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Abstract 

Two-dimensional (2D) transition metal oxides (TMOs) are a category of 
materials which have unique physical and chemical properties compared to 
their bulk counterparts. However, the synthesis of 2D TMOs commonly in-
cludes the use of environmental threats such as organic solvents. In this thesis, 
we developed environmentally friendly strategies to fabricate TMO 
nanosheets from the commercially available bulk oxides. In particular, hy-
drated vanadium pentoxide (V2O5·nH2O) nanosheets and oxygen deficient 
molybdenum trioxide (MoO3-x) nanosheets were prepared.  The V2O5·nH2O 
nanosheets were drop-cast onto multi-walled carbon nanotube (MWCNT) pa-
per and applied as a free-standing electrode (FSE) for a lithium battery. The 
accessible capacity of the FSE was dependent on the electrode thickness; the 
thickest electrode delivered the lowest accessible capacity.  Alternatively, a 
composite material of V2O5·nH2O nanosheets with 10% MWCNT (VOx-CNT 
composite) was prepared and two types of electrodes, FSE and conventionally 
cast electrode (CCE), were employed as cathode materials for lithium batter-
ies. A detailed comparison between these electrodes was presented. In addi-
tion, the VOx-CNT composite was applied as a negative electrode for a so-
dium-ion battery and showed a reversible capacity of about 140 mAh g−1. On 
the other hand, the MoO3-x nanosheets were employed as binder-free elec-
trodes for supercapacitor application in an acidified Na2SO4 electrolyte. Fur-
thermore, the MoO3-x nanosheets were used as photocatalysts for organic dye 
degradation. The simple eco-friendly synthesis methods coupled with the po-
tential application of the TMO nanosheets reflect the significance of this thesis 
in both the synthesis and the energy-related applications of 2D materials.    

 
Keywords: aqueous exfoliation, vanadium oxide nanosheets, molybdenum 
oxide nanosheets, energy storage, photocatalysis  
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1. Introduction 

1.1. Advances in 2D Materials and TMO Nanosheets 
Two-dimensional (2D) transition metal oxides (TMOs), chalcogenides and 

carbides are promising materials for energy storage, catalysis, gas sensing, 
field-effect transistors, and biological sensing applications.[1–4] They have 
attracted a lot of research interest in the past ten years due to their unique 
physical, optical, electronic, and chemical properties as compared to their bulk 
counterparts.[5–7] The unique properties of the 2D materials can be attributed 
to: confinement of electrons in an ultrathin area, which facilitates their com-
pelling electronic properties; strong in-plane covalent bonding which acquires 
them high mechanical strength; large lateral sizes with monolayer thickness, 
which provides them high surface area; and solution-based processability, 
which enables their fabrication into free-standing films.[1,3,4] 

1.2. Synthesis of TMO Nanosheets. 
A variety of strategies have been reported for fabricating the TMO 

nanosheets, and these strategies can be classified into two main categories: 
bottom-up approaches and top-down approaches. The bottom-up approach in-
cludes a controlled growth of the 2D material from its precursors which can 
be layered or non-layered materials.[7] A few examples of bottom-up ap-
proaches are hydrothermal synthesis,[8] graphene oxide template synthe-
sis,[9,10] salt-template synthesis,[11] and chemical and physical vapor depo-
sitions (CVD and PVD).[12,13] On the other hand, the top-down approach 
commonly involves the exfoliation of bulk layered precursors into 2D materi-
als. Some examples of top-down approaches are mechanical milling,[14] liq-
uid exfoliation, [5,6]  chemical etching assisted exfoliation,[15] ion/molecule 
intercalation,[16] and protein induced exfoliation.[17,18]  

Since the discovery of liquid exfoliation in 2008 by Coleman et al.,[19] it 
has become one of the most efficient techniques to synthesize TMO 
nanosheets. The method commonly involves sonicating the bulk material in a 
mixture of solvents, then centrifuging at high speed to separate the exfoliated 
nanosheets from the bulk materials. [5,6] Alternatively, exfoliation can be ac-
complished via molecule or ion intercalation. Scheme 1 shows a schematic 
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representation of the liquid exfoliation via ion/molecule intercalation. Liquid 
exfoliation can be applied for layered materials with weak Van der Waals in-
teractions between the layers (e.g. MoO3, MoS2, and WS2),[20,21] or with co-
valent bonds between the layers (e.g. VO2), [16,22] and even for non-layered 
materials (e.g. ZnSe).[23] However, the low yield of exfoliated material is one 
drawback of this method, and the use of environmentally unfriendly organic 
solvents is another. Therefore, a lot of research interest focuses on introducing 
a general exfoliation strategy that can offer high yields using eco-friendly sol-
vents. [20,21]  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Scheme 1.1. Schematic representation of the exfoliation of layered metal 
oxide by ion/molecule intercalation. The red balls represent the intercalating 
ions/molecules. Reproduced from paper V with permission from ©2018 
Wiley–VCH.[24] 

1.3. Vanadium Pentoxide Nanosheets: Synthesis and 
Application in Lithium and Sodium-ion Batteries 

Vanadium is an earth-abundant and multivalent transition metal that can 
have oxidation states of +2, +3, +4, and +5. Vanadium oxides are semicon-
ducting materials that possess outstanding physical and chemical properties 
such as multiple oxidation states, [25] different crystal structures, [26] and the 
ability to insert/deinsert a variety of ions or molecules. [16,27] Therefore, they 
are extensively used in many applications including lithium batteries,[28–34] 
sodium batteries,[35,36] thermochromic windows,[37,38] catalysis,[39] pseu-
docapacitors,[40] magnetic devices, [41] and gas sensors. [42]  

Vanadium pentoxide (V2O5) possesses a layered structure that facilitates 
the intercalation of alkali metal ions between the layers (e.g. Li+ and Na+). It 

Layered Transition 
Metal Oxide Exfoliation  

by Agitation or Sonication 

Increasing the interlayer 
 distance by intercalation 
(i.e. Weaken the bonds) 

Transition Metal Oxide Nanosheets 
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is considered to be a high capacity cathode material for lithium batteries be-
cause it can host two equivalents of lithium ions per V2O5 unit (theoretical 
capacity is 294 mAh g−1). [43,44] However, the lack of lithium-ion in the 
pristineV2O5 electrodes requires pre-lithiation of the electrodes before assem-
bling the full cell, which adds extra cost during the production process. Alter-
natives, such as the use of lithium rich anode materials, e.g. the metallic lith-
ium, are challenging due to safety concerns. Recent progress in polymer elec-
trolytes has enabled the use of metallic lithium anodes, which paves the way 
for using cathode materials that initially lack lithium ions.[45,46] However, 
the V2O5 electrodes commonly exhibit a fast capacity fading in lithium batter-
ies due to irreversible structural changes and dissolution in the electrolyte.[47–
51] So far, electrochemical performance can be enhanced by using nanostruc-
tured V2O5[52] or via forming composite electrodes;[53] however, these 
methods are commonly quite sophisticated and include the use of harmful re-
agents.    

Another interesting vanadium-based electrode material is hydrated vana-
dium pentoxide (V2O5·nH2O). It possesses a bi-layered V2O5 structure with 
water molecules between the layers in the a-c plane (see Fig. 1.1). The inter-
layer distance depends on the number of water molecules, and can vary be-
tween 6.34 and 13.80 Å.[54] The large interlayer distance of  V2O5·nH2O en-
ables the insertion/deinsertion of many metal ions such as lithium,[55] so-
dium,[27,56]  magnesium,[57] and zinc ions.[58] V2O5·nH2O usually forms 
gels upon drying, and these can be classified into aerogels (high surface area 
gels obtained via supercritical-drying or freeze-drying) and xerogels (gels eva-
porated traditionally in air). [59–62] The V2O5·nH2O gels can insert up to 4.0–
5.8 equivalents of lithium ions per V2O5·nH2O gel unit, [63] and thus their 
theoretical gravimetric capacity is about 560–650 mAh g−1.[61]  

 
 

 
 
 
 
 
 
 
 
 
 
Figure 1.1. Structure model for V2O5·nH2O viewed along the [010] direc-

tion. 

c 

a 

d-spacing
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As mentioned earlier, the V2O5·nH2O electrode can also host sodium ions 
between its layers. A variety of nanostructured V2O5·nH2O materials were 
used as cathode for sodium-ion batteries (SIBs) in the high voltage region 
(1.0–3.5 V vs. Na+/Na). The electrochemical performance of V2O5·nH2O in 
SIBs depends on its morphology, slurry composition, electrolyte, and cycling 
potential window. [27,35,54,56,64,65] However, the use of sodium-ion free 
cathode materials requires the use of sodium rich anode material e.g. metallic 
sodium, which is associated with a lot of safety concerns. Recently, the low 
potential region (below 1 V vs. Na+/Na) of V2O5·nH2O has been explored, as 
this would enable its use as an anode material for SIBs.[66]  

As a semiconducting transition metal oxide, V2O5·nH2O suffers from poor 
electronic conductivity[67] and low metal-ion diffusion rates.[68] These prob-
lems can be addressed using nanostructured active materials instead of the 
bulk one, and by mixing active material with conductive carbon materials e.g. 
graphene or carbon nanotubes (CNT).[43,69] Generally speaking, vanadium 
oxide nanosheets could be prepared via the exfoliation of their bulk counter-
parts or the chemical processing of solution precursors.[16] In particular, 
V2O5·nH2O nanosheets have been synthesized via refluxing, UV-irradiation, 
or the hydrothermal treatment of an aqueous solution of V2O5 powder mixed 
with H2O2;[70,71] or using sol-gel processing of vanadium (V) oxytripropox-
ide precursor.[72] However, these synthetic approaches involve the use of 
harmful reducing reagents. Thus, there is a need to develop green methods for 
fabricating V2O5·nH2O nanosheets using commercially available precursors. 
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1.4. Molybdenum Oxide Nanosheets: Synthesis and 
Application in Dye Degradation and Supercapacitors 

Molybdenum oxides are versatile materials [73,74] that can be used in sev-
eral applications such as lithium-ion batteries (LIBs), [75] sodium-ion batter-
ies (SIBs),[76] supercapacitors [77], catalysis [17,78,79], gas sensors [80], 
and field-effect transistors.[81] They can exist in three different stoichi-
ometries; the stoichiometric oxide MoO3 with a wide bandgap (~3 eV), the 
sub-stoichiometric form MoO3-x with a slightly smaller bandgap and the semi-
metallic form MoO2 with smaller bandgap.[73] Molybdenum trioxide (MoO3) 
is a polymorph oxide that has four known phases (α-MoO3 with an 
orthorhombic unit cell,[82], β-MoO3 with a monoclinic unit cell,[83] h-MoO3 
with a hexagonal unit cell,[84] and high pressure phase MoO3-II, with a mon-
oclinic unit cell).[85] The commercially available phase is the α-MoO3, which 
has been extensively examined for decades due to its promising electrochem-
ical and catalytic activities [86,87].  

