5.7].
Over the past years, 0D (nanoparticles [5.8]), 1D (nanowires [5.9]),
2D (nanosheets [5.10]) and 3D (flower-like structures [5.11], nanowalls
[5.12]) nanostructures have been developed. Among them, 3D nanos-
tructures are the most advantageous ones, since their better connec-
tivity results in higher electrical conductivity and improved mechani-
cal stability [5.13]. In particular, Ni(OH)2 nanowalls are particularly
promising, adding the advantage of a unique open nanoporous struc-
ture formed by a tight network of nanosheets (20 nm thick, 0.1÷2 µm
tall) with excellent flexibility [5.12]. Also, Ni(OH)2 nanowalls can be
prepared by simple, low-cost, low-temperature and large-area CBD
[5.7]. Despite these promising features, only a few nanostructures
have a capacity close to the theoretical one [5.5]. Moreover, most
of them su↵er from poor rate capability, since capacity dramatically
decreases at the high charge-discharge rates required for high power
applications. This is commonly attributed to the poor electrical con-
ductivities of Ni(OH)2 and NiO-based materials [5.13].

An e↵ective approach to improve the rate capability of Ni(OH)2
and NiO nanostructures is to deposit them onto highly conductive
current collectors, such as Ni nanotubes arrays [5.14], graphene [5.15],
carbon nanotubes [5.16] and carbon coated 3D copper structure [5.17].
Another favourable strategy is based on core-shell nanostructures,
which take advantage of the synergistic properties o↵ered by the
two components (electrochemically active shell and high-conductivity
core). Semiconductive (3D TiO2 nanowires arrays [5.18]) and metal-
lic (3D Ni nanoparticles [5.19] and Ni nanoparticle tube arrays [5.20])
cores have been reported, showing remarkable energy storage perfor-
mances for application in hybrid supercapacitors.

Despite the increasing number of reports on Ni(OH)2 and NiO
core-shell nanostructures for hybrid supercapacitors, a simple and
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cost-e↵ective approach to fabricate core-shell nanostructured elec-
trodes with high capacity and rate capability is still absent, limiting
their transfer to commercial products [5.5, 13]. Furthermore, the ef-
fects of core-shell architecture on the energy storage process have not
been fully clarified yet. Therefore, a detailed comprehension of the
electrochemical behaviour of core-shell nanostructures could lead to
an e↵ective improvement of the energy storage performances of these
materials.

5.2 Materials and methods

5.2.1 Synthesis

Ni foam substrates (1⇥1.5 cm2, Goodfellow, thickness 1.6 mm, poros-
ity 95%, 20 pores cm-1) were rinsed with acetone, isopropanol and
deionized water (MilliQ, 18 M⌦ cm), and dried under N2 gas flow.
Ni(OH)2 nanowalls were grown on cleaned substrates by a 50�C
CBD [5.21] . Solution for CBD was prepared by mixing 0.42 M
NiSO4·6H2O (Alfa Aesar, 98%), 0.07 M K2S2O8 (Alfa Aesar, 97%)
and 3.5 wt% ammonia (Merck, 30-33 wt% NH3 in H2O). The solu-
tion was heated up to 50�C and kept at this temperature through a
bain-marie configuration. The substrates were immersed (1⇥1 cm2

area) in the solution for 20 min, and then rinsed with deionized wa-
ter to remove unwanted microparticulate and dried in N2 gas flow.
Some samples were further annealed at 350�C for 60 min in Ar fol-
lowed by 60 min in forming gas (Ar:H2 95:5 mixture) to obtain Ni
nanoparticles, as previously reported [5.21, 22]. Finally, Mi(OH)2@Ni
core-shell nanochains were obtained by electrochemical oxidation of
Ni nanoparticles surface through 100 cycles of cyclic voltammetry
(CV) in the potential range -0.2÷0.8 V at 50 mV s-1 scan rate.

Film mass after each synthesis step was measured with a Mettler
Toledo MX5 Microbalance (sensitivity: 0.001 mg). Before weighing,
samples were washed several times with deionized water, dried in N2

gas flow and put in an oven at 60�C for 1 h.
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5.2.2 Characterization

Samples morphology and structure were characterized by a scanning
electron microscope (Gemini field emission SEM Carl Zeiss SUPRA
25) and a transmission electron microscope (JEOL JEM-2010F TEM)
operating at 200 keV accelerating voltage. A chemical analysis was
conducted by electron energy loss spectroscopy (EELS) in scanning
transmission electron microscopy mode (STEM). Samples for TEM
observation were prepared by standard TEM specimen preparation
techniques by using a flat Ni substrate.

The electrochemical oxidation process and electrochemical mea-
surements were performed at room temperature by using a potentio-
stat (VersaSTAT 4, Princeton Applied Research, USA) and a three-
electrode setup with a Pt counter electrode, a saturated calomel elec-
trode (SCE) as reference electrode, Ni-based nanostructures as work-
ing electrodes (1⇥1 cm2 immersed area), in 1 M potassium hydrox-
ide (KOH, Sigma Aldrich, �85%) supporting electrolyte. CV curves
were recorded at di↵erent scan rates (1-50 mV s-1) in the potential
range -0.2÷0.8 V. Galvanostatic charge-discharge (GCD) tests were
conducted at di↵erent current densities (1-64 A g-1) in the potential
range 0÷0.4 V. Electrochemical impedance spectroscopy (EIS) was
performed at 0 V versus open circuit potential with a 5 mV super-
imposed sinusoidal voltage in the frequency range 104-10-2 Hz.

