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Abstract 

Currently, fossil fuels and nuclear power are our primary energy sources. 

However, both have critical disadvantages due to the limited supply and the hazard 

issues. Renewable energy research becomes one of most important research topics in the 

21st century. Nanostructured materials show unique electrochemical properties in 

various energy conversion or storage devices. This dissertation starts with fundamental 

optical studies of nanomaterials (carbon nanotubes), followed by synthesizing novel 

nanomaterials for energy conversion (solar cells) and storage (lithium ion batteries) 

devices.  

 (1) There is an on-going debate concerning the ability of double walled carbon 

nanotubes (DWNTs) to exhibit photoluminescence (PL). We aim to clearly resolve this 

debate through the study of carefully separated DWNTs using density gradient ultra-

centrifugation (DGU). Here, we clearly show that light is emitted from the inner wall of 

DWNTs. Interestingly, it was found that a very narrow range of diameters of the inner 

walls of DWNTs is required for photoluminescence (PL) to be observable. All other 

diameters led to complete PL quenching in DWNTs. (2) Inexpensive dye sensitized solar 

cells (DSSCs) on flexible plastic substrates have a bright future, but they require low 

temperature annealing (< 200°C). The method to fabricate low temperature DSSCs 

should resolve poor electron transfer between titanium dioxide (TiO2) nanoparticles 

(NPs) due to their incomplete contiguity and insulating layer of organic residues from 
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binders in the photoactive film. Here, we have developed uniform CNTs/TiO2 

composites for low temperature DSSCs by using modified sol gel method. DSSCs were 

fabricated to study incorporating functionalized few walled carbon nanotubes (f-FWNTs) 

effect on TiO2 NPs. Incorporating f-FWNTs can be beneficial for the low temperature 

annealing process of DSSCs to overcome extremely poor electron transport through TiO2 

photoactive film. Incorporating f-FWNTs with TiO2 active layer improves electrons 

transport in some degree, but this advantage is limited. (3) Conductive fillers, such as 

amorphous carbon, carbon nanotube and graphene, have been mixed with 

nanostructured metal oxide materials to improve the performance of electrode materials 

in energy storage devices. However, ineffective junctions between conductive fillers are 

limiting the overall conductivity of the electrode. Therefore, we developed a convenient, 

inexpensive and scalable method for synthesizing hybrid carbon and titanium dioxide 

(C/TiO2) co-gels and co-aerogels to improve their electrochemical capacity in lithium 

ions batteries (LIBs). The monolith of the hybrid C/TiO2 co-aerogel can be directly used 

as active electrodes without the addition of binders. As a result, the capacitance of LIB 

anodes using the hybrid co-aerogel is significantly improved over current LIBs based on 

carbon/titanium oxide composite. Other metal oxides could also form co-gels with 

carbon to improve their potentials in numerous electrochemical, photocatalytic, and 

photoelectronic devices. 
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1. Photoluminescence from double walled carbon 
nanotubes  

1.1 Introduction 

Double-walled carbon nanotubes (DWNT) have recently been recognized as 

important members in the carbon nanotube (CNTs) family because they are expected to 

have certain properties superior to single-walled carbon nanotubes (SWNT) or multi-

walled carbon nanotubes (MWNT). For example, DWNTs are expected to replace 

SWNTs in biomarker applications1 and optoelectronics2 if the observed luminescence 

from DWNTs in these earlier reports can be verified. However, due to unavoidable 

byproducts, such as SWNTs and MWNTs, optical properties of DWNTs still remains 

controversial. There is an on-going debate in the research field concerning the ability of 

DWNTs to exhibit photoluminescence (PL). Okazaki et al. reported that a decrease in the 

interlayer distance enhances the interaction between the inner and outer shells, resulting 

in a higher degree of PL quenching.3 Tsyboulski et al. also concluded that near IR 

emission from their DWNT enriched samples resulted from SWNTs impurities rather 

than from the inner shells of DWNTs.4 In addition, Koyama et al. found that the relative 

intensity of steady-state luminescence from the inner walls in DWNTs is ~700 times 

weaker than that from SWNTs.5 On the other hand, Kishi et al. reported that light is 

emitted from the inner tubes of a majority of DWNTs (90%),6 and Iakoubovskii et al. 

demonstrated DWNTs exhibit strong PL in their experiments.7 Furthermore, Hertel et al. 

showed evidence of PL from the inner walls of DWNTs and their red-shift of exciton 
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transition.8 More recently, Muramatsu observed bright PL from the inner walls of 

DWNTs synthesized using the peapods approach.9 These seemingly contradictory 

observations fueled a heated debate in the research field on whether DWNTs can 

fluoresce at all.   

Hereby, we aim to clearly resolve this debate through the study of carefully 

separated DWNTs. DWNTs were successfully separated from SWNTs using density 

gradient ultra-centrifugation (DGU). Here we clearly show that light is emitted from the 

inner wall of DWNTs; however, the intensity of the emission is significantly quenched. 

Interestingly, it was found that a very narrow range of diameters of the inner walls of 

DWNTs is required for PL to be observable. All other diameters led to complete PL 

quenching in DWNTs. In short, we have shown that both sides of the debate are correct 

under certain situations. The real answer to the question is that some DWNTs do emit 

light but most DWNTs do not. As is true for SWNT, the PL properties of DWNTs are 

highly dependent on their helicity. 

1.1.1 Double walled carbon nanotubes 

Carbon nanotube (CNTs) is a cylindrical graphene which has been of great interest for 

a wide variety of potential applications due to their excellent mechanical and physical 

properties.10 CNTs are categorized as single-walled carbon nanotubes11 (SWNTs), 

double-walled carbon nanotubes12 (DWNTs), and multi-walled carbon nanotubes13 

(MWNTs) by their number of layers. Mechanical, optical and electrical properties vary 
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with the type of CNTs depending on the diameter and the number of sidewalls. As a 

result, each type of CNTs possesses different applications. DWNTs, composed of exactly 

two concentric single-walled carbon nanotubes, have recently been recognized as 

important CNT family. DWNT’s unique structure offers advantages and opportunities 

for extending our knowledge and application of the carbon nanomaterials family. In 

general, compared to SWNTs and MWNTs, DWNTs have higher mechanical strength 

and thermal stability and they also possess interesting electronic and optical properties. 

For examples, Ranjbartoreh et. al. reported that the critical axial force of the inner tube of 

a DWNT is almost two times more than the critical axial force of a SWNT.14 In addition, 

Somani et. al. reported that DWNTs film prepared by drop casting method has shown 

superior field electron emission with low turn-on field (0.8 V/μm) and threshold field 

(1.8 V/μm) than that of other carbon nanomaterials such as SWNTs, MWNTs, and 

carbon nanofibers (CNFs) etc.15 The optoelectronic performance of the CNT based thin 

film transistor (TFT) depends on many factors, such as the ratio of metallic-to-

semiconducting tubes, dispersion, length, diameter, chirality, wall number, structural 

defects, and the properties of substrates.16 While TFT based on SWNTs has showed the 

lowest sheet resistance and the highest transmittance among these types of CNTs,17 

DWNTs also has reported to possess better transparency-conductance performance as 

compared with other types.18 However, as the fact that the same weight of catalysts 

produces more DWNTs than SWNTs due to an intensification of activated carbon 
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species is considered, DWNTs seems to be the best candidate for CNT-FTF applications. 

In addition, DWNTs enable a sophisticated understanding about a fundamental physics 

of CNT system. For example, the high curvature effects19 and inner wall interaction20 of 

CNTs have studied using DWNT due to its inner wall with small diameter. Zhang et. al. 

reported the possible future application of DWNTs as wearless bearings because the 

interlayer friction coefficient of DWNTs is incredibly small.21 DWNTs also contribute to 

expand the knowledge about optical properties in CNT system. For instance, Barros et. 

al. found a weak dependence of the inner-outer wall interaction on the transition 

energies of the outer walls and an opposite shift of G- band between SWNTs and 

DWNTs in Raman spectroscopy.22 A comprehensive optical study of DWNTs 

demonstrated the efficient shielding of the inner DWNT shells by the outer shells.23 

Additionally, due to DWNT’s unique atomic structure, double layers of graphenes, they 

demonstrated the possibility of independent doping or functionalization of inner and 

outer tube24, and DWNTs with a semiconducting outer shell and a metallic inner one 

showed a significant relevance for carbon-nanotube based electronic devices.25  

1.1.2 Synthesis of double walled carbon nanotubes 

Arc-discharge, peapod, and catalytic chemical vapor deposition (CCVD) 

methods are common techniques to synthesize DWNTs. These methods are similar with 

those of SWNTs and MWNTs, appropriate growth conditions, such as temperature, 

pressure, carbon feedstock, and catalytic composition, lead to the preferential growth of 
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DWNTs rather than SWNTs and MWNTs. The thermal and mechanical properties of 

DWNTs depend on the synthetic methods because the different method produces 

DWNTs with different degree of defects, diameter, and length. The arc discharge 

method will be reviewed first, followed by the peapod method, and the CCVD method. 

(1) The arc discharge method has been used to synthesize DWNTs, even though it 

suffers from the low yield. The selective growth of DWNTs by arc-discharge was firstly 

reported in 2001 by J. L. Hutchison et al.26 DWNTs with different purities (10 to 70 wt%) 

were synthesized in an atmosphere of Ar and H2 mixture at 350 Torr with a graphite 

anode. The catalyst, a mixture of Ni, Co, Fe and S, was loaded on the graphite anode. 

The diameter ranges of the outer and inner walls of DWNTs were from 1.9 nm to 5 nm, 

and from 1.1 to 4.2 nm, respectively. Interestingly, Y. Saito et al. reported later that the 

addition of sulfur and the presence of hydrogen are both critical factors for the selective 

growth of DWNTs.27 They were able to achieve DWNTs with 90% purity under 

optimum preparation conditions (FeS : NiS : CoS = 1: 1: 1, H2 pressure = 300 Torr). The 

importance of sulfur were confirmed in other reports.28, 29 The additions of a halide (KCl) 

and rare earth metals (Y/La) are also found to enhance the production of DWNTs.30, 31 (2) 

Peapods are fullerenes, such as C60, C70, C76, and C84, which are inserted in the hollow 

tubular structure of CNTs.32 Smith et al. demonstrated the diffusion and coalescence of 

C60 molecules trapped inside a SWNT, and synthesized DWNTs from a C60@SWNT 

peapod morphology by annealing in vacuum or inert gas atmosphere.33 Other groups 
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also synthesized DWNTs using the peapod method.34, 35 36, 37 Relatively, small diameter of 

DNWTs (inner walls < 1.0 nm) can be synthesized by using the peapod method while 

this method requires higher growth temperature than that of other methods. (3) CCVD 

method includes the decomposition of carbon sources (usually gas phase) over catalytic 

metal nanoparticles. Nucleation sites on the metal catalysts initiate the growth of CNTs. 

For examples, Hafner et al. synthesized 70% of DWNTs by using C2H4 carbon sources 

over catalysts (alumina : Fe : Mo = 90 : 9: 1) at 850 °C. Critical factors of CCVD method 

are the diameter of catalyst, carbon source, supports, and growth temperature.  In 

addition, Yamada et al. synthesized 85% of DWNTs by the water assist CVD method.38 

The thickness of the Fe catalyst thin film was the crucial factor for selective growth of 

DWNTs. Interestingly, Endo et al. synthesized DWNTs with high purity (more than 

95%).39 These high-purity DWNTs were synthesized at 875 °C with Mo/Al2O3 catalysts, 

and CH4 as the carbon sources. They showed that the selectivity of DWNTs over 

MWNTs originated from the size of the metal nanoparticles. In addition, the amount of 

active carbon species is important for the selective growth of DWNTs over SWNTs. 

However, so far there is no clear explanation for the selective growth of CNTs.  

1.1.3 Purification of double walled carbon nanotubes 

As shown in the left transmission electron microscopy (TEM) image of the Figure 

1, as-synthesized DWNTs usually include impurities, such as amorphous carbons, metal 

catalytic nanoparticles and catalyst supports. To remove these impurities, a typical 
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purification process involves air oxidation to remove amorphous carbons, followed by 

acid washing (typically, HCl) to remove metal NPs and metal oxide supports. The right 

TEM image of the Figure 1 shows purified DWNTs.  

Figure 1: (Left) as-grown DWNTs by CCVD method using CH4 with H2 at 900°C on 
Co/Mo catalysts. (Right) purified DWNTs by air oxidation to remove amorphous 

carbons, HCl washing to remove Co/Mo metal nanoparticles.     

Many efforts have been placed on fabricating high purity DWNTs for last few 

years as mentioned above. However, current methods to synthesize DWNTs produce 

unavoidable byproducts, such as SWNTs and MWNTs, as shown in Figure 2. Therefore, 

achieving DWNTs with high purity still remains challenging. This obstacle prevents the 

realization of DWNTs’ full potential in many applications. Therefore, the development 

of methods to achieve highly pure degree of DWNTs is essential. There are two common 

processes, as post treatment methods, to increase the purity of DWNTs; (1) the air 

oxidation method and (2) the density gradient ultracentrifugation (DGU) separation. 
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The purify of DWNTs can be increased by optimizing the air oxidation process because 

the oxidation rate of SWNTs is twice faster than that of DWNTs with the same diameter 

of 1.6 nm.31 As a result, a DWNT purity of 95% was able to be obtained from a raw 

sample containing only 10% DWNT by air oxidation at 500 °C. However, even though 

the air oxidation can purify DWNTs to some degree, this method is ineffective to remove 

MWNTs. In addition, this air oxidation method decreases the final yield of CNTs, and 

degrades the electrical and optical prosperities of DWNTs due to the destructive nature 

of oxidation chemistry. On the other hand, Green et al. reported  the method to separate 

DWNTs from SWNTs and MWNTs by using DGU method.40 High-speed centrifugation 

in gradient media was introduced to sort CNTs by their number of side walls. In this 

process, centrifugation is carried out until particles reach their buoyant density. When 

density of particle becomes equivalent to that of solution, the velocity of sedimentation 

is zero and the particles stay at their buoyant density. Iodixanol was used as a density 

gradient media which forms a gradient under the influence of the centrifugal field. 

During ultracentrifugation, SWNTs, DWNTs, and MWNTs move independently to 

positions where their buoyant densities match those of the gradient, as shown in Figure 

7. Further experimental details on the DGU separation can be found in the experimental 

section (1.2). 
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Figure 2: TEM image of purified DWNTs including SWNTs, DWNTs and MWNTs 
together. 

1.1.4 Electronic properties of double walled carbon nanotubes 

The electronic properties of DWNTs are strongly related to those of the 

participating SWNTs because DWNTs consist of two concentric SWNTs. However, the 

electronic properties of DWNTs may not be a simple superposition of the electronic 

properties of inner and outer layers. Essentially, the concentric tube–tube interaction41 

and the high curvature of the inner-shell tubes42 should be considered together 
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Figure 3: (Left) schematic illustration of a SWNT atomic structure. The graph is 
adapted from reference [43]. 

Conceptually, carbon nanotubes are simply one or more graphene sheets rolled 

into concentric cylinders as shown in Figure 3. Numerous structures can be created by 

connecting crystallographically equivalent carbon atoms in the graphene plane. The 

rolling process is specified by a pair of integers (n,m), defining the chiral vector Ch = na1 

+ ma2.43 Here, a1 and a2 are the unit vectors of the graphene honeycomb lattice. The 

diameter of a nanotube (dCNT) is given by dCNT = Ch/π, and the chiral index (n,m) 

determines the electrical properties of SWNTs. For examples, if (n-m)/3 is an integer, the 

nanotube is metallic, and otherwise semiconducting. Approximately, 2/3 of SWNTs are 

semiconducting, and the rest are metallic. 
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Figure 4: Schematic diagram of electronic density of states for (a) metallic and (b) 
semiconducting SWNTs. Arrows indicate the optically allowed interband 

transitions.40 The graph is adapted from reference [39]. 