One significant advantage of α-MoO3 is that it is a semiconducting layered 
material (see Fig. 1.2) with a bandgap that varies depending on the ions/mol-
ecules inserted between its layers.[88] The latter property allowed the use of 
MoO3  in photocatalysis applications such as organic dye degradation.[79,89–
93] MoO3-x nanosheets (where x stands for oxygen vacancy) are even more 
efficient photocatalysts compared to their bulk counterparts because of their 
high aspect ratio, in addition to the presence of oxygen vacancies.[79,89–93] 

 
 
 
 
 
 
 
 
 
 
Figure 1.2. Structure model for α-MoO3 viewed along the [010] direction. 

The MoO3 has been used extensively in energy storage systems, especially 
in supercapacitors.[94,95] However, the electrochemical performance of 
MoO3 in supercapacitors is dependent on its morphology, the nature of the 
electrolyte, the thickness of the electrode, and the amount of oxygen vacancies 
in MoO3.[96–98] The thin film nanostructured MoO3 electrodes behave more 
superior than the conventionally cast bulk MoO3 especially at high rates due 
to diffusion limitations.[98] In addition, the presence of the oxygen vacancies 
improves the supercapacitive behavior of the MoO3. [86,99] Therefore, more 

c 

a 
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research interest goes to the nanostructured reduced MoO3-x electrodes with 
oxygen vacancies. [86,99]  

To date, α-MoO3 has been prepared in a variety of nanostructures, includ-
ing nanosheets,[77,100–102] nanobelts,[103,104] flower-likes hierarchical 
structure,[84] nanoflakes,[14,81,105–107] and nanoparticles.[108,109] In 
particular, MoO3 nanosheets have been fabricated using hydrothermal synthe-
sis [100], salt-templated approach [11], chemical etching,[110] mechanical 
milling,[14] scotch-tap exfoliation,[18] protein induced exfoliation,[18] and 
liquid exfoliation of bulk α-MoO3.[17,81,105] However, most of these ap-
proaches have low yields, involve several steps,[80] produce undesirable or-
ganic by-products, and require high temperatures.[11]  
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1.5. Scope of the Thesis Study 
The work described in this thesis introduced innovative and simple aqueous 

exfoliation strategies for fabricating TMO nanosheets from their bulk precur-
sors. The precursors were layered bulk TMOs with either covalent bonds (e.g. 
VO2(B) and V2O5) or Van der Waals interactions (e.g. MoO3) between the 
layers. These methods provided a scalable eco-friendly production of TMO 
nanosheets from commercially available precursors. The TMO nanosheets 
were tested for charge storage and photocatalysis applications. 

Hydrated vanadium pentoxide (V2O5·nH2O) nanosheets were fabricated via 
two different approaches using vanadium dioxide and vanadium pentoxide 
precursors. The free-standing electrodes (FSE) of V2O5∙nH2O 
nanosheets@multi-walled carbon nanotube (MWCNT) paper were tested in 
lithium batteries. Furthermore, composite electrodes of freeze-dried 
V2O5∙nH2O nanosheets and MWCNT (hereafter labelled as VOx-CNT) were 
fabricated and explored as FSE and conventionally cast electrode (CCE) for 
lithium batteries. The composite material (VOx-CNT) was also examined as a 
negative electrode for sodium-ion batteries. 

Molybdenum oxides (MoO3-x) nanosheets were fabricated by two different 
approaches using molybdenum dioxide and molybdenum trioxide precursors. 
The MoO3-x nanosheets offered a localized surface plasmon resonance (LSPR) 
that was tuned chemically and/or photochemically by solar light irradiation. 
The MoO3-x nanosheets were used as photocatalysts for organic dye degrada-
tion. In addition, the MoO3-x nanosheets were tested as binder-free electrodes 
for supercapacitor applications, and the electrodes delivered a promising high 
rate capacitance up to 70 C g−1 at a scan rate of 1000 mV s−1. 
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2. Experimental Methods and Characterization 
Techniques 

2.1. Exfoliation Methods 
 

2.1.1. Exfoliation of Bulk Vanadium Oxides (VOx) 
In a typical synthesis, an appropriate amount of the vanadium oxide pre-

cursor was refluxed in water (about 150 mg per 25 mL water) at 60–80 °C for 
1–6 days. For VO2(B) and VO2(M) the exfoliation process required about six 
days; however, the 4:1 (weight ratio) mixture of V2O5 and VO2(M) was fully 
converted to nanosheets after only 24 h. The aqueous suspension of 
V2O5·nH2O nanosheets displayed a dark green color. At the end of the reflux, 
the aqueous suspension was placed on a glass substrate and dried at 80 °C for 
5 h to form a free-standing film of V2O5·nH2O nanosheets. 

2.1.2. Exfoliation of Bulk Molybdenum Oxides (MoOx) 
 

The molybdenum oxide precursors were dispersed in water and refluxed at 
80 °C for 5–7 days.  We prepared three samples of MoO3-x nanosheets using 
different weight ratios of the MoO3 and MoO2 precursors. When pure MoO3 
precursor was used the prepared nanosheets were assigned as MoO3-x-I; 
whereas MoO3-x-II was obtained using a mixture of 4MoO3:1MoO2 (weight 
ratio), and MoO3-x-III was fabricated using a mixture of 1MoO3:4MoO2. The 
exfoliated nanosheets were collected by centrifuging the formed suspension 
at high speed. The bulk materials precipitated, whereas the nanosheets re-
mained dispersed in the mother liquor which could be dried at 80 °C for 5–8 
hours to obtain the MoO3-x nanosheets as dried powders.  



 9 

2.2. Characterization Techniques 

2.2.1. X-ray Diffraction (XRD) 
X-ray diffraction is a crucial technique for characterizing the material crys-

tal structure. Each material has its own XRD pattern that is a fingerprint of the 
material. When the X-ray beams encounter a material, they interact with the 
material and can be diffracted and/or absorbed by the matter, depending on 
the wavelength of the incident beams (  and the nature of the material. The 
constructive interference between the diffracted beams occurs only when 
Bragg’s law is fulfilled ( ).[111]  

The XRD experiments in reflection mode were performed using an in 
house diffractometer (Panalytical) with a Cu Kα1 radiation source. The oper-
ando XRD measurement was done using a synchrotron radiation facility with 
a wavelength (λ) of 0.20759 Å and a Perkin Elmer XRD1621 area detector 
(beamline P02.1, PETRA III, Hamburg, Germany). The reactants were added 
in a sealed 5 mL Pyrex tube which was then placed in a custom-made in situ 
reactor. The reactor allowed the reactants to be stirred and heated during data 
collection. The whole reactor was surrounded by aluminum as a safety pre-
caution.   

2.2.2. X-ray Photoelectron Spectroscopy (XPS) 
XPS is a surface characterization technique that includes bombarding the 

surface with monochromatic X-ray radiation which results in the ejection of 
core electrons. The ejected electrons can be collected and their binding ener-
gies can be calculated, and then used to identify the elements present and their 
oxidation states. [111] The XPS experiments were done using AXIS Ultra in-
strument (Kratos Analytical Ltd.) equipped with monochromatic Al Kα radia-
tion ( = 1486.7 eV). The binding energies were calibrated to the C 1s peak 
of (C−C) and (C−H) bonds (284.8 eV). 

2.2.3. Thermogravimetric Analysis (TGA) 
The TGA involves heating up a sample with a defined mass between two 

temperatures using a specific heating rate. The weight loss is monitored during 
the heating process. The TGA can also be equipped with a mass spectrometry 
unit to identify the species lost from the sample upon heating.[112] The water 
content of the vanadium pentoxide nanosheets was determined using TGA. 
The measurements were done using a Perkin-Elmer-TGA-7 instrument, and 
samples were heated in air from room temperature to 600 °C. 



 10 

2.2.4. Electron Microscopy 
Electron microscopy is an efficient technique to study the morphology and 

structure of nanomaterials. It involves the use of accelerated electron beams 
to either scan the surface of the sample in scanning electron microscopy 
(SEM) or transmit through the specimen in transmission electron microscopy 
(TEM). The TEM can be operated in diffraction mode as well to get infor-
mation about the sample crystal structure.[111]  The TEM instruments used 
in examining different samples were equipped with either LaB6 filament 
(JEOL-JEM 2100) or field emission gun (TEM, JEOL-JEM-2100F) and the 
accelerating voltage was 200 kV. The SEM instrument model was a JEOL-
JSM-7401F. 

2.3. Electrochemical Methods 

2.3.1. Electrode Fabrication and Cell Assembly 
The electrochemical tests of the vanadium oxide based electrodes for lith-

ium battery application were done in a two-electrode pouch cell with a lithium 
metal counter electrode. The working electrodes were either free-standing 
electrode (FSE) or conventionally cast electrode (CCE). Prior the electro-
chemical measurements, the working electrodes were dried overnight under 
vacuum at 120 °C.   The separator was glass fiber paper and the electrolyte 
was 1 M LiPF6 in 1:1 mixture of ethylene carbonate (EC) and diethyl car-
bonate (DEC). The cells were prepared inside Ar-filled glove box (O2 and H2O 
levels ≤ 5 ppm). 

The FSE of VOx@MWCNT paper (electrodes used in paper I) were fabri-
cated by drop-casting the V2O5·nH2O suspension onto MWCNT paper. The 
mass loadings of the active materials for VO-45, VO-12, VO-7, and VO-4 
electrodes were 5.2, 4.07, 1.14 and 0.56 mg, respectively. 

For the VOx-CNT composite, FSE fabrication involved drop-casting the 
aqueous suspension of V2O5·nH2O with 10% MWCNT onto a piece of 
MWCNT paper and then freeze-drying the electrodes. The cast electrodes 
were prepared from a slurry with composition 80% of the active material 
(VOx-CNT composite), 10% carbon black (super C65 Imerys), and 10% of 
PVdF binder (Arkema). An aluminum foil with a thickness of 20 μm was used 
as the current collector. The active material mass loadings were 2.0 mg for 
FSE (circular electrode, diameter 13 mm) and 3.0 mg for CCE (circular elec-
trode, diameter 20 mm). The mass loading calculations were based on the sum 
of masses of both the V2O5∙nH2O nanosheets and the 10% MWCNT. 
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Likewise, the SIB experiments were done in a two-electrode pouch cell 
with a metallic sodium counter electrode. The separator was a piece of glass 
fiber paper and the electrolyte was 1 M NaPF6 in 1:1 mixture of ethylene car-
bonate (EC) and diethyl carbonate (DEC). A few experiments were performed 
using 1 M NaPF6 in propylene carbonate (PC) with 0.5% fluoroethylene car-
bonate (FEC) additive. The working electrodes were cast on a 20 μm thick 
aluminum foil (slurry composition 80% active material, 10% carbon black 
(super C65 Imerys), and 10% of PVdF binder (Arkema)). The mass loadings 
were about 1.10–1.25 mg and 3.00–3.20 mg for VOx-CNT circular electrodes 
of diameter of 13 mm and 20 mm, respectively. The mass loadings calcula-
tions were based on the total masses of V2O5∙nH2O nanosheets and 10% 
MWCNT. The V2O5∙nH2O nanosheet electrodes (i.e. without MWCNT) mass 
loadings were about 1.75–1.94 mg for circular electrodes of diameter 13 mm. 