5.3 Ni(OH)2@Ni core-shell nanochains

5.3.1 Morphological, structural
and chemical characterization

A conductive core is required to enable faster electron transfer, and
thus high-rate energy storage performances. In this work, Ni(OH)2@Ni
core-shell nanochains were obtained by a three-step synthesis (CBD,
thermal annealing in reducing atmosphere and electrochemical oxi-
dation) as shown in Figure 5.4.
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Figure 5.4: Schematic illustration of the three-step synthesis of
Ni(OH)2@Ni core-shell nanochains [5.23].

Figure 5.5(a) and (b) report SEM images at di↵erent magnifi-
cations of Ni(OH)2 nanowalls grown by CBD. Then, the reducing
annealing led to a structural and chemical transformation. As shown
in Figure 5.5(c) and (d), Ni(OH)2 nanowalls were transformed into
chain-like clusters of metallic Ni nanoparticles (20-30 nm in size).
XRD patterns before and after annealing confirmed the Ni(OH)2 !
Ni transformation [5.22].

An electrochemical oxidation process was finally used to obtain
the core-shell structure by CV. Figure 5.6 reports the CV curves
recorded during the electrochemical oxidation of Ni nanoparticles.
Two pronounced oxidation and reduction peaks appeared with in-
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500 nm

(a) (b)

(d)(c)
100 nm

Figure 5.5: SEM images of (a), (b) Ni(OH)2 nanowalls, and (c), (d)
Ni nanoparticles at di↵erent magnifications [5.23].

creasing cycle number, which are attributed to the redox couple
Ni2+/Ni3+. In fact, first Ni(OH)2 is formed because of the reaction
between Ni nanoparticles surface and OH- ions in solution [5.24]:

Ni + 2OH� ! Ni(OH)2 + 2e�. (5.1)

Then, the reversible redox reaction Ni2+/Ni3+ in alkaline medium
occurs (equation 1.1), forming Ni(OH)2/NiOOH.

Peaks area enlargement with cycling is due to the increasing vol-
ume of Ni(OH)2/NiOOH. The electrochemical oxidation was stopped
after 100 CV cycles since almost stable curves were obtained.

TEM analyses were performed to investigate the crystallinity of
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Figure 5.6: Electrochemical oxidation of Ni nanoparticles performed
by 100 CV cycles at 50 mV s-1 in the potential range -0.2÷0.8 V in
1 M KOH [5.23].

Ni(OH)2@Ni core-shell nanochains. Figure 5.7(a) reports a bright
field image of the sample, displaying some bunches of nanoparti-
cles with diameters ranging between 20-30 nm. The high resolu-
tion TEM (HR-TEM) image reported in the inset in Figure 5.7(a)
clearly demonstrates the core-shell structure, showing a 20 nm large
nanoparticle surrounded by a 3-4 nm thin shell. The core presents
a set of family planes with fringes separated by a distance equal
to 1.8 Å, while the shell displays two di↵erent family planes whose
interplanar distances are equal to 2.1 and 2.3 Å. Such interplanar
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Figure 5.7: TEM images of Ni(OH)2@Ni core-shell nanochains: (a)
bright field image (HR-TEM image in inset), (b), (c) dark field images
for di↵erent position of objective aperture (green dashed circle) in
SAED pattern (inset) [5.23].

distances are compatible with {200} Ni (1.8 Å), {200} NiO (2.1 Å)
and {101} Ni(OH)2 (2.3 Å), respectively [5.14]. Selected Area Elec-
tron Di↵raction (SAED) ring-like patterns, acquired from the same
region, are shown in the insets in Figures 5.7(b) and (c), denoting
the polycrystalline nature of the sample, and confirm the presence
of {200} Ni, {200} and {220} NiO planes. To better distinguish Ni
from NiO domains, dark field images were acquired by putting TEM
objective aperture in correspondence of both {200} Ni and {200} NiO
di↵raction rings (Figure 5.7(b)), and in correspondence of the {220}
NiO di↵raction ring (Figure 5.7(c)) in the SAED pattern (all images
shown in Figure 5.7 were acquired form the same region of the sam-
ple). It should be underlined that even by employing the smallest
TEM objective aperture it was not possible to separate the di↵rac-
tion rings corresponding to {200} Ni and {200} NiO, whose distance
in the SAED pattern is smaller than the objective aperture diameter
(inset in Figure 5.7(b)). Both large (⇠20 nm) and small (⇠3-4 nm)
crystalline grains show high contrast in Figure 5.7(b), while Figure
5.7(c) evidences only the presence of the small ones. In particular
the large particle underlined in Figure 5.7(b) is not visible in Figure
5.7(c) where it appears surrounded by small nanocrystals. Moreover,
the size of the large grains is consistent with that of the Ni nanoparti-
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cles, while the size of the small ones is comparable with the thickness
of the NiO/Ni(OH)2 shell. In conclusion, this dark field analysis
strongly support that these core-shell nanostructure is formed by Ni
crystalline grains surrounded by a ⇠3-4 nm thick NiO/Ni(OH)2 shell.