As shown in Figure 4, those mirror-image spikes, called van Hove singularities 

(vHS), arise from the 1D confinement of electronic states in the SWNT,44 and the 

electronic density of states of a CNT is governed by van Hove singularities. There is 

nonzero electronic density of states around Fermi level in a metallic CNT (M), whereas a 

semiconducting CNT (S) shows a band gap around its Fermi level. The band gap of a 

semiconducting SWNT is inversely proportional to its diameter.  

The electronic properties of DWNTs may not be just a simple superposition of 

the electronic properties of inner and outer tubes because, as mentioned above, the inter-
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wall interaction should be considered. A DWNT can have four possible electronic 

configurations; (1)S@S, (2) S@M, (3) M@S, and (4) M@M. In case of DWNTs with S@S 

configuration, Liang et al. computed that the energy band gap dramatically decreases as 

the diameter of DWNT increases due to the π electron hopping between inner and outer 

tubes.45 This energy band gap eventually vanishes if the diameter of DWNT (mean value 

between inner and outer tubes) is larger than 1.5nm. In addition, Moradian et al. 

computed that DWNTs with S@M, M@S, and M@M configuration do not have energy 

band gaps, and behave like metallic tubes.46 However, Okada et al. calculated that some 

of DWNTs with S@S configuration can become metallic tubes.47 In addition, Tison et al. 

demonstrated that a metallic DWNT can be composed of two semiconducting nanotubes 

by using scanning tunneling microscopy (STM) and scanning tunneling spectroscopy 

(STS) measurements.48 So far, only a few groups reported the electric transport 

measurement of DWNTs49-51 because achieving pure DWNTs still remains challenging.   

1.1.5 Photoluminescence from carbon nanotubes  

The vHSs of SWNTs result in the unique electronic structure, which causes the 

unique optical properties of SWNTs. For examples, the energy of incident photons 

matching with a vHS in the DOS causes resonant enhancement of the corresponding 

photophysical process. There are many optical techniques such as resonance Raman 

spectroscopy, photoluminescence (PL), UV-vis NIR adsorption spectroscopy, and fast 

optics. The (n,m) chirality of individual nanotubes can be analyzed by using such optical 
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techniques with the so-called Kataura plot. As shown in Figure 5, the kataura plot shows 

the relationship between optical transition energy Eii and a specific (n, m) nanotube with 

a diameter dt.52 Among these optical techniques, PL will be discussed more. 

 

Figure 5: Schematic density of electronic states for a single nanotube structure. 
Solid arrows depict the optical excitation and emission transitions of interest; dashed 

arrows denote nonradiative relaxation of the electron (in the conduction band) and 
hole (in the valence band) before emission. The graph is adapted from reference [53]. 

The recombination of electron-hole pairs at the energy band gap of CNTs causes 

photoluminescence (PL).53 For examples, as shown in Figure 5, the light absorption at 

photon energy E22, followed by the electron-hole pair recombination, leads to the 

fluorescence emission near E11. The values of E11 and E22 depend on CNT’s electronic 

structure. The excitation is typically in the range of 400 to 850 nm, and the emission 

covers the near-infrared region (800 ~ 1600 nm). To avoid PL quenching, CNTs should 
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be individually separated, and their interaction with the environment should be 

minimized.  

Figure 6: Calculated energy separations Eii between van Hove singularities i in the 1D 
electronic density of states of the conduction and valence bands for all (n,m) values vs 

nanotube diameter (0.4 < dt < 3.0 nm), using a value for the carbon-carbon energy 
overlap integral of  γ0 = 2.9 eV, and a nearest neighbor carbon-carbon distance aC-C = 
1.42 Å. Semiconducting (S) and metallic (M) nanotubes are indicated by crosses and 

open circles, respectively. This Kataura plot is adapted from reference [52]. 
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1.2 Experimental section 

Cobalt (Co) and molybdenum (Mo) were used as catalysts and titanium silicalite 

zeolite (TS-1) was used as the catalyst support, because its specific porosity promotes 

DWNT production. Specifically, Co, Mo and zeolites with a specific molar ratio (Co:Mo 

= 6:1) were dissolved into methanol and heated on a hot plate to evaporate all of the 

solvents. The resulting solid phase mixture was annealed at 530°C to remove residual 

organic impurities. DWNTs were successfully synthesized at 900°C with ethanol as the 

precursor carried by argon. The raw DWNTs were burned at 550°C for 5 hours in air to 

remove amorphous carbon impurities, and hydro fluoric acid was used to remove 

zeolite supports and metal seeds.  

  A 5 mL linear density gradient was created directly in the centrifuge tube with 

OptiPrep 60% w/v iodixanol (Sigma-Aldrich Inc.) using a linear gradient maker (SG 15 

gradient maker, Hoefer, Inc.).  It ranged from 22.5% w/v iodixanol 2% w/v sodium 

cholate (SC) to 7.5% w/v iodixanol 2% w/v SC.  The gradient was added on top of a 

1.5mL underlayer of 60% w/v iodixanol 2% SC.  An aliquot of the pre-centrifuged 

DWNT suspension was mixed with 60% w/v iodixanol to create a final iodixanol 

concentration of 20% w/v.  1.0 mL of this suspension was added 5/6 from the top of the 

gradient at 0.1 mL/min using a syringe pump (KD Scientific).  Approximately 4.5 mL of 

2% w/v SC was added to fill the remainder of the tube.  This method was adapted from 

the method by Arnold et al.54 
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 The samples were ultracentrifuged for 12 hours at 22 °C and 41,000 rpm 

(Beckman-Coulter SW41 rotor).  Upon completion, the samples were fractionated 

utilizing upward displacement at 0.3 mL/min with Fluorinert FC-40 (Sigma-Aldrich) as 

the dense chase medium. Fractionation was performed by placing the centrifuge tube in 

a custom built fractionator where the bottom of the centrifuge tube was pierced with a 

25 gauge needle (BD 305122) and the top was sealed and connected to the inflow tube of 

the flow cell. This tube was connected to a custom fluorometer flow cell (Z-dimension 9 

mm, nominal volume 40 μL, Starna Cells, Inc) where the near infrared fluorescence 

(NIRF) and absorbance of the samples was measured as they were fractionated. Each 

fraction was then collected from the outflow tube of the flow cell every ten seconds.  

Teflon PFA tubing with inner diameter (I.D.) 0.020 inches and outer diameter (O.D.) 1/16 

inches (IDEX, Part #1500) was used as the inflow and outflow tubing of the flow cell.   

In order to optimize the extraction rate, the Nyquist Limit was calculated by 

using SWNTs powders (CG200 from SouthWest NanoTechnologies, Inc). The Nyquist 

limit is given by Nyquist Limit > 3*frequency.55 The frequency was determined by 

fractionating a CG200 DGU sample. In other words, we tracked the emission peak 

integration for each SWNT species over time and focused on the narrowest resulting 

peak which was from the (6,5) species. The full width at half maximum for the peak was 

41 seconds, resulting in a frequency of 0.024 s-1.  The Nyquist Limit was, therefore, 0.072 

s-1.  Based on this number, the time it took for one set of measurements (3 fluorescence 
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excitation-emission and 1 absorbance) should be no greater than 13.7 seconds. Then, we 

completed timed measurements of a static sample to determine how long one set of 

measurements took using various integration times and spectral averages, while trying 

to optimize the signal to noise and keep the total time under 13.7 seconds. The 

measurements that were taken during the fractionation of the DWNT DGU sample 

occurred over 10 seconds per set of measurments (within the Nyquist Limit). The 

syringe pump upstream of the fractionator was operated at 0.3mL/min. The volume 

measured over the 10 seconds would be 50 µL.  The “height” of this fraction in the 

centrifuge tube would be 0.33mm which is smaller than the observed “height” of the 

colored SWNT/DWNT bands in the centrifuge tube.  The calculation was as follows: 

Fraction volume=0.050 cm3 

I.D. of centrifuge tube=0.7cm 

Fraction “height” in tube = (0.050 cm3)/(3.14*(0.7 cm)2) = 0.033 cm = 0.33 mm 

The tube entering the flow cell has the following parameters: 

Length: 38.1 cm 

I.D.: 0.05 cm 

Volume: 75 µL 

The tube exiting the flow cell has the following parameters: 

Length: 50.9 cm 

I.D.: 0.05 cm 
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Volume: 100 µL 

Based on this information, there were approximately 1.5 sample fractions in the 

entrance line and 2 sample fractions in the exit line of the flow cell.  The time it would 

take for something to pass through the entrance line was approximately 15 seconds. The 

time it would take for something to pass through the exit line was approximately 20 

seconds. 

Near infrared fluorescence and absorbance were measured using a NS1 

Nanospectralyzer (Applied NanoFluorescence, LLC).  The samples were excited with 

three lasers (638 nm, 691nm, 782 nm) and the resulting emission was detected from 880-

1580 nm with an InGaAs array detector cooled to -18 °C.  Fluorescence and absorbance 

were measured continuously until the entire sample was fractionated and passed 

through the flow cell.  One set of fluorescence and absorbance measurements was taken 

every 10 seconds.  The measurement parameters were as follows: 85 ms fluorescence 

integration time with 8 spectral averages for each excitation wavelength, and 60 ms 

absorbance integration time with 1 spectral average.   

1.3 Results and discussion 

After purifying synthesized CNTs, high resolution transmission electron 

microscopy (TEM) was used to determine CNT species by counting the numbers of 

SWNTs, DWNTs and thin MWNTs as shown in Figure 13. It is found that major species 

of as-grown CNTs were DWNTs (77%) and other type of CNTs such as SWNTs (9%) and 
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thin MWNTs (14%) coexisted together. In our studies, we have used density gradient 

ultra-centrifugation (DGU)54 to separate DWNTs from other CNTs. The centrifuge tube 

shown in Figure 7 illustrates separated layers, each containing different species of CNTs. 

Upon completion of DGU, the layers were fractionated utilizing upward displacement56 

with Fluorinert FC-40 (Sigma-Aldrich) as the dense chase medium. The layers were 

pumped from the centrifuge tube through a custom flow cell mounted in an NS1 

NanoSpectralyzer (Applied NanoFluorescence, Houston, TX) where NIR absorption and 

PL spectra were measured. In order to decrease the mixing of adjacent layers and 

minimize peak aliasing, the flow rate was optimized by calculating the Nyquist Limit for 

spectral acquisition. A syringe pump (KD Scientific) was used to achieve a stable flow 

rate and time (in seconds) was recorded during the extraction and plotted as the x-axis 

in Figure 8. There was a clear separation of the PL from SWNT species and DWNT 

species at 320 seconds as denoted by the resolution of the two (9, 4) elution profiles as 

shown in figure 8A. Because PL and absorption spectra were simultaneously recorded, 

all x-axes in Figure 8 represent the same time frame. The y-axis represents the 

wavelength of the PL or absorption spectroscopy. In all of these maps, the color 

represents the intensity of the peaks of the PL and absorption using the presented color 

scale. 
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Figure 7: A), Digital image of separated layers of CNTs using DGU method. All layers 
are labeled, the time scale shown in the middle is corresponding to the time in 

spectral plots. After 1200 s, all layers of nanotubes are extracted from the centrifuge 
tube; B), A TEM image of samples extracted at 280 s, in SWNT region, and C), A TEM 

image of samples extracted at 450 s, in DWNT region. 
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Figure 8: PL maps from separated SWNTs and DWNTs excited with A), 638nm; B), 
691nm and C), 782nm lasers. X-axis is time frame in seconds and Y-axis is the 

emission wavelength in nm. D shows the absorption map with the same time frame. 
The color represents signal intensity in both PL (nW/cm) and absorption spectra using 

the presented color scale. 

The intensity of absorption peaks is directly proportional to CNT concentration 

in the DGU-separated suspensions.57 As shown in figure 8D, we detected the start of the 

first CNT layer at approximately 250 seconds after initiation of DGU tube displacement. 

Full displacement of CNTs was completed in 1200 seconds. Samples were collected into 

small vials every 10 seconds, corresponding to the total time per set of absorption and 

PL measurements. These samples were then characterized using HRTEM. It should be 

noted that DWNTs were observed only after 320 seconds in the extraction time frame. 

TEM images in Figure 7 indicated typical SWNTs (top) and DWNTs (bottom) isolated 
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using this strategy. Rance et al. recently reported no correlation between structural 

parameter (diameter, length, number of concentric layers) and extinction coefficients for 

all nanotube samples they studied.58 Therefore, the absorption spectra in Figure 8D 

indicates that as-synthesized CNTs include more DWNTs compared to SWNTs because 

the intensity of the absorption from DWNT region is much higher than that of SWNTs.  

This was confirmed by TEM (Figure 13), which indicated a higher numerical density of 

DWNT relative to SWNT. As is evident from the PL plots in Figure 8, strong, CNT-

derived PL signal was detected at approximately 250 seconds, corresponding to the time 

when SWNTs were extracted from the centrifuge tube. We carefully analyzed the (n,m) 

chirality of these SWNTs based on their PL spectra and found that these SWNTs were 

sorted by their diameter as shown in Figure 9 (A and B) and will be described in the next 

section. On the other hand, the PL signals from the DWNTs samples extracted around 

1000 seconds were far less intense, in spite of the finding that the concentration of 

DWNTs in these sections was higher than the concentration of SWNTs in earlier 

extracted sections. Therefore, simultaneous comparison between PL and absorption map 

clearly demonstrated PL quenching of DWNTs. In fact, we could only detect PL signals 

from DWNTs with inner walls falling within a very narrow range of diameters, as 

discussed below. 
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Figure 9: PL from DGU separated SWNTs excited with A), 638nm and B), 782nm 
lasers and DWNTs layers excited with C), 638nm and D), 782nm lasers. Y-axis 

represents intensity and x-axis represents emission wavelength (nm). 638 nm and 782 
nm wavelength lasers were used for excitation. Samples isolated prior to 320 seconds 

correspond to the SWNTs region and after 320 seconds to the DWNTs region. 

Figure 9 shows some important PL peaks isolated from the SWNT region (240 

seconds ~ 300 seconds in the extraction process) and DWNT region (after 330 seconds). 

We utilized an NS1 NanoSpectralyzer® (Applied NanoFluorescence) to collect PL and 

absorption spectra as well as to characterize (n,m) chirality and diameter distributions of 

CNTs. As expected, SWNTs were sorted by their diameter during DGU. For example, 

the major species was (8,3) in the section around 260 seconds; (7,5) in the section around 

280 seconds; and (7,6) in the section around 300 seconds. The corresponding theoretical 

diameters of these nanotubes are 0.782nm, 0.829nm and 0.895nm. In addition, the 
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smallest nanotube we detected was (8,1) with a diameter of 0.678 nm, and the largest 

one was (10,9) with a diameter of 1.307 nm based on PL analysis. This diameter range of 

SWNTs was well matched with Raman analysis of dried SWNTs film using the extracted 

sections of CNTs suspensions (240 seconds ~ 300 seconds) as shown in Figure 16.  

 

Table 1: Typical (n,m) Chirality Associated with The Inner Walls of DWNTs 
Found in PL from DWNTs Region Using 638nm and 782nm Lasers. 

