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The objective of the research is to develop an innovative approach for a rapid 

and mass production of macro-3D hierarchical porous hybrids for adsorptive 

cooling. The most innovative feature of this cooling system is the capability to 

utilize solar energy or any heat waste as the driving force, which is an energy- 

favored and environmental-friendly alternative to traditional cooling systems. 

The macro-3D hierarchical porous hybrids are used as the adsorbent in the 

cooling system and composed with vertically aligned carbon nanotubes directly 

grown on highly conductive metal microwires in stainless steel wool. The 

stainless steel wool has stochastic foam features composed of microwires and 

pores of wide range of sizes from millimeters down to nanometers. Significantly 

improved performance for adsorptive cooling by this novel design is expected 

due to the unique 3D hierarchical porous structures, which not only dramatically 

increases effective surface area for coolant adsorption and desorption, but also 

facilitates mass transport of the coolants. Directly growing CNTs on a conductive 

surface will dramatically improve the contact between the CNTs and the 

underlying metal substrates, which has been a long-lasting problem and is the key 

to speed up heat transfer. To reach these goals, several important parameters, such 

as in-situ catalyst fabrication, growing temperature, flow rates of carbon 
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resourses, reduction and inert carrier gases, were systematically investigated and 

optimized to grow vertically aligned carbon nanotubes on each metal wire in 

stainless steel wool. We also have established an adsorptive cooling system to 

study the cooling cycles using pressure-temperature (P-T) diagram. This system 

allows us to timely evaluate the refrigeration performance (such as the coefficient 

of performance, COP) of the fabricated novel 3D hierarchical porous adsorbent. 

Another part of this thesis is to fabricate urchin-like or flower-like assembled 

TiO2 nanorods/graphene nanocomposites by a facile hydrothermal treatment 

using an inorganic titanium source and highly-conductive, low-defective 

amphiphilic graphene sheets prepared by a microwave-enabled dispersion 

approach developed by our group. The structures and composition of the flower 

shaped composite particles and sheets were characterized by scanning electron 

microscope (SEM), Raman, and ultraviolet visible spectroscopy (UV-Vis), etc. 

The efficiency enhancement for photocatalytic reduction of CO2 and 

photocatalytic oxidation of pharmaceutical drug waste in the environment will be 

examined in future studies. 
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Chapter One 

 

1.Introduction                                                  

Since the discovery of carbon nanotubes (CNTs) by Ijima [1], their 

fascinating electrical, mechanical and thermal properties have led them to 

numerous applications as device components, such as sensors [2], fuel cells [3-4], 

transistors [5] and many other energy related fields.  

Among several techniques available to produce CNTs today, chemical vapor 

deposition (CVD) is the most popular approach. In this process, the carbon 

precursor, which is usually hydrocarbon vapor, experiences thermal 

decomposition in the presence of metal catalysts. This method is prevalent 

nowadays due to its low cost, high yield, and ease for scale-up in industry. 

Structurally, their high surface area, hollow and layered structures make them 

ideal adsorption materials [6]. In addition, carbon nanotubes are excellent 

conductors of heat, at about 3000W/(m.K) for multiwall carbon nanotubes 

(MWCNTs) and about 6600W/(m.K) for single walled carbon nanotubes 

(SWCNTs). [7, 8] Therefore, carbon nanotubes become good candidates as solid 

refrigerants for adsorptive cooling systems, which appears to be an attractive 

alternative for cooling or air conditioning-related applications.   

Graphene is another allotrope of carbon with unique electronic and structural 

properties, suggesting that it has great potential to enhance the photocatalytic 

activity of catalysts such as TiO2. Some novel nanostructured TiO2/graphene 

composites have been fabricated by hydrothermal, sol-gel methods. In addition, 

recent advances in solution-phase separation of graphene from graphite further 

expedite the study and application in photocatalytic nanocomposites.  

 

1.1 Basics of CNTs                                                    

   Carbon nanotubes can be considered as cylindrical allotropes of carbon, where 

sheets of graphite (called graphene sheets) have been rolled-up into a tube [9]. 
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Depending on the number of graphene sheets, CNTs can be divided into two 

categories: single walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs). SWCNTs are carbon cylinders with only one layer of 

graphene sheet. By changing the direction in the roll-up, carbon nanotubes can be 

produced with different chiralities [10]. It is also possible that several tubes of 

different diameters can be fitted into one another to produce multi-walled carbon 

nanotubes, as shown in Fig. 1.1 [11].  

   Based on the orientation of the horizontal cells, carbon nanotubes have three 

forms: zigzag, armchair and chiral. They are generally described by a single chiral 

vector which is defined by the relation:  

                                                      (1) 

 1 2C n a ma
 

 


where n and m are integers, and are unit cell vectors (Fig. 1.2). The length 

of the chiral vector  is the circumference of the nanotube, which is given by  

1a


2a


C


c= C


=a 2n nm m  2                                             (2) 

where a is the length of the unit cell vector. The angle between the chiral vector 

and zigzag nanotube axis is the chiral angle . Those three forms of CNTs 

mentioned before can be revealed by the pairs of integers (n, m): when m=0, it is 

zigzag type; when n=m, it is called armchair type; otherwise (n m), it is chiral.  

The value of (n, m) determines the chirality and affects the mechanical, optical 

and electronic properties. These structures are shown in Fig.1.3. Nanotubes with 

3n m q  are metallic and those with 3n m q 1    are semiconductor (q is an 

integer) [12].  
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Fig.1.1 schematic illustration for different carbon based materials  

(a) structure of a single layer of graphite (graphene); (b) single walled  

carbon nanotube; (c) multi-walled carbon nanotube with three shells [11]. 

 

 

 

 

 

 

 

 

 

Fig. 1.2 Chiral vector  and angleC


 for a (2,4) tube on a graphene sheet. and are 

unit cell vector. 

1a


2a


 is defined as the angle between chiral vector and zigzag nanotube axis [12]. 

 

 

 

 

 

 

 

Fig.1.3 Three possible carbon nanotube atomic structures [12]. 
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1.2 CNT Synthesis                                                     

Since the early 1990s, when Ijima synthesized CNTs for the first time, 

multiple methods have been developed to produce CNTs. The primary methods 

to produce CNTs nowadays are arc-discharge, laser ablation and chemical vapor 

deposition. Different production methods and specific growth parameters can 

result in a plethora of CNT structures. 

 

1.2.1 Arc-discharge                                                    

   The carbon arc-discharge method, initially used for C60 fullerenes synthesis, 

is the most practical and probably the easiest way to produce CNTs as it is simple 

to undertake. This method creates CNTs in an inert atmosphere by applying a 

voltage to two high-purity graphite rods, which act as an anode and a cathode. 

Once the arc is achieved, it strips carbon atoms off from the anode and deposit 

them on the cathode to form CNTs and other carbon particles. Two distinct 

methods of synthesis can be performed in arc-discharge apparatus as shown in 

Fig. 1.4 [13]. Arc discharge method yields highly graphitized tubes due to its 

sufficient high processing temperature and it is possible to selectively grow 

SWCNTs or MWCNTs.  

 

 

 

 

 

 

 

 

 

 

Fig.1.4 Experimental setup of an arc-discharge apparatus [13]. 
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1.2.2 Laser Ablation                                                   

   The laser ablation method utilizes a pulsed [14], or continuous [15] laser to 

vaporize a graphite target in a heated oven at about 1200℃ with flowing helium 

or argon gas. Usually a mixture of Co and Ni were used to catalyze the carbon 

vapor to CNTs [16], and a typical process is shown in Fig. 1.5.  

 

 

 

 

 

 

 

Fig. 1.5 Schematic drawing of the laser ablation process [16]. 

 

Laser ablation is similar to arc discharge because the carrier gas and catalyst are 

almost the same, and the reaction may occur by the same or at least similar 

mechanism.  

Due to this similarity, both arc discharge and laser ablation approaches suffer 

from the same primary drawbacks. They are difficult to be scaled up for 

industrial applications and undesirable particles like junk carbon are always 

mixed with tangled CNTs, so additional purification steps are required to extract 

pure CNTs for practical applications. These limitations have led to the 

development and prevalence of chemical vapor deposition method, which is a 

simple and economic technique. 