Finally, it worth to be noted that both HR-TEM and dark field
techniques are sensitive to the crystallography of nanomaterials. Thus,
to corroborate the conclusions drawn so far, a chemical analysis at
the nanoscale level was conducted by means of STEM-EELS applied
to a ten of nanoparticles. First of all, the high energy EELS spectrum
of each nanoparticle was acquired; as expected it shows an edge at
532 eV, corresponding to the OK ionization shell, and an edge at 855
eV corresponding to the NiL shell (Figure 5.8(a)). Secondly, the ele-
mental mapping of Ni and O was generated based on this spectrum
(Figure 5.8(b)). It clearly demonstrates that the core shell structure
is composed by a Ni core surrounded by an uniform NiO shell, in
strong agreement with the HR-TEM investigation.

(b) Ni
O

OK NiL(a)

Figure 5.8: (a) EELS spectrum and (b) spectrum imaging of some
core-shell nanoparticles of Ni(OH)2@Ni core-shell nanochains (Ni in
blue colour, O in yellow colour) [5.23].

Accurate mass measurements of the active material are required
to properly evaluate its energy storage performances and to allow
a straightforward comparison with other materials. The obtained
results are reported in Table 5.1.
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Ni(OH)2 nanowalls mass was measured as the mass di↵erence of
samples before and after CBD, finding 1.68 ± 0.04 mg cm-2.

Ni(OH)2 shell mass measurement is more complicate, however two
di↵erent strategies have been used, giving similar results. First, Ni
nanoparticles mass was measured as the mass di↵erence of samples
before CBD and after thermal annealing (Table 5.1). Once assumed
that the mass di↵erence between Ni(OH)2@Ni core-shell nanochains
and Ni nanoparticles (�m [g cm-2]) is due to OH- ions incorporation,
Ni(OH)2 shell mass can be estimated by the following equation

mNi(OH)2 shell (estimated) =
�m

2MOH�
MNi(OH)2 (5.2)

whereMOH� andMNi(OH)2 are the molar masses of OH- (17.0 g mol-1)
and Ni(OH)2 (92.7 g mol-1), respectively. A value of 0.47 ± 0.05 mg
cm-2 was found.

Sample Specific mass [mg cm-2] #Ni [1018 atoms cm-2] #Ni [%]

Ni(OH)2 nanowalls 1.68 ± 0.04 10.9 /

Ni nanoparticles 0.85 ± 0.01 8.7 100

Ni(OH)2@Ni core-shell nanochains 1.02 ± 0.04 / /

Ni(OH)2 shell (experimental) 0.43 ± 0.01 2.8 32

Ni(OH)2 shell (estimated) 0.47 ± 0.05 3.1 36

Ni core (estimated) 0.55 ± 0.09 5.6 64

Table 5.1: Mass measurements.

Secondly, Ni(OH)2 shell mass was measured experimentally fol-
lowing the procedure proposed by Dai et al., leading to a more accu-
rate estimation [5.14]. Ni(OH)2@Ni core-shell nanochains were im-
mersed in a 10 M ammonia solution for 24 hours at room temper-
ature. Since ammonia molecules coordinate Ni2+ ions, forming the
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nickel ammonia complex, Ni(OH)2 dissolves [5.25]:

Ni(OH)2 + (6� x)H2O+ xNH3 ! [Ni(H2O)6�x(NH3)x]
2+ + 2OH�.

(5.3)
Therefore, Ni(OH)2 shell mass was further evaluated as the mass

di↵erence before and after immersion in the ammonia solution. A
value of 0.434 mg cm-2 was obtained, which is consistent with the
expected one. In this way a possible contribution due to the elec-
trochemical oxidation of the Ni foam substrate is also considered,
leading to more reliable results.

Ni areal density [1018 atoms cm-2] was calculated for the di↵erent
samples and reported in Table 5.1. It was estimated that 36% Ni
of Ni nanoparticles was consumed to form the Ni(OH)2 shell. The
remaining Ni atoms (64%) constitute the highly conductive 3D back-
bone.

5.3.2 Energy storage performances

To demonstrate the superior energy storage performances provided by
the core-shell architecture, Ni(OH)2 nanowalls (labelled “nanowalls”)
and Ni(OH)2@Ni core-shell nanochains (labelled “core-shell”) elec-
trodes were tested and compared.

CV was employed to identify the energy storage mechanism of
nanowalls and core-shell. Figure 5.9 compares the CV curves of the
two electrodes at 1 mV s-1 scan rate in 1 M KOH.
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Figure 5.9: CV curves of nanowalls (red dashed line) and core-shell
(blue solid line) recorded at 1 mV s-1 scan rate in the potential range
-0.2÷0.8 V in 1 M KOH. The inset shows the fitted oxidation peak
of nanowalls (top) and core-shell (bottom) [5.23].

Both curves are very distinct from the classic rectangular shape of
EDLCs (Figure 5.2), showing instead the characteristic faradaic re-
dox peaks of battery-type materials [5.3–5]. The inset in Figure 5.9
reports an enlarged scale of the oxidation peak, revealing clear di↵er-
ences among the two electrodes. The oxidation peak of nanowalls (top
inset in Figure 5.9) was fitted by a three-component model: peak 1 at
⇠0.320 V, peak 2 at ⇠0.360 V and peak 3 at ⇠0.410 V. Instead, the
oxidation peak of core-shell (bottom inset in Figure 5.9) was fitted by
a two-component model: peak 1 at ⇠0.310 V, and peak 2 at ⇠0.340
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V. Typically, CV peaks of Ni-based electrodes are associated to the
redox reactions ↵-Ni(OH)2 ⌧ �-NiOOH and �-Ni(OH)2 ⌧ �-NiOOH
[5.26, 27]. ↵-Ni(OH)2 is oxidized to �-NiOOH at a lower potential
than �-Ni(OH)2 is oxidized to �-NiOOH [5.28]. Therefore, it can be
reasonably concluded that peak 1 is related to �-NiOOH formation,
while peak 2 and 3 are related to �-NiOOH formation. Consequently,
the reduction peaks of nanowalls (⇠0.180 V) and core-shell (⇠0.210
V) are attributed to the totally overlapped components of ↵-Ni(OH)2
and �-Ni(OH)2 formation.