(n,m) E11 (nm) Diameter (nm) Angle (°) 

(10,2) 1069 0.884 8.95 

(9,4) 1118 0.916 17.48 

(7,6) 1138 0.895 27.46 

(8,6) 1188 0.966 25.29 

(9,5) 1263 0.976 20.63 

(10,3) 1281 0.936 12.73 

 

More interestingly, there was a significant difference in the PL spectra of SWNT 

region and DWNT region. We found more diverse (n,m) distribution in SWNT region 

than  in DWNT region. Only a few peaks were observed from DWNT region. Table 1 

summarizes these peaks, showing (n,m) chirality with theoretical diameter and chiral 

angle.  
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In this study, one of the most challenging questions to answer is to ensure that 

PL detected in the DWNT region originated from the inner walls of DWNTs rather than 

SWNT impurities. Although sorted CNT layers were extracted from the centrifuge tubes 

using an optimized extraction rate based on Nyquist limit calculations, there was always 

a small possibility of the existence of SWNTs in the DWNTs region. As summarized 

below, we have shown using several experimental strategies that PL from the DWNT 

region (ie. after 320 seconds) originates from the inner walls of DWNTs rather than from 

SWNT impurities.  
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Figure 10: PL intensity comparison between select (n,m) nanotubes. The PL 
wavelength corresponding specific (n,m) CNTs are 1152nm, 1120nm and 1212nm for 

(9,2) (black line), (9,4) (red line) and (11,3) (blue line). The images of CNTs were 
created by Nanotube coordinate generator from http://www.photon.t.u-

tokyo.ac.jp/~maruyama/wrapping3/wrapping.html. Only the (9,4) nanotube strongly 
fluoresced in DWNTs region while the PL from the other two nanotubes were weak. 

The results of the first set of experimental results aimed at such demonstration 

are shown in Figure 10. We observed the PL intensity change of the (9,2), (9,4) and (11,3) 

nanotubes as a function of DGU displacement time. As expected, the highest PL 

intensity of (9,2) nanotube was observed first followed by (9,4) and then (11,3) in the 

SWNT region indicating that SWNTs were sorted by their diameter. However, strong PL 

signal was detected again only from the (9,4) nanotube around 350 seconds (within the 

DWNT region). If the PL signal in the DWNT region were derived from SWNT 
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impurities, then the largest (11,3) among these three nanotubes should have had a 

higher probability to be found in this higher buoyant density region due to its larger 

diameter. Furthermore, the intensities of the peaks from (9,2) and (9,4) nanotubes are 

similar to each other, but only (9,4) nanotubes were observed in the DWNTs region. If 

the PL signals in the DWNT regions were derived from SWNT impurities, their intensity 

should have been similar in both regions. This comparison suggests that the emission 

from (9,4) nanotubes in the DWNT region were derived from inner tubes of DWNTs. 

Figure 11: PL intensity comparison of the pre-centrifuged CNT suspension before 
(black) and after (red) H2O2 treatment. Left (A) and right (B) are PL with 638nm and 

782nm wavelength laser. 

More importantly, we have studied the effect of quenching on the overall 

intensity of PL from unseparated nanotube suspensions to further confirm the existence 

of PL from DWNTs with specific inner tubes. Recently, McDonald et al. reported that the 

addition of H2O2 to suspensions of SWNTs results in PL quenching from all nanotubes 

except the (7,5) nanotubes, allegedly due to the protecting effect by sodium cholate 

surfactants from H2O2.59 Here, we performed a similar experiment on the mixture of 
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SWNTs and DWNTs.  Figure 11 shows PL from the suspension of CNTs before and after 

H2O2 treatment.  From the data shown in Figure 11, (10,2), (9,4), (7,6), (8,6), (9,5) and 

(10,3) nanotubes were detected after H2O2 treatment for 7 days in addition to the (7,5) 

nanotube observed in the referencing reports. The insensitivity of the PL from these 

types of nanotubes is a good indication that they are being protected from H2O2 attack. It 

is also worth noting that all of these 6 types of nanotubes were observed in the DWNT 

region in figure 9C and 9D. This result provides strong evidence that PL observed from 

all of these 6 types of nanotubes originated from the inner walls of DWNTs. This 

conclusion is also supported by Figure 18, when Sodium dodecyl sulfate (SDS) is used to 

stabilize the nanotube suspension. In addition, it is worthwhile to note that, in addition 

to the PL depression from small-diameter nanotubes such as (9,1), (8,3) and (6,5), we 

have also observed the PL depression from large-diameter nanotubes such as (11,3) and 

(9,7) as shown in Figure 11. 
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Figure 12: (n,m) chirality map of the DGU separated SWNTs and DWNTs. Relative 
abundance is denoted by line thickness (SWNTs) or color gradient (DWNTs). 

Figure 12 illustrates the (n,m) chirality map on a graphene lattice, indicating the 

population of each (n,m) nanotube based on PL analysis using the NS1 

NanoSpectralyzer® software. The thickness of the blue hexagon edges represent PL 

peak intensity detected from SWNTs and red color fill represent PL peak intensity from 

DWNTs. It is obvious that fewer (n, m) possibilities were detected from DWNTs region 

compared to that of SWNTs. It is worthwhile to note that the average diameter of these 

(n, m) nanotubes from the inner walls of DWNTs was approximately 0.929 nm and that 

all of these (n, m) nanotubes have a relatively large chiral angle. This observation agrees 

well with reports by Bachilo et al.,60 reporting that the highest PL intensity is expected 
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from SWNTs with 0.930 nm diameter and large chiral angles among all SWNTs due to 

the combinations of trigonal warping and excitonic effects. These results pointed out a 

possibility that in DWNTs, only those inner walls with highest theoretical PL intensity 

could overcome the quenching effect from the outer walls. Therefore, for applications of 

biomarkers or photoelectronic devices, only DWNTs with certain inner walls can be 

used if PL is the method of detection. All other DWNTs could not be detected by PL due 

to strong quenching effects from the outer walls. Our conclusion can be used to explain 

some of the contradicting results in previous reports on fluorescence from the inner 

walls of DWNTs.3-9  

Figure 13 shows TEM images of produced DWNTs and the distribution chart of 

CNT types. TS-1 zeolites catalyst supports were successfully removed by HF treatment. 

As can be seen from the distribution chart, DWNT is the major type of CNT (76.5 %) and 

the sample also includes single walled carbon nanotubes (SWNTs) (9.4 %) and thin 

multiwalled carbon nanotubes (MWNTs) (14.1 %). 
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Figure 13: TEM image of TS-1 DWNTs and the distribution chart of CNT types. 

Upon completion of DGU, the layers were fractionated utilizing upward 

displacement. The extracted layers were dropped on the TEM grid (Ted Pella, Model# 

01881-F) and then washed with deionized water drop by drop at least for 5 minutes 

followed by ethanol for 10 minutes to remove the density gradient media and surfactant 

surrounding CNTs. Figure 14 shows small size SWNTs (A and B) and middle size 

SWNTs (C and D). In addition, Figure 15 shows small size DWNTs (A and B) and 
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middle size DWNTs (C and D). Large size SWNTs were occasionally found in DWNTs 

region. However, their diameter was larger (~ 2.0 nm) than that of SWNTs regions. 

Figure 14: TEM images of SWNTs’ regions. A and B represent small diameter of 
SWNTs region of which the average diameter are around 0.7nm. C and D represent 
middle diameter of SWNTs region of which the average diameter are around 0.9nm. 
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Figure 15: TEM images of DWNTs’ regions. A and B represent small diameter of 
DWNTs region of which the average diameter are around 1.7nm. C and D represent 
middle diameter of DWNTs region of which the average diameter are around 2.1nm. 
The red arrow in B indicates a large diameter of SWNTs as an impurity in DWNTs’ 

region. 
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Figure 16: Raman RBM on dried SWNTs and DWNTs film at different laser 
wavelengths 442nm, 633nm and 785nm. DGU sorted layers from 240 seconds to 300 

seconds were mixed together to represent the full diameter range of SWNTs and from 
340 seconds to 1000 seconds for the full diameter range of DWNTs. 

 

SWNTs layers (from sections between 240 seconds ~ 300 seconds) and DWNTs 

layers (from sections between 350 seconds ~ 800 seconds) were also collected to fabricate 

the dried CNTs film. Interestingly, it has been discovered that the diameters of the inner 

walls of DWNTs are identical (or very similar) with SWNTs sorted by DGU method. 

This observation could be explained by considering the purification of our samples. Our 

purification processes include an air oxidation step (at 550°C for 5 hours). As shown in 

Figure 13, SWNTs are synthesized together with DWNTs in the raw product. However, 
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during the air oxidation step, almost all of the original SWNTs were destroyed, leaving 

only DWNTs and FWNTs because they are thermodynamically more stable than SWNTs. 

It is highly possible that the observed SWNTs after DGU separation are inner walls of 

DWNTs with their outer walls burned out during purification or slipped out from 

DWNTs during sonication. Regarding the fact that the smallest outer wall of DWNTs 

detected by Raman as shown in Figure 16-B (with 785 nm laser, the top right) is 1.21 nm 

associated with 192.5 cm-1, we believe all of these PL peaks correspond to the inner 

walls in DWNTs because the diameters of all these nanotubes are less than 1.0 nm. 

Figure 17 shows Raman spectroscopy of purified DWNTs (SWNTs together with 

DWNTs) before separated by DGU method. The ratio of the G/D modes was 27.8 

indicating good structural quality of carbon nanotubes.  
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Figure 17: Raman RBM (A and C) and DG mode (B and D) on purified DWNTs before 
separated by DGU method at different laser wavelengths 633nm (A and B) and 785nm 

(C and D). 
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Figure 18: The change of PL intensity from carbon nanotubes after treating with H2O2 
(5.0 wt%) in SDS aqueous solution (1.0 wt%). The initial PL spectrum is from pre-

centrifuged CNT suspension containing both SWNTs and DWNTs and the red 
spectrum is from the same suspension after 6 days treatment with H2O2. Both spectra 

were taken with a 782nm excitation laser. 

 

Figure 18 shows the effect of H2O2 on the PL intensity from DWNTs in a sodium 

dodecyl sulfate (SDS) stabilized suspension. In short, the experimental results in SDS 

aqueous suspension are mostly in agreement with results obtained in SC suspension in 

Figure 11. There are a few differences that need to be mentioned. First, the nanotube 

suspension in SDS is not stable against the addition of high concentration of H2O2 as we 

have used in earlier experiments. All nanotubes aggregated and dropped out of the 

suspension. So a much lower concentration of H2O2 has to be used in the new 
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experiments (The volume ratio between 30% of H2O2 solution and DWNTs suspension 

in SDS was 1:5). Second, as shown in Figure 18, small-diameter nanotubes, such as (9,1), 

(8,3), (6,5) and (7,3) showed a weaker  PL depression compare to experiments performed 

in SC suspensions. This could be explained by the lower H2O2 concentration used in the 

experiment and the fact that SDS molecules were reported to have much stronger 

binding energy to small-diameter nanotubes.61 Thus the smaller diameter SWNTs are 

better protected than in earlier experiments. Lastly, it is also worthwhile to note that PL 

intensity from (11,3) nanotube was depressed more obviously than that of (10,2), (9,4), 

(7,6), (8,6) and (9,5) nanotubes. We observed similar trend in earlier experiments as 

shown in Figure 11. 

1.4 Conclusion 

In summary, we have presented a comprehensive optical characterization of 

purified DWNTs aimed at solving an on-going debate in the research field concerning 

whether the inner walls of DWNTs produce NIR photoluminescence. In the experiments, 

DWNTs were separated by the DGU method. TEM, absorption, PL and Raman spectra 

demonstrated that mixtures of synthesized CNTs were successfully sorted by their 

number of side walls and diameter. We measured bimodal PL excitation maps and 

compared DWNTs and SWNTs. The results demonstrate significant PL quenching in 

DWNTs. However, PL from the inner wall of certain DWNTs was observed. Careful 

analysis of the data showed that only DWNTs with inner walls approximately 0.93 nm 
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in diameter and with high chiral angles could be observed in the PL experiments. This 

observation can explain the seemingly contradictory results in the literature on DWNT 

photoluminescence. The final answer to the question on whether DWNTs 

photoluminesce is that some do and some do not. The PL emissions from DWNTs are 

highly dependent on their helicity.  This observation provides strong insight and 

guidance on the application of DWNTs in biomarkers and photoelectronics. 
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2. Carbon nanotubes/titanium dioxides co-gel for en ergy 
conversion  

2.1 Introduction 

Dye sensitized solar cells (DSSCs) show great promise as alternative low cost 

solar cells among thin film solar cells. Inexpensive DSSCs on flexible plastic substrates 

have a bright future, but they require low temperature annealing (< 200°C). However, 

although their conversion efficiency has reached around 11%,62 the conventional method 

for preparing TiO2 electrodes for DSSCs includes high-temperature annealing (~500°C) 

to remove organic residues from binders and to ensure good electron transport through 

photoactive film. Therefore, a method to fabricate low temperature DSSCs should 

resolve two critical issues; (1) poor electron transfer between TiO2 NPs due to their 

incomplete contiguity, and (2) insulating layer of organic residue from binders in the 

photoactive film.63 These problems result in poor electron transport rates and shorter 

electron lifetimes. Among recent efforts to develop methods compatible with plastic 

substrates64-67, incorporating CNTs with TiO2 photoactive layer appears to be a 

promising approach because CNTs were expected to improve electron transport rates 

and extend electron lifetimes in TiO2 electrodes. CNTs have been added in TiO2 

nanoparticles (NPs) by sol-gel method68, sonication69 or electrophoretic deposition.70 

However, because pristine CNTs have hydrophobic surface and poor dispersion 

stability in a solution, none of these CNTs/TiO2 composites were uniform. The uniform 

CNTs/TiO2 composite is necessary to take full advantage of CNTs because the size of 
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bundles of CNTs is a critical factor of DSSCs.71 Hereby, we have developed uniform 

CNTs/TiO2 composites by using a modified sol gel method including acid treatment and 

hydrothermal process. We found that the electron transport through CNTs/TiO2 film 

was improved, resulting in higher efficiency than that of reference TiO2 without CNTs. 

In addition, using uniform CNTs/TiO2composites, mesoporous photoactive film can be 

prepared at low temperature (150°C) without adding any organic binders. However, 

benefits of incorporating CNTs with TiO2 active layer were lost when photoactive films 

were annealed at high temperature. On the other hand, the benefits returned with TiCl4 

treatment before high temperature annealing. Our observation provides insight and 

guidance on the advanced design of DSSCs to maximize their full potentials for 

photovoltaic devices. 

2.1.1 Fundamentals of solar cells 

Dye-sensitized solar cells (DSSCs) can be categorized by their photoconversion 

mechanism as excitonic solar cells, and have different charge dynamics compared to that 

of conventional p-n junction solar cells.72 In the conventional p-n junction solar cells, as 

shown in Figure 19 (a), both light adsorption and charge carrier transport occur in the 

depletion layer between p type and n type semiconductors. Both minority and majority 

charge carriers are present together, and separated by the electric field in the depletion 

layer.73 Defects in the semiconductor result in the recombination between the photo-

generated electron-hole pairs. Therefore, the conventional p-n junction solar cells often 
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require expensive solar cell materials. On the other hand, in the DSSCs, excitons is 

dissociated at the interface, and the drive force for the charge separation is the carrier 

diffusion, as shown in Figure 19 (b). Light absorption and charge carrier transport are 

occurred separately. For examples, light is absorbed by dye molecules, and then major 

carriers are transported through the semiconductor.74 Unlike the p-n junction solar cell, 

the recombination process is hindered because only majority charge carriers are present 

in the material. Further details on charge dynamics in DSSCs will be discussed more in 

the following section. 

Figure 19: Schematic illustration of the band structure of (a) conventinal p-n junciton 
solar cells and (b) an excitonic solar cell, and schematic distribution of photo-

generated carriers for each. Ec is the conduction band, Ev is the valence band, hν is the 
energy of the incoming photon, EF-equilib represents the Fermi level at equilibrium 
before illumination, e− symbolizes the electron, and h+ symbolizes the hole. The 

diagram emphasizes the differences between conventional and excitonic solar cells, 
namely; the formation of excitons, on photo-generation, as opposed to free electron 
hole pairs and the generation of charge carriers predominantly at the heterojunction 
interface in excitonic solar cells in contrast to conventional solar cells.75 The image is 

adapted from reference [75] 
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Without illumination, a solar cell is a p-n diode. The dark current density, Jdark, is 

defined by the following equation.  

