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ABSTRACT 

Metal oxide nanomaterials are being actively investigated for energy and 

sustainable development, from energy generation and storage, to water and 

environment decontamination. This research concerns the study of TiO2 

nanostructures for solar cells and photocatalysis, and VO2 for electrochemical 

supercapacitors. 

As a wide bandgap semiconductor, TiO2 is being investigated for dye 

sensitized solar cells (DSSCs), while the dye loading and photocarrier transport are 

still bottlenecks for high solar energy conversion efficiency. Hydrothermal method 

was used to synthesize a mixed nanostructure by infiltrating the TiO2 nanoparticles 

(NPs) onto the walls of highly ordered TiO2 nanotubes (NTs). The aim is to combine 

the merits of the NP’s high dye loading and high light harvesting capability with the 

NT’s straight carrier transport path and high electron collection efficiency to improve 

DSSC performance. Compared with the bare NT structure, dye loading of this mixed 

NT and NP structure is more than doubled.   

To improve photocatalytic efficiency of TiO2, nanocomposite structures of 

TiO2/graphene were investigated with the aim to enhance electron-hole separation. 

Hydrothermal method was employed to synthesize graphene-TiO2 nanowire 

composite (GNW) and graphene-TiO2 nanoparticle composite (GNP) with graphene 

serving as the conductive supporting framework. The photocatalytic performance and 

related properties of TiO2 nanoparticles (NPs), TiO2 nanowires (NWs), GNP and 

GNW were comparatively evaluated based on photodegradation of methylene blue 

(MB) under visible light. The result reveals that the relative photocatalytic activity of 

GNW is much higher than GNP and pure NWs or NPs.  

To employ the pseudocapacitance of transition metal oxides to achieve much 

higher energy density for supercapacitor applications, VO2 was studied as electrode 

oxide. VO2 was found to be promising to serve as the electrode materials of 

supercapacitors, while the high resistivity significantly inhibits its performance. A 
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facile method was employed to dramatically reduce VO2 resistivity by almost 3 orders 

of magnitude by thermal treatment of VO2 powder in hydrogen environment. The 

fabricated supercapacitor showed considerably enhanced specific capacitance and 

energy density compared with the pristine VO2, along with excellent stabilization and 

high efficiency over the long-term cycling measurement. 
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CHAPTER 1 

INTRODUCTION  

The continuously increasing daily gas price and global energy consumption in 

the past and following decades emphasize energy as a critical societal problem and is 

bringing up severe environmental problems. The disadvantages of traditional fossil 

energy source are becoming gradually prominent as the influence of global warming 

and long-term environmental consequences has already affected or is going to affect 

the quality of life. The only reason for the dominance of fossil energy in current 

energy supply is the cheap price that currently no any other renewable energy can 

challenge. However, even this price advantage is gradually lost because of the rising 

energy demand and the foreseeable fossil shortage in the future. Nuclear energy is 

another choice of energy source that does not release CO2 in the atmosphere; its safety 

issue is nevertheless of prominent concerns with worries of the destructive major 

accidents of nuclear spreading and nuclear waste etc. 

With this background the development and investment of renewable energy 

sources environment-kind and without security issue is in urgent need. The most 

abundant renewable resource without the local limitation is solar energy which is in a 

vast availability. Many strategies have been proposed on how to make the solar light a 

stable and enduring energy source. Among them, a great number of researches are 

focused on the wide bandgap semiconductors such as titanium dioxide that were 

utilized often as photocatalysts together with certain sensitizers, which would convert 

the solar light into electrical energy. Since the emergence of dye-sensitized 

mesoporous TiO2 solar cells in 1991, it has received considerable attention as a 

potential alternative to conventional solar cells, the solid-state junction devices, due to 

the features of cost effectiveness, exceptional stability and a commercially feasible 

efficiency. The next step is going to investigate how to enhance the light harvesting 

and the speed of photoelectrons transfers, and thus to improve the incident light 

conversion efficiency ultimately. 
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However, as the sun is not shining at all the time, the generated electricity 

should be stored in a way that when there is not enough solar light the electricity can 

be still in ample supply. Therefore, along with the renewable electricity generation, the 

evolution of renewable solar fuels also comes as a significant concern. In such a way, 

the energy generated from the sun is able to be transformed into a storable form, 

which is no time-limited and also convenient for transport. The most widely used 

energy storage devices are batteries and supercapacitors. Supercapacitors with high 

power density, long cycling lifetime, fast charging/discharging rate, and high 

stabilization have been widely used in electronic products, especially as power backup 

for memory functions. And its potential in defense, aerospace and other automotive 

applications is also under investigation and worth noting. 
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CHAPTER 2 

TITANIUM DIOXIDE NANOSTRUCTURES 

2.1 Introduction to titanium dioxide  

Titanium dioxide, chemical formula TiO2, is a naturally occurring oxide of the 

element titanium. It is one of the most widely used materials in our daily life also 

known as titania or titanium (IV) oxide. Titanium dioxide is the most popular white 

pigment due to its high refractive index; can be used as sunscreen and UV absorber in 

cosmetic products with less skin irritation; as a sterilizer in the daily paints, tiles or 

cements; as a photocatalyst to decompose the contaminants in the wastewater and for 

purification of air; and also used in dye-sensitized solar cells or hydrogen generation 

for energy production. 

 
Figure 2.1.1 Ball-and-stick model of part of the crystal structure of rutile and 

anatase. Oxygen atoms are colored red, titaniums are grey. 

Titanium dioxide occurs in nature as three mineral compounds referring to 

anatase, rutile and brookite. Rutile is the most common natural form with primitive 

tetragonal unit cell (Figure 2.1.1), which is the most equilibrium phase in high 

temperature and high pressure because of its lowest molecular volume among these 

three polymorphs. Anatase also crystallizes in tetragonal system (Figure 2.1.1) and is 

kinetically stabilized; nevertheless will transform to the rutile phase at temperature 

above 500˚C[1]. It is generally believed that anatase behaves more reactive compared 
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to rutile, as the anatase phase is more reductive with the bandgap of 3.2 eV in contrast 

to 3.0 eV for rutile, which is 0.2 eV more negative[2]. Brookite is orthorhombic and 

chemically not stable due to a larger cell volume than either anatase or rutile. Thus, 

this property hampers its application in science and industrial usage. 

X-ray diffraction is usually utilized for the investigation of crystalline phases 

of titanium dioxide materials. Figure 2.1.2 and 2.1.3 represent the diffraction patterns 

of anatase phase and rutile phase respectively. In figure 2.1.2, XRD patterns exhibit 

strong diffraction peaks at 25.322˚ and 48.064˚ indicating titanium dioxide in the 

anatase phase. Meanwhile, rutile phase features in the strong diffraction peaks at 

27.911˚, 36.434˚ and 55.118˚ as shown in figure 2.1.3. Generally speaking, the nano-

titanium dioxide power consists of irregular polycrystalline as the peak intensity of the 

titanium dioxide increases with increasing particles sizes. 

 

 
Figure 2.1.2 Representative XRD spectrum of anatase. 
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Figure 2.1.3 Representative XRD spectrum of rutile. 

 

2.2 Titanium dioxide nanostructures 

The substance titanium dioxide can be presented as several kinds of 

nanostructures, such as nanoparticle (NP), nanowire (NW), nanorods (NR) and 

nanotube (NT). The TiO2 NP structure was first employed in the application of solar 

cells (figure 2.2.1) for its large surface area and proper porosity that provide abundant 

sites for the sensitizers to anchor, which thus will be able to improve the light 

harvesting and conversion efficiency[3]. TiO2 NP structure could be prepared by 

template method, screen-printing technology, sol-gel method, etc. While, most of the 

1-dimensional (1D) TiO2 nanostructures such as nanowires and nanorods were 

prepared by alkali hydrothermal method; however the synthesis of long oriented single 

TiO2 nanowire arrays remains a challenge.  

TiO2 NT arrays in particular, due to the highly ordered, variable tubular length, 

closely packed, and vertically aligned tubular geometry and the resulted 1D charge 

carrier transport, have drawn attention for photovoltaic
 
and photocatalytic 

applications[1]. TiO2 NTs have been reported through many preparation methods 

including templates based on nanoporous alumina[4], hydrothermal techniques[5], sol-
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gel template method[6], seed growth method[7] and electrochemical anodization[8, 9]. 

Among these techniques, electrochemical anodization of titanium metal foil is a facile 

approach to fabricate regular NT array by a self-assembling process, and has been 

extensively investigated since the discovery in 1999 by Zwilling et al.[10] that a 

porous surface of TiO2 film can be electrochemically formed in fluorinated electrolyte. 

 
Figure 2.2.1 Scanning electron microscope picture of a nanocrystalline TiO2 

(anatase) film used in the dye-sensitized solar cell (DSC). 

2.3 Titanium dioxide nanotube growth by electrochemical 

anodization method 

2.3.1 Background  

Gong et al.[11] first reported uniform TiO2 NT array formation by anodization 

of Ti in a hydrofluoric (HF) containing electrolyte. Macak et al.[12]
 
used highly 

viscous fluoride-containing glycerol electrolytes to grow TiO2 NTs with much lower 

current density than that in the purely aqueous electrolyte, and the process did not 

exhibit any detectable current fluctuations at steady state. As a result, the tubes formed 

in glycerol or ethylene glycol solutions of NH4F were reported to have higher degree 
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of regularity and homogeneity compared to those prepared in other electrolytes. 

Uniform NT arrays of various pore sizes, lengths, and wall thicknesses have been 

reported by tailoring electrochemical conditions [13].
  

2.3.2 Experiments  

In our work, a two-electrode configuration was used for electrochemical 

anodization of titanium foil to form TiO2 NTs. Ti sheets with 0.25 mm thickness and 

99.97% purity from ESPI were used as working electrode (anode), with a platinum 

mesh served as a cathode. The distance between the two electrodes was kept at a few 

centimeters. Ti sheets were washed in acetone, isopropanol and deionized water 

successively to achieve a thorough cleaning. The electrolyte was made from ammonia 

fluoride (NH4F 98%, Aldrich Corp.) and deionized water dissolved in ethylene glycol 

(99%, EMD Millipore) with certain ratio. The ethylene glycol can yield NTs of very 

high quality compared with other solvent like glycerol. Electrochemical anodization 

was carried out in DC voltage of 5-350 V. NH4F and H2O concentrations were varied 

from 0.1 – 0.7 wt % and in the range 0-100 wt%, respectively. The anodization current 

was monitored continuously by a digital source meter (Keithley 2400), which showed 

a sharp increase and then decrease transient during initial nucleation and etch stage, 

then reached a steady-state value in the NT growth stage. By varying the anodization 

time the NT length was controlled. The morphology of the as-synthesized TiO2 NTs 

was characterized by a field-emission scanning electron microscope (FE-SEM). 

2.3.3 Mechanism 

To gain insight on the evolution process of TiO2 NT formation starting from 

nucleation on Ti sheet, experiments were performed to anodize Ti sheets for 1 min, 3 

min, 12 min, 30 min, and 60 min at a voltage of 30 V. Based on SEM observation, NT 

growth follows similar stages as reported by Macak et al.[14] In the very first stage, 

titanium surface was oxidized. Random tiny pores were formed on this layer under the 

applied field effect, and the pores increased in size and in depth with time. After 30 

min pronounced dissolution of pores was observed that made them significantly 

deeper. After another 30 min, the random porous structure converted into regular NT 
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structure. It was found that the time necessary for transformation of random pores to 

regular NTs depends on voltage and changes from 90 min to 15 min when the voltage 

is increased from 10 V to 240 V. In the literature[15], the consensus is that the growth 

of TiO2 NTs by anodization is governed by a competition between formation of TiO2 

and formation/dissolution of  [TiF6]
2−

, described by: 

Ti + 2H2O → TiO2 + 4H
+
 + 4e

−
 (2.3.1) 

TiO2 + 6F
−
 +4H

+
 → [TiF6]

2−
+2H2O   (2.3.2) 

Ti
4+

 + 6F
−
 → [TiF6]

2−
                         (2.3.3) 

Reaction (2.3.1) is titanium oxidation process, (2.3.2) is chemical dissolution 

of oxide, and (2.3.3) is the field-assisted dissolution of oxide. After the formation of 

an initial TiO2 layer on Ti metal surface, field-assisted dissolution of oxide leads to 

localized pit nucleation, followed by pore growth due to inward movement of the 

oxide layer at the pore bottom and related dissolution.  O
2−

 or OH
−
 ions migrate 

through this oxide layer to the metal/oxide interface and react with Ti atoms for 

oxidation[4]. Ti
4+ 

ions, in turn, migrate under the applied electric field from the 

metal/oxide interface towards the oxide/electrolyte interface to dissolve as [TiF6]
2−

. In 

a self-limited process under suitable anodic condition, when the oxide growth rate at 

the oxide/metal interface is identical to the dissolution rate of the oxide film at the 

electrolyte/oxide interface, steady state is established, manifested by a constant anodic 

current. 

2.3.4 Characteristics and analysis 

Scanning electron microscopy: Representative ordered TiO2 NTs are shown in 

figure 2.3.4, with (a) and (c) being the top view of NTs grown under 30V and 60V DC 

voltage at room temperature in a solution of ethylene glycol containing 0.4wt% NH4F 

and 5wt% deionized water. As we can see, the diameter of NTs increased with the 

anodization voltage and the inner pore diameters were measured around 100 nm and 

140 nm for NTs grown at 30 V and 60 V respectively. After peeled off from the Ti foil, 

the bottom view of NTs in figure 2.3.4 (a) is displayed in (b), exhibiting a closed 
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bottom of the tube. Moreover it is worth noting that as the anodization voltage 

increased, the nanotubular side walls became thinner and rougher. 

 
Figure 2.3.4 SEM images of TiO2 nanotubes grown by electrochemical 

anodization at 30V: (a) top view and side view (inset); and (b) bottom view; (c) the 

top view of nanotubes grown at 60V. 