The MoO3-x nanosheet electrodes were examined for use in supercapacitors 
using a three-electrode setup with a Pt-mesh counter electrode and a 
Ag/AgCl/3.5 M KCl reference electrode. The working electrodes were fabri-
cated via drop casting the aqueous dispersion of MoO3-x nanosheets onto a 
piece of carbon paper (Quin-Tech, H23), to form binder-free electrodes.  The 
electrodes mass loading varied between 6.25 and 50 μg cm−2. The electrolytes 
used in these experiments were a series of acidified 1 M Na2SO4 solutions 
with different pH values. The pH was controlled via the addition of 0.1 M 
H2SO4 to the 1 M Na2SO4 (Aldrich) solution.  

2.3.2. Cyclic Voltammetry Technique 
Cyclic voltammetry is a fundamental technique to explore the electrochem-

ical behavior of electrode materials for battery or supercapacitor applications. 
In a standard cyclic voltammetry experiment, the potential is swept at a spe-
cific scan rate between two vertex potentials and the electrode current is rec-
orded as a function of the potential.[113] The cyclic voltammetry test of va-
nadium oxide based electrodes for lithium battery application was performed 
in the potential window 1.7–3.9 V (vs. Li+/Li), whereas the potential window 
for application in the sodium-ion battery was 0.1–2.5 V (vs. Na+/Na).  

The cyclic voltammetric experiments involving the MoO3-x nanosheet elec-
trodes were done between 0.0 and 0.8 V (vs. Ag/AgCl/ 3.5 M KCl) applying 
scan rates between 5.0 and 1000 mV s−1. The charge/discharge electrode ca-
pacity (C g−1), was determined by integrating the anodic/cathodic charge por-
tions in the cyclic voltammograms using the relation:  

 
                                       Equation 2.1 

where,  is the charging/discharging current,   is the mass of active ma-
terials (g), and : is the scan rate (V s−1). 
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2.3.3. Controlled-Current Technique 
Controlled current measurements involve applying a constant charging/dis-

charging current using upper and lower cut-off potentials. The variation of the 
working electrode potential during the experiment is measured as a function 
of the experiment time.[113] Similar to cyclic voltammetry, the potential win-
dows of galvanostatic charging/discharging for vanadium oxide based elec-
trodes in lithium and sodium-ion batteries were 1.7–3.9 V (vs. Li+/Li) and 0.1–
2.5 V (vs. Na+/Na), respectively. The theoretical and practical gravimetric 
electrode capacities were calculated using Faraday’s first law:  

                       Equation 2.2 

          Equation 2.3 

where, I: is the applied charging/discharging current, t: is the charging/dis-
charging time, m: is the mass of active materials, n: number of moles of elec-
trons, F: is Faraday’s constant, and M: is the molar mass of the active material.  

2.4. Method of Photocatalytic Dye Degradation 
The photocatalytic activity of MoO3-x nanosheets toward the decolorization 

of organic dye (methylene blue (MB) and rhodamine B (RhB)) was performed 
as follows: (1) 1 mL of dye solution of concentration 1 g/L was diluted to 20 
mL, (2) 1 mL of the MoO3-x nanosheets suspension with a concentration of 8 
g/L was added, (3) the mixture was stirred and irradiated with visible light 
(HALOLUX® CERM ECO, 150 W), and finally (4) at specific intervals sam-
ples of 0.1 mL of the mixture were removed and diluted to 4 mL, and then its 
UV-vis spectrum was measured between wavelengths of 300–800 nm.  

The removal efficiency of the dye was calculated using the following rela-
tionship: 

 
Removal efficiency (%) = ×100%                            Equation 2.4 

where A0 is the initial absorbance of the pristine dye, and At is the absorb-
ance of dye after reacting with the catalyst for a specific time t (min). 
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3. Aqueous Exfoliation of Vanadium Oxides 
into V2O5·nH2O Nanosheets for Lithium and 
Sodium-ion Battery Applications 

3.1. Exfoliation of Vanadium (IV) Oxides into 
V2O5·nH2O Nanosheets 

 
Vanadium dioxide is a polymorphic material with at least nine known crys-

tal phases,[22,26,114–120] such as the monoclinic phase (VO2(M)) and the 
bronze phase (VO2(B)). The latter phase possesses a layered structure with a 
monoclinic unit cell,[16,28,121,122] whereas the former has a nonlayered 
structure.[22] The VO2(M) used in this study was purchased from Aldrich, 
whereas the VO2(B) was prepared via a hydrothermal synthesis using ammo-
nium metavanadate (NH4VO3) precursor.[16] The XRD pattern of the pristine 
VO2 (Fig. 3.1a) matched well with the standard pattern of VO2(B) (JCPDS 
No. 81-2392). Water molecules have a reasonable ability to intercalate into 
VO2(B) crystals via H-bonding along the c-axis.[16] The intensity of 00l re-
flections in the VO2(B) XRD pattern is expected to increase upon water inter-
calation because of the preferred orientation of the layered material (i.e. 
VO2(B)). Temperature has a crucial effect on the intercalation of water mole-
cules into VO2(B); therefore, a variety of temperature ranges were examined, 
and the optimum condition (highest yield) was found to occur at 60 °C. 

The refluxing of VO2(B) in water at 60 °C for three days resulted in ex-
panding the spacing between VO2(B) layers as displayed by the emergence of 
a low angle peak at 2θ = 7.30° (see Fig. 3.1a). The continuation of the reflux 
for six days leads to complete conversion of VO2(B) to a new phase with broad 
diffraction peaks with 00l indices and d-spacing values of d/n (where n is an 
integer =1,2, 3, …., n). The XRD pattern of the newly formed phase matched 
well with the standard pattern of hydrated vanadium pentoxide (V2O5·nH2O, 
JCPDS No. 74-3093). Likewise, the V2O5·nH2O phase was obtained when the 
commercial vanadium dioxide (VO2(M), Aldrich) was used as the precursor, 
suggesting that the exfoliation process was not restricted by the structure of 
the VO2 precursor (see Fig. S1a in paper I). 

XPS was employed to determine the vanadium oxidation states in the ex-
foliated material (Fig. S1b paper I). The O 1s and V 2p3/2 peaks in the XPS 
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spectrum showed that the majority of vanadium had the oxidation state of +5 
(V5+), and a minority had the oxidation state of +4 (V4+); this finding  agrees 
well with previous XPS studies on V2O5∙nH2O.[123–125] The existence of 
vanadium (IV) can be attributed to the reduction of some of the vanadium (V) 
by the structural water molecules. The volumetric titration of V2O5·nH2O 
nanosheets dissolved in sulfuric acid against potassium permanganate 
(KMnO4) revealed the absolute ratio of V5+ to V4+ in the material is about 80% 
to 20%, which matches well with the XPS results. Consequently, the exfoli-
ated nanosheet structural formula can be written as 

[25,126,127] 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: (a) Powder XRD patterns for standard VO2(B) (JCPDS No. 81-

2392), bulk VO2(B), the materials formed when VO2(B) was refluxed for 
three, five, and six days at 60 C in water, and standard V2O5·nH2O (JCPDS 
No. 74-3093). The V2O5·nH2O and VO2(B) peaks are denoted by “*” and “0”, 
respectively. (b) Simple representation of the transformation of the bulk 
VO2(B) to V2O5·0.55H2O nanosheets using the structural models of both struc-
tures viewed along the [010] direction (the vanadium octahedra and oxygen 
atoms are shown in grey and red, respectively). Reproduced from paper I with 
permission from ©2016 The Royal Society of Chemistry.[55] 
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Generally, the water molecules in V2O5·nH2O can be classified into two 
types: surface water and structural water. The former can be removed by heat-
ing the V2O5·nH2O to the boiling point of water (i.e. 100 °C); however, the 
latter remains in the crystal structure and can be removed by heating to 350 
°C to form V2O5. [128,129] The thermogravimetric analysis and in situ XRD 
were used to explore the water contents in our nanosheets. As we can see from 
the in situ XRD patterns in Fig 3.2a, the 00l reflections shift toward higher 
angles upon heating from room temperature to 100 oC (001 d-spacing changes 
from 1.37 nm at 25 oC to 1.01 nm at 100 °C), reflecting the removal of surface 
and structural water. The subsequent heating of the nanosheets leads to re-
moval of the remaining structural water at ~360 °C, which forms V2O5.  

Likewise, two stages of weight loss can be observed in the TGA plot (Fig 
3.2b). The first stage presents between room temperature and 100 °C and in-
cludes a weight loss of ~5.0 % which can be assigned to loss of surface and 
structural water. The second stage exists between 100–360 °C and involves an 
additional weight loss of 5% that can be attributed to the removal of the re-
maining structural water to form V2O5. According to XPS, volumetric titra-
tion, in situ XRD, and TGA, the structural formula of the exfoliated 
nanosheets can be written as  at room temperature 
and  over 100 °C.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: (a) In situ XRD patterns of the V2O5·0.55H2O nanosheets 

heated to temperatures between 25 and 360 °C; (b) TGA plot of the 
V2O5·0.55H2O nanosheets during heating from 25 to 600 °C. Reproduced 
from paper I with permission from ©2016 The Royal Society of Chemis-
try.[55] 
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Based on the XRD and XPS, we can assume that the exfoliation of VO2(B) 
to V2O5 0.55H2O nanosheets includes two integrated steps as schematically 
represented in Fig 3.3. Firstly, the bulk VO2(B) crystals are dispersed via wa-
ter insertion to form thin crystals. The thin crystal formation starts in the third 
day of refluxing and continues until the sixth day of reflux. Secondly, the ma-
jority of the vanadium ions in the VO2(B) thin crystals are partially oxidized 
by O2 in the air, forming vanadium (V). Simultaneously, the water molecules 
are inserted between layers to form V2O5·0.55H2O nanosheets. The overall 
transformation reaction of VO2(B) to V2O5·0.55H2O nanosheets can be written 
as follow:  

 
               2VO2(B) + ½ O2 + H2O  V2O5∙0.55H2O           (Equation 3.1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Schematic representation for the mechanism of the water based 

exfoliation of VO2(B) to V2O5·0.55H2O nanosheets (the red balls represent 
water molecules). Reproduced from paper I with permission from ©2016 The 
Royal Society of Chemistry.[55] 
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Electron microscopy was used to examine the morphology of the bulk and 
exfoliated materials. As shown in Fig 3.4a the pristine VO2(B) precursor is 
composed of plate-like crystals, whereas the exfoliated V2O5·nH2O has an ul-
trathin and transparent nanosheet morphology (Fig. 3.4b-e). In addition, the 
nanosheets have wrinkles with a thickness about 4.2 nm, as marked by arrows 
in Fig 3.4c. The AFM showed that the single nanosheet thickness is about 4.0–
4.3 nm (Fig 3.4f). Based on the d-spacing of the 001 reflection (1.37 nm), the 
single nanosheet is composed of three layers. In addition, the lattice fringes of 
the 001 plane displayed in the HRTEM image (Fig. 3.4.e), confirmed that the 
nanosheet consists of 3–4 layers. The SAED of V2O5·nH2O displayed powder 
rings, which indicates the high degree of randomness of the nanosheets in the 
(a-b) plane (Fig 3.4d). Furthermore, the aqueous suspension of the 
V2O5·0.55H2O nanosheets exhibits the Tyndall effect, reflecting the colloidal 
nature and homogeneity of the nanosheets (see inset in Fig. 3.4c). The 
nanosheets are easy to handle and form a free-standing film upon drying on a 
glass substrate in air at 80 °C for 5 h (see inset Fig. 3.4b).   
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Figure 3.4: (a) and (b) SEM image of bulk VO2(B) and the exfoliated 