 

In the equation, V is the applied voltage on the terminals of the solar cell. J0 is the reverse 

saturation current. q is the elementary charge. k is Boltzmann’s constant. T is the cell 

temperature, and n is the ideality factor of a diode. (1 < n < 2) 

Under illumination, the net current (J) is defined by the following equation. 

 

Here, Jph is the photocurrent, which is generated by photo-induced charge carriers and 

charge separation.  

 

Figure 20: Current density-voltage curve for an ideal diode in the dark and 
under illumination. 
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The open-circuit voltage (VOC) is the maximum voltage available from a solar cell, 

and this occurs at zero current. VOC can be calculated by using the following equation, 

and increases logarithmically with the photocurrent and light intensity. 

 

The short-circuit current (JSC) is the current through the solar cell when the 

voltage across the solar cell is zero. When V is 0, the photocurrent (Jph) is equivalent to 

the short-circuit condition (JSC). 

 

The characteristic resistance of a solar cell is the output resistance of the solar cell 

at its maximum power point. The solar cells power is dissipated through the series 

resistance (RS) and the shunt resistance (RSH). The series resistance is the combination of 

the internal resistance and contact resistances, and the shunt resistance originates from 

the leakage of the current. Those two resistances are important parameter to analyze the 

performance of the solar cell. As counting RS and RSH together with the net current (J) 

equation above, the real net current can be calculated by the following equation. 

 

The solar cell power conversion efficiency (PCE) is defined as the ratio of the 

maximum power (Pm) to the incident light power (PS) using the following equation. 
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Here, FF is the fill factor, and it is defined as the following equation. 

 

In this equation, Jm and Vm are the maximum current and the maximum voltage when 

the maximum power is obtainable from the solar cell. The fill factor (FF) is defined as the 

ratio of the maximum power from the solar cell to the product of Voc and Isc. In other 

words, the FF is the largest rectangle area which fits in the J-V curve. Figure 21 shows 

the effect of increasing RS and decreasing RSH. For the best performance of a solar cell, RS 

should be minimized while RSH should be maximized.   

 

Figure 21: Effect of (a) increasing RS and (b) decreasing RSH on J-V curve. The 
image is adapted from reference [http://zone.ni.com/devzone/cda/tut/p/id/7230]. 

 

2.1.2 Dye sensitized solar cells 

As mentioned above, dye-sensitized solar cells (DSSCs) are excitonic solar cells, 

and they rely on the splitting of excitons at the interface. Ruthenium complexes and 
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titanium dioxide (TiO2) nanoparticles (NPs) are often used as dyes and photoanodes, 

respectively. Figure 22 (a) shows a schematic of a DSSC illustrating the carrier dynamics 

including desire (green arrows: 1 ~ 3) and undesired processes (red arrows: 4~6).76 (1) 

electron injection; light absorption causes the splitting of excitons across the 

dye/nanoparticle interface in femtoseconds to picoseconds. (2) Charge collection; the 

diffusion of the injected electron is the major driving force for the electron transports 

through the sintered TiO2 NPs. The electrons are collected at the transparent conductive 

oxide (TCO) layer. (3) Regeneration; the oxidized dye is reduced by a redox shuttle (I-/I3-) 

in a solution. Finally, the diffusion of the oxidized shuttle to the counter electrode 

completes the circuit. On the other hand, there are also undesired processes. (4) 

Luminescence or nonradiative decay; the excited dye can decay either radiatively or 

nonradiatively before it injects electrons. (5) Recombination; the injected electron can 

recombine with the oxidized dye before the dye is regenerated. (6) Interception; the 

redox shuttle can intercept an electron directly from the photoanode. 
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Figure 22: (a) Schematic of a typical DSSC. (b) Approximate energy diagram of 
a conventional DSSC. Desirable processes (1. electron injection, 2. charge collection, 3. 

regeneration) are shown with green arrows and deleterious processes (4. 
luminescence or nonradiative decay, 5. recombination, 6. interception) are shown with 

red arrows. The image is adapted from reference [76] 

The different time scales of the relevant processes, as shown in Figure 22 (b), 

were studied. For electron injection, Haque et al. reported that the electron injection 

kinetics exhibited a half time of 150 ps.77 For charge collection, O’Regon et al. 

demonstrated that measured transport times at open circuit are useful for comparing 

transport in different cells and for verification of proposed transport models. The 

electron transport helf-time was about 100 ns.78 For regeneration, Clifford et al. studied 

the kinetics of re-reduction of ruthenium bipyridyl dye cations. The dye regeneration 

half-time measured was 1μs.79 Furthermore, for decay process, Kroeze et al. studied the 

recombination dynamics in liquid-electrolyte, and the decay half-time was 12 ns.80 In 

addition, it was reported that the recombination and charge interception were 1μs and 1 

ms, respectively.78, 81 Figure 23 shows the charge dynamics (1 ~ 6) with their half-life time. 
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It is worth noting that the each desire process is faster than its competing undesired 

process. For examples, it appears that charge injection (150 ps) is almost 100 times faster 

than the competing process, the relaxation (12 ns) of the excited state. In addition, the 

charge transport (100 μs) and the regeneration (1 μs) are faster than the recombination (1 

ms) and the interception (3 μs), respectively. However, the charge dynamics are 

sensitive to many crucial factors, such as excitation wavelength and dye loading 

conditions.82 

 

Figure 23: Kinetic processes in DSSCs on a modified energy level diagram 
with their half-life time. The image is adapted from reference [76] 
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2.1.3 Carbon nanotubes as electron transfer channels and 
recombination centers in dye sensitized solar cells 

Due to the excellent electron mobility and one-dimensional shape, incorporating 

CNTs in TiO2 NPs photoanode has been regarded as promising approach to maximize 

the electron collection for DSSCs. has been studied by many researchers because of their 

excellent electron mobility and one-dimensional shape. Recently, Dang et al. 

demonstrate that carbon nanotubes in TiO2 NPs photoanode can be either electron 

transfer channels or recombination centers.71 Figure 24 shows the energy diagrams of 

DSSCs incorporating semiconducting SWNTs (a) and metallic SWNTs (b). When 

semiconducting SWNTs are incorporated with TiO2 photoanode, they facilitate the 

charge collection to TCO because their conduction energy level is located little lower 

than that of TiO2 NPs. However, when metallic SWNTs are incorporated, the charge 

collection is hindered because the continuous density of state (DOS) of metallic SWNTs 

leads to the electron recombination and the electron interceptions. In other words, 

although semiconducting SWNTs can provide efficient electron diffusion paths without 

recombination, metallic components provide short-circuit paths, negating any possible 

improvements. Therefore, semiconducting CNTs should be used to improve the charge 

collection for DSSCs, and they should be individually dispersed to avoid electron 

transferring from semiconducting CNTs to metallic ones.83 In addition, Lee et al. showed 

that the charge transport resistance at the TiO2/dye/electrolyte interface increased as a 

function of the MWCNT concentration, which ranged 0.1 ~ 0.5wt%.69 Bundles of 
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MWNTs decrease the surface area of the TiO2 photoanode, resulting in less dye 

adsorption. Therefore, their result also demonstrates that the bundleness of CNTs is a 

critical factor in DSSCs. Furthermore, Brown et al. incorporated SWNTs with TiO2 

photoanode, and found that the charge collection was improved.70 However, they also 

observed the decrease of the shunt resistance resulting in poor FF. Therefore, no 

significant improvement was observed overall. Metallic SWNTs cause the current 

leaking related with the decrease of the shunt. 

 

Figure 24: Scheme of DSSCs incorporating the SWNT/TiO2 complex. c,d, 
Energy diagrams of DSSCs incorporating semiconducting SWNTs (a) and metallic 

SWNTs (b). The dye absorbs photons and generates electron–hole pairs, and instant 
charge separation then occurs at the dye/TiO2 interface. Semiconducting SWNTs 
improve electron collection at FTO electrodes, whereas incorporation of metallic 

SWNTs results in recombination and back reaction.71 The images are adapted from 
reference [71] 
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2.2 Experimental section 

2.2.1 Synthesis of few walled carbon nanotubes   

In this work, few walled carbon nanotubes were prepared by bimetallic catalysts 

Co/Mo supported on MgO support following our published process. In typical, to 

making Co/Mo supported on MgO catalyst, 0.291 g of cobalt (II) nitrate hexahydrate 

(99%, Acros), 0.177 g of ammonium molybdate (VI) tetrahydrate (regent, ACS), 7.5 g of 

glycine (99%), 3.84 g of citric acid (99.5%), and 25.6 g of magnesium nitrate hexahydrate 

(ACS) were dissolved into 200 ml of deionized water to make a clear solution. Then, the 

solution was slowly heated at 120 °C to obtain a viscous precursor. The viscous 

precursor was placed in an oven, and annealed at 500°C for 6 hours. This annealing 

initialized the precursor combusted suddenly to produce large amount of porous 

powders, and remove any organic residues.  FWNTs were synthesized in a simple CVD 

setup with a horizontal tube furnace and gas flow control units. Methane was employed 

as carbon source and hydrogen was also added with certain ratio to control methane 

decomposition rate. In a typical growth experiment, Co/Mo supported MgO catalyst 

was put into a quartz tube, and was flushed with hydrogen, while the catalyst was 

heated to growth desired temperature (around 900°C). Methane was then introduced. 

After reacting for desired time (10 ~ 30 minutes), methane and hydrogen flow was 

turned off while the system is being cooled down.  
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2.2.2 Synthesis of f-FWNTs/TiO2 and reference TiO2 gel  

The synthesized wet FWNTs paper was functionalized by the method reported 

by Bozena et al.84 Briefly, 5 mg of FWNTs were added to 5 ml of oleum acide (Sulfuric 

acid, fuming, reagent grade, 20% free SO3 basis) in a three neck flask, followed by 24 

hours stirring at room temperature under Ar gas. FWNTs were well dispersed in oleum 

acid due to the intercalation of FWNTs. The temperature was raised to 65°C before 2.0 

ml of nitric Acid (Certified ACS Plus, 70%) were added. After two hours of oxidation, 

the solution was cooled down to room temperature. The degree of functionalization can 

be easily controlled by the amount of nitric acid added, oxidation time, and oxidation 

temperature. The solution was diluted with water and vacuum filtered by using Isopore 

Membrane Filter (Millipore, 1.2 μm pores). Functionalized few walled carbon nanotubes 

(f-FWNTs), as a result, were achieved. Desired amount of f-FWNTs, then, were added in 

ethanol followed by tip sonication for 5 minutes. They were very well dispersed in 

ethanol (200 proof) as shown in Figure 25 (c). The concentration of f-FWNTs per ethanol 

was 0.125wt% for all f-FWNTs added samples in this project. Desired amount of 

titanium(IV) isopropoxide (99.999% trace metals basis) was added in prepared f-FWNTs 

dispersed ethanol solution, followed by desired amount of diluted nitric acid. The molar 

ratio between titanium isopropoxide, ethanol, nitric acid and deionized water was 

1:20:2.8:0.16. All of these processes were conducted under bath-sonication to maximize 

the dispersion of f-FWTNs. The solution became a gel within 10 minutes as shown in 
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Figure 26 (c). The reference TiO2 gel was prepared by exactly same manners of f-

FWNTs/TiO2 gel, except that pure ethanol was used without adding any f-FWNTs.  

2.2.3 f-FWNTs dispersed TiO2 paste and photoactive film  

In an autoclave reactor (Acid Digestion Bombs, Parr Instrument, Part# 4749), 

12.7g of FWNTs/TiO2 sol was placed for hydrothermal process at 210°C for 12 hours. 

After the hydrothermal process, critical point drying was applied to dry f-FWNTs/TiO2 

gel. In order to fabricate photoactive films without cracks, an appropriate viscosity was 

critical factor. 0.3 g of dried f-FWNTs/TiO2 powder was mixed with 3.3ml of ethanol and 

1.5ml of deionized water, followed by applying stirring bar for 10 minutes. Before f-

FWNTs/TiO2 photoactive film was fabricated on fluorine doped Tin Oxide (FTO) glass 

(MTI corporation, TEC 15, 12 Ω/□), FTO glass was washed with water and detergent, 

followed by O2 plasma for 20 minutes to remove any organic residues. Prepared f-

FWNTs/TiO2 paste was deposited on cleaned FTO glass by doctor-blade method. This 

process was repeated until desired thickness of film achieved. The thickness of all 

photoactive films in this project was maintained around 10 μm, which was confirmed by 

profilometer (Bruker Dektak 150), as shown in Figures 32 and 33. The reference TiO2 

photoactive films were prepared by exactly same manners of f-FWNTs/TiO2 films, 

except that 0.3g of dried TiO2 powder was mixed with 2.6ml of ethanol and 1.2ml of 

deionized water for paste preparation.  
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2.2.4 Dye-sensitized solar cells assembly  

The films were dried in air at room temperature for 10 min, followed by 

treatment at a temperature  of 70°C for 3 hours. Then, the films were heated to 150°C at 

a rate of 20°C/min for 4 hours to remove organic residues before cooling to room 

temperature. For the TiCl4 treatment, the prepared f-FWNTs/TiO2 photoactive films 

were placed in aqueous TiCl4 solution (40mM, prepared at 0°C), and keep them at 70°C 

for 30 minutes. The films were rinsed with deionized water and ethanol before drying. If 

necessary, high temperature annealing process (at 500°C for 30 minutes under Argon 

gas) was applied to the TiCl4 treated films. The photoactive films were immersed 

overnight in a solution of ruthenium dye (Sigma Aldrich, N719) at 0.5M of concentration 

in ethanol. The electrode was then rinsed with ethanol and dried. One drop of an iodine-

based electrolyte solution was deposited onto the surface of the electrode and penetrated 

inside the TiO2 film via capillary action. The electrolyte solution was composed of 0.5 M 

of lithium iodide (LiI), 0.5 M of 4-tert-butylpyridine, and 0.05M of iodine (I2) that were 

dissolved in 3-methoxypropionitrile. All the chemicals were purchased from Sigma 

Aldrich. A platinized counter electrode was then clipped onto the top of the f-

FWNTs/TiO2 working electrode to form our test cells. To prepared platinized counter 

electrodes, a solution of chloroplatinic acid hexahydrate (ACS reagent, 37.50% Pt basis) 

at 4 mM concentration in ethanol was dropped on cleaned FTO glass and then heated in 

air at 400°C for 20 minutes.  
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2.2.5 Photovoltaic characterizations  

The photovoltaic properties of the solar cells were characterized using the 

current–voltage (I-V) characteristics of the solar cell in the dark and under an 

illumination of one Sun, air mass 1.5 (Abet Technologies, Solar simulator). Typical I-V 

curves are shown in Figures 27, 28, 29, 31, 32 and 33. These curves can be described 

using the following set of parameters, such as the short-circuit current (Isc), the open 

circuit voltage (Voc), the fill factor percentage (FF) and the conversion efficiency (η). Isc 

is the current that is recorded when the voltage is zero, and Voc is the potential when 

the current is zero.  

2.2.6 Materials characterizations  

SEM and TEM images were obtained on a FEI/Phillps XL30 ESEM-FEG and 

Tecnai™ G2. The diameters of TiO2 NPs were measured by using TEM images. 

Moreover, XRD patterns of the samples were acquired on PANalytical X'Pert PRO MRD 

high-resolution diffractometer with Cu Kα radiation. In order to calculate BET surface 

area of the samples, nitrogen adsorption-desorption isotherm measurements were 

conducted at 77K with Micromeritics TriStar 3000. 
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2.3 Results and discussion 

2.3.1 Well dispersed functionalized FWTNs in ethanol  

Figure 25: (a) TEM image of FWNTs and (b) functionalized FWNTs. (c) FWNTs & 
functionalized FWNTs dispersed in ethanol at 0.05 wt% concentration. 