TiO2 NT growth condition analysis: It is believed that electric field-assisted 

TiO2 dissolution in the electrolyte is the key for the self-organized regular NT array 

formation. NT arrays cannot be grown if the dissolution rate is too high or too low. In 

this sense, the applied anodization voltage for a given electrodes spacing and the 

fluorine concentration in the electrolyte are critical parameters. A systematic study 

was performed to study effects of anodic voltage and NH4F concentration on NTs 

growth rate and quality [1]. It was found that NTs can be formed when voltage is in 

the range 10 V - 240V. The maximum NH4F concentration of the electrolyte solution 
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that allows NT growth depends on anodization voltage. Its value decreases with an 

increase of the anodic voltage. For 10  60 V, this maximum concentration of NH4F 

was ~ 0.7 wt %. At 120 V it decreases to ~ 0.35 % and no NT was observed at 0.7 % 

concentration, while for 160V and 240V anodic voltage, its value further decreases to 

~ 0.2% and 0.1%, respectively. It should be emphasized that samples grown at low 

voltage range have similar surface morphology. At 240V, although the surface 

morphology of the grown sample was tubular, the individual NTs were not well 

defined. At 350 V no NTs were observed at any NH4F concentrations; only compact 

TiO2 film-like morphology was observed. The diagram in figure 2.3.5 summarizes the 

anodic voltage – NH4F concentration region where formation of TiO2 NT occurs. Self-

organized TiO2 NT can be grown in glycerol+NH4F based electrolyte at voltage higher 

than 60 V, but the quality is degraded. It is concluded that the suitable anodic voltage 

is between 20  60 V. 

 
Figure 2.3.5 The diagram showing the regime where the formation of TiO2 NT 

occurs based on the relationship between the anodizing potential and NH4F 

concentration. 

Glancing angle X-ray diffraction (GAXRD): The as-grown TiO2 NTs were 

found to be amorphous in nature. To achieve anatase phase crystalline TiO2 NTs, 

which was found to be better than rutile phase for DSSC application, post-growth 
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annealing in air is required. The annealing temperature should be properly selected. A 

lower temperature will not provide enough thermal energy for large crystalline size, 

while a higher temperature will lead to rutile phase. Based on glancing angle X-ray 

diffraction (GAXRD) characterization, crystallization process requires the annealing 

temperature exceeding 300˚C[1]. Figure 2.3.6 presents GAXRD results for TiO2 NTs 

annealed at 450˚C for 30 min in air ambient. The typical peaks (101) and (004) of 

anatase phase can be obviously detected at 2θ=25.3˚ and 2θ=37.8˚ along with other 

anatase peaks of (200), (105) and (211) indicating a good crystallization. Further 

increased annealing temperature above 500˚C will introduce rutile phase TiO2. The 

higher the annealing temperature is, the larger fraction of rutile phase will be until ~ 

800
o
C, when all the anatase phase converts into rutile phase. 

 
Figure 2.3.6 Representative GAXRD spectrum of TiO2 nanotubes annealed at 

450˚C for 30 min. 
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CHAPTER 3 

THE APPLICATION OF TITANIUM DIOXIDE IN DYE-

SENSITIZED SOLAR CELLS (DSSC) 

3.1 The background of dye-sensitized solar cells (DSSCs) 

Since the emergence of dye-sensitized mesoporous TiO2 solar cells (also called 

Grätzel’s cell) in 1991[16], it has received considerable attention as a potential 

alternative to conventional solar cells, the solid-state junction devices, due to the 

features of cost effectiveness, exceptional stability and a commercially feasible 

efficiency. And this new photochemical cell, with a conversion yield of solar energy to 

electricity comparable to the amorphous silicon photovoltaic solar cell, is undergoing 

commercialization currently in industry.  

The dye-sensitized solar cell converts light energy to electricity on a molecular 

level, similar to natural photosynthesis. It is regarded as the first example of an 

artificial “molecular machine” in a commercial application. Consisting of the 

nanoparticle with grain size of 10 nm to 30 nm, mesoporous TiO2 film plays a critical 

role in light harvesting (absorb light to generate photoexcited electron-hole pairs), 

photo carrier separation and electron transport at DSSC. The configuration of a DSSC 

is normally composed of three parts (figure 3.1.1): wide-bandgap nanostructure 

semiconductor sensitized by dye as the working electrode, a platinized transparent 

conducting oxide (TCO) substrate as the counter electrode and an electrolyte.  

Under illumination, photoexcited dye injects electrons into the conduction 

band of TiO2; meanwhile excited holes are scavenged by redox species and transport 

to the counter electrode when the dye is regenerated. Optimizing the TiO2 architecture, 

sensitizer, and electrolyte can enhance the efficiency of a DSSC, and a good amount 

of efforts have been invested in the arrangement of the nanocrystals in the film. 
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Figure 3.1.1 The configuration of conventional dye-sensitized solar cell 

(Grätzel cell). 

3.1.1 Dyes 

Due to the large bandgap (Eg 3.0 eV), TiO2 can only absorb the light in UV 

range, therefore leading to low light harvesting and low conversion efficiency. 

Sensitization of such wide bandgap semiconductors to utilize visible light has been 

extensively investigated, and dye-sensitization of TiO2 was tried in 1980s. The most 

significant property of a dye is the high light absorption coefficient and appropriate 

redox potential corresponding to the redox couple of the electrolyte. Moreover, the 

light stability is another important factor. The dyes for DSSCs are normally organic 

complexes, which would precipitate as a monomolecular layer on the surface of TiO2 

porous nanostructure. So far, the most efficient dyes are ruthenium complexes having 

carboxyl groups in the bipyridyl ligand for effective anchoring on the TiO2 surface 

through monodentate ester-like linkages between carboxyl groups and Ti (IV). Here 

shows three commonly used commercialized dyes for research and industrial 

fabrication as below: 
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Ruthenizer 535 is dark purple powder, which sensitizes very efficiently wide 

bandgap oxide semiconductors, like titanium dioxide, up to a wavelength of 750 nm, 

also known as N3 in the literature. The chemical name is cis-bis (isothiocyanato) 

bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(II) with molecular formula of 

C26H20O10N6S2Ru. 

 
Figure 3.1.2 Chemical structure of Ruthenizer 535. 

Ruthenizer 535-bisTBA is also dark purple powder, which sensitizes very 

efficiently wide band-gap oxide semiconductors, like titanium dioxide, up to a 

wavelength of 750 nm. It is also known as N719 in the literature and has been widely 

used as one of the most efficient sensitizer in Dye Solar Cells. Its chemical name is 

cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(II)  

bis(tetrabutylammonium) and molecular formular is C58H86O8N8S2Ru. This variant is 

advantageously better soluble than Ruthenizer 535. N719 is what we use in our work 

for sensitization of TiO2 nanostructure. 
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Figure 3.1.3 Chemical structure of Ruthenizer 535-bisTBA. 

Ruthenizer 620-1H3TBA with chemical name of triisothiocyanato-(2, 2’-6’:6”-

terpyridyl-4,4’,4”-tricarboxylato) ruthenium(II) tris(tetra-butylammonium) is a kind of 

black to dark greenish powder which can absorb light up to a wavelength of 920 nm. 

As for its high commercial price, it is not widely used both in research or in industry. 

 
Figure 3.1.4 Chemical structure of Ruthenizer 620-1H3TBA. 

 

3.1.2 The conventional dye-sensitized solar cell assembly method 

Here we take the materials of TiO2 nanoparticles as an example:  



Texas Tech University, Xuan Pan, August 2013 

16 

 
Figure 3.1.5 Exploded view of a dye-sensitized solar cell. 

The basic DSSC contains five important parts: a transparent current collector 

(conducting glass), a porous wide bandgap semiconductor film layer (TiO2 

nanoparticles), a sensitization dye (Ruthenium dye), an organic redox electrolyte (3I
-
 

/I3
-
) and a counter electrode. 

The working electrode preparation: The nanocrystalline TiO2 film is deposited 

on the transparent conducting oxide glass (TCO glass) by either doctor blade method 

or spinning method with a thickness around 8 µm. Then annealing process will be 

applied to allow TiO2 nanocrystals to “melt” partially together so as to ensure 

electrical contact and mechanical adhesion on the glass. The sensitizer must be 

dissolved in pure ethanol in a concentration of 20 mg of dye per 100 ml of solution. 

Put slowly the sintered electrode, heated at 70˚C into the sensitizer solution with face-

up. This impregnation process can be done at room temperature, which may take 10 to 

40 hours depending on the actual TiO2 layer thickness. We usually leave the electrode 

impregnate at least 36 hours to be sure. Afterwards, the working electrode will be 

rinsed with absolute ethanol to remove residue dye molecules and dry with nitrogen 

blower. 

The counter electrode preparation: Platisol is an alcohol-based paint containing 

a chemical platinum precursor. It is intended for the deposition of a platinum layer by 
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painting with a brush on a piece of TCO on the conducting side. Platisol may also be 

sprayed to obtain a suitable platinum coating. After annealing at 450°C for 10 minutes, 

a quasi-transparent activated platinum layer is obtained. Such a layer is suitable for 

reducing overpotentials of the iodide/tri-iodide (3I
-
 /I3

-
) redox couple. 

Sealing electrodes: assemble cell as soon as the electrodes have been prepared. 

Long storage of electrodes is detrimental. The cell is filled with the electrolyte 

containing 3I
-
/I3

-
 and then the hot-melt sheets are used as sealing frame. Cut out 

gaskets or strips forming the sealing frame to be deposited on top of one of the glass 

electrodes. Apply heat with a hot-press of a soldering iron while pressing both 

electrodes together till the sheet melts (around 100 – 120 ˚C), thus forming the seal. 

Electrolyte filling: In cells having a sealing rim with two small holes, the 

filling is done by a droplet onto only one hole, and let it soak up. Replenish droplet 

from time to time to avoid dry-out and bubble formation. Then wipe off excess 

electrolyte from filling ports. Clean carefully the area around the filling holes with 

acetone, so that no traces are any more visible. Use a small square cutout of hot-

melting sheet to put it on the cleaned hole for sealing. 

At this moment, the cell is ready for testing. 

3.1.3 Mechanism 

The regenerative process in the dye solar cell consists of five steps: 

1. Under illumination, the sensitizer absorbs a photon and generates a pair of 

photo carriers (excited electron-hole pair). The photoelectron is transferred 

from the original state S
0
 to a higher lying energy level, which would boost 

the sensitizer to the excited state S
*
. 

2. The excited electron is injected into the conduction band of the wide 

bandgap semiconductor (TiO2), which occurs within 50  25 femtoseconds. 

The dynamics of the interfacial electron-transfer between sensitizer and 
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TiO2 is highly related to the electrostatic and chemical interaction between 

TiO2 surface and dye molecules. 

3. The electron percolates through the porous TiO2 layer to the conductive 

substrate and passes the external load to reach the counter electrode. The 

DSSC efficiency significantly depends on the behavior of the injected 

electrons in the porous disordered TiO2 electrode. Compared to the single 

TiO2 crystals, such porous nanocrystallite structure does show slower 

diffusion rate and higher possibility of charge recombination. Thus, the 

properties of TiO2 have a large effect on the electron transfer efficiency. 

The properties can be optimized by controlling TiO2 crystal phase, grain 

size and pore distribution, so as to improve electron transport 

characteristics, light scattering property and the amount of absorbed dye 

molecules. 

4. The electron travels along the external circuit and reaches the counter 

electrode. At the interface between electrolyte and counter electrode, the 

electron is then transferred to I3
-
 to yield I

-
. This is the redox regeneration, 

namely oxidization process, which can be expressed as:  

  
          

5. The iodide reduces the oxidized dye S
+
 to its original state S

o
, and then the 

sensitizer is regenerated. It is reported that the electron transfer from redox 

electrolyte (I
-
) to oxidized state S

+
 is around 110 nanoseconds, which is 

much faster than the recombination rate of 100 milliseconds to 1 second. 

This is also called reduction process that can be expressed as: 

      
      

The device operated in a regenerative mode and cycles through these steps. 
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Figure 3.1.6 Energetic schema of a dye-sensitized solar cell. 

3.2 Motivation to enhance the solar cells efficiency 

It is generally believed that light harvesting and electron collection are the two 

critical factors determining the efficiency of dye-sensitized solar cells (DSSCs). These 

two factors are directly related with the photoanode architecture, with its surface area 

determining the dye loading and light absorption, and electron transport path 

determining the photocarrier collection. In the traditional photoanode based on TiO2 

nanoparticle (NP) mesoporous film[3] coated on a transparent conductive oxide (TCO) 

glass, the considerably large surface area of NPs ensures a high dye loading for light 

harvesting, but the injected photoelectrons in TiO2 perform a random zigzag walk over 

the disordered framework of NPs, leading to increased scattering and recombination 

with a reduction of electron collection efficiency. In order to achieve a detailed 

understanding of the factors limiting electron transport in disordered NPs films, 

random walk model were employed to investigate the parameters like diffusion 
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coefficient and lifetime [17, 18]. To improve charge collection efficiency, crystalline 

nanowires (NWs) or nanotubes (NTs), aligned parallel to the electron-collecting 

direction[9, 19], are utilized to construct mesoporous films[20]. One of the significant 

advantages of NW- or NT-based DSSCs over NP-based cells is the higher charge 

collection efficiencies owing to less scattering and recombination probability[21], 

because of direct pathways for species (electrons, holes/ions) to be transported through 

the ordered tubes or pores. However, these ordered NTs or NWs usually have a 

relatively small surface area in comparison with compacted NPs, therefore leading to 

lower dye loading and diminished light harvesting.  The typically demonstrated light 

conversion efficiency of these NT or NW based DSSCs is below 5%, far lower than 

that of NPs based cells.  
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Figure 3.2.1 The working electrode fabricated from (a) pure NPs; (b) pure NTs; 

and (c) the NTs + NPs mixed structure. 

The considerably large surface area of NPs provides a high dye loading for 

light harvesting, but its random zigzag electron transport path hampers the effective 

electron collection as shown in figure 3.2.1(a); in figure 3.2.1(b), NTs or NWs provide 

straight transport path for potentially high collection efficiency, but their relatively 

low surface area limits the light harvesting. With these considerations, it seems that 

combining the merits of large surface area of NPs with the straight transport path of 

NTs or NWs could be an approach to further improve the performance of DSSCs and 

the schematic of the mixed structure is shown in figure 3.2.1(c). There have been 

reports to decorate NWs or NTs with NPs to maintain the benefits of both 

morphologies [1, 22-24]. In this work, we infiltrated TiO2 NTs with TiCl4 solution 

followed by hydrothermal growth to synthesize TiO2 NPs [25] conformably on the 

deep tube walls.  In addition to the typical solar cell performance study, we focused on 

the effect of NPs infiltration on the dye loading of NT structures with different tube 

lengths, and on the electron transport and recombination characteristics. 