V2O5·0.55H2O nanosheets, respectively; inset in (b) photograph of a free-
standing film of the exfoliated V2O5·0.55H2O nanosheets.  (c) TEM image of 
the exfoliated V2O5·0.55H2O nanosheets; inset in (c) photograph for Tyndall 
effect of the exfoliated V2O5·0.55H2O nanosheets dispersed in water.  (d) 
SAED pattern obtained from the highlighted area in the inset TEM image. (e) 
HRTEM image for V2O5·0.55H2O nanosheets showing lattice fringes of 001 
plane; and (f) AFM image of exfoliated V2O5·0.55H2O; inset in (f) height pro-
file of the highlighted dashed line showing the nanosheet thickness is about 
3–4 layers. Reproduced from paper I with permission from ©2016 The Royal 
Society of Chemistry.[55] 
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3.2. Exfoliation of Vanadium (V) Oxides into 
V2O5·nH2O Nanosheets 

The synthesis of V2O5·nH2O nanosheets using vanadium IV precursors is 
not suitable for large scale production, because the precursors are expensive, 
and the process requires about a week to complete the exfoliation.[55] Plate-
like nanosized V2O5 (prepared by annealing VO2(B) in air at 400 °C for 2 h) 
can be readily exfoliated to V2O5·nH2O nanosheets using the exfoliation 
method described in paper I.[55] However, the commercial V2O5 powder can-
not be efficiently exfoliated using this method (see Figure S1 in paper II). 
Thus, the method needs to be optimized to exfoliate the commercial V2O5 
powder.   

The reflux of 4:1 (weight ratio) mixture of V2O5 and VO2(B) at 80 °C for 
5 24 h resulted in a complete exfoliation of the oxide mixture to V2O5·nH2O 
nanosheets, as evinced by XRD patterns recorded after 5, 18, and 24h (Figure 
3.5a).  The XRD pattern after 24h agrees well with the standard pattern of 
V2O5∙H2O (JCPDS No. 74-3093). Replacing VO2(B) with VO2(M), did not 
affect the exfoliation process, indicating that the initial structure of the vana-
dium (IV) precursor did not have a crucial role in the exfoliation process (see 
Figure S2b in paper II).  

Operando XRD studies were performed to explore the structural changes 
during the exfoliation process. Figure 3.5.b displays a color map of the X-ray 
intensity as a function of reaction time at a given 2θ. Notably, after 90 min a 
new phase was revealed as indicated by the peak that emerged at 2θ = 0.65°, 
corresponding to a d-spacing of 18.0 Å (λ = 0.20759 Å). Figure 3.5c shows 
XRD patterns at time intervals of 0, 30, 60, 90, 120, 150, and 250 min; 2θ in 
this plot has been normalized to copper wavelength to compare directly with 
the in house XRD patterns. The intensities of the V2O5 reflections 200 (2θ = 
15.38°, d-spacing = 5.76 Å) and 001 (2θ = 20.36°, d-spacing = 4.36 Å) dimin-
ished with reaction time. Furthermore, after 90 min a new low-angle peak 
emerged at 2θ = 5.0° (d-spacing = 18.0 Å) and its intensity increased as the 
reaction proceeded.  This peak can be assigned to the 001 reflection of 
V2O5∙H2O. In contrast, the ex situ XRD for the powder V2O5∙H2O displayed 
the 001 d-spacing of about 13.63 Å; this difference in d-spacing can be ex-
plained by the presence of more water molecules between the V2O5∙H2O 
nanosheets when they are dispersed in water. Notably, after about 250 min the 
002 reflection of V2O5∙H2O nanosheets can be resolved at 2θ = 10.0° (d-spac-
ing = 9.0 Å). It is worth noting that the peak at 2θ = 2.5° probably comes from 
the setup or the background, as it is already present at the start of the reaction, 
and neither VO2(M) nor V2O5 possess peaks at this low 2θ value. 
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Figure 3.5. (a) Powder XRD of commercial V2O5 and a mixture of 80% 

commercial V2O5 and 20% VO2 refluxed in water at 80 °C for 5, 18, and 24 
h. The V2O5 and V2O5·0.5H2O phases are denoted by “°” and “*”, respec-
tively. (b) Color map showing operando XRD during the synthesis of 
V2O5·0.5H2O nanosheets from a 1:4 mixture of VO2 and V2O5. (c) Selected 
XRD patterns measured at given intervals during the operando measurement. 
The V2O5 and the V2O5·0.5H2O phases are denoted by “°” and “*”, respec-
tively. Reproduced from paper II with permission from ©2017 Elsevier 
Ltd.[130] 

The chemical composition of the V2O5∙H2O nanosheets was determined us-
ing X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis 
(TGA). The detailed analysis is summarized in the supporting information of 
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paper II. The chemical formula after heating the nanosheets to 120 °C can be 
written as H0.2V1.8

5+ V0.2
4+ O5∙0.5H2O; [25,126,127] however, we will refer to it 

as V2O5∙H2O for simplicity. 

Exfoliated V2O5∙H2O existed as nanosheets, as seen in the SEM and TEM 
images in Fig. 3.6a and e. The single nanosheet thickness was about 4.0 nm, 
as determined using AFM (Fig 3.6 b and c). Based on the d-spacing of the 001 
reflection (13.63 Å) the single nanosheet was composed of three layers; this 
is consistent with the HRTEM image in Fig. 3.6d, which shows the lattice 
fringes of the 001 plane. In addition, the selected area electron diffraction 
(SAED) in Figure 3.6f showed powder rings, indicating the random arrange-
ment of the V2O5∙H2O nanosheets.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.6. (a) and (b) SEM and AFM images of exfoliated V2O5∙0.5H2O 

nanosheets, respectively. (c) Height profile of the highlighted dashed line in 
(b). (d) HRTEM image of V2O5∙0.5H2O nanosheets showing the thickness is 
about 3–4 layers. (e) and (f) TEM image of the exfoliated V2O5∙0.5H2O 
nanosheets and SAED pattern obtained from the highlighted area in (d), re-
spectively. Reproduced from paper II with permission from ©2017 Elsevier 
Ltd.[130] 

All in all, the morphology and chemical composition of V2O5∙H2O 
nanosheets, obtained using a vanadium (IV) precursor or a mixture of vana-
dium (V) and vanadium (IV) precursors, were quite analogous. However, the 
exfoliation of a mixture of vanadium (V) and vanadium (IV) required only 
24h, whereas that of vanadium (IV) needed about a week. 
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3.3. Fabrication of Free-Standing Electrodes of 
V2O5·nH2O Nanosheets@MWCNT Paper for Lithium 
Battery Applications  

The conventional casting of lithium battery electrodes includes the use of 
an organic binder, which frequently causes a number of drawbacks such as, 
masking parts of the active material and decreasing the electronic conductiv-
ity.[43,131] Therefore, research interest in binder-free electrodes keeps grow-
ing. In this regard, we fabricated free-standing electrodes (FSEs) by drop-cast-
ing the aqueous suspension of V2O5∙0.55H2O nanosheets onto MWCNT pa-
per. The thickness of the active materials in the FSE was controlled by altering 
the concentration of the nanosheet in the suspensions. Four electrodes with 
active material thicknesses of 45, 12, 7, and 4 μm were synthesized. The elec-
trodes were assigned as VO-45, VO-12, VO-7, and VO-4. Figure 3.7 displays 
a schematic representation of the FSEs and SEM images of their cross-sec-
tions. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.7. (a) Schematic representation of the FSE. (b), (c), (d), and (e) 

SEM images of cross-sections of the four electrodes used in our study. Parts 
(b–e) Reproduced from paper I with permission from ©2016 The Royal Soci-
ety of Chemistry.[55] 

 
The electrochemical analysis of the FSEs was performed using cyclic volt-

ammetry and galvanostatic charge/discharge techniques in the potential win-
dow of 1.7–3.9 V vs. Li+/Li. Figure 3.8a shows the CVs for the FSEs at a scan 
rate of 0.05 mV s−1. As seen from the CVs, the lithium ions insertion/deinser-
tion involved two separate electron transfer processes as displayed by two 
pairs of redox peaks in all the CVs. The observed reversible reduction peaks 
can be assigned to V5+ being reduced to V4+ and V3+, respectively, and that the 
oxidation peaks consequently can be ascribed to an oxidation of V3+ to V4+ 
and V5+, respectively.[132] The overall electrochemical intercalation/deinter-
calation of lithium ions can be written as:  

b c 

a 

d e 
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           V2O5∙0.55H2O + x Li+ + x e    LixV2O5∙0.55H2O  (Equation 3.2) 

The crystallinity of V2O5 electrodes plays a significant role in their electro-
chemical response. Crystalline V2O5 undergoes irreversible phase changes 
when cycled below 1.9 V vs. Li+/Li; these phase changes are commonly ob-
served as a series of plateaus in the first discharge cycle. [49,50,133] On the 
other hand, amorphous V2O5 does not suffer from these structural changes due 
to its low crystallinity, and hence usually shows a sloping plateau in the first 
discharge cycle. [54,134,135] Accordingly, the galvanostatic curves of the 
first discharge cycles for different electrodes at an applied current density of 
10 mA g−1, exhibited a sloping plateau (see Fig. 3.8b). In addition, the charge 
and discharge curves have almost the same shape, reflecting the absence of 
irreversible structural changes. TEM and SAED further confirmed that the 
morphology and the structure of the nanosheets were maintained after 20 elec-
trochemical cycles (see Fig. S6, supporting information paper I).  

Notably, the FSEs gravimetric capacities increased, as their thicknesses de-
creased. For instance, at an applied current density of 10 mA g−1, the elec-
trodes of thicknesses about 45, 12, 7 and 4 μm delivered capacities of 174, 
267, 402 and 489 mAh g−1, respectively. This can be explained by the fact 
that, as the thickness of the V2O5∙0.55H2O nanosheets decreases, the role of 
the interfacial surface area becomes more important and the electrodes main-
tain better contact with the electrolyte and the MWCNT paper. 

For a deep understanding of the charge storage mechanism, we conducted 
further analysis on electrodes with different thickness, in particular, a thick 
electrode (VO-45) and a thin electrode (VO-4). The discharge profiles for the 
electrodes VO-45 and VO-4 are shown in Fig. 3.8c and d. For electrode VO-
45, the first discharge disclosed a feature around 3.0 V, which did not occur 
in the subsequent cycles. This feature suggested that minor structural changes 
occurred after the first discharge. On the other hand, the electrode VO-4 
showed little difference between the first discharge and subsequent cycles, in-
dicating that the structural changes were less significant in a thinner electrode 
(see Fig. 3.8d).  