The aerogel process is one of favorable methods to fabricate TiO2 photoactive 

layer of DSSCs, because the composition, particle size, film thickness, and porosity of 

TiO2 can be easily controlled by adjusting parameters, such as sol concentration, 

hydrothermal growth temperature, and sintering condition. The formation of TiO2 

aerogels normally includes the gelation of titanium isopropoxide in alcohol mixed with 

acidic aqueous solutions, aging, solvent exchange, and supercritical drying. Therefore, a 

good dispersion of CNTs in alcohol is expected to produce well dispersed CNTs in TiO2 
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NPs. However, alcohol does not disperse CNTs well, because it does not interact well 

with CNTs. Therefore, to increase the interaction between CNTs and alcohol, we 

functionalized the surface of CNTs by using oleum acid and nitric acid. The detailed 

procedures can be found in the experimental section. In addition, we used few walled 

carbon nanotubes (FWNTs) as conducting additives in this work, because the inner 

walls of FWNTs were remained after functionalization to maintain their high 

conductivity. As a result, we observed that functionalized FWNTs (hereafter, referred to 

f-FWNTs) were well dispersed in ethanol, as shown in Figure 25 (c), due to sufficient 

amount of carboxyl groups on their surface. Therefore, to synthesize homogeneously 

dispersed CNTs network in TiO2 photoactive film, f-FWNTs were added, and dispersed 

in ethanol, followed by the normal procedures of TiO2 aerogels. As a result, TiO2 gel 

with well dispersed FWNTs was synthesized as shown in Figure 26 (c). Experimental 

details can be found in the experimental section.  
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2.3.2 Functionalized FWNTs and TiO2 gel  

 

Figure 26: TEM images of (a) f-FWNTs/TiO2 and (b) FWNTs/TiO2. (c) Digital 
image of f-FWNTs/TiO2 co-gel 

The hydrothermal process is widely used to grow TiO2 NPs further by 

dissolution–reprecipitation mechanism for photoactive film of Dye sensitized solar cells 

(DSSCs).85 Synthesized f-FWNTs/TiO2 gel was applied to the hydrothermal process (at 

210°C for 12 hours), followed by critical point drying process using CO2, resulting in 

dried f-FWNTs/TiO2 aerogels with high BET surface area (120 m2/g), as shown in Figure 

30 (c). In addition, X-ray diffraction (XRD) analysis in Figure 34 reveals that anatase was 

the major phase of TiO2. Both f-FWNTs/TiO2 and FWNTs/TiO2 composites were re-

dispersed in ethanol, and directly dropped on transmission electron microscopy (TEM) 

grid for TEM analysis. The average diameter of TiO2 NPs after the hydrothermal process 

was around 12 nm, as shown in Figure 26. Furthermore, TEM images also demonstrated 

the good dispersion of f-FWNTs in TiO2 gel compared to that of FWNTs. It is worth 
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noting that, as shown in Figure 26, TEM images clearly demonstrated that the bundles of 

f-FWTNs in composites were clearly smaller than those of FWNTs. The size of bundles 

of CNTs is an important factor as recently reported by Dang et al. demonstrating that 

smaller bundles of CNTs incorporated with TiO2 active layer showed higher conversion 

efficiency than that of larger bundles of CNTs.71  

2.3.3 Adding f-FWNTs effect on low temperature annealed 
DSSCs  

 

Figure 27: I-V characteristics of two films illuminated under 1.5 AM solar light 
(1 sun) (1) TiO2 only film and (2) f-FWNTs/TiO2 film annealed at 150°C for 4 hours. 

(Inserted) SCHEME 1: Directing the Flow of Photogenerated Electrons Across 
Nanostructured Semiconductor Films: (a) loose neck connected TiO2 NPs with poor 
electron hopping (b) loose neck connected TiO2 NPs with f-FWNTs helping electron 

transport while, at the same time, leaking electron directly to electrolyte. 

The major difficulty of the low-temperature annealing process for the fabrication 

of DSSCs is inefficient electron transport through TiO2 photoactive film. The low 

temperature annealing consequences loose necks between TiO2 NPs, resulting in 

decrease of the electron diffusion length.86 Therefore, less photo-induced electrons are 
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expected to reach to the transparent conducting glass when the photoactive TiO2 film is 

annealed at low temperature than that at high temperature. In addition, the organic 

residues from the binder in the low temperature process would become insulating layers 

and would block the transporting path of electrons. Both factors reduce the electron 

transport rate and electron lifetime.63 Hereby, f-FWNTs were effectively incorporated 

with TiO2 NPs by the sol-gel process to solve two issues. Because f-FWNTs works as 

binders, only deionized water and ethanol were added to the dried f-FWNTs/TiO2. 

Detailed description of experimental procedures can be found in the experimental 

section. The prepared paste was deposited on FTO by the doctor-blade method. The 

films were annealed at 150°C for 4 hours to remove organic residues from TiO2 

precursor (titanium isopropoxides). As a result, mesoporous photoactive films were 

successfully fabricated as shown in SEM images of the Figure 30 (a) and (b). No cracks 

were developed because f-FWNTs worked as a binder holding TiO2 NPs. Figure 27 

shows I-V characteristics illuminated under 1.5 AM solar light (1 sun).  

Table 2: I-V Characteristics of DSSCs Using Low Temperature Annealed TiO2 
Films (1) and (2) Prepared with and without Incorporating f-FWNTs 

Film # (1) TiO2 (2) f-FWNT/TiO2 

Jsc (mA/cm
2
) 4.13 6.22 

Voc (V) 0.67 0.65 
MPP (mW/cm

2
) 1.61 2.16 

FF (%) 58.00 53.35 
Efficiency (%) 1.61 2.16 
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Photoactive films (1) and (2) were composed of TiO2 only and TiO2 with f-

FWNTs, respectively. All procedures for these two films were identical except that, to 

incorporate f-FWNTs with TiO2 NPs, f-FWNTs were added into ethanol with titanium 

precursor before forming the f-FWNT/TiO2 gel. The low temperature (150°C) was used 

to anneal these two films. It is worth noting that higher short circuit current (Isc) was 

observed from the f-FWNTs/TiO2 film (6.22 mA/cm2) than that from the reference TiO2 

film (4.13 mA/cm2). The efficiencies of these two samples were 2.16% and 1.61%, 

respectively. Higher efficiency of f-FWNTs/TiO2 film (2) than that of TiO2 only film (1) 

was contributed to the f-FWNTs network in TiO2 layer.  

 

 

 

 



 

62 

2.3.4 Loss of the advantage of incorporating f-FWNTs at high 
temperature annealed DSSCs  

 

Figure 28: I-V characteristics of four films illuminated under 1.5 AM solar light 
(1 sun) (3) TiO2 only film and (4) f-FWNTs/TiO2 film annealed at 150C for 4 hours 
followed by annealing at 500C for 30 minutes under argon. (Inserted) SCHEME 2: 

Directing the Flow of Photogenerated Electrons Across Nanostructured 
Semiconductor Films: (c) better neck connected TiO2 NPs (b) better neck connected 
TiO2 NPs with f-FWNTs helping electron transport while, at the same time, leaking 

electron directly to electrolyte. 

 

Interestingly, I-V curves comparison between (3) and (4) in Figure 28 showed 

that the advantage of incorporating f-FWNTs with active films was significantly 

decreased when the photoactive films were annealed at high temperature (at 500°C for 

30 minutes).  
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Table 3: TABLE 1: I-V Characteristics of DSSCs Using High Temperature 
Annealed TiO2 Films (3) and (4) Prepared with and without Incorporating f-FWNTs 

Sample # 
(3) TiO2 

500°C 

(4) f-FWNT/TiO2 

500°C 

Jsc (mA/cm
2
) 7.16 7.92 

Voc (V) 0.63 0.63 
MPP (mW/cm

2
) 2.36 2.40 

FF (%) 52.27 48.16 
Efficiency (%) 2.36 2.40 

 

The corresponding efficiencies were 2.36% for TiO2 film (3), and 2.40% for f-

FWNT/TiO2 film, respectively. High temperature annealing facilitates the growth of 

neck between TiO2 NPs resulting in a better electron transfer rate than that of low 

temperature annealing.87 Therefore, this result indicates that incorporating f-FWNTs 

with TiO2 active layer improves electron transport in some degree, but this advantage is 

limited. It is widely accepted that the charge recombination of the DSSC device results 

from the recapture of injected electrons by the oxidized sensitizer (S+) anchored on the 

TiO2 surface or back reaction with the oxidized component of the electrolyte, I-3.88 

Therefore, this result might indicate that injected electrons in f-FWNTs also can be 

recaptured by oxidized sensitizer and/or components resulting in the charge 

recombination, as illustrated in the inserted Scheme of Figure 28. Several papers also 

reported that introducing CNTs may effectively enhance the charge recombination.89, 90 

Furthermore, the charge recombination on CNTs’ surface can explain why the amount 

of CNTs should be optimized for the best performance of DSSCs.68 In this project, 
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following Yen et al.’s optimized concentration of CNTs, the concentration of f-FWNTs 

was fixed at 0.125 wt% per TiO2.68  

2.3.5 TiCl4 treatment effect on high temperature annealed DSSCs  

  

Figure 29: I-V characteristics of two films illuminated under 1.5 AM solar light 
(1 sun) (5) TiO2 only film and (6) f-FWNTs/TiO2 film annealed 150C for 4 hours with 
TiCl4 treatment followed by annealing 500C for 30 minutes under argon. (Inserted) 
SCHEME 3: Directing the Flow of Photogenerated Electrons Across Nanostructured 
Semiconductor Films: (e) better neck connected TiO2 NPs (f) better neck connected 

TiO2 NPs with f-FWNTs helping electron transport and minimizing leaking electrons 
directly to electrolyte by additional coating of TiO2 NPs. 

A chemical treatment using aqueous TiCl4 solution was often applied to TiO2 

photoactive film because it improves the electrical contiguity at the interfaces between 

TiO2 NPs in the photoactive film.91 The titanium complexes that are present in the TiCl4 

solution condense at the interparticle neck by small TiO2 NPs coating.85 Therefore, in 

order to minimize the charge recombination on f-FWNTs’ surface by additional TiO2 

NPs coating, we have applied the TiCl4 treatment to the f-FWNTs/TiO2 film. Figure 29 

compares I-V curves of two samples to demonstrate the TiCl4 treatment effect on f-
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FWNTs to minimize the electrons leaking. After low temperature annealing at 150°C to 

remove organic residues from the titanium precursor, TiO2 (5) and f-FWNTs/TiO2 (6) 

samples were applied to the TiCl4 treatment, followed by high temperature annealing 

(500°C under Ar) for 30 minutes. As a result, interestingly, the advantage of 

incorporating f-FWNTs returned.  

Table 4: TABLE 1: I-V Characteristics of DSSCs Using High Temperature 
Annealed TiO2 Films (5) and (6) Prepared with and without Incorporating f-FWNTs 

Sample # 
(5) TiO2 

TiCl4 & 500°C 

(6) f-FWNT/TiO2 

TiCl4 & 500°C 

Jsc (mA/cm
2
) 8.99 10.23 

Voc (V) 0.67 0.67 
MPP (mW/cm

2
) 3.86 4.33 

FF (%) 64.02 63.12 
Efficiency (%) 3.86 4.33 

 

As shown in Figure 29, the TiCl4 treated f-FWNTs/TiO2 film (6) showed higher 

Isc (10.23 mA/cm2) than that of the TiCl4 treated TiO2 film (5) (8.99 mA/cm2). This result 

indicates that additional TiO2 coating on f-FWNTs can reduce the charge recombination 

on f-FWNTs’ surface. Therefore, f-FWNTs need to be coated by additional TiO2 coating 

to take the full advantage of the incorporated f-FWNTs network in the TiO2 film. 

Recently, Dang et al. developed a method to coat TiO2 layer on CNTs using genetically 

engineered M13 virus and demonstrated 10.6% conversion efficiency of DSSCs.71  
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2.3.6 Dried TiO2 and f-FWNTs/TiO2 aerogels and SEM images of 
photoactive films  

Figure 30: SEM images of TiO2 (a) and f-FWNTs/TiO2 photoactive films (b) fabricated 
by doctor blade method. (c) A digital image of dried TiO2 (left) and f-FWNTs/TiO2 

(right) aerogels with 0.125wt% of f-FWNTs per ethanol.    

 

The large bundles of CNTs will alter the roughness of the photoactive films. The 

roughness directly reflects two important physical factors: the quantity of dye 

adsorption and the surface area per unit TiO2 anode area. In general, the nanocomposite 

electrode surface roughness increases as the CNT load increases due to the large bundles 

of CNTs. Therefore, in order to compare the solar cells’ performance with and without 

adding f-FWNTs effect on DSSCs, the roughness should be as similar as possible. Here, 
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we show that no significant roughness change was observed after adding f-FWNTs to 

TiO2 NPs films. Figure 30 (a) and (b) shows SEM images of TiO2 and f-FWNT/TiO2 

photoactive films. Both films were fabricated by using dried TiO2 or f-FWNT/TiO2 

aerogels, as shown in Figure 30 (c). The procedures of both aerogels were exactly same 

except that, for f-FWNT/TiO2 aerogels, 0.125 wt% f-FWNTs was added into ethanol 

before adding the titanium precursor. It is worth noting that there is no morphology 

difference between two photoactive films. As mentioned before, the functionalization of 

FWNTs results in a good dispersion of FWNTs in ethanol, which decreases the bundle 

size of FWNTs.  

 

2.3.7 Low temperature annealing time effect   

Figure 31 illustrates the low temperature annealing time effect. Both TiO2 and f-

FWNTs/TiO2 films were annealed at 150°C, but the annealing time was different. The I-V 

curves clearly show that the photoactive film annealed for 4 hours resulted in higher 

conversion efficiency than those annealed for 1 hour. Longer annealing time increases 

both ISC and VOC because it improves the connection between TiO2 NPs. Interestingly, the 

advantage of adding f-FWNTs in TiO2 photoactive films becomes more obvious when 

films are annealed for longer. In other words, the improvement of the conversion 

efficiency by adding f-FWNTs was only 0.18% after 1 hour annealing, but 0.55% after 4 

hours annealing. However, no additional improvement was found after 4 hours 



 

68 

annealing. Therefore, for the low temperature annealing process (at 150°C), the 

photoactive films should be annealed for at least 4 hours to take the full advantage of 

adding f-FWNTs in TiO2 NPs. 

 

Figure 31: I-V characteristics of four films illuminated under 1.5 AM solar light (1 sun) 
(1) TiO2 only film and (2) f-FWNTs/TiO2 film annealed at 150°C for 1 hour. (3) TiO2 

only film and (4) f-FWNTs/TiO2 film annealed at 150°C for 4 hours. 

 

 

Table 5: I-V Characteristics of DSSCs Using Low Temperature Annealed TiO2 
Films Prepared with and without Incorporating f-FWNTs at Different Annealing 

Time. 