CV curves were also recorded at higher scan rates (Figure A18).
Contrary to nanowalls, the shape of core-shell CV does not change
significantly with increasing scan rate. This suggests a low equiv-
alent series resistance (ESR), which is the combined resistance of
electrolyte and internal resistance of the sample [5.17]. As the scan
rate increases, the oxidation and reduction peaks shift towards more
positive and negative values, respectively. However, core-shell always
presents a smaller separation among oxidation and reduction peaks
than nanowalls, which is commonly associated to a better redox re-
versibility [5.26].

The specific capacity (electrode capacity divided by the mass of
the active material) [mAh g-1] is the most informative property to
describe and compare the energy storage ability of di↵erent materi-
als. GCD tests from 0.4 to 0 V at di↵erent current densities (Figure
A19) were performed to evaluate the specific capacity of nanowalls
and core-shell. Figure 5.10 compares the discharge profiles of the two
samples at 16 A g�1. A voltage plateau is present in both curves,
confirming the battery-type behaviour resulted from CV [5.3–5]. The
voltage drop (IR drop) at the beginning of the discharge curves re-
sults from the ESR, which is the main contribution to energy and
power loss at high charge-discharge rates. Core-shell clearly shows a
lower IR drop, and thus a smaller ESR in agreement with CV mea-
surements.
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Figure 5.10: Discharge curves of nanowalls (red dashed line) and
core-shell (blue solid line) measured at 16 A g-1 current density in 1
M KOH [5.23].

The specific capacity Qs [mAh g-1] of the two electrodes was cal-
culated by [5.5]

Qs =
I �t

3.6 m
(5.4)

where I is the constant current density [A cm-2], �t is the discharge
time [s] and m is the specific mass of the active material [g cm-2]. Fig-
ure 5.11(b) reports the specific capacity of the elecrodes as function
of current density. The specific capacity decreases with increasing
current density. However, nanowalls shows a specific capacity of 176
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Figure 5.11: Specific capacity of nanowalls (red open squares) and
core-shell (blue spheres) as function of current density as obtained
by GCD curves [5.23].

mAh g-1 at 1 A g-1 and 63 mAh g-1 at 16 A g-1, retaining 36%. In-
stead, core-shell shows a specific capacity of 237 mAh g-1 at 1 A
g-1 and 180 mAh g-1 at 16 A g-1, retaining 76%. The superior rate
capability of core-shell enabled even higher current densities. In par-
ticular, at the high current density of 64 A g-1 the specific capacity
of core shell was still higher than nanowalls at 16 A g-1.

The specific capacity was also calculated from CV measurements
(Figure A20). The obtained results are consistent with those of GCD
tests, indicating that core-shell has a superior charge storage ability
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than nanowalls, especially when high charge-discharge rates are con-
sidered.

The electrochemical utilization z [%] of the active material can be
calculated from GCD tests according to the following equation [5.29]

z = 3.6 Qs
MNi(OH)2

F
100 (5.5)

where Qs is the specific capacity [mAh g-1], MNi(OH)2 is the molar
mass of Ni(OH)2 (92.7 g mol-1) and F is the Faraday constant (96485
C mol-1). z = 100% means that the whole active material undergoes
redox reactions. The z values of nanowalls and core-shell at di↵erent
current densities are reported in Table 5.2.

Current density [A g-1]
z [%]

Nanowalls Core-shell

1 61 82

2 55 79

4 47 76

8 37 71

16 22 62

32 / 49

64 / 26

Table 5.2: Electrochemical utilization of the active material z [%] in
nanowalls and core-shell, as obtained by equation 5.5 [5.23].

At 1 A g-1 61% and 82% Ni(OH)2 are used in nanowalls and
core-shell, respectively. Such a di↵erence is even more pronounced
at higher current densities, as expected from Figure 5.11. In fact,
at 16 A g-1 only 22% Ni(OH)2 is used in nanowalls, while 62% in
core-shell is still involved in the redox process. This result indicates
an improved electrochemical utilization of the active material in core-
shell.
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Ni-based electrodes su↵er from significant capacity decay during
charge-discharge cycles because redox reactions are involved [5.2].
Since a long cycling stability is critical for the applications, a cy-
cling stability test was performed by 1000 GCD cycles at the high
current density of 16 A g-1. Figure 5.12(a) compares the cycling char-
acteristics of nanowalls and core-shell. After 1000 cycles, nanowalls

Figure 5.12: Cycling stability tests of nanowalls (red open squares)
and core-shell (blue spheres) for 1000 GCD cycles at 16 A g-1 current
density in 1 M KOH [5.23].