The cyclic performance and coulombic efficiency of VO-45 and VO-4 are 
displayed in Fig. 3.8e and f. As a general trend, the performance of the thin 
electrode (VO-4) is superior compared to that of the thick electrode (VO-45). 
At current density 10 mA g−1, the thin electrode (VO-4) delivered a capacity 
of about 489 mAh g−1, which was roughly three times larger than that of the 
thicker electrode (174 mAh g−1). However, the thin electrode (VO-4) suffered 
from more rapid fading (especially at low rates) than the thick electrode (VO-
45).  The capacity fading can be attributed to the dissolution of the vanadium 
in the electrolyte,[136] in addition to the other parasitic reactions associated 
with the structural water which might form LiOH during electrochemical cy-
cling.[137,138] 
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Figure 3.8. (a) Cyclic voltammograms for a scan rate of 0.05 mV s−1 of 
electrodes VO-45 (blue), VO-12 (orange), VO-7 (green) and VO-4 (red); and 
(b) the corresponding voltage capacity profiles at a current of 10 mA g−1.  (c) 
and (d) Voltage capacity profiles of electrodes VO-45 and VO-4, respectively, 
cycled at 10 mA g−1. (e) Cyclic performance of electrodes VO-45 (blue dia-
mond) and VO-4(red circle) at different current densities. (f) Coulombic effi-
ciency of electrodes VO-45 (blue square) and VO-4 (red circle) at different 
current densities with their respective standard deviations. Reproduced from 
paper I with permission from ©2016 The Royal Society of Chemistry.[55] 
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3.4. Fabrication of V2O5∙nH2O Nanosheets and MWCNT 
(VOx-CNT) Composite  

 
 
Although V2O5∙nH2O nanosheets are a high capacity electrode material for 

lithium and sodium ion batteries, diffusion limitations usually reduce their ac-
cessible capacity.  The electrochemical performance of the FSE presented in 
paper I was dependent on the film thickness.[55] As the electrode thickness 
increased, the accessible capacity decreased and the internal resistance of the 
electrode increased. The electrode material needs to be modified to overcome 
the aforementioned limitations. 

We fabricated a composite material based on V2O5∙H2O nanosheets and 
MWCNT. Generally, the addition of a conducting material such as MWCNT 
to V2O5∙H2O nanosheets should give a composite with a higher conductivity 
compared to the pristine nanosheets. In addition, freeze-drying provides tun-
nels between the nanosheets, which enhance the accessibility of the composite 
material to the intercalating metal ions (e.g. Li+ or Na+) compared to the pris-
tine nanosheets.  

After optimizing different factors affecting the synthesis of the composite 
material, we obtained the best morphology from a suspension of V2O5∙H2O 
with 10% MWCNT, diluted with water in the ratio 1(suspension):2(H2O), and 
then freeze-dried. As we can see from the SEM images in Fig. 3.9 a c, freeze-
drying increases the number of wrinkles in the V2O5∙nH2O nanosheets, and 
the MWCNT are embedded inside the V2O5∙nH2O nanosheets matrix. The de-
tails of this optimization are summarized in the supporting information of pa-
per II). The composite material was referred to as (VOx-CNT).  

VOx-CNT was fabricated into two types of electrodes as schematically rep-
resented in Fig. 3.9d f: (1) free-standing electrodes (FSE) of VOx-
CNT@MWCNT paper; and (2) conventionally cast electrodes (CCE). The 
FSE was synthesized by drop-casting a VOx-CNT suspension onto MWCNT 
paper, followed by freeze-drying. The CCE was prepared by mixing freeze-
dried VOx-CNT composite (80%) with carbon black (10%) and PVdF binder 
(10%) to form a slurry, which was cast on to a 20 μm thick aluminum foil 
current collector. 
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Figure 3.9. (a), (b), and (c) SEM images of freeze-dried V2O5∙H2O 

nanosheets mixed with 10% MWCNT (VOx-CNT composite). (d), (e), and (f) 
Schematic representation of VOx-CNT composite, the free-standing electrode 
(FSE), and the conventionally cast electrode (CCE), respectively. Parts (a c) 
Reproduced from paper II with permission from ©2017 Elsevier Ltd.[130] 
Part (d) Reproduced from paper III with permission from ©2018 Elsevier 
Ltd.[139] 

 

3.5. Electrochemical Performance of VOx-CNT 
Composite in Lithium Batteries: FSE vs. CCE 
 

The use of VOx-CNT composite material as electrodes (FSE and CCE) in 
lithium batteries was examined by cyclic voltammetry and galvanostatic 
charging/discharging, in the potential window of 1.7 to 3.9 V vs. Li+/Li.  

The cyclic voltammograms (CVs) for the CCE and FSE at a scan rate of 
0.05 mV s−1 are displayed in Figure 3.10a and b, respectively. The CV of the 
FSE shows one pair of redox peaks at potentials of 2.5 and 2.7 V for reduction 
and oxidation, respectively. However, the CV of the CCE has two pairs of 
redox peaks. The reduction peaks present at 2.4 and 2.8 V, whereas the oxida-
tion peaks exist at 2.7 and 2.9 V. The shoulder and the constant current region 
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between 2.9 and 3.7 V in the CV of the FSE suggest the presence of a distri-
bution of redox potentials rather than the well-defined redox potential. It worth 
noting that the FSE has a lower electronic conductivity compared to CCE 
which contains a 10% of carbon black. This variation of CVs shape with the 
method of electrode preparation has been observed in previous reports about 
V2O5∙nH2O gels.[54,140–143]  

The voltage capacity profiles for the CCE and FSE are displayed in Figure 
3.10c and d, respectively. The sloping plateau during the first discharge sug-
gests the formation of a solid solution instead of irreversible phase changes. 
This can be attributed to the low crystallinity of the V2O5∙nH2O nanosheets. 
The FSE showed higher capacity than CCE, suggesting that some parts of the 
active material in the CCE might be screened by the binder. In addition, the 
capacity fading for the FSE is more drastic than for the CCE, probably due to 
the different surface areas of the electrodes. [43] Generally, capacity fading in 
V2O5∙nH2O  electrodes is due to the dissolution of vanadium in the electrolyte 
and the parasitic reactions with structural water in the V2O5∙nH2O.[137] 

Figure 3.10e and f show the long-term cycling and rate capabilities of CCE 
and FSE, respectively. At applied current densities of 10, 50, 100, and 200 
mA g−1, the CCE delivered capacities of 175, 130, 117, and 93 mAh g−1, re-
spectively, whereas the FSE displayed capacities of 300, 200, 138 and 97 mAh 
g−1, respectively. Notably, the capacities of CCE and FSE were retained at low 
current density after cycling them at high current densities. In addition, the 
V2O5∙H2O nanosheet structure was maintained after cycling as confirmed by 
XRD (see Fig. S5 in supporting information of paper II). On the other hand, 
the coulombic efficiency of the CCE was close to 100% at different rates. 
Whereas the coulombic efficiency of the FSE was low in the initial cycles; 
however, it improved upon cycling and approached 100% at different rates.  

All in all, the electrochemical performance of the FSE prepared from the 
VOx-CNT composite was outstanding compared to the FSE synthesized 
conventionally.[55] For example at current densities of 10 and 200 mAg−1, the 
FSE electrode (47 μm thick) fabricated using VOx-CNT displayed discharge 
capacities of 300 and 97 mAh g−1, respectively, whereas the FSE (45 μm thick-
ness) prepared by the conventional method delivered capacities of 150 and 50 
mAh g−1, respectively. Therefore, the modifications introduced on the elec-
trode fabrication using VOx-CNT composite enhanced the accessibility of the 
electrodes toward lithium ions, and thus improved the accessible capacity. Ta-
ble 3.1. summarizes the electrochemical performance of the hydrated vana-
dium oxide electrodes reported in this thesis and previously reported literature 
data.  
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Figure 3.10. Comparison of the electrochemical behaviors of the CCE and 

FSE. (a) and (b) Cyclic voltammograms of the first few cycles at a scan rate 
of 0.05 mV s−1 for the CCE and FSE, respectively. (c) and (d) Discharge and 
charge curves at an applied current of 10 mAg−1 for the CCE and FSE, respec-
tively. The numbers on the plots refer to cycle number. (e) and (f) Cyclic per-
formance and coulombic efficiency for the CCE and FSE, respectively. Re-
produced from paper II with permission from ©2017 Elsevier Ltd.[130] 
  

a b 

c d 

e f 



 29 

Table 3.1. Comparison of the electrochemical performance in lithium bat-
teries for the hydrated vanadium oxide electrodes reported in this thesis and 
in the literature. Reproduced from paper I by permission of ©2016 The Royal 
Society of Chemistry.[55] 

Electrode 
material 

description 
Morphology Capacity 

(mAh g−1) 

C-rate or 
current 
density 

(mA g−1) 

Potential 
window 
V (vs. 
Li+/Li) 

Ref. 

V2O5∙nH2O / 
MWCNT paper 
(FSE, 4 μm thick) 

Ultrathin 
nanosheets 

280 200 1.7–3.9 Paper I 
[55] 

V2O5∙nH2O / 
MWCNT paper 
(FSE,45 μm thick) 

Ultrathin 
nanosheets 

50 200 1.7–3.9 Paper I 
[55] 

VOx-CNT  
composite   

(FSE, 47 μm thick) 

Ultrathin 
nanosheets 

97 200 1.7–3.9 Paper II 
[130] 

VOx-CNT  
composite (CCE) 

Ultrathin 
nanosheets 

93 200 1.7–3.9 Paper II 
[130] 

V2O5∙nH2O / 
CNT (FSE) 

Nanobelts 241 200 2.0–4.0 [43] 

V2O5∙nH2O 
xerogel /      

graphene (CCE) 

Ribbons 239 30 1.5–4.0 [69] 

V2O5∙nH2O 
xerogel (CCE) 

2D flakes 300 200 1.5–4.0 [27] 

V2O5∙nH2O 
xerogel (CCE) 

Network of 
long ribbons 

250 0.1 C 1.5–3.6 [144] 

V2O5∙nH2O 
xerogel / 2% 

graphene (CCE) 

Network of 
long ribbons 

419 0.1 C 1.5–3.6 [144] 

V2O5 aerogel 
(CCE) 

Network of 
ribbons 

291 0.25 C 1.5–4.0 [61] 
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3.6. Electrochemical Performance of VOx-CNT 
Composite as a Negative Electrode for Sodium-ion 
Batteries 

The electrochemical behavior of VOx-CNT composite as a negative elec-
trode for sodium-ion batteries was examined by cyclic voltammetry and gal-
vanostatic charge/discharge techniques in 1 M NaPF6 dissolved in 1:1 mixture 
of EC and DEC.  In all experiments, the lower cut-off was limited to 0.1 V 
(vs. Na+/Na); a variety of upper cut-off potentials were explored. The CVs 
indicated that lowering the upper cut-off voltage from 3 V to 2.5 V (vs. 
Na+/Na) increased the coulombic efficiency (see Fig. 2 in paper III).  

Similar to the results obtained in lithium batteries, the galvanostatic dis-
charge of the VOx-CNT composite between 0.1–2.5 V displayed a sloping 
plateau (Fig. 3.11a), indicating the low crystallinity of the composite mate-
rial.[66,128] The first discharge cycle at a current density of 10 mA g−1 
showed a capacity of 315 mAh  g−1, whereas the following cycles delivered a 
reversible capacity of 140–150 mAh g−1. The irreversible capacity loss after 
the first discharge can be explained by the formation of the solid electrolyte 
interphase (SEI) layer and side reactions with structural water in 
V2O5·0.5H2O.[66] Interestingly, the contribution of MWCNT to the measured 
capacity was found to be minor, and thus the major contribution to the capacity 
came from the V2O5·nH2O nanosheets (see Figure 4a in paper III). Also, the 
MWCNT contributed to the irreversible capacity loss which occurred on the 
first discharge cycle. Notably, when the upper cut-off potential was limited to 
2.0 V, the reversible capacity was lowered to 100 mAh g−1, whereas the cou-
lombic efficiency did not show a significant change (Fig. 3.11c). 