Film # (1) TiO2 for 1hr 
(2) f-FWNT/TiO2 for 

1hr 
(3) TiO2 for 4hrs 

(4) f-FWNT/TiO2 for 

4hrs 

Jsc (mA/cm
2
) 1.16 1.77 4.13 6.22 

Voc (V) 0.57 0.55 0.67 0.65 
MPP (mW/cm

2
) 0.38 0.56 1.61 2.16 

FF (%) 57.96 56.96 58.00 53.35 
Efficiency (%) 0.38 0.56 1.61 2.16 
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2.3.8 Thickness comparison between TiO2 and f-FWNTs/TiO2 
films measured by profilometer 

The conversion efficiency of DSSCs can be improved by maximizing the amount 

of dye in the electrodes using thick TiO2 films. However, as the thickness of photoactive 

film increases, the charge recombination of the injected electrons also increases due to 

the low drift mobility of electrons in the film (10−4 ~ 10−7 cm/Vs).92 Therefore, the 

thickness of the photoactive films is an important factor to determine the conversion 

efficiency of DSSCs. In this project, the effect of adding f-FWNTs in TiO2 photoactive 

layers was investigated. Here, Figures 32 and 33 clearly show that the thickness of both 

photoactive films with and without adding f-FWNTs were similar to compare their 

conversion efficiency. By using profilometer, the thickness of photoactive films was 

directly measured. Profilometer is a measuring instrument used to measure a surface's 

profile, in order to quantify its roughness. As shown in Figures 32 and 33, the average 

surface heights (ASH) of photoactive films with f-FWNTs and without f-FWNTs were 

10.8 μm and 11.7 μm, respectively. However, the improvement of ISC by adding f-

FWNTs was clearly observed, increasing the conversion efficiency. There were no 

significant differences found in other parameters, such as the roughness factors, the 

open circuit voltage, and fill factors.  
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Figure 32: I-V characteristics of the film (6) illuminated under 1.5 AM solar 
light (1 sun) (6) f-FWNTs/TiO2 film annealed 150C for 4 hours with TiCl4 treatment 
followed by annealing 500C for 30 minutes under argon. (inserted) Values from the 

profilometer measurement including the thickness of the film (6) 

 

Figure 33: I-V characteristics of the film (5) illuminated under 1.5 AM solar 
light (1 sun) (5) TiO2 film annealed 150C for 4 hours with TiCl4 treatment followed by 
annealing 500C for 30 minutes under argon. (inserted) Values from the profilometer 

measurement including the thickness of the film (5) 
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2.3.9 XRD of the TiO2 film after the hydrothermal process  

 

Figure 34: XRD of the TiO2 photoactive film after the hydrothermal process 

 

Park et al. reported that, for the same film thickness, the photocurrent voltage 

responses of the dye-sensitized rutile and anatase films were close, but the short-circuit 

photocurrent of the rutile-based cell was only about 30% lower than that of the anatase-

based cell.93 This lower photocurrent of the rutile-based films originated from a lower 

surface area per unit volume compared with that of the anatase film. Therefore, the 

phase of TiO2 NPs is also an important factor. Figure 34 show the XRD pattern of TiO2 

NPs in the synthesize TiO2 aerogel. The anatase phase was found to be a major TiO2 

phase over the rutile phase in both TiO2 and f-FWMTs/TiO2 aerogels.  
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2.4 Conclusion 

In this project, we have developed uniform CNTs/TiO2 composites by modified 

sol gel method where acid treatment and hydrothermal process were used. We have 

demonstrated that f-FWNTs were well dispersed in TiO2 NPs. DSSCs were fabricated to 

study incorporating f-FWNTs effect on TiO2 NPs as photoactive layer. In conclusion, 

incorporating f-FWNTs can be beneficial for the low temperature annealing process of 

DSSCs to overcome extremely poor electron transport through TiO2 photoactive film. 

However, this advantage is minimized when the good electrical contiguity was ensured 

through TiO2 film by high temperature annealing. This result indicates incorporating f-

FWNTs with TiO2 active layer improves electrons transport in some degree, but this 

advantage is limited because of the charge recombination at the interfaces between 

conductive fillers and electrolyte. The advantage of incorporating f-FWNTs with TiO2 

NPs returned with additional TiO2 NPs coating by the TiCl4 treatment. Therefore, in 

order to realize the full potential of incorporating conductive fillers with TiO2 film, the 

additional TiO2 coating on conductive fillers is necessary. Our observation can be 

applied to other conductive filler, such as grapheme, to enhance the performance of 

DSSCs, and provides insight on the advanced design of DSSCs to maximize their full 

potentials for photovoltaic devices. 
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3. Hybrid organic/inorganic co-aerogels for energy 
storage  

3.1 Introduction 

Metal oxides have long been studied in energy storage devices such as 

supercapacitors (SCs) and Li ion batteries (LIBs) due to their desired electrochemical 

properties. For example, RuO2, MnO2, NiO, Fe3O4 and V2O5, Co3O4, TiO2 were thought to 

be ideal materials for SCs94-97 and/or LIBs.98-101 However, a common bottleneck in these 

metal oxide materials is the poor ion and electron transport, limiting the electrochemical 

reactions on their surface and thus preventing the realization of their full theoretical 

potential. To solve this problem, researchers studied various approaches to increase the 

surface area of the metal oxides and to improve the electric conductivity of the electrode. 

A promising direction is the mixing of conductive fillers such as nanowires and 

nanotubes with nanostructured metal oxide materials. Taking the application of TiO2 in 

LIB as an example, researchers have shown that incorporating carbon nanomaterials 

with TiO2, along with controlling the dimension of TiO2,102, 103 ensures good electron 

transport in the electrodes. Li et al. and Ding et al. showed the direct growth of uniform 

anatase TiO2 nanospheres on graphene sheets, demonstrating substantial improvement 

in lithium specific capacity.104, 105 Carbon nanotubes (CNTs) were also used by Cao et al. 

to synthesize CNT@TiO2 core/porous-sheath coaxial nanocables.106 They revealed that 

the CNT core provides sufficient electrons for the storage of Li+ in the TiO2 sheath, and 

that the CNT core itself can store Li+. In addition, Yang et al. synthesized core/shell 
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structure of TiO2(B)@carbon composite nanowires using a hydrothermal process and 

heat treatment. The composite nanowires exhibited superior cyclic performance and rate 

capability.107 Moreover, Yuan el al. reported that Li4Ti5O12/carbon composites were 

prepared by a simple mixing process using high-energy ball-milling and demonstrated 

larger capacity than that of pristine Li4Ti5O12.108 However, in these earlier reports, the 

carbon framework that provided a path for electric conduction does not form a well-

connected and robust 3D network to ensure optimized electron transport. Ineffective 

junctions between nanotubes and/or graphene pieces are limiting the overall 

conductivity of the electrode. Additionally, the method for making electrodes usually 

include grinding the materials with an insulating polymeric binder to cast a film, thus 

further reduced the overall conductivity of the film. In this project, we developed a 

convenient, inexpensive and scalable method synthesizing hybrid carbon (C) and 

titanium dioxide (TiO2) co-gels and co-aerogels to improve their electrochemical 

capacity in LIBs. In addition, the monolith of the hybrid C/TiO2 co-aerogel (hereafter 

“the hybrid co-aerogel”) can be directly used as active electrodes without the addition of 

binders, such as polyvinylidene fluoride (PVDF), or additives, such as carbon black. As a 

result, the performance of LIB anodes using the hybrid co-aerogel is significantly 

improved over current LIBs based on carbon/titanium oxide composite. The reversible 

discharge capacity was stabilized at ~400 mA h g-1 at 168 mA g-1 scan rate and operating 

voltage between 0.05 and 3.00 V with excellent cyclic capacity retention. In addition, the 
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loading density of the active monolithic material was 12.4 mg cm-2, which is much 

higher than the typical loading density of active materials in recent literature. This 

approach, however, is not limited to only the C/TiO2 system. Other metal oxides 

mentioned above could also form co-gels with carbon to improve their potential in 

numerous applications of electrochemical, photocatalytic, and photoelectronic devices. 

3.1.1 Lithium ion batteries 

Rechargeable batteries with different design configurations have been 

investigated to power various applications, such as portable electronic devices, electric 

vehicles, and large-scale electricity grid. In addition, these rechargeable batteries are also 

used for the smart/intelligent grids which are connected with renewable energy 

resources, such as solar cells and wind power. Among various types of rechargeable 

batteries, lithium-ion batteries (LIBs) have been considered as the most promising 

energy storage system for a wide variety of applications. As shown in Figure 35, 

rechargeable LIBs offer relative higher volumetric and gravimetric energy density than 

those of conventional rechargeable batteries, such as Ni-Cd and Pb acid batteries.109 In 

addition, LIBs recharge more quickly, with an 80 % charge in an hour, and full charge 

within 2.5 hours. LIBs also do not present environmental hazards, because they contain 

no harmful metals, such as Pd, Cd, or Hg. Furthermore, LIBs have no memory effect 

compared with traditional Ni-Cd rechargeable batteries. 



 

76 

 

Figure 35: The share of worldwide sales for Ni–Cd, Ni–MeH and Li-ion 
portable batteries is 23, 14 and 63%, respectively. The use of Pb–acid batteries is 
restricted mainly to SLI (starting, lighting, ignition) in automobiles or standby 

applications, whereas Ni–Cd batteries remain the most suitable technologies for high-
power applications. The image is adapted from reference [109] 

Recently, there is an increasing demand for high power lithium-ion batteries to 

power plug-in hybrid electric vehicles (PHEV) and plug-in electric vehicles (PEV).  

However, there are still a few of shortcomings of the lithium-ion chemistry that need to 

be addressed. The two main shortcomings of LIBs for these applications are: (1) low 

power density and (2) safety. Therefore, in order to commence the electric vehicles (EV) 

revolution, it is critically important to develop advanced materials which have higher 
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power density along with safety. Before these are discussed in detail, the basics of a 

lithium-ion battery will be reviewed. 

Rechargeable batteries are the representative system for the storage and 

conversion of electrochemical energy. Their fundamental conversion equation is ΔG = 

−nFE (ΔG is the change in Gibbs free energy, n is the electron transfer number, F is 

Faraday constant, and E is the cell potential).110 A lithium-ion battery (LIB) is composed 

of electrochemical cells connected in series and in parallel. The design configuration of 

the LIB determines its voltage and capacity depending on the application of interest. 

Basically, the electrochemical cell consists of cathode and anode electrodes. Theses 

electrodes are physical separated by an electrically insulating porous membrane which 

is saturated in the electrolyte solution. LiCoO2 and LiC6 are widely used in various 

portable electronic applications as a cathode and an anode, respectively. A schematic of 

a typical lithium-ion cell in the charged state is shown in Figure 36. The basic operating 

principle of LIBs is based on Li+ intercalation111 and/or Li+ conversion reactions.112 In the 

discharge state, Li-ions intercalate the cathode through the electrolyte. In the charge 

state, Li-ions deintercalate from the cathode, and reintercalate back to anode. Electrons 

pass through the load while lithium ions pass through the electrolyte maintaining charge 

balance. The chemical reactions involved in the current commercial LIBs can be briefly 

described as: 

Anode: C + xLi+ +xe- ↔ Li xC 
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Cathode: LiMO2 ↔ Li1-xMO2 + xLi+ + xe- 

Overall: LiMO2 + C ↔ LixC + Li1-xMO2  

In order to achieve high capacity, active materials should accommodate a large amount 

of Li-ions. In addition, fast ion and electron transport in the cell are also required to 

achieve high current density.113 The Li+ conversion reaction is based on the 

heterogeneous conversion of various transition-metal oxides. The chemical reactions 

involved in the current commercial LIBs can be briefly described as:  

Li+ + MO ↔ Li2O + M (M = Co, Fe, Ni, Cu, etc.) 

The Li+ conversion reaction is expected to increase the energy density of LIBs because it 

enables the full utilization of all the charge states of a multivalent transition metal 

compound.114  

 

Figure 36: Schematic operating principle of traditional rechargeable lithium-
ion batteries. The image is adapted from reference [113] 
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The open circuit voltage (VOC) of a LIB can be calculated by the difference in the 

lithium chemical potential between the cathode (������) and the anode (������).115 

�	� 

������ � ������

�
 

Figure 37 shows a schematic energy diagram of a cell at open circuit. The first 

requirement is the energy of the lowest unoccupied molecular orbital (LUMO) of the 

electrolyte must be higher in energy than the highest occupied molecular orbital 

(HOMO) of the anode.  The second requirement is the LUMO of the cathode must be 

higher in energy than the HOMO of the electrolyte. In addition, thermodynamic stability 

considerations require the redox energies of the cathode (Ec) and the anode (Ea) to lie 

within the energy band gap of the electrolyte, as shown in Figure 37.   

Figure 37: Schematic energy diagram of a lithium cell at open circuit. HOMO and 
LUMO refer, respectively, to the highest occupied molecular orbital and lowest 

unoccupied molecular orbital. The image is adapted by reference [115] 
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The electrodes used in conventional LIBs consist of the active materials (~ 80%), 

conducting polymers (~ 10%) and conducting additives (~ 10%). Poly-vinylidene 

fluoride (PVDF) is the common choice as conducting polymer to increase the mechanical 

strength of the active film. Carbon black is widely used as a conducting additive to 

enhance the electrical conductivity of the active film. The common current collectors 

used for lithium ion batteries are copper for the anode and aluminum for the cathode.  

The electrodes within a battery cell are separated by a micro-porous polypropylene 

membrane. The membrane and void space of  the cell are filled with a non-aqueous 

electrolyte solution, commonly 1 M of LiPF6 in ethylene carbonate(EC)/diethylene 

carbonate(DEC) (1:1 v:v ratio). Carbonate is widely used as electrolyte solvent because 

its energy bandgap and standard potential satisfy the requirements for the electrolyte 

mentioned above.  Improvements are being sought for all three main components of 

lithium-ion batteries (cathode, anode, and electrolyte) in order to improve the capacity, 

power and safety. There are two routes that researchers are currently pursuing to 

improve the cathode and anode materials. The first is exploring new materials that can 

accommodate large amounts of lithium ions, and/or have fast electrons and ions 

transport. The second is to utilize nanostructured materials to increase the surface area 

and decrease the lithium-ion diffusion path lengths. For solid-state diffusion of Li+ in 

electrode materials, the mean diffusion (or storage) time (τeq) is determined by the 
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diffusion coefficient (D), and the diffusion length (L), according to the following 

equation: 

�� 
 ��/2� 

As you can see in this equation, decreasing the diffusion length (L) is very effective to 

decrease the mean diffusion (or storage) time (τeq). For examples, it has been reported 

that the cycle performance and rate capabilities of anode and cathode material with 

nanostructure morphology are significantly improved over the same material with bulk 

dimensions.116-118 In addition, another advantage from reducing the material dimensions 

is the decrease in material degradation. Nanostructured materials have lower overall 

energy strain during volume changes, and thus pulverize less than bulk material.119 This 

project aims to improve the rate performance and cycle stability of an anode material for 

lithium-ion batteries. The goal was achieved by using a new hybrid carbon/titanium 

dioxide (C/TiO2) co-aerogels. This hybrid C/TiO2 co-aerogel possesses 3 dimensional (3D) 

continuous porosity and interconnected nanostructures. The properties of the hybrid 

C/TiO2 co-aerogel make it a good alternative electrode as an anode for LIBs. The 

experimental details and results will be discussed later.  First, electrochemical methods 

to analyze the performance of LIBs will be discussed. 

3.1.2 Electrochemical methods to analyze LIBs 

Galvanostatic charge/discharge test, capacitance voltage (C-V) testing, and 

electrochemical impedance spectroscopy are important electrochemical methods to 
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analyze the performance of LIBs. This section will explain the fundamentals of these 

techniques. An ideal polarized (or ideal polarizable) electrode (IPE) is an electrode at 

which no charge transfer can occur across metal-solution interface, regardless of the 

potential imposed by an outside source of voltage. The behavior of the electrode-

solution interface is similar to that of a capacitor because no charge can across the IPE 

surface. For example, the IPE interface can be charged when the potential is across. Its 

behavior can be described as: 

�

�

 �  

Here, q is the charge stored in the capacitor and its unit is in coulombs, C. E is the 

potential across the capacitor and its unit is in volt, V. C is the capacitance and its unit is 

in farads, F. At a given potential, charges will be accumulated on metal (qM) and in the 

solution (qS), and the relationship between these charges can be described as:  

qM = -qS 

The charge density (σM in unit of μC/cm2) can be calculated by charges on metal (qM) 

divided by the electrode area (A). The electrical double layer is the whole array of 

charged species and oriented dipoles at the metal-solution interface.  