 

1.2.3 Chemical Vapor Deposition (CVD)                                  

In a typical chemical vapor deposition method, hydrocarbon gas goes through 

a tubular reactor where the catalytic material is present at sufficient high 

temperature. Once the carbon source has been cracked into active carbon atoms, 
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they diffuse toward the substrate coated with a thin layer of catalyst where it will 

bind. Usually the catalyst is the nanoparticles made from the first row transition 

metal such as Ni, Fe or Co. This process is illustrated in Fig. 1.6 [16].  

 

 

 

 

 

 

 

 

Fig. 1.6 Schematic diagram of CVD setup in its simplest form [16]. 

 

   During CNT growth, the carbon vapor comes into contact with metal particles 

and decomposes into active carbon species which dissolve into the catalyst. Once 

reaching the carbon solubility limit, excess carbon species begin to precipitate 

out and crystallize in the form of CNTs. There are two general accepted 

mechanisms. When the catalyst-substrate interaction is weak, hydrocarbon 

decomposes on the top of the metal particles and diffuses down through the metal, 

and CNTs precipitate out on the bottom of the catalyst, pushing the whole metal 

particle off the substrate. This growth process will continue until the metal 

catalyst is not available for carbon decomposition. This is known as tip growth 

model [17].  

   In the other case, hydrocarbon initially decomposes and diffuses in a similar 

way as the tip growth model, but the catalyst-substrate interaction is much 

stronger so that CNT precipitation fails to push the metal particles up. Hence, 

CNTs emerge out from the metal particle apex, which then extend up to form 

graphite cylinders. This is known as base growth model [18]. Both mechanisms 

are illustrated in Fig. 1.7. 

CVD is versatile in the sense that it allows CNT structure architecture with 
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high yield and purity. It offers better control on the growth parameters such as 

species of hydrocarbons in any state(solid, liquid or gas), deposition temperature, 

flow rate, growth time and substrate properties.  

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

Fig.1.7 Two mechanisms for CNTs: (a) tip-growth model, (b) base-growth model [16]. 

 

1.3 Material Properties of Carbon Nanotube                                       

   Scientific research interest in CNTs is sparked by their unique mechanical, 

electrical and thermal properties. Both theoretical and experimental studies are 

performed to evaluate and explore their properties.  

   Mechanically, CNTs have remarkably high strength and elastic modulus, as 

well as significant flexibility and ductility and therefore they can withstand high 

longitudinal strain and bending moments. The Young Modulus can exceed 1TPa 

[19] in the axial direction (usually 230GPa for stainless steel). The stress-strain 

response of armchair and zigzag CNTs under tensile loading are illustrated in Fig. 

1.8. In contrast, CNTs can easily buckle under compression or appropriate 

 



8 

pressure as result of the high flexibility. The mechanical behavior of CNT has 

created great interest in their use as structural materials. For instance, CNTs are 

ideal additives in material matrix as reinforcing fibers. The mechanical behaviors 

of CNTs are further elucidated in a previous review [20]. Their response to 

deformation at elastic regime, the behavior at large strains and the yield 

mechanism and strength at failure when bent are all challenging and active 

research fields at both the theoretical and experimental levels. 

   CNTs also have excellent electronic conductivity in the axial direction. When 

the graphene sheet is rolled to the cylindrical structure of SWNT, the and * 

electron clouds experience significant curvature, which causes partial  -   

hybridization. This leads to a 1D quantum-confinement structure, where the 

density of states (DOS) shows strong dependence on nanotube diameter, chirality, 

and type (metallic vs. semiconducting), as shown in Figure 1.9 [21].  

Many theoretical calculations showed that the electronic properties of the 

CNTs are very sensitive to their geometric structure. This sensitivity of the 

electronic properties of CNTs to their structure is caused by the band-folding 

behavior of a graphene sheet. Also, as mentioned before, theoretical calculations 

also indicate that CNTs can be metals or semiconductors with different sized 

energy gaps, depending very sensitively on the diameter and helicity of the tubes, 

e.g. indices (n, m).  

 

 

 

 

 

 

 

 

Fig. 1.8 Stress–strain response of a carbon nanotube under tensile loading 
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Fig. 1.9 Tight binding calculated DOS versus energy for 

a) (7, 7) met- b) (11, 3) sem-SWNTs  

(dotted curves indicate VB and CB of planar 2D graphene lattice)  

 

Experimentally, research is focused on single-electron charging and resonant 

tunneling through the quantized energy levels of the nanotubes to understand the 

electronic properties [22]. The most prevalent technique is using scanning 

tunneling microscopy (STM) to directly probe the relationship structure and 

electronic properties of CNTs. As a result, the local density of states (LDOS) can 

be obtained to compare with the theoretical predictions [23]. Theoretical 

calculations of electrical current density range from 109 to 1013 A/cm2, and 

experimentally a SWCNT has been measured to be 107 A/cm2, almost 100 times 

greater than copper [24].  

   CNTs are also believed to have excellent thermal conductivity, and the 

theoretical predictions suggest the thermal conductivity could be as high as 

3000-6600Wm-1K-1 [7, 8]. However, the thermal behavior of SWNTs has not been 

as extensively studied experimentally as the electronic or mechanical properties. 
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The thermal conductivity of CNTs are dominated by low-frequency phonons and 

limited by their crystallite size. The thermal conductivity along the nanotube axis 

is determined by the kinetic formula as shown below [25]: 



 
2

z zC   (3)

where C, and are specific heat, group velocity and relaxation time of a given 

phonon state, respectively. Measurements have been reported on thermal 

conductivity of CNT bundles, but the measured thermal conductivity is poorly 

correlated with the theoretical estimation, as shown in Fig. 1.10 [26]. This 

departure from a linear T dependence (which is actually ~ T1.6 dependence) 

 

 

 

 

 

 

 

Fig. 1.10 Temperature dependence of thermal conductivity of a single bundle of SWCNTs 

(a) Linear T plot, and (b) Log plot [26]. 

 

may be due to large resistances between neighboring tubes caused by coupling to 

optical phonons and intertube scattering/conduction processes [25]. The studies of 

single nanotubes will allow more detailed measurements of intertube contributions 

to thermal transport. The quantum thermal phenomena at low temperatures should 

be especially interesting regarding studies of the effect of individual selected 

phonons on the various thermal properties [26]. 

 

1.4 Applications based on CNTs                                            

   The size-dependent mechanical, electronic and thermal properties have 

resulted in thousands of proposed applications in a wide range of fields. Some of 

the applications have already been realized upon their unique structures and 
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properties.  

   The strong mechanical properties of CNTs have led to intensive studies of 

CNTs as additives for various matrices, especially polymers [27]. One of the best 

uses of this intrinsic property is the production of small working composite gears, 

which are obtained by mixing CNTs into molten nylon and then injecting into a 

tiny mold. This gear is as small as the diameter of a human hair, as shown in Fig. 

1.11 [26]. 

 

 

 

 

 

  

 

 

 

 

Fig. 1.11 SEM image of the smallest CNTs/nylon working gear [26]. 

(the inset shows the fractured surface) 

 

The CNTs/nylon composites have remarkable improvement of the tensile 

strength, abrasion resistance and also electrical and thermal conductivity. The high 

tensile strength may allow CNTs to replace steel in many applications such as 

cables or reinforcement in concrete.  

The unique network of carbon-carbon bonds and 1D quantum confinement 

properties of CNTs lead to great application potentials for micro and nano-scale 

electronic devices. CNTs are currently considered as promising building blocks of 

future nanoelectronics. The high conductivity and stability of metallic nanotubes 

make them excellent candidates for future use as interconnects in nanodevices and 

circuits [11, 28]. FETs using semiconducting CNTs have operating characteristics 
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that are as good as or better than state-of-the-art silicon devices, and significant 

improvements are expected in the near future. As shown in Fig.1.12 [29], 

SWCNTs  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.12 Schematic representation of CNTFETs [29]. 

 

were used to bridge two noble metal electrodes which were previously fabricated 

by lithography on oxidized silicon wafer. SWCNTs were dispersed on the 

substrate and played the role of conductive “channel”, while the two metal 

electrodes are source and drain electrodes. The oxidized silicon wafer substrate 

was the gate. A further strong coupling of CNTs with metal such as Ti or Co 

fabricated on top of the devices was used to dramatically reduce the contact 

resistance between the carbon nanotubes and the metal electrodes. Overall, the 

possible applications of carbon nanotubes range from electronics to field emission 

displays, energy-storage devices and functional fillers in composites. These have 

attracted both industrial and academic interest. Therefore, it is important that some 

of the basic knowledge is transferred to industry very shortly so that practical and 

novel devices appear commercially.  