On the other hand, the voltage capacity profiles of V2O5·0.5H2O 
nanosheets (in absence of MWCNT) at a current density of 10 mA g−1, showed 
a discharge capacity of 235 mAh g−1 on the first cycle, whereas the subsequent 
cycles displayed a reversible capacity of 90–97 mAh g−1 (see Fig. 3.11b). 
Likewise, when the upper cut-off was limited to 2.0 V, the reversible capacity 
was lowered to 80 mAh g−1, and the coulombic efficiency also did not change 
much (see Fig. 3.11d).  Therefore, in the subsequent electrochemical experi-
ments, the cells were cycled between 0.1 and 2.5 V.  
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Figure 3.11. Comparing the electrochemical behavior of VOx-CNT com-

posite and V2O5·0.5H2O nanosheet anodes: (a) and (c) Discharge/charge pro-
files of VOx-CNT composite at a current density of 10 mA g−1 and upper cut-
off voltages of 2.5 and 2.0 V, respectively.  (b) and (d) Discharge/charge pro-
files of V2O5·0.5H2O electrodes at a current density of 10 mA g−1 and upper 
cut-off voltages of 2.5 and 2.0 V, respectively. (e) and (f) Cyclic performance 
and coulombic efficiency of VOx-CNT composite and of V2O5·0.5H2O elec-
trodes, respectively, at different applied current densities (upper cut-off volt-
age 2.5 V). Reproduced from paper III with permission of ©2018 Elsevier 
Ltd.[139] 
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The cyclic performance of VOx-CNT and V2O5·nH2O nanosheets are 
shown in Fig. 3.11e and f, respectively. At current densities of 20, 50, and 100 
mA g−1, the VOx-CNT composite delivered capacities of 140, 95, and 45 mAh 
g−1, respectively. Notably, the capacity at low current density was retained 
after cycling at high rates (see Fig 4b in paper III). The capacity decay during 
electrochemical cycling was probably due to vanadium dissolution in the elec-
trolyte [66], and could be decreased by using other electrolytes with low va-
nadium dissolution rates.[145] Alternatively, the V2O5·0.5H2O electrodes 
showed capacities of 104, 57, and 30 mAh g−1 at applied current densities of 
10, 40, and 100 mA g−1, respectively (see Fig. 3.11f). It worth noting that the 
first cycle for either VOx-CNT composite or V2O5·0.5H2O electrodes showed 
a low coulombic efficiency (about 40%); however, the efficiency improved 
upon cycling and approached 100% at different rates.  

All in all, the electrochemical performance of the VOx-CNT composite an-
ode was superior to that of V2O5·0.5H2O nanosheets without MWCNT, which 
reflects the significant role played by MWCNT. Probably, this improvement 
is due to the enhancement of the electrode’s electronic conductivity, in addi-
tion to, the formation of more tunnels between the V2O5·0.5H2O nanosheets. 

Generally, SIBs suffer from less stable SEI layers than LIBs, due to the 
higher solubility of sodium carbonate than lithium carbonate salts in the 
nonaqueous electrolytes.[146–148] Therefore, many studies have focused on 
developing electrode materials for SIBs with robust SEI layers. The stability 
of the SEI layer can be estimated using a “pause test” during galvanostatic 
charge/discharge. Typically, the cell was initially cycled for a few cycles, and 
then stopped at the fully sodiated (discharged or reduced) state for a given 
period (pause time). During this pause, no external current or potential was 
applied and the cell potential was recorded as a function of time. This process 
was repeated for different pause intervals (see Fig. 3.12a). The capacity loss 
during the pause was measured by subtracting the charge capacities before and 
after the pause.  

Figure 3.12a displays the voltage time profiles for VOx-CNT anode during 
a pause test. As we can see from Fig 3.12b, the capacity and coulombic effi-
ciency for the VOx-CNT anode decreased after the pause time, reflecting the 
presence of self-discharge in the cell under investigation. Notably, upon age-
ing the VOx-CNT anode for 122 h (Fig. 3.12b and c), the capacity loss was 
less than 10% and the increase in the open circuit voltage was minor (dU~0.46 
V). These results are similar to those reported for hard carbon,[148] and indi-
cate that the SEI layer of VOx-CNT electrode is quite robust. 
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Figure 3.12. Pause test for VOx-CNT anode: (a) Charge/discharge cycling 
at a current density of 10 mAh g−1 accompanied by different “pause” times 
between 1 and 122 h. (b) Variation of discharge (black diamonds) and charge 
(red diamonds) capacities, and their corresponding coulombic efficiency (blue 
circles) with cycle number. (c) Charge capacity loss (red diamonds) and po-
tential change (black circles) as a function of pause time. Reproduced from 
paper III with permission from ©2018 Elsevier Ltd.[139] 
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4. Water Based Fabrication of MoO3-x 
Nanosheets with Tunable Plasmonic 
Resonance: Photocatalysts for Dye 
Degradation and Electrode Material for 
Supercapacitors 

4.1. Aqueous Exfoliation of MoO3: Structural, 
Morphological, and Optical Properties of MoO3-x 

Nanosheets 
Water molecules possess affinity to intercalate into layered metal oxides 

such as α-MoO3.[149] Water intercalation usually weakens the bonds holding 
the layers together, allowing the layered material to be exfoliated by agitation 
or sonication. In a standard exfoliation experiment, the bulk precursor (α-
MoO3) was dispersed in water and then refluxed at 80 °C for 5–7 days. The 
suspension color changed from white to yellow as a result of the formation of 
MoO3-x nanosheets. The exfoliated nanosheets were then separated from re-
maining bulk precursor via centrifugation (speed 10,000 rpm). The yield 
ranged from 17 to 60% depending on the concentration of the starting suspen-
sion and the reflux temperature. The yield could be increased by raising the 
reflux temperature and lowering the suspension concentration. When the 
nanosheets were dried in air at 80 °C for 2–5 h, they formed fine green strips 
(see Fig. S1c, supporting information, paper IV). Figure 4.1 shows a schematic 
representation of the exfoliation process.  

The exfoliation of bulk MoO3 was followed by XRD. As can be seen from 
Fig. 4.2a, the exfoliated material can be assigned as a mixture of orthorhombic 
α-MoO3 and hydrated MoO3 (h-MoO3). Notably, when the exfoliation was 
carried out under dark conditions the exfoliation did not affect much, indicat-
ing that visible light was not crucial to the exfoliation process. In the following 
sections, the MoO3-x nanosheets were fabricated via refluxing at 80 °C for 
seven days under ambient light, and the exfoliated product was referred to as 
MoO3-x-I. 
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Figure 4.1. Schematic representation of the aqueous exfoliation of bulk α-

MoO3 into MoO3-x nanosheets. Reproduced from paper IV with permission 
from ©2018 American Chemical Society.[150]  

The oxidation states of Mo and the oxygen vacancies in the MoO3-x-I 
nanosheets were explored by XPS analysis. The Mo 3d spectrum showed a 
doublet at 233.0 and 236.1 eV which were assigned to Mo6+ 3d5/2 and Mo6+ 
3d3/2, respectively (Fig. 4.2b). For the O1s spectrum, a broad asymmetric peak 
was observed. This peak could be deconvoluted into three peaks (Fig. 4.2 c). 
The red peak at 530.9 eV referred to O2−, and occurred at  slightly lower en-
ergy than that reported for commercial α-MoO3 (531.3 eV),[151] indicating 
that coordination environment between the O and Mo atoms in MoO3-x-I 
nanosheets differed from that in α-MoO3. Also, it has been reported earlier 
that the shift of the O 1s peak to a lower binding energy is due to the transfer 
of electrons to oxygen vacancies.[151,152]  The blue peak at 531.7 eV repre-
sented the surface adsorbed species (OH¯, O¯, or oxygen vacan-
cies).[151,153,154] Lastly, the orange peak at 532.8 eV can be attributed to 
adsorbed water. [151,153,154] Raman and Fourier transform infrared (FTIR) 
spectra were also used to confirm that the chemical bonding and coordination 
environment in MoO3-x-I nanosheets were different from those in bulk α-MoO3 
(see paper IV). 
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Figure 4.2. Structure, chemical composition and optical properties of 

MoO3-x-I nanosheets: (a) XRD patterns of exfoliated nanosheets using 0.45 (in 
the dark), 0.90, and 1.80 g of bulk α-MoO3 precursor, as well as standard pat-
terns for h-MoO3 and α-MoO3. (b) and (c) Mo 3d and O 1s XPS spectra of 
MoO3-x-I nanosheets, respectively (d) and (e) UV−vis and NIR spectra, re-
spectively, of MoO3-x-I nanosheets in aqueous solution under visible light ir-
radiation for a given interval. Reproduced from paper IV with permission from 
©2018 American Chemical Society.[150] 

The optical properties of the MoO3-x-I nanosheets were explored using UV-
vis-NIR spectroscopy. The nanosheets displayed a continuous absorption over 
the UV-vis region with a broad absorption peak at 320 nm (Fig. 4.2 d). The 
absorption in the visible region provided an explanation for the light green 
color of the MoO3-x-I nanosheets in aqueous suspension. This visible 
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absorption can be explained by the existence of d electrons coming from the 
intervalence charge-transfer between Mo5+ and Mo6+.[155]  

The effect of visible light irradiation on the absorbance of MoO3-x-I 
nanosheets was examined by recording their UV-vis-NIR spectra under light 
irradiation (Fig. 4.2 d and e). The visible light absorption (500–800 nm) de-
creased as the irradiation time increased. Notably, a couple of weak absorption 
peaks appeared at wavelengths of 954 and 1160 nm (Fig. 4.2 e). These peaks 
represented the localized surface plasmon resonance (LSPR) of MoO3-x-I 

nanosheets [81,105–107] The intensity of the LSPR peaks, which can be at-
tributed to the excitation of the free electrons by incident light,  increased with 
irradiation time and reached a maximum after 10 min. [155] It is worth noting 
that, if the spectra backgrounds were subtracted, the intensity of the LSPR 
peaks remained unchanged after 10 min of light irradiation.  