In the potential (or voltage) step experiment, the behavior of current (i) with the 

time (t) at a fixed potential (E) can be described by:110 

 i 

�

��
���/����    
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Here, RS is the solution resistance, and Cd is a double layer capacitor. Figure 38 shows 

related curves.  

Figure 38: Current transient (i vs t) resulting from a potential step experiment. The 
image is adapted from reference [110] 

In the current step experiment, the behavior of voltage (E) with the time (t) at a 

fixed current (i) can be described by:110 

 E 
 i� ! "
�

��
�    

Figure 39 shows related curves, and galvanostatic charge/discharge test is based on the 

current step method. 

 

Figure 39: E-t behavior resulting from a current step experiment. The image is adapted 
from reference [110] 

In the voltage ramp (or potential sweep) experiment, the potential increases 

linearly with time starting at some initial value at a sweep rate ν (in V s-1). Then, E = νt. 
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With this voltage ramp, the behavior of current (i) with the time (t) can be described 

by:110 

 i 
 ν�$%1 � exp	��+/ !�$�, , if q =0 and t =0. 

Figure 40 shows related curves, and capacitance voltage (C-V) testing is based on the 

voltage ramp method. 

 

Figure 40: Current-potential plots resulting from a cyclic linear potential sweep 
applied to an RC circuit. The image is adapted from reference [110] 

 The technique where the cell or electrode impedance is plotted vs. frequency is 

called electrochemical impedance spectroscopy (EIS). EIS is a widely used experimental 

method to gain a deeper insight into electro-chemical systems. EIS reveals the series 

resistance, charge transfer resistance and Li-ion conductivity of LIBs.120 The measured 

total impedance of the cell, Z, is expressed as the series combination of a series resistance 

value (RB) and the double-layer capacitance (CB). These two elements provide the real 

and imaginary components of Z, that is, ZRe  = RB and ZIm = 1/ωCB. Here, ω is the 

frequency. The real part, which must equal the measured ZRe, can be described as: 

 -�� 
  . 
  Ω "
��

012.1
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Here, RΩ is the solution resistance, and A = (Cd/Cs) + 1 and B = ωRsCd. Cs is Faradic 

impedance, and Cd is the double layer capacitance. In addition, the imaginary part, ZIm, 

can be described as: 

  -�� 

3

4�5



.1/4��20/4��

012.1
 

At low frequency (ω � 0), the imaginary part can be described as: 

 -67 
 -�� �  Ω �  �� " 28��$ 

Here, Rct is the charge transfer resistance, and σ is Warburg conductivity. Figure 41 (a) 

shows impedance plan plot for low frequency. The interception with the real x-axis (ZRe) 

indicates the sum of resistance of current collector, active material, electrolyte and 

separator. At high frequency, the Warburg conductivity can be ignored. The relationship 

between the real part and imaginary part can be described as: 

 �-�� �  Ω �
�9:

�
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Figure 41 (b) shows impedance plan plot for high frequency. The radius of the semicircle 

directly indicates the magnitude of the charge transfer resistance.    
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Figure 41: (a) Impedance plane plot for low frequency (b) Impedance plane for 
the equivalent circuit where Warburg impedance is unimportant. The image is 

adapted from reference [110] 

 

Figure 42: Impedance plot for an electrochemical system. Regions of mass transfer and 
kinetic control are found at low and high frequency, respectively. The image is 

adapted from reference [110] 
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The imaginary component to the impedance originates only from Cd. Therefore, 

as shown in Figure 42, at high frequency, the contribution of Cd becomes negligible 

because it offers no impedance. The kinetic control in the cell becomes more important. 

On the other hand, at low frequency, the capacitance of Cd results in a high impedance. 

Therefore, the mass transfer control becomes more important.  

3.1.3 Three-dimensional electrodes for lithium ions batteries   

As mentioned above, extraordinarily higher energy densities at high scan rate 

capabilities are still in demand to realize the future electric vehicles (EV). Innovative 

electrode materials with architecturally tailored nanostructured have a good potential to 

pull out revolutionary advances for energy storage devices. Nanostructured electrode 

materials have remarkable advantages over the bulk electrode materials;121 (1) 

Nanostructure decreases the diffusion length of ions. In other words, lithium ions have 

shorter path lengths because of the small size of the material. Therefore, decreasing the 

diffusion length of ions might result in the significant improvement of lithium ion 

capacities at high charge/discharge rates. (2) In addition, the small size of active 

materials can buffer any stresses associated with the crystal unit cell expansion/ 

contraction during the lithium ion intercalation/deintercalation process. In general, this 

expansion stress on the active materials leads to the reduction of capacity losses because 

the active materials are pulverized into the electrolyte. (3) Lastly, nanostructured 

materials possess the high surface area. Therefore, increasing the interface between the 
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electrode material and electrolyte results in a higher lithium ion flux than that of the 

bulk electrode. However, nanostructured materials also have disadvantages due to some 

of their intrinsic material properties, such as low conductivities,122, 123 slow mass 

transport,124, 125 poor cyclability,126 and weak mechanical strength.127 Moreover, significant 

side reactions with the electrolyte could be a critical disadvantage of nanomaterials 

without some surface protection. These side reactions may result in agglomeration of 

nanomaterials due their high surface area and high surface energy. Therefore, a high 

level of irreversibility and poor cycle life might be unavoidable.126, 128 As shown in Figure 

43, Lee et al. recently proposed the future 3-D hetergeneous nanostructured electrode.121 

This proposed future 3-D electrode possesses the well ordered 3-D interconnected pores 

and a well ordered 3-D interconnected electroactive nanomaterial with a conformal 

conductive coating layer. There are a few advantages of this proposed structure; (1) The 

interconnected active material provides a 3-D continuous electron pathway, resulting in 

fast charge transport. (2) In addition, the interconnectivity of active materials also 

improves the mechanical strength. (3) The continuous interconnected ordered pores 

enable the electrolyte to penetrate to contact with the active material. This effective 

penetration of electrolyte will lead to the efficient mass transport during 

charge/discharge cycling. (4) The 3-D interconnected coating of conductive material 

improves the electron transfer into the 3-D continuous framework, as shown in the 

Figure 43. (5) The direct contacts between the 3-D active electrode and the substrate 
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allow electrons to be easily transferred from the conductive substrate to the active 

electrode.  

Figure 43: Future 3-D hetergeneous nanostructured electrode. The image is adapted 
from reference [121] 

In this project, the co-aerogels method was developed to take advantages of 

nanostructured materials while keeping high conductivity and strong mechanical 

strength. The fundamentals of aerogels will be discussed in the next section. 

3.1.4 The sol-gel process and aerogels 

Aerogel materials share a common preparation strategy with many composite 

materials. In general, aerogels are prepared via the sol-gel processing. The sol-gel 

process involve the fabrication of colloidal suspensions (sol), followed by converting 

them to viscous gels and hence to solid materials.129 The fabrication process is the result 

of different reaction mechanisms including hydrolysis and condensation reaction, 

gelation, aging, and drying, as shown in Figure 44. In addition, various special shapes, 

such as monoliths, films, fibers, and monosized powders, can be obtained from the sol-

gel processing combined with compositional and microstructural control.   
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Figure 44: In sol-gel chemistry, molecular precursors are converted to nanometer-sized 

particles, to form a colloidal suspension, or sol. The gel can be processed by various 
drying methods (shown by the arrows) to develop materials with distinct properties. 

The image is adapted from reference [129] 

For the synthesis of inorganic aerogels, one of common precursors is alkoxides 

M(OR)n which are formed by combination of a metal M with an alkoxide group OR. 

Here, R designates an alkyl group. Their sol-gel transformation is carried out in an 

organic solvent. An appropriate amount of water is usually added as a reactant. The 

hydrolysis reaction is involved with the replacement of OR ligands by OH ones, 

followed by condensation reactions. The hydrolysis reaction is based on the nucleophilic 

attack of O atoms from water molecules which carry a negative partial charge δ-.130 

Therefore, the partial positive electronic charge (δ+) of the metal is important factor to 

control reaction rate of the hydrolysis. Finally, the condensation reactions result in the 

construction of M-OH-M “ol” bridges or M-O-M “oxo” bridges with elimination of 
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water molecules. There are several concurrent mechanisms proposed for these reactions. 

For examples, a proton exchange through transition hydrogen bonds and the ionization 

of water are two of them.131 In real systems, hydrolysis and condensation proceed 

concurrently. Therefore, overall reaction kinetics is very complex. These reactions will 

increase and will also raise the molecular weight of produced metal oxide substance.132 

While growing, the transition metal oxide particles will form some links (M-O-M or M-

OH-M) in 3-D network. Gelation occurs when these links between metal oxides sol 

particles become gigantic spanning clusters. For organic aerogels, the most common 

precursors are the resorcinol (R) and formaldehyde (F). The organic aerogels can be 

prepared by polycondensation of resorcinol with formaldehyde in a slightly basic 

aqueous solution.133 Sodium carbonate (Na2CO3) is often used to initiate the 

polycondensation reaction. In general, the organic aerogels is mechanically stronger 

than the inorganic aerogels because organic precursors (RF) can make organic polymers 

resting on strong -(C-C)- covalent bonds. Once the final crosslinked gel is formed, it is 

usually necessary to remove the aqueous solvent (H2O) for the critical point drying 

(CPD). Drying of the aerogel samples in the air usually leads to cracks due to its surface 

tension. The critical point drying (CPD) is often used to void cracks. The CPD process 

involves putting the solvent into a supercritical state, which will lead to the 

disappearance of liquid/gas interfaces in the pores. Carbon dioxide (CO2) is a common 

choice for the CPD due to its low critical point temperature and pressure.  
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3.1.5 Aerogels as 3 dimensional electrodes and the hybrid 
organic/inorganic co-aerogels 

Aerogels have a good potential to exhibit very high power density due to their 

enormous interfacial surface area.134, 135 In addition, the pore sizes can be tuned from a 

few nm to the submicron range. Thus, aerogels might have a critical advantage of 

controlling and optimizing the diffusion length of ions in the electrolyte for LIB 

application.136 In addition, the geometries of aerogels include the continuous 

interconnected structure of nanoparticles, which enables fast electron transport. 

Furthermore, due to their the continuous interconnected structure, the aerogels also 

have a good potential to be very effective to dissipate the stresses associated with 

electrode expansion and contraction during charge/discharge cycles.127 Interestingly, 

various transition metal oxide aerogels can be synthesized by the sol-gel process. In fact, 

transition metal oxides of novel morphologies have been investigated as attractive active 

materials for rechargeable lithium-ion batteries.137, 138 In addition, due to interstitial-free 

3d metal oxides, considerably high specific capacities arise from the conversion reactions 

with lithium.112 Therefore, nanostructured transition metal oxides stimulate extensive 

research interest in nanostructured transition metal oxides for LIBs.139 Nanostructured 

transition metal oxides mainly investigated include SnO2, Fe2O3, NiO, Co3O4, VOx, MnOx 

and TiO2140-143. However, there are disadvantages of using transition metal oxide aerogels 

as active electrodes. Their electrical conductivity is not high enough for the fast charge 

transport, and their mechanical strength is not strong enough, pulverizing active 
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materials to the electrolyte, which reduces the cyclic capacity. In order to resolve these 

disadvantages, the carbon aerogel was uniformly mixed with the transition metal oxide 

aerogel because the carbon aerogel possesses high electrical conductivity and relatively 

strong mechanical properties. We clearly show that adding a carbon aerogel component 

in the hybrid co-aerogel significantly reduced the charge transport resistance. In 

addition, the mechanical strength was also improved.    

3.2 Experimental section 

Hybrid co-aerogels synthesis: For carbon aerogels precursors, predetermined 

amounts of resorcinol (R) (Sigma Aldrich, ACS reagent, ≥99.0%), formaldehyde (F) 

(ACROS, ACS reagent, 37 wt% sol., stab. 10-15% methanol) and sodium bicarbonate (S) 

(ACROS, 99.6%, ACS reagent) were mixed in an appropriate amount of ethanol (E) 

(VWR, Ethanol, 200 proof, KOPTEC) at room temperature. The molar ratio of R/E, R/F 

and R/S were 0.0524, 0.5 and 200. A bath sonication was used to make homogeneous 

solution for 10 minutes. It is important to make sure that sodium bicarbonate should be 

completely dissolved in the carbon aerogel precursor. For titanium dioxide aerogels 

precursors, predetermined amount of titanium(IV) isopropoxide (Ti) (Sigma Aldrich, 

97%) was added in an appropriate amount of ethanol at room temperature and the 

molar ratio of Ti/E was 0.05. Both precursor solutions were placed in refrigerator for 20 

minutes before mixing them together. In a glass vial (20cm3 capacity), 5 ml of the RF 

solution was added followed by adding 1.45g of HCl solution (1.5M) and lastly adding 
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5ml of the Ti solution in the bath sonication. The mixture of acid added RF solution and 

Ti solution became a gel within 30 minutes accredited to the gelation of TiO2. Then, we 

sealed the vial to prevent the evaporation of EtOH during the gelation of resorcinol and 

formaldehyde (RF gelatoin). Then, the sample was placed in an oven at 70 ± 2°C for 12 

hours. Upon completion of the RF gelation, a cuboid of the hybrid C/TiO2 co-gel was 

obtained by cutting with a blade. Subsequently, the hybrid organic/inorganic gel was 

dried by critical point dryer (CPD from Bal-Tec) using CO2. The dried hybrid gel were 

carbonized with a quartz tube furnace at 900°C at a heating rate of 10°C/min for 5 hours 

under argon (Ar) and hydrogen (H2) atmosphere (Ar and H2 flow rate = 800 mL/min and 

80 mL/min). 

Characterization: SEM and TEM images were obtained on a FEI/Phillps XL30 

ESEM-FEG and Tecnai™ G2. The diameters of TiO2 NPs were measured by using TEM 

images. Moreover, XRD patterns of the samples were acquired on PANalytical X'Pert 

PRO MRD high-resolution diffractometer with Cu Kα radiation. In addition, XPS 

spectrum was measured by Kratos Analytical Axis Ultra. In order to calculate BET 

surface area of the samples, nitrogen adsorption-desorption isotherm measurements 

were conducted at 77K with Micromeritics TriStar 3000. TGA spectra (TA Instruments 

SDT 2960) were used to analyze the mass percentage of TiO2 in the hybrid co-aerogels at 

a heating rate of 5.0 °C min-1 to 900.00 °C in air.  
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Electrochemical measurements: The electrochemical properties of the hybrid co-

aerogels as anode materials in lithium ion batteries were evaluated by a galvanostatic 

charge/discharge technique using BioLogic SP-300. The Swagelok-type cells were 

assembled in an Ar-filled glove box as shown in Figure 55. Metallic lithium was used as 

the counter/reference electrode and the monolith of the hybrid co-aerogel was directly 

used as the working electrode without adding any additives such as carbon black and 

conducting polymers. 1 M of LiPF6 in the mixture of ethylene carbonate (EC), dimethyl 

carbonate (DMC) and diethyl carbonate (DEC) in 1:1:1 w/w ratio was used as working 

electrolyte. The charge/discharge performance were conducted between 0.05 – 3.00V vs 

Li+/Li and the scan rates were calculated based on the theoretical capacity of an anatase 

TiO2 which is 168 mAh/g.   
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3.3 Results and discussion 

3.3.1 The hybrid C/TiO2 co-gel and co-aerogel 

 

Figure 45: (a) Images of TiO2, hybrid and carbon gels (b) Images of TiO2, 
hybrid and carbon gels after gelation (c) Images of TiO2, hybrid and carbon aerogels 

after critical point drying process (d) Images of TiO2, hybrid and carbon aerogels after 
pyrolysis at 900ºC for 5 hours 

Both carbon aerogel and TiO2 aerogels have been studied by many research 

groups before. The mechanism of the gelation and the effect of pH, aging time, 

temperature for pyrolytic transformation from polymer to carbon etc. can be found in 

many recent reports and reviews.129, 133 The preparation of carbon aerogel includes steps 

of polymerization of precursors, usually resorcinol (R) and formaldehyde (F), aging, 

solvent exchange, supercritical drying, and pyrolysis of the organic aerogel at high 
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temperature under inert environment. On the other hand, the formation of TiO2 aerogel 

normally includes the gelation of titanium isopropoxide in alcohol mixed with acidic 

aqueous solutions, aging, solvent exchange, and supercritical drying. However, the 

formation of co-aerogels in a one-pot synthesis process has not been wells studied. The 

gelation and post processing conditions are not always the same for different aerogel 

systems, especially between inorganic and organic aerogels. Here, we have developed a 

one-pot process for the formation of TiO2 and Resorcinol-Formaldehyde (RF) co-aerogels 

by controlling the gelation of both TiO2 and RF polymer. The choice of solvent, catalysis 

for RF gelation, and adjusting sol-gel pH were found to be critical factors to synthesize 

the hybrid co-aerogels. (1) Water has been a conventional solvent for RF gelation. 