3.3 Experimental method 

3.3.1 Materials 

0.010 inch thick titanium (Ti) sheets with 99.97% purity, ESPI Metals 

Company. 

LOF TEC15 F-doped SnO2 glass, Hartford Glass Company. 

Ethylene glycol (C2H6O2), 99+%, EMD millipore.  

Ammonium fluoride (NH4F), ≥99.99% trace metals basis, Sigma-Aldrich. 

Titanium(IV) chloride (TiCl4), puriss., ≥99.0%, (AT) Fluka. 

Ruthenizer 535-bisTBA, Solaronix SA. 

Lithium iodide (LiI), crystalline powder, 99.9% trace metals basis, Aldrich. 
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Iodine (I2), ≥99.9% trace metals basis, Aldrich. 

Tetrabutylammonium iodide, for electrochemical analysis, ≥99.0%, Fluka. 

4-tert-butylpyridine (C9H13N), 96%, Aldrich. 

Acetonitrile (CH3CN), anhydrous, 99.8%, Sigma-Aldrich.  

Ethanol (CH3CH2OH), PHARMCO-AAPER. 

Meltonix 1170-60 Series, Hot Melt Sealing Foil, Solaronix SA. 

Platisol, an alcohol based paint containing a chemical platinum precursor, 

Solaronix SA, Switzerland. 

Transparent conducting glass, LOF TEC15 F-doped SnO2 glass; Hartford 

Glass Company. 

3.3.2 Method to fabricate titanium dioxide nanotubes infiltrated with 

nanoparticles 

TiO2 nanostructure preparation: The highly ordered, vertical TiO2 NTs were 

grown on 0.010 inch thick titanium sheets with 99.97% purity via electrochemical 

anodization method[1]. The anodization was performed under 30 V DC voltage at 

room temperature in a solution of ethylene glycol containing 0.4%wt ammonia 

fluoride (NH4F) and 5%wt deionized water. The inner pore diameter of NTs was 

controlled to be around 100 nm from run to run. By varying the anodizing time NTs 

with different lengths were achieved. In this work, NTs with the same pore size but 

different lengths of 8μm, 13μm and 20μm were used. The formed amorphous TiO2 

NTs were then crystallized into anatase phase by calcination at 450
˚
C for 1 hour in 

ambient environment.  

Infiltrating TiO2 nanotubes with TiO2 nanoparticles: These prepared TiO2 NT 

samples were infiltrated with TiO2 NPs through hydrothermal method by immersion in 

aqueous TiCl4 solution (0.2 M) in an enclosed autoclave with a Teflon vessel. The 0.2 

M TiCl4 aqueous solution was prepared by adding pure TiCl4 slowly in deionized 

water in ice bath under stirring to avoid HCl formation and evaporation. The autoclave 
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was heated in a furnace at 100˚C for 30 minutes. The sample was then rinsed 

thoroughly by deionized water, and this process was believed to promote TiCl4 to 

react with H2O to produce TiO2 NPs. Afterwards, the sample is rinsed in ethanol to 

remove residual TiCl4. The infiltrated NPs were crystallized by calcinating the sample 

at 450
°
C for another 30 minutes and this process can also strengthen the contact 

between the TiO2 NTs and the synthesized TiO2 NPs. This infiltration process or cycle 

can be repeated several times to achieve a thick NP layer on the NT walls. In this work, 

we compare the performance of bare NT, NT infiltrated with one cycle, and NT 

infiltrated with two cycles at 8μm, 13μm and 20μm three different NT lengths. 

3.3.3 Dye-sensitized solar cell preparation 

The TiO2 nanostructures on Ti sheets were sensitized with N719 dye as the 

working electrode (photoanode). The semitransparent counter electrode consists of a 

transparent conducting glass (LOF TEC15 F-doped SnO2 glass; Hartford Glass 

Company) platinized by platisol (an alcohol based paint containing a chemical 

platinum precursor; Solaronix SA, Switzerland). A 60µm hot-melting polymer spacer 

(Solaronix SA, Switzerland) was sandwiched by the counter and working electrode, 

whereafter thermal press (100°C) was performed to hermitically seal this framework. 

An electrolyte was injected in between the two electrodes, and immediately the solar 

cell was examined through back illumination (the light illuminates through the counter 

electrode and electrolyte to reach the working electrode) under simulated AM1.5 solar 

light with 100 mW/cm
2
 intensity. 

3.3.4 Characterization 

Scanning Electron Microscopy: The morphology of the achieved TiO2 

nanostructures was characterized by a field-emission scanning electron microscope 

(FE-SEM).  

Glancing angle X-ray diffraction (GAXRD) experiments were conducted to 

identify the crystalline phases of both the NT samples and NPs infiltrated NT samples 

with Cu Ka radiation (λ=1.5406 Å) at 40 kV and 40 mA.  
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Dye loading: To compare the surface area of these samples, dye loading 

measurements were carried out. Ruthenium-based N719 dye from Solaronix SA was 

utilized to stain the samples for 36 hours after the samples were calcinated at 80°C. 

Dye loading was determined by desorbing the dye molecules from the nanostructures 

using 1.0 mM KOH solution (3.00 mL) and measuring its absorption spectrum of the 

resultant pink solution with an UV-vis spectrophotometer[26]. The relative amount of 

absorbed dye of each sample was calculated by using Beer’s law along with the 

absorbance at wavelength of 308 nm.  

Photocurrent density versus photovoltage characteristics: The solar cell 

performance was characterized with backside illumination by an AM 1.5 solar 

simulator with 100 mW/cm
2
 intensity. The overall photoconversion efficiency is given 

by this equation as below: 

   
          

  
 

Where, the JSC is the photocurrent density in short circuit and VOC is the open 

circuit voltage. ff is cell fill factor that is the ration of the maximum cell output power 

to the product of  JSC and VOC. IS is the power density of incident light. 

Electrochemical Impedance Spectroscopy: Impedance spectra of DSSCs were 

measured using an EIS spectrometer (SP-150, BioLogic Science Instruments) by 

applying a 10 mV alternative signal versus the open-circuit voltage over the frequency 

range of 10
-2

-10
5
 Hz under an AM 1.5 solar simulator with 100 mW/cm

2
 intensity. 

Incident Photon Conversion Efficiency (IPCE): The IPCE was measured by 

interposing a monochromator between the xenon light source and the solar cell with an 

interval of 10 nm. The photocurrent at each wavelength is recorded by Keithley 2400. 

And the IPCE at each wavelength was calculated by software according to the 

equation: 

    ( )  
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                      (3.3.3) 
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Where    = number of photoelectrons produced,   = number of incident 

photons,   = photocurrent measured at each wavelength,   = active area of solar cell, 

    incident light spot area,   = elementary charge,   = power density of incident 

light that is 100 mW/cm
2
,   = wavelength,  = light speed,  = plank’s constant. 

3.4 Results and discussions 

3.4.1 The morphological study by Scanning electron microscopy (SEM) 

Figure 3.4.1 (a) and (b) are the representative SEM top and side views of bare 

TiO2 nanotubes formed by electrochemical anodization, with a ~ 100 nm inner pore 

diameter and a side wall thickness of around 23 nm. In this work, by varying the 

anodizing time the lengths of the NTs were controlled at 8, 13, and 20 μm, 

respectively, determined by SEM measurements. Our method to infiltrate TiO2 NPs 

onto the NT walls by hydrothermal synthesis was found to be effective, and a 

conformal NP porous layer was deposited on the NT walls from the top opening all the 

way to the tube bottom, as confirmed by the SEM images in Figure 3.4.1 (c-e), 

including top view, tilt view, and inside view of the split NTs. 10 nm NPs were 

observed to coat on the NTs uniformly and densely. Moreover, thicker NPs layer can 

be coated if repeating the infiltration process, as shown in Figure 3.4.1 (e). 
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Figure 3.4.1 SEM images of TiO2 NTs grown by electrochemical anodization: 

the top view (a) and the side view (b); NTs and NPs mixed structure after one-cycle 

infiltration: top view (c), tilt view (d) and inside view of the split NTs; (f) NTs and 

NPs mixed structure after two-cycle infiltration. 

3.4.2 The crystallization study by X-ray diffraction (XRD) 

The as-grown TiO2 NTs have an amorphous structure before annealing[27]. 

The XRD data of the samples after thermal crystallization of the three groups, 
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including bare NT, NT infiltrated with one cycle, and NT infiltrated with two cycles, 

are plotted in figure 3.4.2. The typical diffraction peak (101) of anatase phase can be 

obviously observed at 2 = 25.3° along with other anatase peaks of (004), (200), and 

(105), etc., indicating the polycrystalline structure. The samples infiltrated with two 

cycles occasionally exhibit a typical peak (110) of rutile phase at 2θ=27.4° resulting 

from the repeating annealing at 450°C. Nevertheless, the intensity of this rutile peak 

(110) is relatively lower in contrast to other anatase peaks, indicating that the anatase 

phase still dominates. Because the calcination temperature used is not sufficiently high 

for the phase transition from anatase to rutile to occur extensively. The anatase form of 

TiO2 is believed to have high solar energy conversion efficiency and very active for 

catalysis [28]. 

 
Figure 3.4.2 Representative XRD patterns of all nine TiO2 samples after 

annealing. The digits (0, 1 and 2) indicate the infiltration cycles applied to the 

corresponding samples. A and R refers to anatase and rutile, respectively. 
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3.4.3 The dye loading comparison 

Figure 3.4.3 compares the relative amount of absorbed dye of each sample, 

correlated with the available surface area. In all the three sets of samples, dye loading 

has more than 100% increase after infiltration with NPs by one cycle, suggesting the 

surface area of the NT and NP mixed structure is significantly increased by the 

attached NPs comparing with the bare NT structure. This surface enhancement can be 

further improved by the second infiltration cycle. In this case, the dye loading of the 8 

µm thick sample will linearly increase, but that of 13 and 20 µm thick samples will 

approach to a saturation value. One possible reason is that for longer tubes, NPs might 

cause clog at the top part of the tube, limiting the access to the tube bottom in the 

second infiltration cycle. 

 
Figure 3.4.3 The relative dye loading of all the samples. 

3.4.4 Photocurrent density – photovoltage characteristics 

The characteristic of photocurrent density (J) vs. photovoltage (V) for the three 

sets of samples were plotted in figure 3.4.4 (a-c), along with detailed parameters listed 

in Table 1. The series resistances (Rs) was obtained from the inverse slopes of the J-V 

curves by linear fitting at V = 0 [29]. It can be seen that after two cycles of NP 

infiltration, the open-circuit voltage (Voc) and fill factor (FF) increased significantly 
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comparing with the bare NT samples at each thickness. And the short-circuit current 

density (Jsc) nearly doubled at thickness of 8 µm and 13 µm. These significant 

improvements come from the greatly increased dye loading owing to the increased 

surface areas of this NT and NP combined structure, where the light could also be 

trapped inside with improved light harvesting. It is noted that the boost in efficiency is 

more evident in shorter NT samples, improved by 152% at the best for 8 µm thickness, 

because the amount of the absorbed dye appears to be the dominant limiting factor to 

the photocurrent. As the NT become longer this efficiency enhancement become less 

significant, by 107% for 13 µm thickness and 49% for 20 µm, as mainly determined 

by Jsc. As it is known, Jsc can be expressed as 

                         (3.4.4) 

where q is the elementary charge, lh is the light-harvesting efficiency, inj is 

the charge-injection efficiency, cc is the charge-collection efficiency, and the I0 is the 

incident photon flux [30]. It is reasonable to assume that the inj is similar for all the 

samples with different thickness. We can conclude that the higher Jsc and  of our 

devices are due to a larger lh resulting from the larger surface area of the mixed 

nanostructure and correspondingly from greater dye loading; on the other hand,  the Jsc 

is still circumscribed by inj and cc and consequently limits the further improvement 

in solar conversion efficiency , especially for the samples with higher thickness 

which have already achieved high light harvesting. As the tube length increases, cc 

will be reduced; the same amount of dye loading increment will not transform to the 

same amount of efficiency improvement.  

Based on the measurements, the optimum thickness is 13 µm and the sample 

with two-cycle NPs infiltration yielded the highest conversion efficiency of 5.36%, 

which has lower series resistance that facilitates photocarriers transport in contrast to 

the other two thicknesses. In these backside illumination DSSCs, the transmittance of 

the counter electrode (Pt NPs coated TEC-15 FTO) measured via UV-vis 

spectrophotometer was below 70% in the range of the efficient dye absorption 
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spectrum. Taking this loss into account the intrinsic efficiency could achieve 7.66%. 

In addition, since light illumination passes through electrolyte before absorbed by dyes, 

the extra photon loss in the 60 µm thick bulk electrolyte is also significant comparing 

with the typical front-side illuminated DSSCs [31]. There are reports of TiO2 NT 

formed on transparent glass instead of Ti metal sheet, which may provide approach to 

fabricate front-side illuminated DSSCs with NT and NP mixed structure to eliminate 

the counter electrode and electrolyte absorption. 
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Figure 3.4.4 The photocurrent density versus photovoltage characteristics of 

DSSCs: (a) 8 µm samples with NTs; (b) 13 µm samples; (c) 20 µm samples. 

3.4.5 Incident photo conversion efficiency (IPCE) study 

Figure 3.4.5 displays IPCE (λ) for the three cells of 13 µm NT length at an 

applied voltage bias of 0.2 V, at which the maximum conversion efficiency is obtained. 

It is obviously noted that the photoconversion efficiencies of infiltrated samples were 

improved by about 50% in contrast to the bare NT sample, indicating more 

photoelectrons were generated owing to higher light harvesting. And the maximum 

IPCE at the absorption peak of the solar cell after filtration that is at the wavelength of 

around 550 nm has exceeded 80%, reflecting that the charge collection efficiency is 

almost unity. Within the range of longer wavelengths, the weaker light absorption and 

carrier recombination was believed to lead to lower IPCE [32].  
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Figure 3.4.5 Measured incident photon conversion efficiency (IPCE) of solar 

cells made from three samples at NT length of 13 µm, as a function of wavelength. 