In regard to thermal applications, SWCNTs can absorb the entire spectrum of 

solar energy with strong absorption capability from UV to visible and NIR region. 
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It is reported that the absorbed NIR light can be efficiently converted to heat. The 

remarkable capability in conversion of NIR light to heat has been exploited for 

selective photo-thermal ablation of cancer cells both in vitro and in vivo. Their 

large surface area, excellent thermal conductivity and remarkable capability in 

converting of NIR light to heat will be explored in this work to develop efficient 

and light adsorptive cooling systems. 

 

1.5 Adsorptive Cooling: Fundamental and Technologies                       

Adsorptive cooling is a thermally driven cooling system, which can be 

powered by solar energy as well as waste heat produced by any running devices. 

The use of thermally driven systems helps to reduce the greenhouse gas (GHG, 

such as CO2) emission into the environment. In addition, compared with 

conventional vapor compression systems, the adsorptive systems mainly use a 

natural working fluid such as water/ammonia, which is free of ozone depletion 

effect.  

   However, adsorptive cooling systems still can’t replace traditional vapor 

compression systems in many applications due to several limitations, such as 

long adsorption/desorption time, low cooling efficiency, i.e., low Specific 

Cooling Power (SCP), low Coefficient of Performance (COP). To solve these 

problems, tremendous efforts have been made mainly focusing on the aspects of 

improving the adsorption/desorption cycle to recover more heat, modification of 

adsorbent bed to enhance heat and mass transfer, and development of novel 

adsorbent materials to improve adsorption/desorption cycle and COP [30-32].  

 

1.5.1 Basic Adsorption Cycle                                               

   Instead of using mechanical energy, adsorptive chillers use heat to provide 

cooling. The principle is very similar to that of conventional liquid absorption 

cooling systems, in which the basic absorption chiller system includes the 

following components: absorber, generator, condenser and evaporator as shown 

in Fig. 1.13 [33]. The crucial differences between the liquid absorptive systems 
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are the heat and mass exchangers are now a fixed bed with solid/gas working 

pairs instead of liquid/gas working pairs. As a result, the thermodynamic 

properties of the adsorbent/refrigerant system are different from the adsorption 

systems, which require different cycle designs. In a typical adsorptive cooling 

system, adsorbent material is embedded and the scheme is presented in Fig. 1.14 

[34].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.13 Basic operation cycle for a single effect absorption chiller [33]. 

 

The basic cycle can be described as: (I) the energy from sun or waste heat 

received by the adsorbent bed leads to desorption of refrigerant gas from solid 

adsorbent materials, and then the desorbed refrigerant gas flows through the 

condenser and is condensed in the receiver. (II) After that, the valve V1 is open to 

allow the liquid refrigerant to flow into the evaporator. (III) Then valve V1 is 

closed and valve V2 is open, allowing the liquid refrigerant to evaporate. The 

evaporated refrigerant gas flows to the adsorbent bed and adsorbs again on the 

adsorbent materials. The evaporation of refrigerant gas inside the cold chamber 

cools down the liquid water which then can be converted to ice.  
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Fig. 1.14 Scheme of adsorptive cooling device. (I) desorption of refrigerant gas by solar energy 

or waste heat and condensing, (II) liquid refrigerant pass through into evaporator, (III) 

evaporation of liquid refrigerant and cooling is produced by readsorption of refrigerant gas [34]. 

 

   From the thermodynamic point of view, the active refrigerant/adsorbent 

working pair follows the classic adsorptive cycle made of four phases, as shown in 

Fig. 1.15 [35]: (I) isosteric heating from pev to pc (line AB); (II) isobaric desorption 

at high temperature and pressure of condensation (line BC); (III) isosteric cooling 

at closed volume from pc to pev (line CD), where Pc and Pev are condensing 

pressure and evaporation pressure, respectively; (IV) adsorption at low 

temperature and pressure of evaporation (line DA). 

 

 

 

 

 

 

 

Fig. 1.15 Typical adsorption cycle Clapeyron type diagram [35]. 
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1.5.2 Theoretical Prediction of the an Adsorptive Cooling Cycle Performance             

   An adsorptive cooling cycle is a three-temperature cycle. Compared to the 

vapor compression cooling system (two-temperature cycle), which requires 

mechanical energy, the adsorptive cooling cycle is mechanical energy free. The 

efficiency of adsorptive cooling can be defined through the cooling coefficient of 

performance (COP), which is the ratio of cooling load (heat output) to driving 

energy (heat input).  

ev

h

Q
COP

Q
 (4) 

 

in which Qev and Qh are the amount of heat released by the cooling cycle and the 

heat provided for driving the process, respectively. The three boundary 

temperatures are the temperature of the evaporator (Te), condenser (Tc) and 

generator (Tg). The evaporator temperature is the temperature of cooling effect 

produced and it depends on the cooling device applied. The condenser temperature 

is close to the temperature of the ambient to which the heat produced during 

condensation should be released. It depends on climatic conditions of the device 

operation and usually lies in the range of 25–45℃. The generator temperature is 

determined by of the external heat source, which drives the cooling cycle [36]. 

These three temperatures are also illustrated in Fig.1.15 (where Tg=Td in Fig.1.15).  

   On the basis of an actual cooling cycle, the COP can be estimated as [36] 

ev max min

des max min p pr r g c

Q ( )
COP=

Q ( ) ( C C )(T -T )i i
i

w w

w w  


  
                       (5) 

where Qev (J/g)is the heat of refrigerant gas evaporation, Qdes (J/g)is the isosteric 

heat of gas desorption, wmax and wmin are the gas uptakes corresponding to weak 

(line CD in Fig. 1.15) and rich isosters (line AB in Fig. 1.15) (g/g), Cpi is specific 

heat of component i in adsorbents and i is the content of component i. Cpr is the 

specific heat of refrigerant gas and r  is the content of refrigerant gas which is 

permanently trapped in the adsorbents.  

   In ideal case, the adsorptive cooling can be considered as Carnot cycle, and 

 



17 

the Carnot COP was calculated as [38] 

c g
Carnot

c e

1-T /T
COP =

T /T -1
                                                (6) 

This is also the highest COP one can obtain with an ideal system. Usually the 

estimated COP for a realistic system is much smaller than Carnot COP. The major 

reason for such difference is the entropy generation due to the irreversibility of the 

heat transfer from an external heat source at the temperature Tg to the adsorber at 

temperature T < Tg [37]. 

   The specific cooling power (SCP) is evaluated as  

ev max min

adsorbent

Q ( )
SCP=

cycle

w w

t m




                                              (7) 

where tcycle is the cycle time and madsorbent is the mass of the adsorbent. Depending 

on different adsorptive cooling systems setup, the formula used for COP and SCP 

evaluation may have different forms. 

 

1.5.3 Adsorption System Development                                        

Novel adsorption systems are invented with different focuses. For one bed 

machine, simple structure and low cost are pursued. Several multi-bed systems are 

suggested to provide steady refrigeration and higher energy performance. In order 

to increase the system COP and SCP, various heat and mass recovery based on 

different adsorbent bed and different control strategies are disclosed [39]. No 

valve ice maker and heat pipe technologies are used to reduce components and 

simplify the system control, with the potential to enhance system performance. 

Fig.1.16(a) illustrates a typical one bed adsorption refrigerator invented by  

Monma and Mizota [40]. It contains a refrigeration chamber, an evaporator and an 

adsorbent bed. Detailed description of the device can be found in [40]. Patzer [41] 

developed a cooling system using zeolite as adsorbent, water as refrigerant, with 

an evaporator, as shown in Fig.1.16 (b).   
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a)                              b) 

 

 

 

 

 

 

 

Fig.1.16 Adsorption refrigerator invented by a) Monma and Mizota [40], and b) Patzner [41]. 

 

The examples illustrated above are one bed systems, which only provide 

cooling intermittently, resulting in low COP and SCP. Therefore, two-bed or 

multi-bed systems are employed to improve the cooling efficiency. Sato et al. [38] 

have proposed a multi-stage multi-bed strategy involving cooling the adsorber 

with refrigerant emanating from one or more evaporators (Fig.1.17). 