presents a specific capacity of 43 mAh g-1, retaining only 68% of the
initial capacity. This capacity decay can be explained by crystals size
growth, leading to a surface area decrease, and to Ni(OH)2 flaking o↵
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caused by the volume change during charge-discharge, as indicated
by SEM analysis after cycling test (Figure A21) [5.28]. Instead, core-
shell shows first a rise in specific capacity (1-300 cycles) attributed
to the fully activation of the Ni core, followed by a decay (300-800
cycles), and finally a nearly constant capacity (800-1000 cycles). The
capacity decay from cycle 300 to 1000 can not be ascribed to morpho-
logical variations as demonstrated by SEM analysis after cycling tests
(Figure A21). To explain this behaviour it should be noted that ↵-
Ni(OH)2 ⌧ �-NiOOH contributes more than �-Ni(OH)2 ⌧ �-NiOOH
to the energy storage process in core-shell (inset in Figure 5.9). In
addition, �-Ni(OH)2 ⌧ �-NiOOH has a lower theoretical capacity
than ↵-Ni(OH)2 ⌧ �-NiOOH [5.28, 30, 31]. However, ↵-Ni(OH)2
is unstable in water and typically recrystallizes into �-Ni(OH)2 with
cycling (ageing) [5.27, 32]. Therefore, it can be reasonably concluded
that the ↵-Ni(OH)2 ! �-Ni(OH)2 transformation is responsible for
capacity decay in core-shell. The full transformation into �-Ni(OH)2
after 800 cycles determines a nearly constant capacity of 149 mAh
g-1 (83% of the initial capacity). This value is higher than nanowalls
specific capacity after 1000 cycles, indicating a better cycling stability
of core-shell.

The specific energy ⇢E [Wh kg-1] and specific power ⇢P [kW kg-1]
of nanowalls and core-shell were calulated by using the following equa-
tions [5.1]

⇢E =
I

3.6 m

Z
V (t)dt (5.6)

⇢P = 3.6
⇢E
�t

(5.7)

where I is the constant current density [A cm-2],m is the specific mass
of the active material [g cm-2], V (t) is the discharge potential [V], �t
is the discharge time [s]. Figure 5.13 compares the Ragone plots of
nanowalls and core-shell with other energy storage technologies. Both
samples show excellent energy storage performances in terms of high
specific energy and power, and are very close to the top-right corner
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of the Ragone plot. In particular, at ⇠3 kW kg-1 specific power, the
specific energy of core-shell (⇠40 Wh kg-1) is ⇠4 times higher than
nanowalls (⇠10 Wh kg-1), while at ⇠10 Wh kg-1 specific energy, the
specific power of core-shell (⇠9 kW kg-1 ) is ⇠3 times higher than
nanowalls (⇠3 kW kg-1). These results further confirm the superior
energy storage performances of core-shell.

Figure 5.13: Ragone plot (specific power against specific energy) of
nanowalls (red open squares) and core-shell (blue spheres), calcualted
by using equation 5.6 and 5.7 (adapted from the figure in ref. [5.2]).
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5.3.3 Energy storage mechanism

To consolidate the improved energy storage properties of core-shell,
EIS analysis was performed. Figure 5.14 compares the Nyquist plots
(imaginary versus real part of the impedance) of nanowalls and core-
shell, with an enlarged scale for core-shell at high frequencies (inset).

CPE2

CPE1

ESR
Rct

Figure 5.14: Nyquist plots of nanowalls (red open squares) and core-
shell (blue spheres) recorded at 0 V vs open circuit potential with a 5
mV superimposed sinusoidal voltage in the frequency range 104÷10-2

Hz in 1 M KOH solution (the inset is the magnified high-frequency
region of core-shell). The equivalent circuit model for the Nyquist
plots is also reported [5.23].

The two Nyquist plots show a semicircle arc in the high-frequency
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region and a straight line in the low-frequency region. This shape can
be modelled by the equivalent circuit model reported in Figure 5.14,
formed by an equivalent series resistance (ESR) connected in series
with a constant phase element (CPE1), which is in parallel with
the charge transfer resistance (Rct) and a constant phase element
(CPE2). The slopes of the two lines are similar, indicating a low
ions di↵usion resistance and a behaviour close to that of an ideal
capacitor (line parallel to the imaginary axis). ESR can be evaluated
as the intercept on the real axis of the Nyquist plot. The lower ESR
of core-shell (⇠1.2 ⌦) than nanowalls (⇠1.7 ⌦) is due to the presence
of the Ni core, which results in a smaller IR drop in the discharge
curves for fixed current density (Figure 5.10). Rct can be measured
as the diameter of the semicircle in the high-frequency region. It can
be seen that core-shell has a lower Rct (⇠0.1 ⌦) than nanowalls (⇠5.4
⌦).

To explain the excellent electrochemical behaviour of core-shell,
the electric field in nanowalls and core-shell was simulated by using
COMSOL Multiphysics software. Nanowalls was simulated by a 20
nm thick Ni(OH)2 nanosheet, while core-shell was simulated by a 17
nm thick Ni nanosheet surrounded by a 3 nm thick Ni(OH)2 shell,
both on Ni substrates. The following room temperature conductiv-
ities were also considered: 10-13 S cm-1 for Ni(OH)2, 105 S cm-1 for
Ni, and 0.2 S cm-1 for 1 M KOH [5.32, 33]. A steady-state model
was used to evaluate the electric field in the two structures at an ap-
plied voltage of 0.4 V. The resulted electric field module distributions
are reported in Figure 5.15 in false colour scale from 0 to 1.5⇥108

V m-1. Nanowalls displays a moderate electric field (⇠0.4⇥108 V
m-1) near the substrate interface, which is dramatically reduced with
increasing distance from the substrate. On the contrary, the conduc-
tive Ni core in core-shell provides a uniform and enhanced electric
field (⇠0.8⇥108 V m-1) along the entire shell, in agreement with the
improved electrochemical utilization reported in Table 5.2.
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Figure 5.15: Electric field module distribution in nanowalls (left) and
core-shell (right) in 1 M KOH solution at an applied voltage of 0.4
V, as simulated by COMSOL Multiphysics software [5.23].