3.4.6 Electrochemical impedance spectroscopy (EIS) analysis 

Electrochemical impedance spectroscopy has been regarded as a powerful 

technique to study charge carrier transport and recombination processes in the DSSC, 

with established physical models and equivalent circuits available to analyze the 

spectroscopic data [33-35]. The Nyquist plots of the obtained EIS data are shown in 

figure 3.4.6 (a-c). The high frequency semicircle portion in Nyquist plots corresponds 

to the reduction reaction at the counter electrode, and the second semicircle is assigned 

to charge transfer at the TiO2/dye/electrolyte interface [36, 37]. The high-frequency 

intercept of the curve with the real axis is regarded as the contact resistance of the 

working electrode [38]. The kinetics of electrical transport and recombination can be 

considered in terms of a combination of resistance and capacitors. The measured 

impedance spectroscopic data was fitted employing the diffusion-recombination 

model (figure 3.4.7) proposed in Ref [39] with Z-fit software. The derived parameters 

for each electrical element in the equivalent circuit were utilized to calculate the 

efficient diffusion coefficient (Deff) and diffusion length (Ln) [40]: 
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   // 2

Fwkeff LRRD     (3.4.1) 

  2/1

effn DL        (3.4.2) 

Here, Rk is a charge-transfer resistance related to recombination of electrons at 

TiO2/electrolyte interface, and Rw is the electron transport resistance in the film with 

thickness of LF. The electron lifetime () is correlated with the characteristic frequency 

peaks in Bode phase plot. The derived , Deff and Ln are listed in table 1. In general, 

the τ value in the samples with NPs infiltration decreased slightly compared with that 

in bare NT samples. In all the samples, the values of Ln exceed the length of NTs 

indicating that photoelectrons have large probability to be collected. Although the 

increased tube length and NPs deposition results in larger dye loading value leading to 

higher electron injection, it also increases the recombination possibility of electrons on 

TiO2 surface, giving a smaller . But in our case, this reduction of  could be 

compensated by highly improved light harvesting efficiency and greatly reduced series 

resistance, hence resulting in improved total conversion efficiency on the whole.  

 In order to test the thermal effect on the stability of the fabricated DSSCs, a 

series of consecutive EIS measurements were carried out on a representative sample 

(13 μm thick with one-cycle of infiltration) after a given period of light illumination. 

Figure 3.4.6 (d) shows the Bode phase plots of the EIS results with frequency plotted 

in logarithmic scale. It is observed that the characteristic frequency peak shifted to 

higher frequency as light illumination, which means the electron lifetime became 

shorter. The thermal effect enhances the carrier recombination probability with a 

reduction of . After the cell was cooled back to the room temperature, the same 

measurement was conducted again and the characteristic peak shifted back to the 

initial frequency. This phenomenon confirmed the fact that the peak shifting is due to 

the increasing temperature of the DSSC, which leads to an enhanced recombination.  
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Figure 3.4.6 Nyquist plots of the EIS data of the DSSCs: (a) 8 µm samples; (b) 

13 µm samples; (c) 20 µm samples. (d) shows Bode phase plot with the illumination 

time for the 13 μm sample with one cycle of infiltration. 
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Figure 3.4.7 Equivalent circuit for a complete DSSC.  

The circuit elements have the meaning that: cμ is the unit chemical capacitance 

standing for the change of electron density as a function of the Fermi level; rr is the 

unit charge-transfer resistance relevant to recombination of electrons at the 

TiO2/electrolyte interface (Rk=rt LF); rt is the unit electron transport resistance (Rw=rt 

LF); Rs is the series resistance for the transport resistance of the conductive glass; RT is 

the charge-transfer resistance for the interface of uncovered conductive 

glass/electrolyte; CT is the capacitance at the interface of conductive 

glass/TiO2/electrolyte; Z(sol) is the impedance of diffusion of redox species in the 

electrolyte; RPt and CPt is the charge-transfer resistance and the double layer 

capacitance at the interface of counter electrode/ electrolyte [39]. 
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Table 1 A summary of different parameters corresponding to each DSSC. 

NT CYCLES VOC (V) JSC (MA/CM
2
) FF Η (%) 

 

(S) 
RS (Ω·CM

2
) 

DEFF 

(CM
2
/S) X10

-5
 

LN 

(ΜM) 

8 

µm 

2 0.686 10.24 0.58 4.08 0.051 9.37 7.60 19.69 

1 0.702 7.87 0.55 3.03 0.062 13.1 7.19 21.11 

0 0.632 5.20 0.49 1.62 0.111 27.2 4.48 22.31 

13 

µm 

2 0.717 14.67 0.51 5.36 0.126 9.60 8.70 33.11 

1 0.711 13.67 0.56 5.30 0.092 8.78 9.44 29.47 

0 0.636 8.60 0.47 2.59 0.126 16.3 9.99 35.49 

20 

µm 

2 0.722 12.64 0.53 4.84 0.136 9.32 11.65 39.80 

1 0.684 12.26 0.53 4.44 0.136 11.3 11.43 39.42 

0 0.618 11.34 0.46 3.25 0.244 18.3 9.92 49.20 
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3.5 Conclusions 

In summary, we have achieved uniform coating of ~ 10 nm size TiO2 NPs on 

the side walls of NTs through infiltration with TiCl4 solution and hydrothermal 

synthesis. This infiltration process significantly increase the surface area and dye 

loading comparing with bare NTs structure, which boosts the photocurrent by nearly 

100% for the 8 and 13 µm long tubes. The increment of dye loading dramatically 

boosts the photocurrent. The mixed NTs and NPs structure also has a low serial 

resistance enhancing the photovoltage and filling factor. Although the electron lifetime 

was slightly reduced due to the enhanced recombination related with the surface, the 

diffusion length is still longer than the tube length used. The net results is the overall 

cell efficiency is enhanced by 152%, 107%, and 49% for 8, 13, and 20 µm long NTs, 

respectively.  This study concluded that combining the merits of NTs and NPs is 

promising to further improve DSSC performance.  
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CHAPTER 4 

COMPOSITE OF GRAPHENE-TIO2 NANOSTRUCTURES AS 

PHOTOCATALYSTS 

4.1 Background 

4.1.1 Photocatalytic degradation 

Photocatalyst, generally speaking, is a catalyst that participates and can modify 

(accelerate or decrease) the reaction rate of chemical transformation under light 

irradiation without changing and consuming itself in the end. Since the first time TiO2 

powder was found to be able to purify contaminated water with the aid of solar 

illumination, extensive study has been executed to explore the potential of TiO2 as 

photocatalysts for environmental applications. Nowadays, the photocatalytic 

degradation (PCD) using TiO2 as the photocatalysts has been widely applied for 

wastewater treatment in daily life and industrial activities, during the process of which 

the TiO2 particles were discovered to be capable of trapping and oxidizing organic 

compounds to minerals, such as carbon dioxide and water. Mostly, the concentration 

of pollutants is not very high, so the light irradiation might not necessarily be as strong 

as UV light or solar light to achieve an efficient purification and even room light is 

sufficient. Such a photocatalytic degradation process applied for environmental 

decontamination has several advantages: (1) the material used is environment-kind 

and easy to be separated for recyclable usage; (2) the reaction is simple and can take 

place under ambient conditions; (3) many different kinds of pollutants in wastewater 

can be oxidized simultaneously within a short time.[41] 

The mechanism behind the photocatalytic degradation of pollutant is shown in 

figure 4.1.1. Under illumination, a photon with energy larger than TiO2 bandgap 

energy is absorbed and excites an electron-hole pair with the electron elevated into the 

conduction band while leaving the hole at the valence band. In the valence band, the 

excited hole (h
+
) either directly oxidizes the pollutants or reacts with hydroxide ion 

(OH 
-
) in water to generate hydroxyl radical (OH), where the latter reaction is more 
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likely to happen than the former one. And then the hydroxyl radical will further 

oxidize pollutants into minerals. On the other hand, the photoexcited electron in the 

conduction band reduces oxygen (O2) on the surface of TiO2. It is worth noting that 

there is a possibility for the photoexcited electrons to accumulate in conduction band 

due to the slower rate of oxygen reduction compared to that of pollutant mineralization. 

As a result, there would be a larger chance for the recombination of the photoexcited 

electron-hole pairs, which will restrict the efficiency of photocatalytic degradation.  

  
Figure 4.1.1 Schematic representation of the photocatalytic degradation of 

pollutant taking place at TiO2 surface. 

4.1.2 Methylene blue (MB) 

Methylene blue with the IUPAC name of 3,7-bis (Dimethylamino)- 

phenothiazin-5-ium chloride, is a heterocyclic aromatic chemical compound, which is 

a common organic contaminant discharged by dyeing plants. In our study, methylene 

blue was employed to simulate the organic compounds in aqueous solution for 

photocatalytic degradation. 
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Figure 4.1.2 Chemical structure of methylene blue. 

4.1.3 Graphene 

Graphene, in addition to its exciting electronic[42] and photonic 

applications[43], is believed to be promising for energy and environment related 

applications[44], such as energy storage[45], photovoltaics[46],  

photoelectrochemical[47] and photocatalytic[48-50] based water-splitting for 

hydrogen generation, and photocatalytic degradation[49] of organic contaminations. 

Considering that carbon itself has been extensively employed for different catalytic 

applications, graphene, the single atomic layer of graphite, with its very high electric 

charge carrier mobility and optical transparency, intrinsic large surface and capability 

of chemical functionalization, and mechanical flexibility and strength, could be an 

ideal mechanical support and electric charge carrier shuttle of photo sensitizers and 

catalysts to construct nanocomposite photocatalysts with enhanced performance based 

on the synergetic effects of components[49]. Furthermore, unlike electronic and 

photonic applications which call for high purity sp
2
 bonded graphene that can only be 

produced by delicate approaches, energy and environment related applications require 

large-quantity and cost-effective methods to produce surface-functionalized and even 

defective single-layer or few-layer graphene, which fortunately can be easily produced 

through the well-known Hummer’s method[51]. The resulted single or few layer 

graphene oxide (GO) from this method contains abundant hydrophilic groups such as 

hydroxyl, carboxyl, and epoxyl groups bonded with carbon and other atomic scale 

defects. They significantly distort sp
2

 in-plane bonding and act as scattering centers 

that dramatically alter the optical property and electric property of graphene with low 

transparency, high resistivity and low charge carrier mobility. Repairing the sp
2
 

aromatic structure and reduction of GO to the so-called reduced graphene oxide (RGO) 
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is necessary to be used for charge shuttling and possible catalytic site. Chemical 

reduction using reducing agent such as hydrazine[52], photochemical reduction using 

semiconductors[53], and hydrothermal reduction using supercritical water[54] have 

been demonstrated to be effective for this purpose. The latter two “green” routes that 

simultaneously reduce GO and anchor semiconductor nanoparticles (NPs) on RGO are 

more intriguing. 

4.2 Motivation to fabricate the composite of graphene-TiO2 

nanostructures 

With its 3.2 eV electronic band gap, TiO2 is only sensitive to the light 

wavelengths below ~ 380 nm which belong to the UV range. Nevertheless, the cost-

effective TiO2-based materials, because of their high oxidation capability and extreme 

chemical stability against the strong oxidation environment in photocatalytic water-

splitting and photocatalytic decontamination applications, have been the most popular 

photocatalysts[55]. To facilitate the use of TiO2 powder as photocatalyst, 

immobilization on a suitable substrate is desired. Carbon-based materials of different 

origin, including activated carbon, carbon black, carbon fiber, and carbon nanotubes 

(CNTs), have been investigated for this purpose[56, 57]. As a new member of carbon 

family, graphene, due to its superior properties mentioned previously, used as 

mechanical support and electric shuttle in a composites for anchoring TiO2 NPs has 

also been reported[47, 49, 54, 58-64].  

Instead of uniformly distributed on graphene, the loaded NPs are easily 

accumulated along the wrinkles of graphene sheets or other defects and form 

agglomerations[65]. In comparison with pure TiO2, the enhanced photocatalytic effect 

of CNT-TiO2[66] and graphen-TiO2 composites was generally attributed to three 

factors, including enhanced electron hole pairs (EHPs) separation for high quantum 

efficiency, extended visible light absorption for solar light harvesting, and 

dramatically boosted reactant adsorbability giving high reaction possibility. The 

heterojunction between graphene and TiO2 promotes separation of electron-hole pairs 

in TiO2 with electron injecting into graphene that acts as electron sink hindering 
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recombination, while the hole remaining in TiO2 to drive the oxidation process. The 

formation of Ti-O-C bonding by using carbon as dopant in TiO2 to extend TiO2 light 

absorption cutoff wavelength was also considered as one extra benefit. Unfortunately, 

the agglomeration of TiO2 NPs on graphene prohibits the direct chemical contact 

between the two components, as illustrated in figure 4.2.1 (a), and therefore will 

dramatically diminish these two benefits. The large surface area to easily catch the 

target for photo degradation, another merit of graphene, has to be discounted if TiO2 is 

not uniformly distributed, since the holes in TiO2 cannot reach those areas to oxidize 

the adsorbed targets. To exploit the benefits of synergistic photocatalytic effects of 

TiO2 and graphene other than using graphene simply as a mechanical support, 

dispersion of TiO2 on graphene with minimal agglomeration is critical.  

There has been no report on the composite of TiO2 nanowires (NWs) grafted 

onto graphene, called as GNW here. In comparison with GNP structure, GNW 

composite is not a simple morphology change of TiO2 from NP to NW. The most 

prominent merit to use NWs other than NPs is that NWs have a large opportunity than 

NPs to be uniformly grafted onto graphene to form bonding simply based on 

geometric consideration, as illustrated in figure 4.2.1 (b). Therefore, the photoelectron 

injection into graphene will be much easier to occur, with the potential for higher 

photocatalytic efficiency. Here we report our study on the synthesis and property of 

GNW composite. Its superior photocatalytic capability over GNP is confirmed. It is 

worth emphasizing that the hydrothermal synthesis method we used guarantees that 

the two processes  GO reduction to RGO and the decoration of TiO2 NPs or NWs on 

RGO  are implemented in the same step. 
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Figure 4.2.1 Schematics of (a) TiO2 nanoparticles forming agglomerations on 

graphene, and (b) TiO2 nanowires dispersing uniformly on graphene. The dimensions 

of the components in the schematic are not in proportion. 