 

 

 

 

 

 

 

 

 

Fig.1.17 Multi-stage, multi-adsorber adsorption refrigerator 

 

A no valve, flat plate solar ice maker is developed on the basis of previous 

research achievements of a large number experiments and theory analysis, as 

shown in Fig.1.18 [42].  
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Fig.1.18 The sketch structure of the no valve solar ice maker: (1) cover plate, 

(2) adsorbent bed, (3) insulation materials, (4) ice frame, (5) condenser, 

(6) connecting pipe, (7) evaporator, (8) water tank, (9) insulation box [42]. 

 

For adsorption cooling system, significant achievements have been obtained 

on the use of various technologies to reduce the complexity of system structure, 

initial cost, to increase the system operation reliability as well as energy 

performance.  

Adsorbent bed is the heart of the adsorption system. Heat and mass transfer 

between the adsorbent material and gas fluid are the most influential factors on 

adsorption cooling performance. Various adsorbent modules have been developed 

to obtain better heat transfer as well as to reduce the system manufacture 

complexity with different cooling capacities. Improving or applying the previous 

patented modules or developing new adsorbent module for novel systems is 

attractive to make adsorption system with flexible cooling capacity. 

Based on traditional adsorbents, such as silica gel, zeolite, and activated 

carbon, modified or composite adsorbent materials were developed which 

achieve high adsorption capacity, better thermal conductivity and high 

permeability. Heat and mass transfer were largely improved in these composite 

adsorbents. However, the heat and mass transfer characteristics should be further 

enhanced in order to achieve a higher SCP for adsorption refrigeration system for 

practical applications[39].  
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In this thesis, we developed a convenient NH3 sorption system which allows 

us to perform preliminary study on the thermodynamic properties of refrigerant 

gas-solid adsorbent working pairs in order to predict their adsorptive cooling 

efficiency. In future studies, we will set up a real cooling system to measure the 

cooling effect of different adsorbents including our stainless steel-CNT 

composites.  

 

1.6 Novel nanostructured TiO2/Graphene composites for photocatalysis          

   With the advancement of nanoscience and nanotechnology, the fabrication of 

2D or 3D hierarchical assembly of ordered nanostructures are becoming more 

and more interesting to scientists in various research fields. Due to the high 

surface area and related unique properties, materials with novel nanostructures 

are expected to have great potential to find applications in drug delivery, catalysis, 

electronic device manufacturing and magnetic recording [43-46].  

 

1.6.1 Overview of TiO2 and Graphene                                         

   As an important wide band gap semiconductor material, titanium oxide (TiO2) 

has been extensively studied because of its several advantageous properties, such 

as chemical and biological inertness, nontoxicity under most conditions and low 

production cost [47]. TiO2 exists in different crystalline forms known as anatase, 

rutile and brookite. Anatase and brookite are thermodynamically metastable and 

can be irreversibly converted to rutile form, especially at high temperature [48]. 

The size, crystallinity and morphology of TiO2 play crucial roles in its properties 

and applications [47, 49-51]. In particular, TiO2 has been demonstrated as 

excellent catalysts for photodegradation of organic contaminants or carbon 

dioxide (CO2) reduction [52, 53]. Nanosized TiO2 even has dramatically 

enhanced photocatalytic activity. TiO2 nanotubes [54], hollow nanoparticles [55], 

nanofilm [56] and hierarchical flower-like or urchin-like nanostructures [57, 58] 

have been produced by various techniques, such as hydrothermal reaction, sol-gel 

process and electrochemical oxidation.  
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   Graphene, a one-atom-thick planar sp2 bonded graphite layer, is another 

allotrope of carbon besides fullerene (0D) and CNTs (1D). Due to the unique 

chemical and electronic properties, graphene has attracted considerable attention 

and has been studied extensively [59-62]. Graphene has even higher surface area 

compared with CNTs (estimated as ~2630 m2/g in theory) and also a high 

electron mobility of 15000 m2 V-1 s-1[63, 64], so it is expected to have better 

interfacial contact with adsorbates. Synthesizing composites by integrating 

graphene and other inorganic materials is the focus to expand their applications.  

 

1.6.2 TiO2-based Composites in Photocatalysis                                     

   During photocatalytic process, electrons in TiO2 are excited from valence 

band (VB) to conduction band (CB), forming electron-hole pairs, which are 

responsible for photocatalytic activity. However, the excited electrons have a 

recombination rate in the order of 10-9s, while the time required for the reaction 

between TiO2 and most organic pollutants is around 10-8~10-3s. Therefore, the lag 

between these two times limits the photocatalytic efficiency [65]. Scientists have 

made great efforts to fabricate TiO2-based composites in order to hinder the 

electron-hole recombination and extend the photoresponse into the visible range, 

such as TiO2/Au  composites [64], CdS/TiO2 hybrid [65] and carbon material 

doped TiO2 [66].  

   Employing graphene as an electron acceptor in composites has been reported 

recently [63, 67]. When graphene is combined with TiO2, the electrons can flow 

through the interface between graphene and TiO2 due to their energy levels. The 

heterojunction formed at the interface (Schottky barrier) helps to further separate 

the photogenerated electron-hole pairs to prevent or at least slow down the charge 

recombination, which make it possible to realize higher photocatalytic efficiency 

and extend the photocatalysis to the visible range [67, 68]. It is still a great 

challenge to prepare TiO2/graphene composites with controllable morphology 

and crystal structure to achieve dramatically enhanced photocatalytic activity. 
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Chapter Two 

 

2.1 Synthesis of CNTs on Metallic Substrate by CVD                       

As mentioned before, CNTs are one of the most promising materials in many 

applications due to its outstanding mechanical, electrical and thermal properties. 

Our aim is to directly synthesize high quality CNTs on metallic substrate, and 

investigate the interaction between CNTs and refrigerant gas (NH3) for adsorptive 

cooling application. Although CNTs are believed to have excellent thermal 

conductivity, and the theoretical predictions suggest the value as high as 

3000-6600Wm-1K-1[1, 2], the actual value is always drastically reduced due to the 

boundary phonon scattering between individual tubes. In this case, a conducting 

substrate is often required to enhance the thermal/electron transfer. Stainless steel 

(SS) is an attractive candidate due to its high Fe content (>66%) and feasibility of 

tailoring to produce active sites for CNTs growth [3]. The synthesis of CNTs on 

bulk metallic surfaces has been reported by many research groups [4-8]. Most of 

the research resulted in MWCNTs, while SWCNTs were also observed, but not too 

many. The reason still remains unclear. Here we present a facile chemical vapor 

deposition (CVD) approach to grow CNTs on SS wool starting from acetylene. A 

systematic screening of the growth parameters and growing mechanism will be 

illustrated in the following sections.  

 

2.1.1 Materials and Instruments                                           

Hydrochloric acid (HCl, 36.5%~38%, reagent grade), acetone (Fisher), acetylene 

(atomic absorption grade, Airgas), air (high purity, Airgas), hydrogen (ultra high 

purity, Airgas), argon (high purity, Airgas), stainless steel wool (Type 316L, 

Palmer) 

 

2.1.2 Experimental                                                         

Type 316L grade commercial stainless steel wool (the composition is listed in 
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Table 2.1) was used as both catalyst and substrate for CNTs growth. A bundle of 

steel wool (~2.5cm long, 0.5g) were cleaned by sonication in acetone and 

isopropyl alcohol for 10~15mins each. Prior to use, the SS wool was also etched 

in HCl (~38%) for 10min.  

The CVD furnace used is a Linderg/Blue 5000 series. A quartz tube is located 

inside the furnace such that most of the tube is covered. The etched SS wool was 

nicely packed and loaded into the quartz tube sitting in the middle of the furnace 

temperature zone, parallel to the gas flow. One end of the tube is connected with 

the inlet of gas flow. The other end is the gas outlet. Gas flow rates are controlled 

by mass flow meters.  

Before CNT synthesis, the SS wool experiences a redox pretreatment 

(oxidation and reduction) by flowing air and hydrogen, respectively. CNT 

deposition was carried out at desired temperature for a certain time, then the CNT 

coated SS wool was annealed at the deposition temperature for another preset 

time and cooled down to room temperature. The CVD setup is illustrated in 

Fig.2.1 

Table 2.1 Chemical Composition of Austenitic Stainless Steel (Type 316L) 

 

A series of growth parameters were studied to investigate the mechanism and 

screen out optimum conditions to obtain CNTs with high quality based on our 

available system, including substrate pretreatment, deposition temperature (Td), 

flow rate of gases, carbon source concentration and reaction time, etc. 