Based on the aforementioned results, the following model was
developed to explain the improved specific capacity, rate capability
and cycling stability of Ni(OH)2@Ni core-shell nanochains:

• the Ni core reduces ESR (thus the energy dissipation) and Rct.
Furthermore, it enhances the electric field in the whole Ni(OH)2
shell, leading to an improved electrochemical utilization of the
active material. These features result in higher charge storage
ability and faster redox process;

• the 3 nm thin Ni(OH)2 shell shortens electrons migration paths
to the current collector (schematic illustration in Figure 5.16),
supporting high charge-discharge rates;
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• a high OH- ions di↵usion coe�cient of (1.415±0.002)⇥10-6 cm2

s-1 was estimated based on the Randles-Sevcik equation (Fig-
ure A22 [5.34]. This value is higher than 2.491⇥10-7 cm2 s-1

reported for Ni(OH)2/graphene nanosheets [5.15]. Therefore,
OH- ions have su�cient time to reach and activate also inner
Ni(OH)2 sites;

• the thermal annealing and in situ electrochemical oxidation al-
low a good contact between Ni core and substrate, as well as
Ni(OH)2 shell and Ni core. As a consequence, Ni(OH)2 can
easily relax the volume change during charge-discharge cycles,
showing a better cycling stability.

Figure 5.16: Schematic illustration of the electron transport in
Ni(OH)2 nanowalls and Ni(OH)2@Ni core-shell nanochains [5.23].

Table 5.3 compares the energy storage performances of recent Ni-
based nanostructured electrodes. An excellent capacity retention at
high charge-discharge rate is required for the development of com-
mercial hybrid supercapacitors. From Table 5.3 it can be seen that
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even at a high charge-discharge current density Ni(OH)2@Ni core-
shell nanochains show higher specific capacity than most of the pre-
vious reports [5.11, 17, 35–38]. A few electrodes present compara-
ble specific capacity values, but measured at a lower current density
[5.18, 39]. Su et al. reported a similar Ni(OH)2@Ni core-shell elec-
trode with a higher specific capacity but lower rate capability [5.19],
while Jiang and co-workers obtained a specific capacity higher than
Ni(OH)2 theoretical limit by using a NiMoO4@Ni(OH)2 core-shell
electrode where both core and shell are active materials [5.40]. The
good cycling stability of Ni(OH)2@Ni core-shell nanochains can be
further improved by using graphene nanosheets [5.15] or carbon nan-
otubes as current collectors [5.36].
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5.4 Conclusions

Novel Ni(OH)2@Ni core-shell nanochains with promising high-rate
energy storage performances were reported. The core-shell struc-
ture consists of a 3D nanostructured and porous Ni core, surrounded
by a thin Ni(OH)2 shell. The Ni core is formed by interconnected
chains-like clusters of Ni nanoparticles (20-30 nm), grown by low-
cost CBD of Ni(OH)2 nanowalls and thermal annealing in reducing
atmosphere. The Ni(OH)2 shell is made of nanocrystalline grains (3-4
nm), obtained by in situ electrochemical oxidation of Ni nanoparti-
cles surface. The electrochemical behaviour of Ni(OH)2@Ni core-shell
nanochains is dominated by faradaic redox processes (battery-type
signature), which enabled a high specific capacity of 237 mAh g-1

at 1 A g-1, a high rate capability (76% retention at 16 A g-1, 32%
at 64 A g-1), and good stability (83% retention after 1000 charge-
discharge cycles at 16 A g-1). These remarkable features if com-
pared with those of similar NiO and Ni(OH)2-based nanostructures
are attributed to the high surface area, faster electron transport, en-
hanced electric field and improved utilization of the active material
provided by the core-shell architecture. As a result, Ni(OH)2@Ni
core-shell nanochains have potential in many applications, includ-
ing hybrid supercapacitors, batteries, electrochemical (bio)sensing,
gas sensing and photocatalysis. Finally, the reported low-cost prepa-
ration of core-shell nanostructures can be applied also to all other
existing NiO and Ni(OH)2-based material, in such a way to improve
their electrochemical properties.
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Conclusions and
perspectives

The aim of this thesis was the controlled synthesis of novel Ni-based
nanostructures for application in sensing and energy storage. In par-
ticular, the chemical bath deposition (CBD) of Ni-based nanowalls-
shaped thin films was carefully investigated and controlled. A model
for film formation and growth was also proposed. Such a model led
to an optimization of CBD parameters (50�C deposition tempera-
ture) which resulted in enhanced nanowalls physical and chemical
properties.