4.3 Experiments 

4.3.1 Materials 

Expanded graphite, 3805, donated by Asbury Graphite Mills, Inc. 

LOF TEC15 F-doped SnO2 glass, Hartford Glass Company. 

Ethanol (CH3CH2OH), PHARMCO-AAPER. 

Titanium dioxide (TiO2) Degussa P25 nanoparticle powders (TiO2), EVONIK 

Industries. 

Potassium hydroxide (KOH), Pellets, Mallinckrodt Chemicals Co. 

Hydrochloride acid (HCl), 34-37% trace metals grade, Fisher Scientific.  

Methanol (CH3OH), 99.9%, Fisher Scientific. 

Potassium persulfate (K2S2O8), 99.99% trace metals basis, Sigma-Aldrich. 

Phosphorus pentoxide (P2O5), ReagentPlus
®

, 99%, Sigma-Aldrich. 
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Concentrated sulfuric acid (H2SO4), 96.8%, Mallinckrodt Chemicals Co. 

Hydrogen peroxide (H2O2) solution, 50%, HACH company. 

Potassium ferricyanide (III) (K3Fe(CN)6), powder, <10 μm, 99%, Sigma-

Aldrich. 

Potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6·3H2O), ≥99.99% trace 

metals basis, Sigma-Aldrich. 

Potassium chloride (KCl), Granular. 

Methylene blue (C16H18ClN3S · 3H2O), certified by the Biological Stain 

Commission, Sigma-Aldrich. 

Acetylacetone (CH3COCH2COCH3), ≥99.3%, Sigma-Aldrich. 

4.3.2 Methods 

Synthesis of TiO2 nanowires: A facile chemical approach was adopted to 

synthesize single crystalline anatase TiO2 NWs. In a typical preparation procedure, 3 g 

TiO2 Degussa P25 nanoparticle powders (EVONIK Industries) were added into 100 

mL KOH aqueous solution (10 M) and stirred for 30 min until a homogeneous 

suspension was gained. A Teflon-lined autoclave (125 mL capacity) was filled with 

this suspension up to 80% of the total volume. Sealed into a stainless steel tank, the 

autoclave was kept at 200˚C for 24 hours and then cooled down naturally to room 

temperature. The obtained products were successively washed with dilute HCl 

aqueous solution, deionized water and methanol for several times until the pH value 

equals to 7. After recovered by vacuum filtration, the wet products were baked at 70˚C 

for 6 hours, and eventually the white-color anatase TiO2 NW powder was obtained.  

In most previous reports on titanate 1-D nanotubes and nanowires synthesis by 

hydrothermal process[67-69], highly concentrated NaOH aqueous solution was 

typically used with the resulted layered tubular or rod titanate structures in a general 

formula NaxH2-xTi3O7nH2O. The crystal structure is based on TiO6 octahedra that 

share edges and vertices to form 2-D framework, with sodium and hydrogen atoms 
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filling in the interlayer space. Washing with hydrochloric acid leads to sodium-free 

hydrogen titanate by ion exchange reaction with the acid [69]. It is generally believed 

in these literatures that the 1-D structure formation involves the dissolution of the 

starting TiO2 3-D structure by breaking of the Ti-O-Ti bonds, rearrangement of TiO6 

octahedra into 2-D nanosheets, and nanosheets wrapping into nanotube structure at 

suitable temperature range of 90  170 ˚C, driving by the saturation of dangling 

bonds[70]. If the hydrothermal temperature is higher, other morphology, including 

nanowires will be formed. Here, we confirmed that the titanate NWs could be 

synthesized by replacing of NaOH with KOH and processing at a higher temperature 

(200 ˚C). 

Synthesis of graphene oxide: Expanded flake graphite (3805, donated by 

Asbury Graphite Mills, Inc.) was employed for easier preparation of graphene. The 

expanded graphite was first oxidized into graphite oxide via modified Hummers’ 

method. In detail, 3 g of graphite was added into a mixture of 2.5 g K2S2O8, 2.5 g P2O5, 

and 12 mL concentrated H2SO4. After heated to 80˚C and kept stirring for 5 hours, 500 

mL deionized water was slowly added into the mixture for dilution. Reoxidization was 

implemented by the addition of a large amount of deionized water (500 mL) and 

treated with 30% H2O2 solution (10 mL), causing violent effervescence and 

temperature increasing. By filtration through 0.22 µm Nylon film repeatedly with 

deionized water until the pH of the filtrate was neutral, the graphite oxide was 

obtained after drying the product in oven at 60˚C for 2 hours. Exfoliation was 

performed by sonicating 0.1 mg/mL of graphite oxide dispersion for 1 hour. The 

graphene oxide (GO) was recovered by filtration again and vacuum drying. 

Synthesis of graphene-TiO2 composites: Hydrothermal method was employed 

to synthesize the graphene-TiO2 nanowire GNW hybrid nanostructures, similar with 

the reported approach used for graphene-TiO2 nanoparticle GNP synthesis. 30 mg of 

GO was put into a solution of 90 mL deionized water and 30 mL ethanol under 

sonication for 1 hour to re-exfoliate the GO thoroughly, and 3 g as-made TiO2 

nanowires was added to the GO suspension. Then the sonication and stirring was 
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employed alternately for 2 hours with 30 min for each step until a homogeneous 

suspension was achieved, which shows a uniform light gray color. The suspension was 

then poured into a Teflon-lined autoclave of 125 mL capacity and maintained at 120˚C 

for 3 hours to synthesize the composite of GNW, and reduction of GO was also 

realized during this process with ethanol as the active agent. After cooled down to the 

room temperature, the ultimate suspension was filtered several times with deionized 

water and the product was dried at ambient condition. For direct comparison, the 

hybrid nanostructure of GNP was also prepared according to the same procedure 

described above for direct comparison, in which the TiO2 NWs were replaced with 

TiO2 P25 NPs. 

Preparation of working electrodes: The paste was made by using acetoneacetyl 

(Sigma-Aldrich) and deionized water as solvent to disperse powders of NP, NW, GNP 

and GNW with a few drop of Triton X-100 for an even deposition. The working 

electrode was made by depositing the as-made paste on conducting fluorine-doped 

SnO2 glass substrate (FTO, TEC 15) via doctor blade method. The working electrodes 

with an area of 1×1 cm
2
 and a film thickness around 10 µm, measured by a 

profilometer, were calcinated at 450˚C for 2 hours in Ar atmosphere.  

4.3.3 Characteristics 

Electron microscopy: The morphology of the as-synthesized TiO2 NWs, and 

GNP and GNW hybrid structures was characterized by a field-emission scanning 

electron microscope (FE-SEM) and Transmission electron microscope (TEM).  

Raman spectroscopy of NP, NW, GNP and GNW was measured by a Bruker 

SENTERRA dispersive Raman microscope with excitation laser beam wavelength of 

532 nm. 

X-ray diffraction (XRD) experiments were conducted to identify the crystalline 

phase of TiO2 NW, GNP and GNW with Cu Ka radiation (λ=1.5406 Å) at 40 kV and 

40 mA using a Siemens/Bruker AXS D5005 X-ray diffractometer. 
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Fourier transform infrared spectroscopy (FTIR) was also taken to verify the 

bonds forming and skeletal vibration of the graphene sheets in the hybrid 

nanostructures (GNP, GNW). The spectrometer was a Mattson Instruments RS/1 FTIR 

spectrometer operating at 2 cm
-1

 resolution using liquid nitrogen cooled MCT detector. 

The FTIR spectra of GO and graphene films prepared by vacuum filtration were 

measured via attenuated total reflectance (ATR) on BRUKER HYPERION series FT-

IR microscopes. 

Diffuse reflectance absorption spectroscopy: As the performance of a 

photocatalyst relies much on the absorption of light, diffuse reflectance absorption 

spectra (UV-3600 spectrophotometer, Shimadzu) was used to detect the absorption 

range of the different powders, particularly for the visible light.  

Cyclic voltammetry (CV): The cyclic voltammograms were measured in 0.1 M 

KCl solution containing 2.5 mM K3[Fe(CN)6]/ K4[Fe(CN)6] (1:1) as a redox probe 

with the scanning rate of 20 mV/s by an potentiostat (SP-150, BioLogic Science 

Instruments) in the three electrodes cell the same configuration as that for EIS 

measurement. The platinum wire and saturated calomel electrode (SCE) were used as 

counter electrode and reference electrode respectively. 

Electrochemical impedance spectroscopy (EIS): Electrochemical impedance 

spectra of the thin film made from these as-made materials were measured via an EIS 

spectrometer (EC-Lab SP-150, BioLogic Science Instruments) in a electrolyte 

containing I
- 
/I

3-
 as the redox couple by applying 10 mV alternative signal versus the 

reference electrode (SHE) over the frequency range of 1 MHz to 100 mHz.  

The photodegradation of methylene blue (MB): Relative photocatalytic 

activities of NP, NW, GNP and GNW were comparatively investigated by evaluating 

the photodegradation rate of methylene blue (MB) under solar simulator illumination 

(an AM 1.5 solar simulator, Photo Emission Tech SS 50B+) with 100 mW/cm
2
 

intensity. To measure their photodegradation rate, four Petri dishes each containing 25 

mL of 2 ppm MB solution were prepared and 25 mg of each material was added. 
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Photodegradation was measured in 10 min interval. Special care was paid to the 

evaporation loss during the illumination. Therefore, the Petri dish was weighed 

instantly before and after exposure, and the loss was balanced by addition of distilled 

water. To measure the MB concentration in the solution as time elapsed under solar 

radiation, a small volume of solution was withdrawn and the photocatalysts powder 

was filtered out by 0.22 µm membranes, and then, the absorbance was measured at the 

wavelength of 663 nm as shown in figure 4.3.1. The concentration of MB in the 

solution was plotted as a function of irradiation time by using Beer-Lambert Law.  

The law implies that when light travels through a liquid, the absorbance is 

linear with the concentration of absorbing species that is MB in our case, according to 

the equation: 

                         (4.3.3) 

Where,   is the absorbance of the light across the media,   is the extinction 

coefficient of the absorber (MB),   is the path length, and   is molar concentration of 

absorbing species (MB) in the liquid. 

 
Figure 4.3.1 The typical absorption spectra of the remaining methylene blue 

after each 10 min interval in the photocatalytic degradation by NW. 
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4.4 Results and discussions 

4.4.1 Electron microscopy study 

Figure 4.4.1 (a) shows a typical scanning electron microscope (SEM) image of 

the as-made TiO2 NWs, which was observed to be abundant in quantity and pretty tidy 

with smooth surface. It can be noticed from the SEM image that the as-synthesized 

nanostructures have a length of several microns, but the width varies from ~ 20 nm up 

to ~ 200 nm. Particular observation indicates that the larger structure is in fact 

nanosheets. Figure 4.4.1 (b) is the representative transmission electron microscope 

(TEM) image of hybridized GNW structure after a second hydrothermal process in the 

mixture of water and ethanol at 120 °C, which simultaneously reduced GO to RGO by 

electron donation from ethanol and formed Ti-O-C bonding between TiO2 and RGO. 

Comparing figure 4.4.1 (b) with (a), it is noticed that the wide titanate nanosheets 

decomposed into very thin NWs that cover RGO surface in a reasonable uniform 

fashion, although occasionally, NWs are bundled together on RGO surface, indicated 

by the dark color area. In contrast with GNW, the SEM image in figure 4.4.1 (c) and 

TEM image in figure 4.4.1 (d) show that in GNP hybrid structure, dense NPs form 

agglomeration on RGO. Based on the observation that TiO2 NPs are easily anchored 

on RGO along its wrinkles and edges[49], it is postulated that TiO2 is easier to form 

Ti-O-C bond with RGO at the locations of defects, including functional groups. After 

initial anchoring of a few NPs at these locations, other NPs prefer to form 

agglomeration around these spots. In contrast, NWs with their significant length, find 

more opportunities to anchor directly on RGO with less agglomeration.  
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Figure 4.4.1 SEM image of TiO2 NWs made through hydrothermal method 

with KOH and TiO2 P25 (a); (b) TEM image of the graphene-TiO2 nanowire (GNW) 

hybrid nanostructures. SEM image (c) and TEM image (d) of the as-synthesized 

graphene-TiO2 nanoparticle (GNP) hybrid nanostructures. 

We also used the hydrothermal method to merely reduce GO without adding 

TiO2 nanostructures as the control experiment, and the TEM image of RGO structure 

is displayed in figure 4.4.2 (a) demonstrating that this reduction process with ethanol 

as the reductive agent is effective to produce graphene sheets with thin layers. And the 

TEM image of as-synthesized TiO2 NW after a long time sonication is also displayed 

in figure 4.4.2 (b), the width of which is comparable with the NW shown in figure 

4.4.1 (b), indicating the sonication during the secondary process of GNW synthesis 
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plays the same role as here to break the bunches of NWs down to single NW with a 

diameter of about 20 nm. 

 
Figure 4.4.2 TEM image of graphene (a) and (b) TiO2 nanowires (NWs) after 

sonication. 

4.4.2 Raman spectroscopy  

Raman spectroscopy of NP, NW, GNP and GNW was displayed in figure 4.4.3. 

The Raman spectra of GNP and GNW show the typical features of RGO with the 

presence of D band located at 1340 cm
-1

 and G band at 1581 cm
-1

. G band provided 

information on the in-plane vibration of sp
2
 bonded carbon atoms [71], while the D 

band was attributed to the presence of sp
3
 defects in graphene [72]. The 2D band at 

around 2780 cm
-1

 originated from two phonon double resonance. Raman process 

shows a symmetric peak of the 2D band, which is different from that of graphite fitted 

with two peaks [73]. This demonstrates that the graphene has been successfully 

exfoliated and synthesized into the composite. The Raman lines for Eg, B1g, A1g or B1g 

modes of TiO2 anatase phase were also observed. 
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Figure 4.4.3 Raman spectra of TiO2 P25 nanoparticles (NP), TiO2 nanowires 

(NW), graphene-TiO2 nanoparticle (GNP) and graphene-TiO2 nanowire (GNW) 

hybrid nanostructures.   