The pristine α-MoO3 had a plate morphology, as indicated by the SEM im-
age in Fig. 4.3a. However, the exfoliated MoO3-x-I was composed of fine 
nanosheets with a few nanometer thickness (Fig. 4.3b–d). The AFM indicated 
that the MoO3-x-I nanosheet thickness was about 10 nm (Fig. 4.3e and f). 
Moreover, the aqueous suspension of MoO3-x-I displayed a Tyndall effect, in-
dicating the formation of homogeneous and stable MoO3-x-I nanosheet sus-
pension (inset Fig. 4.3 c). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.3. Morphology of MoO3-x-I nanosheets: (a) SEM image of the bulk 

α-MoO3. (b) and (c) SEM images of MoO3-x-I nanosheets at different magni-
fications. Inset in (c) displays a photograph showing the Tyndall effect in an 
aqueous suspension of the MoO3-x-I nanosheets. (d) and (e) TEM and AFM 
images of the MoO3-x-I nanosheets. (f) Height profile of the highlighted 
dashed lines in (e). Reproduced from paper IV with permission from ©2018 
American Chemical Society.[150] 
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4.2. Aqueous Exfoliation of MoO2/MoO3 Mixtures: 
Structural and Morphological Properties of MoO3-x 

Nanosheets 
Similar to exfoliation of bulk MoO3, we examined the exfoliation of a se-

ries of MoO3/MoO2 mixtures with different weight ratios. In particular, mix-
tures of MoO3 and MoO2 in 4:1, 1:1, and 1:4 weight ratios were tested as pre-
cursors for the exfoliation process. Among them, the most interesting samples 
were the 4:1 and 1:4 mixtures of MoO3 and MoO2; the exfoliated products 
obtained from them are referred as MoO3-x-II, and MoO3-x-III, respectively.  

In a standard experiment, the molybdenum oxide mixture was dispersed in 
an appropriate amount of water and then refluxed at 80 °C for about 5–7 days. 
At the end of reflux, the unexfoliated materials were separated from the exfo-
liated nanosheets by centrifugation at high speed (13,500 rpm) for 5–10 min. 
The unexfoliated materials were precipitated and the nanosheets remained dis-
persed in the mother liquor, which had a deep blue color. The aqueous disper-
sion of nanosheets was then dried at 80 °C for 5–8 h. The dried nanosheets 
were black–blue in color, and the yield was about 50–60%. 

As displayed in Fig. 4.4a, the pristine MoO3-x-II was quite poorly crystal-
line, with few resolved PXRD peaks, and thus it was difficult to distinguish 
its molybdenum oxide phase. However, the thermodynamically stable phase 
α-MoO3 was formed upon annealing MoO3-x-II at 350 °C, as shown by in situ 
XRD in Fig 4.4a. The TEM and SEM images in Fig. 4.4b–d, indicated that 
MoO3-x-II existed as nanosheets with a lateral size of 100–300 nm.  The dif-
fraction spots in the SAED image (Fig. 4.4e) approved that the nanosheets 
maintained an appropriate degree of ordered stacking.  

Likewise, pristine MoO3-x-III had a very low crystallinity and was nearly 
amorphous, therefore, produced quite broad XRD peaks. The pristine phase 
was difficult to assign, but α-MoO3 was formed upon heating to 350 °C (see 
Fig. 4.4f). Electron microscopy confirmed that MoO3-x-III maintained a 
nanosheet morphology with lateral size in the range 150–350 nm (Fig. 4.4g–
i). In addition, the SAED displayed that MoO3-x-III nanosheets had a lower 
degree of ordered stacking than MoO3-x-II (Fig. 4.4j). 
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Figure 4.4. Morphology and structure of exfoliated nanosheets: (a) XRD 

patterns measured at temperatures of 25–600 °C, (b) and (d) SEM images (c) 
TEM image, and (e) SAED for sample MoO3-x-II (the inset shows the crystal 
from which the SAED is obtained). (f) XRD patterns measured at tempera-
tures of 25–600 °C, (g) and (i) SEM images (h) TEM image, and (j) SAED 
for sample MoO3-x-III (the inset in (j) displays the crystal from which the 
SAED is collected). Reproduced from paper V with permission from ©2018 
Wiley–VCH.[24] 
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4.3. Solar Light Irradiation of MoO3-x Nanosheets 
The pristine MoO3-x nanosheets prepared using different precursors showed 

quite different UV-vis-NIR absorption spectra (Fig. 4.5 b–d, dashed lines). All 
samples displayed a main absorption peak at a wavelength of 425–450 nm, 
which explains the blue/green color of the samples. MoO3-x-II and MoO3-x-III 
nanosheets absorbed light in the vis-NIR regions, and these absorption peaks 
could be assigned as LSPR. In particular, the MoO3-x-III nanosheets showed a 
couple of well-defined LSPR peaks at wave lengths of 665 and 1000 nm. 
These can be explained by the presence of oxygen vacancies in MoO3-x-III 
compared to other samples, as confirmed by XPS analysis (see Fig. S2, sup-
porting information of paper V).  

Figure 4.5a shows the effect of solar light irradiation on the MoO3-x 
nanosheet suspensions dispersed in 1:1 water/ethanol targeting different peri-
ods ranging from 10 min to 5 h. The suspension colors became deeper as the 
irradiation time increased. Notably, after 2 h of solar light irradiation, the UV-
vis spectra of all MoO3-x nanosheet samples showed LSPR peaks (see dotted 
lines Fig. 4.5. b–d). The XPS spectra measured after 2 h of irradiation revealed 
that all samples contained a reasonable amount of Mo5+ which increases the 
amount of oxygen vacancies in the nanosheets, and consequently the LSPR 
response increases.  It is worth noting that the LSPR peaks appeared at slightly 
different wavelengths for different samples (MoO3-x-I at 690 and 990 nm, 
whereas MoO3-x-II and MoO3-x-III at 620, 800, and 1000 nm), suggesting that 
the structure and the local environment of Mo and O atoms were different in 
each sample.   

Interestingly, MoO3-x-I displayed the highest LSPR signal after 5 h of irra-
diation compared to MoO3-x-II and MoO3-x-III (see solid lines in Fig. 4.5. b–
d). Moreover, after aging the irradiated suspensions for six days in the dark, 
the LSPR signal for MoO3-x-I was clearly observed, whereas those of MoO3-x-
II and MoO3-x-III decreased back to their initial states or even lower (see Fig. 
3 in paper V).  
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The changes in the optical properties of MoO3-x nanosheets suggest that the 
nanosheets were transformed to hydrogen molybdenum bronze 
(HxMo1-x

6+ Mox5+O3) upon solar light irradiation.[81,107,156,157] The process 
can be summarized as follows: (1) when a photon whose energy exceeds the 
band gap energy of MoO3 is incident on MoO3, it generates holes and electrons 
(equation 4.1); (2) the holes ( ) react with the adsorbed water molecules to 
produce protons (H+) which intercalate in MoO3 to form HxMo1-x

6+ Mox5+O3 
(equation 4.2 and 4.3); (3) the further irradiation of HxMo1-x

6+ Mox5+O3 gener-
ates water molecules to form Mo1-x6+ Mox

5+O3-x 2 (equation 4.4));[81,107] (4) 
lastly the intervalence charge transfer between Mo5+ valence band and Mo6+ 
conduction bands causes visible changes in the suspension colors (equation 
4.5).[156] 

MoO3
hν

 MoO3
*+ h++ e                                               (Equation 4.1) 

2h++ H2O→ 2H++ 1
2 O

2
                                           (Equation 4.2) 

MoO3 + xH++xe → HxMo1-x
6+ Mox5+O3                        (Equation 4.3) 

HxMo1-x
6+ Mox5+O3 

hν
  Mo1-x6+ Mox

5+O3-x 2
+ H

2
O     (Equation 4.4) 

MoA
6++ MoB

5+ 
hν

  MoA
5++ MoB

6+                                    (Equation 4.5) 
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Figure 4.5. Effect of solar light irradiation on the plasmonic resonance of 

MoO3-x nanosheets: (a) Photographs of samples MoO3-x-I (left), MoO3-x-II 
(middle), and MoO3-x-III (right) dispersed in 1:1 H2O/ethanol (v/v ratio) and 
irradiated for 10 min – 5 h. (b), (c), and (d) UV-vis-NIR spectra for samples 
MoO3-x-I, MoO3-x-II, and MoO3-x-III, respectively, pristine (dashed) and after 
2 h (dotted) and 5 h (solid) of solar light irradiation. Reproduced from paper 
V with permission from ©2018 Wiley–VCH.[24] 
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4.4. Photocatalytic Activity of MoO3-x Nanosheets for 
Organic Dye Degradation 

Textile manufacturing includes the extensive use of organic dyes which are 
considered to be environmental threats in stream water.[158] Plenty of ap-
proaches for treating dye-contaminated water have been reported , including 
photocatalysis[159], adsorption [160], and others.[161,162] For photocata-
lytic degradation, a variety of materials have been used, such as zeolitic imid-
azolate frameworks (ZIF-8) [163], and Degussa TiO2 (P25) and ZnO [164].  

Herein, we examined the degradation of RhB and MB dyes under visible 
light irradiation in the presence of MoO3-x-I nanosheets. For comparison, bulk 
α-MoO3 was also explored. The UV-vis absorption spectrum of the pristine 
RhB solution displayed absorption peaks at 550 and 515 nm, whereas, the MB 
absorption peaks occurred at 665 and 605 nm (see black lines in Fig. 4.6a and 
b). These peaks refer to the monomeric (0–0 band) and dimeric (0–1 band) 
forms of the corresponding dye.  

Interestingly, the addition of the MoO3-x-I nanosheets photocatalysts to the 
dye solution decreased the intensities of these absorption peaks, suggesting 
the photodegradation of the dye under investigation (Fig. 4.6a and b). Moreo-
ver, the shape of absorption peaks changed instantaneously when nanosheets 
were added to the dye solution (see the red curves in Fig. 4.6a and b), indicat-
ing that the reaction was very fast. The peak broadening suggests the modifi-
cation of the dye chromophoric group upon photodegradation. When bulk 
MoO3 was used as the photocatalyst, the shape of the absorption peaks did not 
change much, though their intensity decreased with time (see Fig. 4.6c and d). 
The MoO3-x-I nanosheets removed the dye more efficiently than bulk MoO3, 
as shown in Fig. 4.6.e and f. 