The optimized Ni-based nanowalls were subjected to various post-
growth processes to obtain low-cost Ni-based nanostructures with
unique properties for specific applications:

• a novel Ni nanofoam, consisting of Ni nanoparticles (20 nm),
was obtained upon annealing at 350�C in reducing atmosphere.
The Ni nanofoam was applied for non-enzymatic glucose sens-
ing, showing an unprecedentedly high sensitivity of 31 mA cm-2

mM-1 in the linear range 0.02÷0.4 mM, a very low limit of de-
tection (LoD) of 5 µM, quick response (1-2 s), high selectivity
(200 µM glucose versus 20 µM uric acid, 10 µM ascorbic acid
and 10 µM acetaminophen) and long-term stability (4% re-
sponse loss after 64 days). The unique performances of the Ni
nanofoam make it a promising material for the development of
non-invasive glucose sensor in human saliva and tears;
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• novel Au decorated NiO nanowalls were obtained upon anneal-
ing at 350�C in vacuum and Au electroless deposition. They
served as a low-cost and high surface area platform for My-
coplasma agalactiae (Ma) thiolated probe ssDNA immobiliza-
tion, and then used as an impedimetric sensor of Ma comple-
mentary ssDNA. The Au decorated NiO nanowalls were able to
selectively detect Ma DNA at the very low concentration of 1.7
ng µl-1, opening the route towards Polymerase Chain Reaction
(PCR)-free Ma detection for the early diagnosis of Contagious
Agalactia in goats and sheep;

• NiO nanowalls were obtained upon annealing at 350�C in Ar
and applied for acetone sensing. The response to acetone at
various temperatures was recorded and modelled by two ad-
sorption sites. At the optimal temperature of 250�, the NiO
nanowalls showed high sensitivity, low LoD (⇠200 ppb) and
good selectivity to acetone, which are the requirements of ace-
tone sensors for non-invasive diagnosis of diabetes. Moreover,
a novel nanoporous NiO film, consisting of NiO nanoparticles
(30-50 nm) was obtained upon thermal annealing at 350�C in
reducing atmosphere and at 400�C in air, and applied for NO2

sensing at room temperature. The response to NO2 at various
temperatures and NO2 concentrations was recorded and mod-
elled by two adsorption sites. A NO2-NiO sensing mechanism
based on these sites was also proposed. At room temperature,
the nanoporous NiO film showed high sensitivity and selectiv-
ity to sub-ppm NO2, a LoD as low as 20 ppb and long-term
stability, which are the requirements of NO2 sensors for envi-
ronmental monitoring;

• novel Ni(OH)2@Ni core-shell nanochains were obtained upon
thermal annealing in reducing atmosphere and electrochemi-
cal oxidation in alkaline solution. This core-shell architecture
showed superior electrochemical properties in terms of, high
specific capacity, rate capability and cycling stability, which
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are promising for the development of high energy and power
density hybrid supercapacitors.

Further experiments are on going to modify these novel Ni-based
nanostructures by doping and decoration with other metal or semi-
conductor nanostructures, and apply them in other fields, among
which photoelectrochemical water splitting and reduction of CO2.
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Appendix

Figure A1: Filling factor versus growth time at room temperature.
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(a)

CPE

ESR
Rct

(b)

Figure A2: (a) CV curves of RT-480 NF (blue solid line) and 50-480
NF (red dashed line) recorded at 50 mV s-1 scan rate in the potential
range -0.1÷0.9 V in 0.1 M NaOH. (b) Nyquist plots of RT-480 NF
(blue closed triangles) and 50-480 NF (red open triangles) recorded at
the oxidation potential with a 20 mV superimposed sinusoidal voltage
in the frequency range 102÷10-2 Hz in 0.1 M NaOH. Lines are fits of
Nyquist plots based on the reported equivalent circuit model.
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Figure A3: Nyquist plot of 50-1200 NF Ni foam recorded at the ox-
idation potential with a 20 mV superimposed sinusoidal voltage in
the frequency range 102÷10-2 Hz in 0.1 M NaOH. The line is the fit
of the Nyquist plot based on the reported equivalent circuit model.
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Figure A4: Calibration curves of RT-480 NF (blue closed squares)
and 50-480 NF (red open squares) obtained from CA measurements
in 0.1 M NaOH.
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Sample |Z| [⌦] Phase(Z) [�]

NiO nanowalls 368.8 ± 0.2 -70.6 ± 0.3

NiO/Au nanowalls 149 ± 4 -35.5 ± 0.6

NiO/Au/Ma probe ssDNA 194 ± 2 -51 ± 2

Prehybridization (1 h) 160 ± 12 -57.7 ± 0.5

Prehybridization (2 h) 103 ± 7 -62.3 ± 0.8

Prehybridization (3 h) 87 ± 9 -58 ± 1

Prehybridization (4 h) 80 ± 1 -56.67 ± 0.09

Prehybridization (5 h) 69 ± 2 -52.0 ± 0.4

Hybridization (1.7 ng µl-1) 79 ± 2 -55.2 ± 0.6

Hybridization (6 ng µl-1) 98 ± 0.2 -45 ± 1

Hybridization (14.5 ng µl-1) 102 ± 6 -54 ± 2

Hybridization (27.2 ng µl-1) 103 ± 1 -53.96 ± 0.07

Hybridization (48.5 ng µl-1) 104 ± 2 -50.8 ± 0.4

Table A1: Sensor impedance at 0.1 Hz at various fabrication and
sensing steps.
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Figure A5: Bode plots ((a) impedance modulus versus frequency and
(b) impedance phase versus frequency) of the sensor as function of
prehybridization time with non-complementary ssDNA as obtained
by EIS experiments at 0 V versus open circuit potential with 10 mV
superimposed sinusoidal voltage in the frequency range 106÷10-1 Hz
in PBS (pH 7) containing 10 mM [Fe(CN)6]3-/4-.
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Figure A6: Bode plots ((a) impedance modulus versus frequency and
(b) impedance phase versus frequency) of the sensor upon hybridiza-
tion with di↵erent concentrations of Ma complementary ssDNA as
obtained by EIS experiments at 0 V versus open circuit potential
with 10 mV superimposed sinusoidal voltage in the frequency range
106÷10-1 Hz in PBS (pH 7) containing 10 mM [Fe(CN)6]3-/4-.
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Linear fits of the Arrhenius plots were performed to calculate
the activation energy for conduction (Ea) by using the Arrhenius
equation