Fig.2.1 Schematic illustration for CVD growth of CNTs  
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2.1.3 Results and Discussion                                               

   A typical photo of SS wool supported CNT sample is shown in Fig.2.2. One of 

the most important factors which determined CNT quality is the deposition 

temperature. We have carried out the 

investigation on the influence of 

deposition temperatures to the CNT 

quality and yield. Detailed growth 

parameters are summarized in Table 2.2.   

 

 

 

Fig.2.2 SS wool before and after CNT deposition 

 

Table 2.2 CNT synthesis with different deposition temperatures 

 

Fig.2.3 (a)-(f) illustrates scanning electron microscope (SEM) of CNTs grown 

on SS wool at 500, 600, 650, 600, 750 and 800℃, respectively. The synthesized 

CNTs have thick amorphous-like carbon overcoat, which made them look like 

worms. The average diameters can vary between 25-125nm. At high temperature, 

the metal atoms agglomerate into bigger clusters, which dominate the diameter of 

CNTs. The length of CNTs was rather long so that it was difficult to accurately 

measure them. However, it was obviously longer than 1μm. Meanwhile, high 

temperature promotes more carbon deposition and hence more wall formation [9]. 
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Fig.2.4 shows the relative weight gain of CNTs with respect to different deposition 

temperatures. The highest CNT yield occurs between 700~750℃, which is 

believed to be an optimum range for our system and method. In the following 

research, we chose 700℃ as the deposition temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.3 CNTs synthesized at various deposition temperatures                              

(a) 500°C; (b) 600°C; (c) 650°C; (d) 700°C; (e) 750°C; (f) 800° 

 

(d) 

(b)(a) 

(c) (d)

(f)(e) 

(f) 
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Fig.2.4 Relative weight gain of CNTs with respect to deposition temperature 

 

The CNTs growth rate was quite low at relatively lower temperatures  

(500°C-600°C). It was noticed that extremely short-length CNTs or CNT seeds 

emerged at the surface of catalyst particles (Fig.2.5). It suggests that at lower 

temperatures, due to the strong interaction of Fe-C alloy with the substrate 

(catalyst feed stock), the CNTs grow via a base-growth process, while a profound 

growth of CNT was observed at 650°C and higher temperatures. The metal 

particles were encapsulated at the CNT tips. It suggests that at higher temperatures, 

tip-growth process takes place, although we still can’t exclude the possibility that 

base-growth process coexists.  

(a) (b)

    

    

    

 

 

 

 

 

Fig.2.5 SEM micrograph of CNT “seeds” on top of the metallic catalysts 

 



30 

Metallic surface conditioning prior to CVD process was also investigated. 

Stainless steel substrates here acted as supports for nanotube growth, but they are 

still lack of free metallic iron particles which can serve as the catalysts for CNT 

growth [7]. The objective of surface conditioning was to enhance or activate the 

latent activity of metallic surface by forming granular nanostructures. In addition, 

the surface becomes more homogenous after pretreatment, which is important for 

uniform growth of CNTs. It is believed that the growth of CNTs on stainless steel 

by thermal CVD method was due to the existence of Fe, Ni and probably also Mo 

elements.  

       Stainless steel substrate was treated with acid followed by preheating under air 

and hydrogen. The SS wool samples with different acid treatment times of 1, 5, 

10min together with the as-received sample (as the control sample) were studied to 

elucidate the surface properties on CNT growth. Fig.2.6 shows the SEM images of  

 
(b)

(c) (d)

(a) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.6 SS wool substrate treated with HCl (~38%) for different times 

(a) 0min, (b) 1min, (c) 5min, (d) 10min 
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SS wool treated for different times. 

The SS wool as received has a passive layer (mainly composed of Cr2O3) 

which gives initial protection to the stainless steel from corrosion. Chromium layer 

gradually dissolves in the acid during the etching process. Mesoporous iron oxide 

film forms on the surface of the substrate, which is favorable for CNT growth. For 

SS wool treated with 1min, only partial passive layer is etched (see Fig.2.6b). As 

the etching time increases, the formation of mesoporous iron oxide film becomes 

complete, which results in a rough surface (as shown Fig.2.6d).  

   The next step is a redox treatment (air oxidation and hydrogen reduction). 

During air oxidation, once the steel wool is heated, island-like fine granular 

structures were formed, which increased the surface area and acted as catalyst sites. 

The diameter of the formed granular structures highly depended on the treatment 

temperatures [10], which increased the surface area and acted as catalyst sites. Fe 

and Ni would react with C from C2H2 to form carbon-metal alloy particles and 

induced CNTs growth. Since the catalytic elements Fe and Ni would be 

deactivated due to oxidation, reactivation of these catalyst particles by a further 

reduction by H2 was necessary for keeping their catalytic activity. Details of this 

oxidation-reduction pretreatment prior to CVD process has also been thoroughly 

discussed by Wal RLV [5]. It’s also believed that oxygen oxidation would decrease 

the necessary time of preheating.  

Fig.2.7 (a)-(f) illustrates the SEM images of the formed CNTs after the SS 

wool pretreated at different temperatures. When the SS wool was treated at 

500°C for 1h, CNTs were formed and interspersed with significant amounts of 

amorphous carbon. The average diameter of CNTs varied from 50-80nm 

(sometimes with a few in the range of 80-110nm). It also can be observed that 

diamond-like structures were formed, as shown in Fig.2.8. When the preheating 

temperature increased, the amount of amorphous carbon was reduced while the 

density of CNTs increased. This is apparently observed when the steel wool was 

preheated at 700°C and 750°C (see Fig.2.7e,f).  
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(b) (a) 

 

 

 

 

 

 

 

 
(d) (c) 

 

 

 

 

 

 

 (f) (e) 
 

 

 

 

 

 

 

Fig.2.7 SEM images of CNTs grown on SS316L with different preheating temperatures: 

(a) 500 °C; (b) 550°C; (c) 600°C; (d) 650°C; (e) 700°C; (f) 750°C 
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Fig.2.8 SS wool conditioned at 700℃ (HCl treated).  

Island-like structures with diamond-like particles were formed 

 

   Besides deposition temperature and substrate pretreatment, the gas flow rates  

are also influential to CNT growth. The flow rate affected the residence time (the 

time that a gas molecule spent in the tube) and the number of active molecules 

available for decomposition per unit time. Lower flow rate decreased the number 

of gas molecules undergoing decomposition/unit time, while increasing the 

residence time: 

2

4

d

L F

 


   

 - the residence time; d-diameter of the glass tube; L-length of the tube before 

the steel wool; F-flow rate of the gas. At higher flow rates, the number of 

available gas molecules increases, resulting in more molecules decomposed at a 

given time. Higher flow rates also facilitate molecules to travel further along the 

tube before deposition. This is supposed to result in increased carbon species 

coverage on steel wool in the direction of gas flow. After CVD process, 

post-annealing treatment is helpful to burn off non-tubular carbonaceous species, 

which mainly consisted of amorphous carbon.  

Combining the parameters we investigated, we successfully obtained vertically 
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aligned CNTs (VACNTs) with high yield and quality, which are shown in Fig.2.9. 

Few amorphous carbon were observed and the diameter of CNTs is dramatically 

reduced to 20~30nm (see Fig.2.9b inset).  

 

(a) (b)  

 

 

 

 

 

 

 

Fig.2.9 Vertically aligned CNT forest at optimized condition. 

(a) Top view of the forest, (b) 30°tilt image of vertically aligned CNTs (The inset images  

shows the cross-linking of CNTs with diameter about 20~30nm) 

 

   The protocol described here can be improved based on needs by the further 

understanding of the CNT growth mechanism on conducting substrates. It has 

been demonstrated that the quality and intrinsic properties of CNTs can be further 

improved by including some gaseous additive (e.g. H2/H2O) or abrupt termination 

techniques are applied [11, 12]. These will also be systematically studied in our 

further research. 