4.4.3 X-ray diffraction (XRD) analysis 

X-ray diffraction (XRD) is employed for further analyzing the crystalline 

phase of different products as in figure 4.4.4. The as-made TiO2 NW was verified to 

be anatase. The GNP showed similar XRD pattern with the pure TiO2 P25 NP with the 

typical diffraction peak (101) of anatase phase along with other peaks of (004), (200) 

and (105), and a rutile peak (110). However, for GNP and GNW, an exceptional peak 

was observed at 2θ=51.61˚ which is corresponding to the carbon species, suggesting 

TiO2 nanostructures have been successfully deposited on graphene sheets. And for 

GNW, some weak peaks were also detected at 2θ=26.61˚ and 2θ=33.72˚ that could be 

indexed from carbon and titanium carbide, indicating TiO2 of NW structures are more 

facile to obtain a good conjunction between graphene and TiO2 than NP structures. 

Although not very conclusive, we postulate that during the hydrothermal process to 

synthesis NWs from P25 NPs, the original small fraction of rutile phase in P25 NPs 

will disappear in the NWs.  
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Figure 4.4.4 Representative XRD spectra of TiO2 P25 nanoparticles (NP), TiO2 

nanowires (NW), graphene-TiO2 nanoparticle (GNP) and graphene-TiO2 nanowire 

(GNW) hybrid nanostructures. A and R refers to anatase and rutile, respectively. 

4.4.4 Fourier transform infrared spectroscopy (FTIR) 

The Fourier transform infrared spectroscopy (FTIR) transmission spectra of 

NP, NW, GNP and GNW were shown in figure 4.4.5. Both pure NP and NW showed 

a low frequency band at around 690 cm
-1

 attributed to the vibration of Ti-O-Ti. The 

spectra broadening below 1000 cm
-1

 in GNP and GNW compared with the pure NP 

and NW was attributed to the formation of Ti-O-C bonds (798 cm
-1

) during the 

hydrothermal process overlapping with the original peak of Ti-O-Ti vibration. The 

existence of Ti-O-C bonds confirms that the chemical bonds were firmly built between 

graphene and TiO2 nanostructures. Furthermore, the observed absorption band 

appearing at ~ 1600 cm
-1

 for GNP and GNW indicates the skeletal vibration of the 

graphene sheets reduced from graphene oxide during the hydrothermal reaction[49]. In 
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addition, the broad absorption from 3000 to 3700 cm
-1

 was caused by the O-H 

stretching vibration of the surface hydroxyl groups on TiO2. 

 
Figure 4.4.5 Fourier transform infrared (FTIR) spectra of NP, NW, GNP and 

GNW. For clear view, the background CO2 bands (near 2300 cm
-1

) were removed, and 

different spectra were shifted in y-axis. 

In order to verify the effectiveness of the hydrothermal process in which GO 

was expected to be reduced into graphene with ethanol as the reductive agent. RGO 

produced by this process without any addition of TiO2 material was also examined by 

FTIR via attenuated total reflectance (ATR) on BRUKER HYPERION series FT-IR 

microscopes. The  GO and RGO films were prepared by vacuum filtrating the diluted 

suspensions of each materials after sonication for a homogeneous dispersion. Infrared 

peak observed at 1720 cm
-1

 in the spectrum of GO can be assigned to C=O stretching 

of COOH groups, and the peaks at 1222 cm
-1

 and 1044 cm
-1

 are assigned to C-O-C 

vibration. The peak at 1620 cm
-1

 (figure 4.4.6. a) and the wide band between 3000 cm
-

1
 and 3500 cm

-1
 (figure 4.4.6 b) can be attributed to the O-H bending from water, due 

to the hydrophilicity of GO. After hydrothermal reduction of GO, almost all the above 

peaks has eliminated except for the small peak at 1720 cm
-1

 resulting from the residual 
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COOH groups. The decrease of C=O vibration (1720 cm
-1

) and appearance of the 

absorption peak at 1580 cm
-1

 clearly indicated the skeletal vibration of the graphene 

sheets. 

 
Figure 4.4.6 FTIR spectra of GO and graphene in the range of (a) 4000 – 650 

cm
-1

 and (b) 1800 – 650 cm
-1

 for comparison. 

4.4.5 Diffuse reflectance absorption spectroscopy 

Diffuse reflectance UV-visible spectra of NP, as prepared NW, GNP and 

GNW are shown in figure 4.4.7. The sharp absorption edge was observed at around 
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400 nm for bare TiO2 as expected, while the increased absorption in the visible light 

region were detected for both hybrid nanostructures of GNP and GNW as a result of 

the introduction of graphene. And it is notable that compared to bare TiO2 NP and NW, 

the absorption edge of GNP and GNW underwent a red-shift of about 20 nm and 10 

nm respectively. This is believed to be attributed to the formation of chemical bonds 

of Ti-O-C between TiO2 and graphene. 

 
 

 
Figure 4.4.7 Diffuse reflectance absorption spectra of (a) NP and GNP; (b) 

NW and GNW. 
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4.4.6 Cyclic voltammetry (CV) 

As we know, the current in CV was contributed by the double layer charge / 

discharge during the potential scan and is related to its film capacitance at a negative 

voltage window as shown in figure 4.4.8 (a). As noted, GNW has the significantly 

large current, namely large capacitance, which is proportional to the surface area 

approachable to the electrolyte. Moreover the incorporation of graphene will attribute 

the composite with good electrical conductivity which also boosted the current and 

made this composite promising as supercapacitors as well. 

The figure 4.4.8 (b) shows clear anodic and cathodic peaks for each sample. 

The peak at positive potentials on the anodic (forward) sweep around 0.3 V vs. SCE 

represents the oxidation of ferrocyanide to ferricyanide with the loss of one electron. 

GNW and NW presented the smallest peak-to-peak separations (Ep) indicating 

highly improved reaction reversibility. Furthermore, the hybrid structure of GNW and 

GNP displayed large current density. In fact, the anodic current density for GNW 

exhibits an enhancement of 2.4 fold compared to that of the bare NP surface, 

demonstrating a significantly enhanced rate of electron transfer attributed to the 

induction of the graphene as a highly conducting substrate. In addition, the NW, GNW, 

and GNP all show an improvement in electron transfer over the bare NP surface, 

which comparably exhibits sluggish kinetics. 
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 Figure 4.4.8 Cyclic voltammograms of the as-made thin films on FTO glass 

with NP, NW, GNP and GNW in a negative (a) and a positive (b) voltage window. 
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4.4.7 Electrochemical impedance microscopy (EIS) 

One fundamental assumption to use TiO2-graphene hybrid structure is that the 

heterojunction between TiO2 and graphene will enhance the photogenerated EHPs 

separation with electrons from the conduction band of TiO2 injected into graphene, 

while the hole trapped in TiO2 will have longer lifetime. Since the photocatalytic 

process involve the oxidation process by the hole transfer from photocatalysis to the 

degradable chemical in solution, and reduction process by electron transfer from the 

photocatalyst to the solution, photocarriers migration in the photocatalytic solids, 

through the solid-solid junction, and across the solid-liquid junction will determine the 

reaction kinetics and rate. High conductivity of graphene renders it as a super charge-

carrier transport medium, and the large surface area may also result in higher carrier 

transfer rate between the photocatalyst and the solution/photodegradable chemicals. 

Electrochemical impedance spectroscopy (EIS) is a very useful tool to characterize the 

charge-carrier migration. To shed light on the charge transport performance of the 

different photocatalysts, EIS characterization was carried out for NP, NW, GNP and 

GNW based electrodes in electrolyte containing I
- 
/I

3-
 as the redox couple.  Figure 

4.4.9 showed the EIS measurement in Nyquist plots. Both the hybrid nanostructures of 

GNP and GNW showed depressed semicircles at high frequencies comparing with 

their pure TiO2 counterparts. The reduced semicircles indicate diminished resistance 

of working electrodes, suggesting a decrease in the solid state interface layer 

resistance and the charge transfer resistance across the solid-liquid junction on the 

surface by forming hybrid structures of TiO2 with graphene[74]. In addition, the NW 

structure could also provide a direct path for excited electrons and suppressed the 

carrier scattering which is a common phenomenon in a NP system. By comparison in 

figure 4.4.9, NW systems are superior to NP systems with shorter semicircles 

suggesting a rapid transport of charge carriers and an effective charge separation. 
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Figure 4.4.9 Nyquist plots of the EIS data of the as-made thin films on FTO glass with 

NP, NW, GNP and GNW. 

4.4.8 Photocatalytic study 

The concentration of MB in the solution was plotted as a function of irradiation 

time by using Beer-Lamberts Law and the results of different photocatalysts are 

displayed in figure 4.4.10 (a). The changes of normalized concentration (C/C0) of MB 

with irradiation were assumed to be proportional to the normalized maximum 

absorbance (A/A0). It was obvious to conclude that the photodegradation activity of 

GNW and GNP hybrid nanostructures exhibited significant improvements compared 

to bare NP and NW. A sharp drop of MB concentration was shown at the first 10 min 

for GNW.  This superior performance of GNP and GNW could also be confirmed 

according to the photographs shown in figure 4.4.10 (b) and (c) by comparing the 

color difference of the remaining MB solutions after 40 min irradiation under solar 

light. It is known that the decrease of MB concentration in solution results from the 

physical adsorption on the photocatalyst surface and the chemical decomposition of 

MB. To determine the influence merely induced by adsorption, a parallel control 
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experiment was conducted for these four photocatalysts. The same 2 ppm MB 

solutions with 25 mg photocatalysts in them were kept in dark environment for 80 min, 

long enough to achieve adsorption equilibrium of MB on the photocatalyst surface. 

Then the remaining concentration of MB in the solution was derived from absorption 

measurement that is plotted in figure 4.4.10 (d). Apparently, GNW displays an 

excellent adsorbability which is crucial for an efficient photocatalyst. Comparing 

GNW with NW, the enhanced adsorbability may be attributed two factors. π-π 

conjugation between MB and the aromatic region of 2-D RGO certainly will lead to a 

strong absorption, and the second factor comes from the TiO2 NWs morphology 

change with increased surface area from the bundles in figure 4.4.1 (a) to the 

individual wires in figure 4.4.1 (b) after hybridization with RGO. By comparing the 

NP with NW in figure 4.4.10 (d), the NW structure also exhibits higher capacity to 

trap contaminants. It is surprising that NW has large absorption than GNP and the 

reason is unknown at the present time.  

It is worth to emphasize that in figure 4.4.10 (a), the dramatic drop of MB 

concentration after 10 minutes light radiation with GNW or GNP as photocatalyst is 

caused by the synergetic effects of absorption and degradation. This can be easily 

identified by the observation that MB concentration is ~ 20% at absorption 

equilibrium, while it is only ~ 2% after 10 minutes light irradiation. Comparing 

graphene-TiO2 hybrid structure with pure TiO2, the enhanced photocatalytic activity 

can be attributed to the significantly enhanced EHPs separation with the electron 

injection into graphene to prohibit the photogenerated EHPs recombination, and the 

remaining hole in TiO2 will trap at surface state to cause oxidation of MB. In this 

oxidation process, absorption may also indirectly enhance the reaction rate for hole 

transfer based on the mechanism proposed by Zhang et al[75]. Based on this scenario, 

the improved photocatalytic activity of GNW over GNP can be explained based on the 

reaction mechanism in addition to the enhanced absorption. As confirmed by the TEM 

observation in figure 4.4.1, TiO2 NWs have more uniform distribution on RGO than 

NPs, so more NWs have direct chemical bonding (electric contact) with RGO while 
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most NPs do not have. Further considering that carrier transport in a straight path in a 

NW, in contrast with the zigzag path in agglomerated NPs, electron injection from 

NW to RGO will be much easier than in agglomerated NPs. The result is that the 

EHPs recombination rate in GNW will be much slower than in GNP. Moreover, the 

strong absorption of MB on GNW also leads to more opportunity of MB molecules 

close to holes for oxidation. The synergetic effect results in a significant higher 

photocatalytic capability of GNW over GNP. 
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Figure 4.4.10 (a) Photodegradation of MB under solar light, where C0 is the 

initial concentration of MB and C is the concentration of MB after irradiation of the 

sample in the corresponding time interval; Photo images show the initial 2 ppm 

methylene blue solution and the remaining methylene blue in the solution after 

irradiated under solar light for 40 min, before (b) and after (c) centrifugation for 10 

min at a speed of 13 krpm. (d) Column plot showing the remaining MB in solution 

after kept in dark for 80 min until equilibrium of the MB concentration.  

 

4.5 Conclusion 

As a summary, hydrothermal method was employed to synthesize graphene-

TiO2 NPs and graphene-TiO2 NWs hybrid nanostructures, and comparative studies 

were carried out to evaluate the photocatalytic performance of NPs, NWs, GNPs, and 

GNWs. By incorporating graphene, the hybrid structures have significantly higher 

performance over their counterparts caused by enhanced adsorbability of contaminants 

and improved photogenerated electron-hole pairs (EHPs) separation and transportation. 

More importantly, in comparison with NPs, NWs exhibit more uniform distribution on 
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graphene with less agglomeration than NPs, resulting in more contact area between 

TiO2 and graphene. The properties of both graphene and nanowire structure was 

validated to contribute to enhanced charge separation and transportation. A significant 

improvement of graphene-TiO2 nanowire nanostructure over other materials in the 

photodegradation of MB under solar light has been demonstrated, indicating that the 

graphene-TiO2 nanowire hybrid nanostructure is a promising photocatalyst for remedy 

of various environmental problems. 
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CHAPTER 5 

HIGHLY CONDUCTIVE VANADIUM DIOXIDE SERVED AS 

ELECTRODES FOR SUPERCAPACITORS 

5.1 Background 

5.1.1 Energy storage 

As the rapid depletion of fossil fuels that could result in severe economic, 

environmental and political crises, the greatest challenge in the coming century would 

locate in the renewable, clean, and sustainable energy issues. In order to conquer this 

challenge, the sustainable energy technology is studied along two orientations, energy 

conversion and energy storage. The former issue that has been discussed in chapter III 

is mainly focusing on how to efficiently convert the solar light energy into electricity. 