Rair = Aexp

✓
Ea

k T

◆
(8)

where A is a pre-exponential factor [⌦], k is the Boltzmann constant
[eV K-1] and T is the temperature [K]. An activation energy of 0.35
and 0.36 eV was obtained for NiO nanowalls and nanoporous NiO
film, respectively.

(a) (b)

Figure A7: (a) Resistance in air as function of temperature, and (b)
Arrhenius plots of NiO nanowalls (black open circles) and nanoporous
NiO film (black closed circles).

192



A
p
p
e
n
d
ix

A
p
p
e
n
d
ix

A
p
p
e
n
d
ix

A
p
p
e
n
d
ix

A
p
p
e
n
d
ix

A
p
p
e
n
d
ix

(a) (b)

(c) (d)

(e)

Figure A8: Fits of the response transients of a 10 ppm acetone pulse
at 150�C (a), 200�C (b) and 250�C (c) based on a two-site isotherm
(equation 4.3), and at 300�C (d) and 350�C (e) based on a single site
isotherm (equation 4.2).
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Figure A9: Fits of the response transients of 2.5 ppm (a), 5 ppm (b),
10 ppm (c), 20 ppm (d), 40 ppm (e) acetone pulses at 250�C based
on a two-site isotherm (equation 4.3).
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Figure A10: Selectivity tests at various temperatures.
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Figure A11: Dynamic responses of the sensor when exposed to dif-
ferent pulses of NO2 (0.14, 0.35, 0.7, 1.4, 2.8, 5.6 ppm) at 150�C.
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Figure A12: NO2 calibration curves of NiO nanowalls (squares) and
nanoporous NiO film (circles) at room temperature (blue closed sym-
bols) and 150�C (red open symbols).
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Figure A13: Fits of the response and recovery transients to di↵erent
pulses of NO2 at 150�C based on a single site isotherm (equations (2)
and (3)): (a) 0.14 ppm, (b) 0.35, (c) 0.7 ppm, (d) 1.4 ppm, (e) 2.8
ppm and (f) 5.6 ppm.
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Figure A14: Fits of the response and recovery transientsto di↵erent
pulses of NO2 at room temperature: (a) 0.14 ppm and (b) 0.35 ppm
were fitted by a single site isotherm (equations 4.5 and 4.6), (c) 0.7
ppm, (d) 1.4 ppm, (e) 2.8 ppm and (f) 5.6 ppm were fitted by a
two-site isotherm (equation 4.7 and 4.8).
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Figure A15: SEM images at di↵erent magnifications of nanoporous
NiO film after gas sensing experiments.
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Figure A16: Response to a 5.6 ppm NO2 pulse at various tempera-
tures.
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(a) (b)

Figure A17: Fits of the response and recovery transients to a 5.6
ppm NO2 pulses at (a) 200�C and (b) 250�C based on a single site
isotherm (equations 4.5 and 4.6).
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(a) (b)

Figure A18: CV curves of nanowalls (a) and core-shell (b) recorded
at di↵erent scan rates (1-50 mV s-1) in the potential range -0.2÷0.8
V in 1 M KOH.
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(a) (b)

(c) (d)

Figure A19: Galvanostatic charge and discharge curves of (a), (b)
nanowalls, and (c), (d) core-shell recorded at di↵erent current densi-
ties (1-64 A g-1) in 1 M KOH.
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Specific capacity Qs [mAh g-1] was calculated from the reduction
(discharge) peak in CV curves according to the following equation

Qs =
1

m dV
dt

Z
IdV (9)

where I is the current density [A cm-2], m is the specific mass of the
active material [g cm-2] and dV

dt is the scan rate [V s-1].

Figure A20: Specific capacity of nanowalls (red open squares) and
core-shell (blue spheres) as function of scan rate as obtained by CV
curves.
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Figure A21: SEM images of (a) Ni(OH)2 nanowalls and (b)
Ni(OH)2@Ni core-shell nanochains after cycling stability test.
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Randles-Sevcik equation was used to evaluate OH- ions di↵usion
coe�cient

Ip = 0.4463nFAC

✓
nF⌫D

RT

◆
(10)

where Ip is the peak current [A], n is the number of electron involved
in the redox process, F is the Faraday constant (96485 C mol-1), C is
the concentration of the di↵using species [mol cm-3], ⌫ is the scan rate
[V s-1], D is the di↵usion coe�cient [cm2 s-1], R is the gas constant
(8.314 J mol-1 K-1) and T is the temperature [K].

Figure A22: Anodic (blue squares) and cathodic (red circles) peaks
current of core-shell versus scan rates, as obtained by CV curves.
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noi, e Davide per la lunga e vera amicizia che ci lega.

Infine, ringrazio la mia famiglia per il costante sostegno e, più di
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