   In conclusion, an efficient and cost-effective way to synthesize highly aligned 

CNTs on stainless steel substrate without any external catalysts was presented. The 

method is easy to scale up and can be applied to larger SS surfaces and other 

geometries for industrial applications. It has been hypothesized that the utilization 

of the in-situ formed catalysts on a metallic substrate could enhance the adherence 

and electronic/thermal contact of CNTs to the metallic substrates. Considering the 

highly hierarchical porous structures of the SS wool (important for mass transport 

for refrigerant gases), it is reasonable to expect that a better cooling efficiency can 
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be achieved when the produced SS wool/CNT hybrid materials are used as the 

absorbents, which will be studied in the near future. 

 

2.2 Adsorptive heat transformation study for solid adsorbents                

In this part of work, we use ammonia as our refrigerant gas to study the heat 

transformation property for different adsorbents. Although ammonia received 

impingement due to its toxicity, unpleasant smell and difficulty in handling over 

the past several years, we can’t underestimate ammonia as an outstanding 

candidate for refrigerant choice because of its commercial, operational, energy and 

environmental benefits [13]. Ammonia has zero ozone depletion potential and no 

contribution to greenhouse effect responsible for global warming. In addition, it 

has favorable thermodynamic properties which require less energy to produce 

refrigeration than many other refrigerants.    

   Here we use our home-built system to investigate the sorption characteristics 

of NH3/solid adsorbents as working pairs. To check the validity of our system, we 

first studied the thermodynamic behavior of traditional BaCl2-NH3 working pair in 

a vermiculite matrix and thermodynamic performance evaluation for other 

promising adsorbents, including commercialized MWCNTs, SWCNTs. In future 

studies, we will use our SS wool supported CNTs to investigate the SS wool based 

CNT-NH3 interaction and resultant adsorptive cooling effect. 

 

2.2.1 Materials and Instruments                                         

NH3, BaCl2, Vermiculite, SWCNTs, MWCNTs, SS wool supported CNTs 

Home-made setup for isosteric measurement (specific description provided in the 

following Experimental part) 

 

2.2.2 Experimental                                                       

a. Apparatus 

   The experimental apparatus consists of LoggerPro 3.2, adsorbent chamber, gas 
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buffer tank, heating tape/oven, connecting pipe, pressure gauge, thermocouple, 

valves and a vacuum line. A schematic drawing of the experimental setup is shown 

in Fig.2.10 and a corresponding photograph is shown in Fig.2.11. The adsorbent 

samples are loaded into the chamber (1). The chamber is within a thermostatic 

oven or covered by heating tapes in order to maintain the temperature of vessel 

with adsorbents. A thermocouple is placed near the wall of adsorbent chamber and 

connected to LoggerPro device to monitor the adsorbent temperature. A pressure 

gauge was also connected to monitor the pressure change of the system during 

NH3 absorption and desorption.  

 

Fig.2.10 Scheme of experimental setup for NH3 sorption isosteres measurement 

 

 

 

 

 

 

 

 

Fig.2.11 A photograph of realistic setup in the lab 

b. Adsorbent sample preparation 
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Three samples were studied: BaCl2/vermiculite composite, SWCNTs and 

MWCNTs purchased from China . BaCl2/vermiculite was prepared by immersing 

the host matrix vermiculite into 25wt.% BaCl2 aqueous solution, followed by 

drying in air at 70℃.The other samples were used as received. Before the 

experiments, all samples were heated to 180℃ and cooled to room temperature in 

dry air. Then initial mass m0 was measured.  

 

c. Isosteric(IS) measurement 

   The sample was loaded into the chamber and evacuated for 20-30min (V1-V3 

were open and V4 closed). Then the following procedure was employed for IS 

measurement.  

(1) The buffer tank was pressurized to initial pressure P0 (V2, V4 open, V1, V3 

closed) 

(2) NH3 adsorption was started and continued for at least 2h until it reached 

equilibrium (V1, V2 open, V3, V4 closed).  

(3) Adsorption was terminated when the pressure decreased to P1 (V2 open, V1, 

V3, V4 closed). 

(4) Equilibrium pressure Peq was recorded after sorption was finished (V1 open, 

V2-V4 closed)  

Peq was recorded at room temperature first, and the adsorbent temperature 

was increased step by step and a whole set of Peq was recorded. Peq change was 

recorded during the temperature decreases. We obtained isosteric measurement of 

ammonia sorption by plotting lnPeq vs. 1/T (K).  

 

2.2.3 Results and Discussion                                              

a. BaCl2-NH3 working pair in vermiculite matrix    

A typical sorption cycle for BaCl2-NH3 at pseudo-equilibrium is represented 

in Fig.2.12. First we saturated the adsorbents with ammonia and waited until it 

was at equilibrium. Then the temperature was increased stepwise to desorb 
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ammonia from BaCl2/vermiculite. It can be seen that the desorption curve is 

composed of three basic processes. The first process is thermal expansion ( ), 

during which no significant desorption occurs. When the temperature reached the 

minimum temperature required for desorption, pressure increased much faster. 

When desorption completed, the larger slope compared with the one before 

desorption indicated more free gas molecules in the system. Then the temperature 

was decreased stepwise in reverse to examine the adsorption-desorption 

reversibility. As we can see from Fig.2.12, a large hysteresis loop was observed 

and the adsorption occurs around 35℃.  

 

 

 

 

 

 

 

 

 

Fig.2.12 A typical adsorption-desorption cycle for BaCl2-NH3 working pair. (The P-T  

desorption curve consists of thermal expansion and desorption, which results in  

the difference of slopes. The adsorption occurs at about 35℃. A huge hysteresis loop  

is also observed, which demonstrated a bi-variant behavior.) 

 

   According to Gibbs phase rule, the degree of freedom is related to the 

number of components (k), phases in thermodynamic equilibrium (f) and 

independent reactions (r). It can be calculated as [14, 15] 

2k f r      

Regarding to the reaction which took place in this system,  

 
2 3 2aCl (s) 8NH (g) BaCl 8NH (s) B 3
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we have three components, three chemical phases (BaCl2 (s), NH3(g) and 

BaCl2·8NH3(s)) and one independent reaction. Hence, the system is supposed to be 

mono-variant. 

3 3 1 2 1       

However, it was observed that the P-T diagram showed us a bi-variant behavior 

due to the existence of hysteresis loop. Similar results were also reported for 

hydration of Ca(NO3)2 in silica gels [16]. One possible reason for this discrepancy 

from Gibbs phase rule is the formation of non-uniform crystals, which may have 

their own synthesis-decomposition behavior, such as the temperature and pressure 

[15]. In addition, during the synthesis and decomposition of composites, the 

crystal lattices have been expanded or contracted. The hysteresis may be also 

caused by the activation barrier for the energy required to expand the crystals, 

which is irreversible energy loss during one adsorption-desorption cycle [17, 18]. 

Another possible explanation is the temperature difference between gas 

temperature (Tg) and temperature within solid particles (Ts). Specifically, Tg>Ts 

during decomposition and Tg<Ts during synthesis. The temperature lag is caused 

by exothermic synthesis and endothermic decomposition.  

   The isosters of ammonia sorption were plotted by ln P vs. 1/T (K) using a 

linear fitting (see Fig.2.13). The relationship between pressure P and temperature 

T at equilibrium was determined by the Van’t Hoff equation: 

 m mH S
ln P= -

RT R

 


 

Fig.2.13 Isosters of ammonia sorption 

on BaCl2/vermiculite composite  

■ -0.7 wt.%, △ -1.9 wt.%  

 

 

 

mH and are standard mS

 



40 

enthalpy and entropy for the reaction. The isosteres are plotted for both desorption 

and adsorption to get the average value with different NH3 uptake (0.7 wt.% and 

1.9 wt.%). The NH3 uptake by the adsorbents can be calculated by  

 
eq 10 1

1
0

P V(P -P )V
-

RT RT m

 
  
  

w

where P0 is initial NH3 pressure, P1 is preliminary estimated pressure and Peq is 

NH3 pressure at equilibrium. In this equation, V is volume restricted by valve V1, 

V3 and V4 in Fig.2.10, volume V1 is restricted by V2 and V3 [19]. The enthalpy and 

entropy measured were compared with literature values. The calculated standard 

enthalpy and entropy were -36.5 kJ/mol and -142.5 J/(mol K) for 0.7 wt. % and 

-38.3 kJ/mol, -149.4 J/(mol K) for 1.9 wt. %, respectively ( mH =-36.7 KJ/mol, 

=-131.8 J/(mol K) in literature [19]).  mS

It can be seen that the enthalpy was similar to literature value while the 

absolute value of entropy is a little higher than reported. From the thermodynamic 

properties, their adsorptive cooling performance can be estimated by using the 

measured isosteric chart. 