Then the latter one is dealing with how to store the converted electricity into a steady 

state so as to be utilized without the limitation of the timing of solar light illumination.  

In general, batteries and electrochemical capacitors are two categories of 

energy storage devices. Both devices can store the converted energy electrochemically 

for a long time and are ready to provide electricity directly. Thus, they can be widely 

applied in electric vehicles and portable devices for household and public usage. 

However, research efforts are still devoting to the improvement of the devices’ 

performance, such as higher energy density and power density, longer cycle life, and 

faster charge/discharge rate, in order to satisfy some specific applications. Among 

these factors, the energy density and power density are two crucial parameters of the 

energy storage devices attracting the most concerns, so far however both of them 

cannot achieve high values meanwhile by using a single energy storage device. 

Nowadays on the market, the frequently used energy device of high performance is 

Lithium-ion battery, the specific energy density of which is of the order of 10
2
 ~ 10

3
 

Wh kg
-1

; nevertheless the specific powder density during battery discharging is only of 

the order of 10
-1

 kW kg
-1

. In contrast, today the commercialized supercapacitors are 

electrochemical double layer capacitors (EDLC) which provide higher specific powder 
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density of the order of 1 kW kg
-1

 while deliver low specific energy density of the order 

of 1 Wh kg
-1

. In some special applications, the batteries are operating complementarily 

by being coupled with supercapacitors in charging and discharging for longer working 

lifetime and higher output power. 

5.1.2 Introduction to Lithium-ion batteries 

The first lithium-ion battery stemmed from the discovery that was found by 

scientists at Oxford University in 1970s: lithium ions can intercalate into the crystal 

lattice of trivalent cobalt to form the compound LiCoO2, or into nickel oxides to form 

LiNiO2. When the positive electrodes were fabricated by these metal oxides against 

metallic lithium as the negative electrode in an organic electrolyte, 4 volts of the 

working voltage could be achieved for these lithium-ion cells. However, the lithium 

metal is highly reactive to water, so the fabrication of the lithium-ion battery should be 

conducted under a very dry environment and the electrolyte should not be aqueous. 

And another problem is that for a secondary lithium-ion battery the recharge reaction 

at the negative electrode (Lithium metal), which normally is a process of reducing 

metallic salt in electrolyte to free metal (Lithium, in this case), the electroplating metal 

can redistribute itself on the electrode nonuniformly and dendrites would grow 

resulting internal short-circuits. Actually an explosion accident of Li/MoS2 

rechargeable battery fabricated by Coodenough Company has occurred in 1989, which 

called an end to the commercialization of such kinds of batteries. The next promotion 

of the structure of lithium-ion battery is contributed by the researchers at the Sony 

Corporation who realized that with two intercalation electrodes (for positive and 

negative) the lithium ions (Li
+
) can shuttle back and forth in the electrolyte between 

the two electrodes, and a higher cell working voltage is possible. Carbon is a preferred 

materials for negative electrode with several kinds of forms of graphite or amorphous 

materials.  

Figure 5.1.1 shows the basic structure and operation mechanism behind a 

lithium-ion battery. Generally, a lithium-ion battery consists of three parts: (1) 

negative electrode, usually made from carbon related materials, (2) positive electrode, 
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usually being metal oxides, and (3) the electrolyte, an organic solvent containing 

lithium salt. The negative electrode and positive electrode defined based on the 

external circuit, are namely the anode and cathode respectively in the view of the 

inside of lithium-ion battery. The performance of a lithium-ion battery significantly 

depends on the choice of electrode materials and electrolyte, such as output voltage, 

capacitance, lifetime, energy density and power density. 

 
Figure 5.1.1 Basic structure and mechanism for a lithium-ion battery 

(charging/discharging). 

The negative electrode reaction may be represented by (left to right: charge; 

right to left: discharge), where: 0 < x < 1: 

6C + x Li
+
 + x e

-
   LixC6,                                           (5.1.1) 

The positive electrode reaction may be represented by (left to right: charge; 

right to left: discharge): 

LiMO2 Li1-xMO2 + x Li
+
 + x e

-
                                 (5.1.2) 

And the whole reaction may be represented by (left to right: charge; right to 

left: discharge): 
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6C +LiMO2   Li1-xMO2 + LixC6                                 (5.1.3) 

As to be an efficient electrode, it is required to have such properties: firstly, the 

potential of redox reaction caused by the intercalation of lithium ion into negative 

electrode substance should be adequately low to be close to that of metallic metal, and 

to be high for the redox potential of positive electrode with ion intercalation, so the 

working voltage is able to be promoted as high as possible. Secondly, the crystal 

structure should remain intact or with small changes during the intercalation or 

deintercalation of lithium ion, which guarantees a sustainable cycle life. Thirdly, the 

materials of electrode should have good conductivities for electron and ion to transfer 

efficiently so as to diminish the internal resistance and charge/discharge at a large 

current density. Moreover, the material should be amply available, low toxicity and 

safe.  

As for the negative electrode, carbon related materials would be a good choice 

so far. Glassy carbon that is widely used as an electrode material combines glassy and 

ceramic properties with those of graphite. It has low electrical resistance, high thermal 

conductivity, and extreme resistance to chemical attach and impermeability to gases. 

For the positive electrode, it is the intercalation compound commonly including 

lithium cobalt oxide (LiCoO2), lithium nickel oxide (LiNiO2), lithium manganese 

oxide (LiMn2O4) and lithiated vanadium oxide ( LiV2O5). 

5.2 Introduction to supercapacitors  

Since 1745, the phenomenon and principle was well known that capacitors 

could be used to store electrical energy by charging. However, only until 1957 this 

principle was first brought into reality in a practical application using carbon as the 

electrode material, the original design and development of the EDLC prototype was 

granted to Becker as a patent. Then the Sohio Corporation in Cleveland, Ohio, 

improved this technique by replacing the aqueous electrolyte with an organic solvent 

containing tetraalkylammonium salt in a capacitor, which yields higher operating 

voltage of 3.4 ~ 4.0 V due to the higher decomposition voltage of this organic 
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electrolyte. As a result of the elevated operating voltage, a capacitor can store more 

charge and thus lead to enhanced specific energy density and charge density. The 

supercapacitor was firstly commercialized and named in 1978 by NEC Corporation, 

Japan to provide backup power for random access memory (RAM) of computer. 

Another kind of capacitors, pseudocapacitors, was developed in 1981 

according to the theory proposed by D. Craig. In some experimental systems utilizing 

solid oxides, the pseudocapacitors were found to perform close to an ideal capacitive 

behavior. Especially for the pseudocapacitor with RuO2 films as electrode material in 

an electrolyte of aqueous diluted H2SO4 solution, it displayed an operating voltage 

over 1.2 V.  

Exhibiting properties of high power density, high efficiency, long life cycle (on 

orders of 10
5
 ~ 10

6
 times), wide range of operating temperature, environmental 

friendliness and safety, supercapacitors have been regarded as the momentous energy 

devices, provided the problem of relative low energy density was solved [76]. 

Electrochemical double-layer capacitors (EDLCs) and pseudocapacitors, defined 

according to their charge storage mechanism, are two types of supercapacitors under 

extensive investigations recently as shown in figure 5.2.1 [77-80]. The capacitance of 

EDLCs primarily depends on the electrochemically useful surface area accessible to 

the electrolyte ions. The latter system utilizes pseudo Faradaic reactions occurring at 

the surface and ion intercalation into the bulk near surface of electrode in redox 

materials, which was demonstrated to possess higher capacity and higher energy 

density. Nevertheless, the double layer and diffusion controlled ion insertion is also 

believed to contribute to the total capacitance in pseudocapacitors [81], especially for 

the nanostructured electrode materials since their much larger active surface area is a 

superior advantage over the bulk materials for electrical double layer formation and 

short carrier diffusion length. By engineering the electrode materials, the performance 

of supercapacitor can boost to exhibit significant both EDL capacitance and 

pseudocapacitance, which was named hybrid capacitors. 
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A supercapacitor is similar to a battery in configuration, which also consists of 

two electrodes separated by a microporous membrane soaked in an electrolyte. Among 

them, the electrode material is the most significant component that distinguishes 

supercapacitors from batteries in the aspect of operating mechanism.  

 

 
Figure 5.2.1 Supercapacitor classification and related types. 

5.2.1 Electrochemical double layer capacitors (EDLCs) 

For double layer type of capacitors, there is almost no electron transfer no ion 

exchanges across the electrode interface. It is only needed for the electrons to take part 

in the current transportation of the external circuit by either moving toward or from 

the electrode surfaces. Furthermore, from the point of view of inside a supercapacitor, 

the cations and anions were transferred to the charged electrode surface in electrolyte. 

The material commonly used for electrode fabrication is carbon-related which is of 

high surface area and high porosity. The carbon material itself is not electrochemically 

active, and the charge accumulation is purely physical process during charging and 

discharging at the solid-liquid interface. Thus for the EDLCs, the charge and energy 

storage process is electrostatic in the double-layer interface, in other words is non-

Faradaic.  
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5.2.2 Pseudocapacitors 

A pseudocapacitor involves the transfer of electrons across the 

electrode/electrolyte interface resulting in transformation of chemical spices, such as 

the changes of chemical or oxidation states, the process of which is a Faradaic reaction. 

Different from the EDLCs which take advantage of the only surface of electrode 

material to store charges, in a pseudocapacitor this redox reaction take place both on 

the surface and in the bulk near the surface of electrode material. As a result, the 

pseudocapacitors are expected to accommodate more charges and present higher 

capacitance than EDLCs. For the pseudocapacitors, the electrode material should be 

electroactive, and some transition metal oxides are promising candidates. 

5.3 Motivation to decrease the resistivity of vanadium dioxide  

With its high power density due to the rapid charge/discharge capability, 

supercapacitors, represented by mesoporous carbon based electrical double-layer 

capacitors (EDLCs), has been developed to complement batteries that can provide one 

order higher energy density but at much lower charge/discharge rate. On the other 

hand, rapid and reversible Faradic reaction (redox reaction) based pseudocapacitance 

of oxides, which potentially can provide at least one order higher capacitance than 

EDL effect, has drawn considerable attention with the aim to develop supercapacitors 

with energy density comparable to that of batteries. To this end, transition metal 

oxides (TMOs), such as RuO2[82-84], MnO2[85-87], Fe2O3[88, 89], NiO[90, 91], 

SnO2[92, 93], and V2O5[94, 95]
 
have been investigated as electrode materials. 

However, there exist two challenges to develop TMO pseudocapacitance based 

supercapacitors: one is that the rapid Faradaic effect only occurs at the surface or 

subsurface region of oxide materials and the other one is related with oxide material 

resistivity. In this communication, we focus on the later one. The electrode resistivity 

has a significant impact on the overall performance of a supercapacitor, and it is not a 

surprise that highly conductive RuO2, an exception of TMOs, has been the most 

successful oxide for electrodes. However, the cost issue and sustainable development 

requires the investigation of earth abundant TMOs, while the high resistivity of these 
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oxides, e.g. MnO2 (~10
5
 - 10

6
 cm) and V2O5 (~10

3
 – 10

5
 cm), significantly inhibits 

their applications. Coating TMOs on a conductive nanostructure framework [86, 89, 

93, 95]
 
to partially relive this constraint is under intensive investigation. However, 

improving the conductivity of TMO itself is still a fundamental issue to be addressed. 

5.4 Experiments 

5.4.1 Materials 

Vanadium dioxide (VO2), 99.9% trace metals basis, Sigma-Aldrich. 

Ethanol (CH3CH2OH), PHARMCO-AAPER. 

Sodium sulfate (Na2SO4), anhydrous (Granular/Certified ACS), Fisher 

Scientific. 

Hydrochloride acid (HCl), 34-37% trace metals grade, Fisher Scientific.  

Nickel foil, >99% (metals basis), Alfa Aesar. 

Plain glass microscope slides, Fisher Scientific. 

PVDF (polyvinylidene difluoride) binder, MTI Corporation. 

N-Methyl-2-pyrrolidone (NMP) solvent for PVDF, MTI Corporation. 

Hydrophilic microporous membranes, 3501, 25 micro thick, Celgard. 

Split flat cell for R&D battery, 20 mm diameter cell, MTI Corporation. 

Compact precision disc cutter with standard 15, 19, 20, 24 mm diameter 

cutting die, MTI Corporation. 

5.4.2 Methods 

Grinding: The directly bought VO2 powder was taken 2 g each time. And 

ground the powder in a mortar with a pestle for 30 min for the following usage. 

H2 treatment: This ground powder was annealed at 500 °C for 1 hour under 

hydrogen environment with the pressure of 50 torr and a flow rate of 200 sccm, and 

then was cooled down to room temperature under the same gas flow. The process was 
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conducted in a microwave plasma CVD. On the heater block is a molybdenum plate 

about 5 mm thick, on which is the quartz crucible of the sample. The reported 500°C 

is a nominal temperature of heater block, while the accurate temperature for the 

sample is unknown. 

VO2 thin film preparation for resistance vs. temperature measurement: Both of 

the pristine and H2 treated VO2 powder was first dispersed in absolute ethanol and then 

made into thin film belt (1cm by 0.5cm) on pure glass with the same thickness of 5 

micrometers, followed by vacuum dry to evaporate the ethanol. After the making of 

metal contacts at the ends of short edges, the resistances as a function of temperature 

were measured with Keithley SourceMeter for each sample. 

Supercapacitor electrode preparation for the split cell: The mass ratio of VO2 

powder and PVDF (polyvinylidene difluoride) was 95:5 and NMP solution was used 

as solvent, without addition of any conductive agents to make VO2 paste. The nickel 

foil served as current collector, was cut into 1 inch by 1 inch square shape and then 

immersed in diluted HCl solution for 1 min to remove the oxide layer for a better 

electrical contact with VO2 powder. The as-made VO2 paste was deposited on square 

nickel foil by doctor blade method and the film thickness was controlled between 4 ~ 

9 microns. Afterward, vacuum dry was followed by heating the as-deposited thin film 

at 60°C overnight. 
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Figure 5.4.1 Construction diagram of a symmetric supercapacitor in the split 

cell in our work. 