The photocatalytic dye degradation in this system can be attributed to the 
strong chemisorption between MoO3-x-I nanosheets and the dye, as well as the 
formation of reactive radical species such as OH• and O2

−•.[79,84] Giving that 
bulk MoO3 and MoO3-x-I nanosheets have low surface area (BET and Lang-
muir surface areas,  respectively are 4 and 6 m2/g for bulk MoO3, and 2 and 3 
m2/g for MoO3-x-I), therefore the reactive radical species offer the key effect 
for the dye degradation. Furthermore, the dye degradation was confirmed us-
ing electrospray ionization mass spectrometry (ESI-MS) and FTIR (see Fig.6 
and S5 in paper IV). 
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Figure 4.6. Photocatalytic activity of MoO3-x-I nanosheets for dye degrada-

tion: (a) and (b) UV-vis spectra of RhB and MB, respectively, upon irradiation 
in the presence of MoO3-x-I nanosheets.  (c) and (d) UV-vis spectra of RhB 
and MB, respectively, upon irradiation in the presence of bulk α-MoO3. (e) 
and (f) Removal efficiency of RhB and MB, respectively, using MoO3-x-I 
nanosheets (red) and bulk α-MoO3 (blue). Reproduced from paper IV with 
permission from ©2018 American Chemical Society.[150] 
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4.5. Application of MoO3-x Nanosheets in 
Supercapacitors 

The electrochemical behavior of MoO3-x nanosheets as binder-free elec-
trodes for supercapacitor applications was investigated in a three-electrode 
configuration using cyclic voltammetry. Platinum mesh and Ag/AgCl/3.5 M 
KCl were used as the counter and reference electrodes, respectively. Typi-
cally, the binder-free electrodes were prepared by drop-casting the active ma-
terial onto a piece of carbon paper (Quin-Tech, H23), and the electrode area 
was about 1 cm2. Previous reports have shown that, the method of electrode 
drop-casting, the electrolytes pH , and the potential window of cycling signif-
icantly affect the electrochemical performance of the MoO3-x nanosheets. [96–
98,165,166] After optimization, the MoO3-x nanosheet electrodes were cycled 
between 0.0 and 0.8 V (vs. Ag/AgCl/3.5 M KCl) in acidified 1M Na2SO4 with 
pH 1.62 (a detailed description is provided in paper V). [24] 

Fig. 4.7a displays the CVs at scan rate of 20 mV s−1 for two electrodes with 
the same mass loading (25 μg cm−2) but, cast in the presence and absence of 
ethanol. Interestingly, the addition of ethanol during electrode casting in-
creases the accessible capacity. This can be attributed to the moderation of the 
hydrophilic-hydrophobic interactions between the aqueous MoO3-x nanosheet 
suspension and the hydrophobic carbon paper. Notably, a couple of sharp 
well-defined redox peaks were observed in the CVs, previous studies have 
reported that these reversible cathodic peaks involve the reduction of Mo6+ 
down to Mo5+ and Mo4+, while the anodic peaks are due to the corresponding 
oxidations.[96,98] Since analogous CVs were obtained when 1 M H2SO4 was 
used as the electrolyte, protons (H+) most likely act as the counterions in the 
redox reactions of the MoO3-x nanosheets. The contribution from the carbon 
paper to the measured capacity was found to be very small compared to that 
of the nanosheets (see Fig. S4c in paper V). 

As mentioned earlier in Chapter 3, binder-free electrodes have many ad-
vantages such as the ability to be used as flexible electrodes.[55,131,167] 
However, the lack of conducting additive combined with the limited conduc-
tivity of the active material, limit the thickness of active material on the elec-
trodes. The electrochemical performance for electrodes of mass loadings rang-
ing from 6.25 to 50.00 μg cm−2 at low (20 mV s−1) and high (1000 mV s−1) 
scan rates are presented in Fig 4.7b-d. As a general trend, the accessible ca-
pacities at different rates decrease as the mass loadings increase from 6.25 to 
25.00 μg cm−2. However, a significant drop in the capacity was observed when 
the loading was increased to 50.00 μg cm−2. As the electrode area was roughly 
equal for all of the electrodes, the active film thickness should increase with 
the mass loading. Consequently, the surface part of the deposited active ma-
terial is only accessible to the electrolyte, and thus the gravimetric capacity of 
the thick electrode was lower than that of the thin electrode. 
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Interestingly, long-term cycling of the electrodes with different mass 
loadings, displayed their stability and low capacity fading over 1000 cycles at 
a low rate (see Fig 4.7c).  Likewise, the electrodes offered stable performance 
over 800 cycles when cycled at a high rate after 1000 cycles at a low rate (Fig. 
4.7d).  

 

Figure 4.7. Optimizing the casting method and electrode mass loading: (a) 
cyclic voltammograms measured at a scan rate of 20 mV s−1 for electrodes 
cast in the presence (black) and absence (red) of ethanol. (b) Variation of the 
discharge capacity of the tenth cycle with the electrodes mass loading at scan 
rates of 20 and 1000 mV s−1. (c) and (d) Variation of the discharge capacity 
with cycle number for electrodes of mass loadings of 6.25, 12.5, 25, and 50 
μg cm−2, at scan rates of 20 and 1000 mV s−1, respectively. Reproduced from 
paper V with permission from ©2018 Wiley–VCH.[24] 

 
The MoO3-x nanosheets showed a promising high rate performance as 

shown in Figs. 4.8a-d. For instance, the electrode with a mass loading of 25 
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scan rate (5 mV s−1) the charge capacity was slightly lower than the discharge 
one. This observation suggests that an irreversible slow reaction might occur 
at low rates; this is most likely the irreversible formation of MoO2.[98] This 
irreversible reaction is not observable at moderate and high rates due to time 
limitations. Notably, the peak-to-peak separation did not expand to a high ex-
tent when increasing the scan rate (<50mV for scan rate ≤200 mV s−1), reflect-
ing the fast kinetics of the redox reaction of the MoO3-x nanosheets (see Fig 
4.8d). 

 

 

Figure 4.8. Rate capability test at different scan rates: (a) and (b) cyclic 
voltammograms at different scan rates. (c) Variation of charge-discharge ca-
pacity with the scan rate, and the corresponding coulombic efficiency. (d) Var-
iation of peak-to-peak separation (dU) with the scan rate. Reproduced from 
paper V with permission from ©2018 Wiley–VCH.[24] 
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5. Conclusions 

To summarize, this thesis introduced novel water based exfoliation meth-
ods to fabricate vanadium and molybdenum oxide nanosheets from commer-
cially available precursors. These nanosheets were applied for energy storage 
and photocatalytic dye degradation applications. 

The synthesis method involved refluxing the metal oxide precursor(s) in 
water at 60–80 °C for a few days. The water acted as the solvent and interca-
lating molecules, which enabled the exfoliation of the metal oxide precursor. 
The method was not limited to the precursors with layered structure, but also 
those with non-layered structure could be exfoliated. The prepared nanosheets 
were explored by characterization techniques including SEM, TEM, ED, XPS, 
TGA, and XRD. 

V2O5·0.5H2O nanosheets@MWCNT paper were used as FSEs for lithium 
battery applications. Their electrochemical performance were a function of the 
mass loadings and/or active material film thickness; thicker films had lower 
accessible capacities. 

A composite material of VOx-CNT was prepared by freeze-drying a mix-
ture of V2O5·0.5H2O nanosheets with 10% MWCNT. FSE and CCE of VOx-
CNT composite were fabricated and tested for lithium battery applications. 
The FSE delivered higher gravimetric capacity compared to the CCE; how-
ever, the coulombic efficiency of the CCE was better than that of the FSE, 
especially in the first few cycles. On the other hand, the FSE of VOx-CNT 
composite displayed a superior electrochemical performance compared to the 
traditionally prepared FSE of V2O5·0.5H2O nanosheets@MWCNT paper, in-
dicating the freeze-drying and the addition of 10% MWCNT significantly af-
fected the electrodes’ electrochemical performance. 

The VOx-CNT composite was also used as a negative electrode material for 
a sodium-ion battery and showed a quite robust SEI layer which was compa-
rable to hard carbon electrodes. The comparison between the VOx-CNT com-
posite electrodes and the V2O5·0.5H2O nanosheet electrodes (i.e. without 
MWCNT) revealed that the MWCNTs enhanced the accessible capacity of 
V2O5·0.5H2O nanosheets and stabilized their electrochemical behavior. 
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The MoO3-x nanosheets displayed interesting optical properties that could 
be tuned by solar light irradiation and/or the ratio of starting molybdenum ox-
ide precursors. The MoO3-x nanosheets offered an outstanding localized sur-
face plasmon resonance, especially after solar light irradiation.  Moreover, the 
nanosheets could be used as photocatalysts for organic dye (MB and RhB) 
degradation. The degradation was completed within 10 min under visible light 
irradiation. 

The MoO3-x nanosheets showed a promising high rate when employed as 
supercapacitor electrodes in an acidified Na2SO4 electrolyte. The electrode 
drop-casting method, electrolyte pH, and electrode mass loadings have crucial 
effects on the performance of the MoO3-x nanosheet binder-free electrodes. 
The optimum electrode mass loading was about 25 μg cm−2, and the optimum 
electrolyte pH was about 1.62. Under optimum conditions, the electrodes de-
livered discharge capacities of 110 and 75 C g−1 at scan rates of 20 and 1000 
mV s−1, respectively. 
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6. Future Outlook 

This thesis introduced efficient scalable methods to fabricate TMO 
nanosheets dispersed in water. However, all the electrochemical application 
of the FSE involved the use of hydrophobic carbon based substrates. In future 
work, the TMO suspension could be cast on a hydrophilic flexible substrate 
(e.g. cellulose with conducting additive). We would expect the TMOs to be 
cast more homogeneously over a hydrophilic substrate, and thus we could ob-
tain a conformal coating over the cellulose nanofibers which could increase 
the volumetric capacity of the tested electrodes. Furthermore, the use of a 
solid-state electrolyte, to form an all-solid-state device, is another interesting 
topic to investigate for our FSEs. For the conventionally cast electrodes, the 
use of a water soluble binder is also an interesting point to be explored for 
these water based metal oxide nanosheet suspensions.  

 

Another important issue is the use of these VOx nanosheets in the newly 
developed battery systems beyond lithium-ion batteries. We have introduced 
one example in which the TMO nanosheets were applied in SIB; however, 
other battery systems such as Zn-ion batteries, Mg-ion batteries, and K-ion 
batteries can be explored in the future. 

 

Finally, the water based exfoliation technique could be modified and ap-
plied to other transition metal oxides or chalcogenides such as manganese ox-
ides and molybdenum disulfide.  
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7. Sammanfattning på Svenska 

Tvådimensionella (2D) övergångsmetalloxider (TMO) är nanotunna skikt 
som kan skapas av modermaterialet av samma förening. Nya unika fysikaliska 
och kemiska egenskaper erhålls jämfört med den tredimensionella moderför-
eningen. Syntesen av 2D-TMO bygger traditionellt på användning av miljö-
belastande organiska lösningsmedel. I denna avhandling utvecklas miljövän-
liga strategier för att tillverka TMOs nanoskikt. I synnerhet har nanoskikt av 
hydratiserad vanadinpentoxid (V2O5∙nH2O) och molybdenoxid (MoO3-x) med 
defekter i syreinnehåll syntetiserats.  Kolnanotubpapper (MWCNT) belades 
med nanoskikt av V2O5∙nH2O och studerades sedan som en fristående positiv 
elektrod (FSE) i ett litiumbatteri. Den tillgängliga kapaciteten hos en FSE be-
ror på elektrodtjockleken; Den tjockaste elektroden levererade den lägsta till-
gängliga kapaciteten. Som ett alternativt framställdes också ett komposit-
material i form av nanoskikt av V2O5∙nH2O med 10% MWCNT (VOx-CNT-
komposit) och två olika typer av elektroder skapades. En FSE och en kompo-
sitelektrod (CCE) användes som katodmaterial för litiumbatterier. En detalje-
rad jämförelse mellan dessa båda elektroder presenteras. Dessutom användes 
VOx-CNT-kompositen som en negativ elektrod för ett natriumjonbatteri och 
gav en reversibel kapacitet på ca 140 mAh g−1. I avhandlingen ingår också en 
studie av nanoskikten av MoO3-x i form av bindemedelsfria elektroder för su-
perkondensatorer i en surgjord Na2SO4-elektrolyt. Vidare studerades också 
nanoskikten av MoO3-x som fotokatalysator för nedbrytning av organiska fär-
gämnen. De enkla miljövänliga syntesmetoderna i kombination med egen-
skaperna hos TMO-nanoskikten är de viktiga resultaten i denna avhandling 
som visar potentialen för 2D-materialsyntes och för deras olika energirelate-
rade tillämpningar. 
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