 

b. MWCNTs and SWCNTs 

   NH3 adsorption-desorption behavior on commercial MWCNTs and SWCNTs 

was also studied in a similar way described in experimental part, the isoster 

measurements are shown in Fig.2.14. The calculated enthalpy and entropy of 

SWCNTs, MWCNTs and BaCl2/vermiculite are shown in Table 2.3. Compared 

with BaCl2/vermiculite, the “van-Hoff” enthalpy and entropy of CNTs are 

significantly smaller than what we were expecting. One possible explanation is 

that the interaction between CNTs and NH3 is physi- sorption and they did not 

form complexes such as BaCl2-NH3. Instead, when the sample is saturated with 

NH3 and reached its adsorption equilibrium, and we increased the temperature to 

desorb all the ammonia adsorbed on CNTs, the difference of the number of NH3 

gas molecules before and after desorption was calculated to evaluate the NH3 
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adsorption capacity, which are shown in Table 2.4. 

 
e i

e i

P P V
( - ) ( / )
T T R m

n m 

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Fig.2.14 Isosters of ammonia sorption on SWCNTs and MWCNTs 

 

 

Table 2.3 Enthalpy and entropy of ammonia sorption on  

BaCl2/vermiculite, SWCNTs and MWCNTs 
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Table 2.4 NH3 adsorption capacity calculation for different adsorbents 

(Pi, Ti are initial pressure and temperature, Pe, Te are pressure and temperature at equilibrium, 

V(cm3) is volume which is not occupied by adsorbents, m(g) is mass of adsorbents, n(mol/g) is the 

maximum number of NH3 gas molecules desorbed from adsorbents at enough high temperature) 

 

The results demonstrate that NH3 capacity of CNTs is more than ten times 

higher than BaCl2/vermiculite. Fig.2.14 was plotted by the number of NH3 gas 

molecules adsorbed on unit mass of adsorbents vs. temperature. It can be observed 

that the number of NH3 molecules adsorbed significantly increased at a certain 

temperature range for both SWCNTs and MWCNTs, in which NH3 adsorption- 

desorption occurs. The desorption took place around 33℃~55℃ for SWCNTs 

and 55℃~67℃ for MWCNTs, respectively. 

 

Fig.2.14 NH3 sorption on SWCNTs and 

MWCNTs. The height between two plateaus 

of each curve indicates NH3 capacity of 

CNTs, two different ad-desorption 

temperatures are observed. 

Fig.2.15 shows the P-T diagram 
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for NH3 adsorption-desorption on SWCNTs and MWCNTs. Compared with 

BaCl2/vermiculite, there has been a significant diminishing hysteresis, indicating a 

better reversibility of NH3 sorption behavior. In addition, The NH3 

adsorption-desorption cycle was repeated more than three times. It is observed that 

when we heat CNTs to desorb NH3 (70~90℃) and cool down to initial temperature, 

the pressure decreases to an even lower stage than the last cycle. It has been 

reported that thermolysis of oxygen containing functionalities on carbon 

nanotubes can result in permanent entrapment of light gas molecules like CO2 [20]. 

The pressure decrease in our study probably can be attributed to the generation of 

permanently trapped NH3 gas molecular species within CNTs, although detailed 

mechanism still needs further investigation.  

 

 

 

 

 

 

 

(a)                                     (b) 

Fig.2.15 P-T diagram of NH3 adsorption-desorption on 

(a) SWCNTs, (b) MWCNTs 

 

In summary, in this part of the work, we successfully synthesized stainless 

steel wool supported CNTs without any external catalysts by chemical vapor 

deposition. Different growth parameters such as deposition temperature and 

substrate pretreatment were studied to improve the quality of CNTs. Vertically 

aligned CNT forests were obtained and characterized mainly with SEM.      

Furthermore, a convenient system was designed for thermodynamic study of 

NH3 adsorption on different solid adsorbents (BaCl2/vermiculite, SWCNTs, 

MWCNTs). The adsorption-desorption behavior was analyzed by P-T diagram and 
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thermodynamic properties such as equilibrium enthalpy and entropy were 

evaluated. Future work will be focused on the thermodynamic study of our SS 

wool based CNTs and investigation of adsorptive cooling effect (COP, SCP) of 

adsorbents of our interests.   
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Chapter Three 

 

3.Synthesis of TiO2/Graphene Composite Photocatalysts              

As a wide band gap semiconductor material, titania (TiO2) is particularly 

noteworthy due to its excellent photocatalytic activity and chemical stability. 

However, its performance is always limited by the relatively fast electron-hole pair 

recombination and the agglomeration of nanoparticles in reality. With the advance 

of carbon based materials, graphene is quickly being accepted to be a good support 

for TiO2 to enhance the photocatalytic activity due to its unique electronic 

properties. Graphene-based TiO2 nanocomposites have been reported in terms of 

the enhanced photocatalytic activities [1-4].  

Herein, we successfully prepared TiO2 nanorods/graphene composites via 

hydrothermal reaction using TiCl3 saturated NaCl solution as raw materials. The 

products were studied by scanning electron microscopy (SEM), Raman 

spectroscopy and UV/Vis diffuse reflectance spectroscopy.  

 

3.1 Materials and Instruments                                             

Titanium (III) chloride (TiCl3, ca. 10wt.% solution in 20~30 wt.% hydrochloric 

acid, Aldrich), sodium chloride (NaCl, Aldrich), urea (reagent grade, 99.0-100.5%, 

Aldrich), graphene (synthesized in our lab), DI water. Raman spectrometer, 

electric oven, Teflon-lined stainless steel autoclave (AC4744, Parr), Scanning 

electron microscope (SEM, Hitachi S-4800), UV-vis spectrometer (Cary 500) 

 

3.2 Experimental                                                         

Preparation 

A certain amount of titanium trichloride solution (~10wt.% in 20~30% HCl) 

was added into freshly saturated NaCl (in water) and urea was added as an 

additive. Then graphene (dispersed in water) was added dropwise with vigorous 

stirring and the mixture was sonicated for 40-50min in a sonication bath to make 
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sure all species are well dispersed. The purple solution was transferred into a 50 

mL Teflon-lined stainless steel autoclave and heated at 175℃ for desired time. 

The product was washed with DI water and ethanol several times and centrifuged 

and dried at 60℃ in air. Detailed procedure is illustrated in Fig.3.1.  

     

 

 

 

 

 

 

 

 

 

Fig.3.1 Procedure for hydrothermal synthesis of TiO2 nanorods/graphene composites 

 

Characterization 

The morphology and size of products were observed using scanning electron 

microscope (SEM). The chemical composition was analyzed by Raman 

spectroscopy. The UV/Vis absorption spectra were recorded with a Cary 500 

Scan spectrometer.           . 

 

 

3.3 Results and Discussion                                               

 

3.3.1 Morphology of TiO2 Nanorods/Graphene Composites                     

Fig. 3.2(a) shows typical top view SEM images of large scale assembly of 

microspheres comprised of TiO2 nanorods, which are prepared with 0.15 M TiCl3 

solution at 175℃ for 4h. The hierarchical microspheres have diameters ranging 
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from 4~6 m. We are able to see that the nanorods are growing from the core of 

microspheres (Fig.3.2b). Fig.3.2c-d demonstrate TiO2 nanorods assembled as 

arrays on big graphene sheets. Some scattered nanorods were also observed on 

top of the sheets. Individual TiO2 nanorods are shown in a flat square-shaped 

crystallographic planes with diameters about 80 nm in tetragonal cross-section 

(Fig.3.2e). It’s observed that  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(f) (e) 

(d) (c) 

(b) (a) 

Fig.3.2 SEM images of TiO2/graphene composites. (a) large scale of urchin-type TiO2 microsphere 

assembly, (b) individual microsphere assembled by TiO2 nanorods, (c)-(d) nanorod arrays on 

graphene sheets, (e) cross section view (f) top view of individual TiO2 nanorods with rough 

surface comprised of many small particles, indicating a more active growth facet  
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many small particles exist on the top of nanorods, which indicates a preferential 

growth along this direction [5]. It is reported that the (001) face is the most active 

facet for rutile TiO2 nanorods [6], so this direction is very likely to be [001] 

direction. This can be confirmed with HRTEM characterization in future study. 