Supercapacitor set up using split cell: The dried VO2 thin film was cut into disc 

of 15 mm in diameter by the disc cutter with the corresponding 15 mm die. The 

separator was made by cutting the Celgard 3501 hydrophilic microporous membranes 

into discs of 20 mm in diameter by the disc cutter with the corresponding 20 mm die. 

Then the separators were immersed in 1 M Na2SO4 solution overnight for complete 

soaking of the electrolyte. During the supercapacitor assembly, put the items in the 

bottom case of the split cell in proper sequence from bottom to top as: VO2 film/ Ni 

disc with metal side down, separator, VO2 film/ Ni disc with metal side up. Then 

screw down the top case of the split cell symmetrically and slowly. Extreme attention 

must be paid on the amount of electrolyte added: if the dose of electrolyte is 

insufficient the electrode materials would not be in thorough contact with electrolyte 

leading to poor performance; on the other hand excess electrolyte will cause current 

leakage also leading to poor performance.  

Electrochemical measurement in three-electrode configuration: VO2 powder 

was dispersed in absolute ethanol solution by sonication and stirring, and then the as-



Texas Tech University, Xuan Pan, August 2013 

77 

made paste was deposited on Au film. After vacuum dry at 60°C overnight, the sample 

can be served as working electrode in three-electrode electrochemical cell. The 

platinum mesh and saturated calomel electrode (SCE) were used as counter electrode 

and reference electrode respectively. 

5.4.3 Characteristics 

Electron microscopy: The morphology of the directly bought VO2  powder 

before and after grinding, and the hydrogen treated ground VO2 powder was 

characterized by a field-emission scanning electron microscope (FE-SEM). 

The specific surface area of as-grounded and H2 treated VO2 powder was 

obtained by nitrogen physisorption at cryogenic temperatures using the Brunauer-

Emmett-Teller (BET) method. The measured BET surface areas are 8.64 ±1.60 m
2
/g 

and 4.97 ±1.22 m
2
/g for pristine VO2 and H2 treated VO2, respectively. 

Resistance vs. temperature measurement: The sample was attached to a heating 

plate with thermal conductive paste firmly. The two electrode of the sample were 

connected to Keithley SourceMeter 2600 for resistance reading. The temperature was 

increased gradually with each step of 2°C. When the temperature was stable, took the 

record of the current resistance. 

Raman spectroscopy of as-grounded and H2 treated VO2 powder was measured 

by a Bruker SENTERRA dispersive Raman microscope with excitation laser beam 

wavelength of 532 nm. 

X-ray diffraction (XRD) experiments were conducted to identify the crystalline 

phase of as-grounded and H2 treated VO2 powder with Cu Ka radiation (λ=1.5406 Å) 

at 40 kV and 40 mA using a Siemens/Bruker AXS D5005 X-ray diffractometer. 

Cyclic voltammetry (CV): The cyclic voltammograms were measured in split 

cell configuration and the three electrodes cell with electrolyte of 1 M Na2SO4 

aqueous solution with the scanning rate from 2 to 1000 mV/s by an potentiostat (SP-

150, BioLogic Science Instruments).  
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Electrochemical impedance spectroscopy (EIS): Electrochemical impedance 

spectra of as-grounded and H2 treated VO2 thin film were measured via an EIS 

spectrometer (EC-Lab SP-150, BioLogic Science Instruments) in the split cell 

configuration by applying 5 mV alternative signal versus the counter electrode over 

the frequency range of 1 MHz to 100 mHz. 

Galvanostatic charge/discharge cycling measurements were also conducted in 

the split cell configuration up to 1000 cycles with a constant current density of 1 A g
-1

 

and 5 1 A g
-1

 applied by electrochemical station (EC-Lab SP-150, BioLogic Science 

Instruments). 

5.5 Results and discussions 

5.5.1 Scanning electron microscope (SEM) study 

Vanadium dioxide (VO2) powder was bought directly from Sigma-Aldrich 

(99.9% trace metals basis) which is layered structure under SEM and easily forms 

clusters as shown in figure 5.5.1. After ground in a mortar with a pestle, the average 

grain size of the VO2 particles dropped down to around 300 nm in diameter as shown 

in figure 5.5.2 (a). The hydrogen treatment was observed to hardly have any obvious 

effect on the VO2 morphology according to the SEM images in figure 5.5.2 (b). 
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Figure 5.5.1 SEM images of commercial VO2 powder before grinding. 

 

 
Figure 5.5.2 SEM images of ground VO2 powder before (a) and after (b) H2 

treatment. 

 

5.5.2 X-ray diffraction (XRD) analysis 

The commercial VO2 powder was confirmed to be monoclinic phase in the 

XRD patterns and the H2 treated VO2 powder with the dominating VO2 phase peaks 

unchanged is shown in figure 5.5.3, indicates that the material main structure still 

maintains as VO2. However, the reduced peak intensity does signify that crystal 

quality was compromised. In fact decrystalization of oxides is beneficial for 

pseudocapacitance since it is a surface effect[96]. 

(a) (b)
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Figure 5.5.3 XRD patterns of the pristine VO2 and H2 treated VO2. 

5.5.3 Raman spectroscopy 

Dispersive Raman spectroscopy (SENTERRA, Bruker Co.) was used to 

examine the structural changes between pristine VO2 and H2 treated VO2 with an 

excitation laser of 532 nm and integration time of 5 s at the power of 2 mW. 

The existence of triply coordinated V3-O stretching mode resulting from edge-

shared oxygens of three pyramids indicates slight oxidization have happened to the 

pristine VO2. Doubly coordinated V2-O bonds at 710 cm
-1

 result from corner-shared 

oxygens of two pyramids. The peak located at 485 cm
-1

 is attributed to the bending 

vibration of the bridging V-O-V. The apparent decrease in intensity of the peaks of 

V=O, V3-O, and V2-O bonds is observed in H2 treated VO2, which suggests the H2 

treatment might reduce the vanadium valence states. Moreover, the H2 treated VO2 

shows a broad band from 450 to 800 cm
-1

, which may be assigned to the partially 

structural distortion caused by hydrogen intercalation. 
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Figure 5.5.4 Raman spectra of the pristine VO2 and H2 treated VO2.  

5.5.4 Hysteresis loops of resistance vs. temperature 

VO2 is interesting due to its metal-insulator transition (MIT) at ~ 68
o
C with 

resistivity change by 4-5 orders[97]. It was reported that hydrogen doping (H-doping) 

may stabilize the metallic phase of VO2 to below room temperature[98]. Our own 

study of material growth demonstrated that change of stoichiometry of VO2 by 

introducing oxygen vacancy or slightly tuning vanadium valence state (VO2-) can 

vary the room temperature resistivity by at least two orders[99]. These suggest that 

hydrogen reduction of or doping into VO2 through H2 treatment might significantly 

improve its conductivity.  Here we report H2 thermally treated VO2 powder to boost its 

conductivity by nearly three orders and its application as electrode material for 

supercapacitors. 
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Figure 5.5.5 Hysteresis loops of resistance vs. temperature for VO2 powder 

film. 

5.5.5 Cyclic voltammetry (CV) 

Cyclic voltammograms (CV) were measured to characterize their 

supercapacitor performance, as displayed in figure 5.5.6. Figure 5.5.6 (c) clearly 

reveals that the current density of hydrogen treated VO2 was dramatically increased by 

almost 4 times compared with that of pristine VO2. Furthermore, the similarity of the 

CV curve to a rectangular shape and the sharp changes at the two inverted voltage 

boundaries can be attributed to the remarkably reduced electrode resistivity. The 

symmetrical shapes observed in CV curves at different scan rates verify that the redox 

reaction is highly reversible and responsible for the enhanced capacitance performance. 

A diffusion controlled process could also be identified on the basis of proportional 

dependence of the current density on the scan rate. 
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Figure 5.5.6 Cyclic voltammograms of (a) pristine VO2 and (b) H2 treated VO2 

over a voltage window between 0 and 0.8 V in 1 M Na2SO4 aqueous electrolyte at 

different scan rates from 2 to 1000 mV s
-1

; (c) Comparison of CVs of pristine VO2 

with H2 treated VO2 at a scan rate of 50 mV s
-1

. 

Cyclic voltammograms of H2 treated VO2 as working electrode was also 

measured in a three-electrode configuration with SCE as reference electrode and Pt 

wire as the counter electrode over a voltage window from -0.2 to 0.6 V in 1 M Na2SO4 

aqueous electrolyte. The anodic and cathodic peaks were observed at around 0.04 V 

and 0.13 V vs. SCE respectively, which is attributed to the redox reaction of V
4+

/V
5+

. 
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Figure 5.5.7 Cyclic voltammograms of H2 treated VO2 as working electrode in 

a three-electrode configuration at different scan rates from 2 to 1000 mV s
-1

. 

5.5.6 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) was performed to investigate 

the kinetics of charge carrier transport. The Nyquist plots extracted from EIS of 

pristine and treated VO2 were shown in figure 5.5.8. Both curves consist of the two 

typical segments of a supercapacitor: a straight line in the low-frequency region 

resulting from Warburg impedance and a semicircle in the high-frequency segment 

resulting from the resistance in parallel with capacitance. In comparison, the increased 

slope closer to 90° of treated VO2 at low frequencies indicates an increased capacitive 

behavior and decreased diffusion resistance of electrolyte ions in the electrode. At 

high frequency, the considerably depressed semicircle and the very short length of this 

segment suggests rapid ion transport within the treated VO2 electrode due to its 

dramatically enhanced conductivity. This is in consistence with the diminished 

equivalent series resistance (ESR) of 0.8 Ω for treated VO2 in contrast to 2.5 Ω for 

pristine VO2. 
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Figure 5.5.8 Nyquist plots extracted from EIS data for the pristine VO2 and H2 

treated VO2. 

5.5.7 Galvanostatic charge/discharge behavior 

The long-term cycling behavior of the capacitive performance was examined 

by galvanostatic charge/discharge (C-D) measurement up to 1000 cycles with a 

constant current density of 1 A g
-1

 applied. The C-D profile of pristine VO2 and 

treated VO2 in steady state was shown in figure 5.5.9 (a) and (b). The excellent 

cycling stability after initial degradation renders treated VO2 a suitable material for 

supercapacitor electrode. The specific discharge capacitance and specific energy 

density of treated VO2 was stabilized at around 300 F g
-1

 and 17 W h kg
-1

 respectively, 

as plotted versus cycle number in figure 5.5.9 (c), which is much higher than that of 

pristine VO2 that has a specific discharge capacitance of 76 F g
-1

 and energy density of 

1.8 Wh kg
-1

. This more than 4-fold enhancement is attributed to the remarkably 

increased electronic conductivity with rapid charge transfer speed. Since Faradic redox 

effect strongly depends on the process of proton or alkaline cation exchange between 

oxide electrode and electrolyte, decrystalization by H2 thermal treatment might also 

have a contribution to the enhanced capacitance by facilitating the rapid cation 

diffusion. Normally, a good EDLC presents a triangular symmetrical distribution in its 
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C-D curves, whereas in our case, a slight variation from the triangular shape is evident 

for the occurrence of synergistic effect in this supercapacitor, which is derived from 

both the electrical double layer storage and the redox pseudocapacitance mechanism. 

Moreover, the stable high cycling efficiency of 96% suggests small low energy loss of 

each cycle throughout the long-term cycling charge/discharge process as shown in 

figure 5.5.9 (d). 
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Figure 5.5.9 Galvanostatic charge/discharge behavior of (a) pristine VO2 and 

(b) H2 VO2 with an applied constant current density of 1 A g
-1

 in the potential window 

between 0 and 0.8 V; (c) specific discharge capacitance and specific energy density as 

a function of cycle number; (d) the efficiency of the supercapacitor based on H2 

treated VO2 as a function of cycle number. 

It is important to verify if excellent cycling stability can still be observed in 

supercapacitors cycled at a faster rate. In this work, the supercapacitors based on 
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pristine VO2 and H2 treated VO2 were firstly charged and discharged at the same 

constant current density that is 1A g
-1

, for a straightforward comparison. The 

Galvanostatic charge/discharge behavior of H2 treated VO2 at a constant current 

density of 5 A g
-1

 has been further examined, in which the cycling rate has been 

increased to ~1 cycle/70s and its behavior stabilized after around 200 cycles and then 

up to 1000 cycles. The specific discharge capacitance and specific energy density was 

calculated to be around 250 F g
-1

 and 12 W h kg
-1

 respectively after stabilization, 

which is a little lower than that of a slower cycling rate at 1 A g
-1

, nevertheless it is 

still highly improved compared to the pristine VO2. This phenomenon is normal for 

pseudocapacitors which are more sensitive to cycling rate than pure electrical double-

layer capacitors (EDLCs). 
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Figure 5.5.10 (a) Galvanostatic charge/discharge behavior of H2 treated VO2 

with an applied constant current density of 5 A g
-1

 in the potential window between 0 

and 0.8 V; (b) Specific discharge capacitance and specific energy density of H2 treated 

VO2 as a function of cycle number. 

It should be emphasized that since Faradaic effect based pseudocapacitance, 

through ion intercalation and reaction in the subsurface, is a near-surface phenomenon 

with no contribution from the “bulk” of the particle, increasing specific surface area 

will significantly maximize the specific capacitance, with the further contribution from 

DLC effect.  In this study, powders with surface area of ~ 5 m
2
/g were used. We 

believed that through nanoengineering and decrystalization, a significant higher 

specific capacitance and energy density could be achieved based on the reported 

highly conductive VO2 material. 

5.6 Conclusion 

In conclusion, the conductivity of VO2 after hydrogen thermal treatment was 

significantly increased by nearly three orders, possibly due to H-doping, oxygen 

vacancy, slightly reduced vanadium valence state, or their synergetic effects. The 
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specific capacitance and energy density based on the treated VO2 increased by more 

than 4 times comparing with the pristine resistive VO2. The capacitive behavior also 

exhibited excellent stabilization with high efficiency over the long-term cycling 

charge/discharge test. Hence, this facile hydrogen treatment method made the poorly 

conductive VO2 a promising electrode material for supercapacitor development. 
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