Fig.3.2f is a top view of TiO2 nanorods arrays with a rough surface.  

In order to understand the formation of urchin type hierarchical TiO2/graphene 

composites, we investigated a time-dependent morphology evolution of the 

composites. Fig.3.3 shows SEM images of synthesized samples with different 

reaction times. As shown in Fig.3.3a, the composites obtained after hydrothermal 

 

 
(a) (b)

 

 

 

 

 

 
(c) (d)

 

 

 

 

 

 

Fig.3.3 SEM images of TiO2 nanorods/graphene synthesized with different reaction time. 

(a) 1h, (b) 4h, (c) 6h, (d) 15h. 

 

reaction at 175℃ for 1h are non-uniform aggregates consisting of small particles 

and short nanoneedles and these aggregates have already begun to form sea urchin 

type. After hydrothermal reaction for 4h, TiO2 nanorods are clearly observed as 
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shown in Fig.3.3b. The morphology of TiO2 nanorods show less changes when the 

reaction time is further increased to 6h (Fig.3.3c) and 15h (Fig.3.3d).  

 

3.3.2 Structure and Optical Properties of TiO2 Nanorods/Graphene 

Raman study (Fig.3.4) shows typical Raman spectra for TiO2 

nanorods/graphene composites which were heated for 4h. The strong band 

around 447cm-1 is attributed to Ti-O-Ti vibration (Eg mode), the other two 

remarkable bands at 235 and 609cm-1 are assigned to multi-photon process and 

A1g mode [7]. Two peaks observed at about 1325cm-1(D band) and 1590cm-1 (G 

band) can be attributed to the graphene templates (see inset in Fig.3.4). 

 

 

 

 

 

 

 

Fig.3.4 Raman spectroscopy of TiO2 nanorods/graphene 

 

Fig.3.5 shows the Raman spectra of graphene in the nanocomposites with 

different TiO2/graphene ratios; we can observe that intensities of both D and G 

bands increase with the increase of graphene content. The D/G ratio did not show 

significant difference with respect to graphene content. At this time, the maximum 

graphene content we used for composites synthesis is around 2mg/0.0075mol TiO2. 

Our further research will employ more graphene into the composites. Theoretically, 

D/G intensity ratio for TiO2/graphene composites are very similar to that of the 

bare graphene sheets, indicating that the TiO2 was grown on the existing defects in 

the graphene sheets without introducing more defects[4, 8].  
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Fig.3.5 Raman Spectra of TiO2 nanorods/graphene with different graphene content.  

(a) bare TiO2, (b) 0.5mg, (c) 1.0mg, (d) 1.8mg graphene in composites 

 

Fig.3.6 illustrates Diffusion Reflectance UV spectrum (DRUVS) of pure TiO2 

and TiO2/graphene nanocomposites with different graphene contents. The presence 

of graphene in TiO2/graphene composites is responsible for the enhanced 

adsorption in the visible regions.  

 

 

 

 

 

 

 

 

 

Fig.3.6 Diffusion reflectance UV spectra of pure TiO2 and TiO2/graphene composites  

with different graphene content. (a) bare TiO2, (b) 0.5mg, (c)1.0mg, (d) 1.8mg graphene  

 

In addition, TiO2/graphene composites exhibit red shift of the absorption edge 

compared to the pure TiO2. It can also be observed that this red shift gradually 

increases with graphene content. This variation of absorption property suggests 
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strong electronic coupling between TiO2 and graphene. As is well known, the 

photocatalytic efficiency of TiO2 is greatly limited by the relative fast 

electron-hole recombination, which results in decreased photocatalytic efficiency. 

The unique electronic property of the graphene sheets and especially the observed 

strong electronic coupling would help to accept photoexcited electrons to prevent 

electron-hole recombination. It is believed that a better linkage between graphene 

and TiO2 will facilitate electron transfer and result in improved photocatalytic 

efficiency [4]. 

 

3.3.3 Mechanism Study of TiO2 Nanorods/Graphene Composites 

The proposed growth mechanism is illustrated in Fig.3.7. Graphene plays the 

role of substrate for TiO2 growth. The fact we got both microsphere assembly and  

 

Fig.3.7 Schematic illustration of the formation of 3D hierarchical TiO2/graphene 

nanocomposites and nanorod arrays. Nanorods growth occurred at (a)some spots in 

  bulk solution, (b) nuclei formed on graphene, (c) vertically aligned nanorod arrays  

were obtained if the density crystal seeds on graphene is high enough. 
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nanorod array sheets indicates the nucleation of crystal seeds occurred at some 

spots on graphene as well as in the bulk solution. Subsequent growth takes place 

to form nanorods along the active facets and self-assemble into microspheres, or 

bind with each other to form nanorods on graphene, vertically aligned nanorod 

arrays on graphene due to crowding effect.  

   The reaction to form TiO2 is assumed to be: 

 Ti

 

3+ 2+ +
2

2+ -
2 2

+H O TiOH +H

TiOH +O Ti(IV) oxo species+O





Ti (IV) oxo species are considered to be an intermediate consisting of dehydrated 

polymeric Ti(IV) hydroxide [9]. The role of urea is to coordinate Ti3+ to form the 

initial growing nuclei, which directed further heterogeneous nucleation of TiO2 on 

specific substrate or bulk solution. Also, urea gradually releases NH3 to increase 

the pH values of solution and thus facilitate growth of TiO2 crystals [9]. 

 

 
2 2 2 2 3 2

4+ -
3 2

(NH ) CO+3H O CO 2NH H O

NH H O NH +OH

  

 

In conclusion, we present a facile one-step hydrothermal method to prepare 

TiO2/graphene composites by using TiCl3 and home-made graphene as starting 

materials. TiO2/graphene nanocomposites have been synthesized elsewhere for 

photodegradation of organic contaminants [4, 8]. However, so far as is known, 

TiO2 in composites are nanoparticles and no research was reported on TiO2 

nanorods based composites. The SEM images show that the resulting products 

exhibit both urchin-like microsphere assemblies and vertical aligned nanorod 

arrays. Some key synthesis parameters such as hydrothermal reaction time and 

graphene content were studied in our experiments. Further optimization will be 

carried out in order to achieve more comprehensive understanding of the 

composites formation mechanism. More importantly, the red shift of absorption 

edge in UV-vis spectra indicates promising enhancement of TiO2 photocatalytic 

efficiency in the presence of graphene. Further research will be focused on 

investigation of photodegradation activity of organic contaminants with our 

synthesized composites. 
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Conclusion and Future Work                                       

   With the completion of this thesis, macro-3D carbon nanotube/metallic wool 

hierarchical hybrids were synthesized by chemical vapor deposition. The quality 

of CNTs on metallic wool was improved and acceptable CNT forests were 

obtained, which are expected to enhance the adherence and contact resistance 

between CNTs and conducting substrate. Also, an NH3 sorption system was 

established to investigate the thermodynamic properties of different adsorbents. 

Isosters of NH3 sorption were measured (IS measurement) and the availability of 

different mathematic models to study NH3 sorption behavior and capacity were 

evaluated; we found CNTs have greater potential for NH3 adsorption than 

inorganic salt/porous matrices.  

   The IS measurement is useful for evaluation of adsorptive cooling efficiency. 

In the future, we are looking forward to establishing an adsorptive cooling device 

to test the performance (COP) of different solid adsorbents, our CNTs/metallic 

wool hybrids are expected to enhance the heat transfer and result in better cooling 

efficiency.  

   In addition, we successfully synthesized rutile TiO2 nanorods/graphene 

composites for photocatalytic applications. Our preliminary study exhibits that the 

nanocomposites have urchin-like assembly. The energy levels of TiO2 were tuned 

in the presence of graphene, with our expectation to enhance the photocatalytic 

activity towards organic contaminants.  

   Future study will be focused on the improvement of synthesis condition for 

more detailed study of the presence of graphene. Photocatalytic studies will also 

be carried out using our composites. It is believed that further improvements in the 

structures and photocatalytic performance of TiO2/graphene composites are 

needed to develop practical applications in environmental fields.  
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