However, TiO2 gelation is absolutely not compatible with water due to its uncontrollable 

gelation rate in water. Therefore, ethanol was selected as solvent system for the hybrid 

co-aerogel, because both titanium dioxides precursor (titanium isopropoxide) and RF 

precursor (resorcinol and formaldehyde) are effortlessly dissolved and stable in ethanol. 

(2) Na2CO3 has been usually used as a catalyst, which is associated with the ability of 

CO32- species to initiate the RF-polymerization reaction. However, the solubility of 

Na2CO3 is extremely poor in ethanol compared to water. To solve this problem, Na2CO3 

and resorcinol are dissolved separately in formaldehyde solution (37 wt% in water) and 

ethanol, respectively before mixing the two. (3) The rate of hydrolysis and gelation of 

TiO2 are strongly pH dependent. As shown in Figure 51, clear uniform TiO2 gels were 
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able to be prepared only below 0.77 sol-gel pH, because lower pH decreases the rate of 

alcoxolation and oxolation reactions. Therefore, the sol-gel pH of the RF sol had to be 

adjusted by adding diluted HCl solution (1.5M) before it was mixed with the TiO2 sol. 

Uniform hybrid RF/TiO2 gels were found only between 1.076 and 1.39 sol-gel pH. Too 

low pH inhibits the gelation of TiO2, while too high pH accelerates the rate of hydrolysis 

and gelation of TiO2. Figure 45 illustrates the synthesis procedure for pure TiO2, the 

TiO2/carbon co-aerogel and pure carbon aerogel. Further details on the synthesis can be 

found in the experimental section. Figure 45 (a) shows the three samples in sol phase, 

and the transparency of the hybrid RF/TiO2 sol indicates the homogeneous mixture of 

TiO2 sol and carbon sol. The TiO2 sol and hybrid RF/TiO2 sol became gels within 30 

minutes at room temperature which is attributed to the TiO2 gelation in both cases, but 

no gelation occurred in the carbon sol as expected. Then, all of these samples were 

placed in an oven at 70°C for 6 hours, and the carbon sol became a gel after this heat 

treatment as shown in Figure 45 (b). These three gels were dried by the critical point 

dryer (CPD) process using CO2, and Figure 45 (c) shows these three gels after the drying 

process. The hybrid co-gel and carbon gel retained their shapes after CPD drying, but 

the TiO2 gel was found to be brittle. The three dried gels were annealed at 900°C for 5 

hours in an inert atmosphere for a pyrolytic transformation. Figure 45 (d) shows the 

TiO2, hybrid and carbon aerogels after carbonization. Interestingly, the hybrid co-aerogel 
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retained its shape due to increase of its mechanical strength attributed by carbon 

component in the hybrid co-aerogel.  

3.3.2 Morphology and Structural Characterization 

C/TiO2

TiO2

Carbon

In HF, 

for 24 hrs

In air, 500°C 

for 5hrs
a

b

c

 

Figure 46: (a) The hybrid co-aerogel and its vidualized image (b) TiO2 aerogel 
after removing carbon component by air oxidation at 500°C for 5 hours (c) carbon 
aerogel after removing TiO2 component by HF treatment for 24 hours with related 
vidualized images 

 

Figure 46 shows the hybrid co-aerogels before (Figure 46 (a)) and after air 

oxidation (Figure 46 (b)) at 500°C for 1 hour to remove carbon component and 

hydrofluoric acid (HF) treatment (Figure 46 (c)) to remove TiO2 component from the 

hybrid co-aerogel. One important aspect of the hybrid co-aerogel is uniformity which 

can be achieved by co-gelation of carbon and TiO2 sol. It is worthwhile noting that, after 

air oxidation and HF treatment, both TiO2 and carbon aerogels remained as a monolith 

indicating that both TiO2 and carbon components possess 3-dimentional (3D) 
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interconnected random nanostructures in the hybrid co-aerogels, which is also 

demonstrated by TEM and SEM images in Figure 47 (a), 47 (b), 50 and 54.  

 

Figure 47: (a) TEM (b) SEM (c) XPS and (d) XRD of the hybrid co-aerogel 

 

A closer observation by Transmission electron microscopy (TEM) in Figure 47 (a) 

and 54 also indicates the homogeneous mixture of crystalline TiO2 NPs and graphite, 

and the clear lattice fringes indicate high crystallinity in the hybrid co-aerogel. Because 

the dried hybrid co-gels were annealed at 900°C for 5 hours, titanium carbide (TiC) 

could have been produced during this pyrolysis. However, figure 47 (c) shows the X-ray 

photoelectron spectroscopy (XPS) emission of Carbon (1s) and Titanium (2p) of the 
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hybrid co-aerogels, which indicates that no titanium carbide peaks were found in the C 

(1s) and Ti (2p) regions. The phase of TiO2 is one critical aspect in the Li+ 

insertion/desertion rate. Figure 47 (d) shows the X-ray diffraction (XRD) pattern of the 

hybrid co-aerogel. Rutile was found as a major phase of TiO2, and graphite peaks were 

also found together as expected. In addition, thermal gravimetric analysis (TGA) in 

Figure 52 shows that the hybrid co-aerogel is composed of 58.2 wt% of TiO2 and 41.8 wt% 

of carbon.  

Figure 48: (a) The diameter contribution of TiO2 nanoparticles in the hybrid co-
aerogels in three different pH at 1.08, 1.20 and 1.39. Error bars represent the standard 

deviation calculated from the diameter distributions of each samples. X-axis is the sol-
gel pH (measured by accumet® AB15+ Basic pH/mV Benchtop Meter) and Y-axis is 
the diameter distribution in nm (measured by high-resoluion TEM). (b) The C/TiO2 
ratio (wt%) effect on the BET surface area. X-axis is TiO2/Carbon weight ratio (wt.%) 

and Y-axis is surface area in m2/g. 

 

The diameter of TiO2 nanoparticles (NPs) in the hybrid co-aerogels can be 

controlled by adjusting the sol-gel pH. The average TiO2 NPs’ size increased with 

increased sol-gel pH as shown in Figure 48 (a). For example, sol-gel pH 1.076 had the 
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smallest average TiO2 NP size at 5.5 ± 1.0 nm, which was followed by an increase to 7.2 ± 

1.3 nm and 9.7 ± 1.9 nm in sol-gel pH 1.20 and 1.39 respectively. It was found that the 

higher sol-gel pH showed the larger standard deviation of NPs’ diameter. This trend of 

increased TiO2 NPs size with increased synthetic pH is consistent with previous 

reports.144 The correlation between the total Brunauer-Emmett-Teller (BET) surface area 

of the hybrid co-aerogel and TiO2 weight ratio (%) is presented in Figure 48 (b) (red line). 

The total surface area decreased with increasing TiO2 contents. The weight ratio between 

TiO2 and carbon can be easily controlled by changing the mixing volume ratio between 

the carbon precursor solution (RF solution) and the TiO2 precursor solution (Ti solution) 

as described in the experimental section below. Notably, the surface area of a hybrid co-

aerogel composed with 80 wt% TiO2 is around 300 m2/g, which is well above that of 

conventional TiO2 NPs (~50 m2/g). More importantly, it is worthwhile noting that the 

BET surface area of the HF-treated carbon aerogel (black line) was found to be higher 

than that of the reference carbon aerogel (~ 657 m2/g) which was prepared at the same 

sol-gel pH of the hybrid co-aerogel. Taking the hybrid co-aerogels containing 58.2 wt% 

of TiO2 as an example, its total BET surface area was initially 437 m2/g. However, after 

removing TiO2 components by HF treatment, the BET surface area of HF treated carbon 

aerogel was 915 m2/g. The HF treated carbon aerogels always show higher BET surface 

area than that of the reference carbon aerogel, as shown in Figure 48 (b). In addition, the 

higher the TiO2 contents in the hybrid co-aerogel, the higher the BET surface area in the 
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HF treatment carbon aerogel. This trend might indicate that the TiO2 network is 

wrapped by the carbon network because TiO2 gelation occurs first (within 30 minutes at 

room temperature) followed by RF gelation (around 6 hours at 70°C). In addition, XPS 

and energy-dispersive X-ray spectroscopy (EDS) analyses in Figure 53 also support this 

carbon wrapped TiO2 network structure. The amount of TiO2 in the hybrid co-aerogel 

detected by EDS (53.5 %) is well matched with that by TGA (58%), while XPS analysis 

only detects a small amount of TiO2 (0.9 %). This discrepancy can be explained by the 

fact that XPS analyzes only the top of the surface (1 ~ 10 nm) while EDS analyzes about 1 

micron depth of surface material.  
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3.3.3. Monolithic lithium ion battery performance  

Figure 49: (a) The first galvanostatic discharge curves of the hybrid co-aerogel at a rate 
of 1C (= 168 mA g-1) and compared to that of the reference carbon aerogel (b) Scan rate 

performance (from 1C to 50C, then back to 1C) and compared to that of the carbon 
aerogel. X-axis is the number of cycles and Y-axis is the specific capacity in mAh/g. (c) 

Relative capacity ratio between the hybrid and carbon aerogles, which is calculated 
by dividing the capacity of the hybrid co-aerogels by that of carbon aerogels at 

different scan rates. X-axis is scan rate in C and Y-axis is capacity ratio without unit. (d) 
Nyquist plots of the electrodes of the hybrid (red) and the carbon aerogels (black). All 

of the measurements were conducted using a voltage window of 0.05 - 3.0 V. 

 

To demonstrate advantages of the hybrid co-aerogels over the reference carbon 

aerogels, a galvanostatic charge-discharge test was used to study the lithium 

insertion/desertion properties of the hybrid co-aerogel as an anode electrode. The hybrid 

co-aerogel and reference carbon aerogels both were synthesized at the same sol-gel pH. 
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The first discharge curves of the hybrid (red line) and reference carbon (black line) 

electrodes at a rate of 1C (168 mA/g) are shown in Figure 49 (a). The first discharge 

capacities of the hybrid electrode (648.7 mAh/g) was higher than that of the reference 

carbon electrode (214.9 mAh/g). This superior performance is attributed to two plate 

plateau above (TiO2 = 148.1 mAh/g) and below (Chybrid = 500.6 mAh/g); Here, the capacity 

of the hybrid co-aerogel is divided by 1.375V above (TiO2 contribution) and below 

(carbon contribution), because the capacity of the reference carbon aerogel related to that 

above 1.375V is small enough to be negligible as shown in the Figure 49 (a). The upper 

and lower plate plateaus are caused by Li+ insertion to the TiO2 and carbon components 

of the hybrid co-aerogel. The capacity of the upper plate plateau was 148.1 mAh/g which 

is calculated based on the total weight of electrode. Regarding the fact that the weight 

percentage of TiO2 in the hybrid co-aerogel is only 58 wt%, the capacity of TiO2 based on 

the weight of the active material becomes 255.2 mAh/g, which is well matched to the 

recent developments where expensive carbon materials used, such as CNTs and 

graphene. Moreover, the voltage range for TiO2 in the experiment is narrower (1.375V to 

3.0V) than that of conventional voltage rage (1.0V to 3.0V). More importantly, it is 

worthwhile to noting that the lower plate plateau of the hybrid electrode (Chybrid = 500.6 

mAh/g) shows significantly higher capacity than that of the carbon electrode (Ccarbon = 

197.1 mAh/g), even though the surface of the hybrid co-aerogel (478 m2/g) is much lower 

than that of the reference carbon aerogel (657 m2/g). This superior performance is 
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attributed to the favorable transport properties of the hybrid co-aerogel and the high 

surface area of the carbon component in the hybrid co-aerogel. We believe that the TiO2 

network in the hybrid co-aerogel provides better ionic transport channels, lowering 

charge transfer resistance (Rct) as shown in Figure 49 (d). To optimize the transport 

pathways, Hu et al. successfully prepared macroscopic carbon aerogel using meso-

/macro silica as a template; The network of comparatively large pores appear to render 

the electrolyte diffusion into the bulk of the electrode material facile and hence provide 

fast transport channels for solvated Li+ ions.145 In addition, as mentioned above, the 

actual surface area of the carbon component in the hybrid co-aerogel (915 m2/g) is much 

higher than that of the reference carbon aerogel (657 mAh/g), resulting in higher 

capacity (Chybrid = 500.6 mAh/g) than that of the reference carbon aerogel (Ccarbon = 197.1 

mAh/g). The rate capability of the hybrid co-aerogel was then evaluated by 

charge/discharge test at various current rates from 1C to 50C, as shown in Figure 49 (b), 

and compared to that of the reference carbon aerogel. It is clear that the hybrid co-

aerogel shows higher cyclic capacity at each rate than that of the reference carbon 

aerogel, proving the efficient solid state diffusion of lithium in the hybrid co-aerogels. 

Notably, a stable capacity of 399 mAh/g can be resumed when the current rate is 

reduced back to 1C, suggesting the good mechanical stability of the hybrid co-aerogel as 

a monolithic anode. It is clear that the higher the current density, the better the cycling 

performance of the hybrid co-aerogels than that of the reference carbon aerogels, as 
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shown in Figure 49 (c), where capacity ratio (y-axis) was calculated by dividing the 

capacity of the hybrid co-aerogel by that of the reference carbon aerogel at different scan 

rates. Figure 49 (d) shows the Nyquist plots comparison (after 60 charge-discharge 

cycles) between the hybrid and carbon co-/aerogels. The composite electrode model 

proposed by Troltzsch et al. was used for interpretation.120 The measurement frequency 

lies between 0.1 Hz and 100 kHz. As shown in Figure 49 (d), the series resistances (RE) of 

the hybrid and carbon electrodes are similar, indicating that there was no reduction of 

conductivity in the hybrid co-aerogels by adding TiO2 NPs. The 3D interconnected 

nanostructure of the carbon component inside the hybrid co-aerogel maintains 

conductivity equivalent to that of the reference carbon aerogel. In addition, the 

impedance spectrum of the reference carbon aerogel shows that the transition between 

charge transfer semicircle and diffusion spike became softer than that of the hybrid co-

aerogel. It means that the Warburg conductivity (σW) of the reference carbon aerogel is 

lower than that of the hybrid co-aerogels, indicating lower diffusion coefficient and 

lithium concentration in the reference carbon aerogel. Furthermore, the charge transfer 

resistance (Rct) of the reference carbon electrode is significantly higher than that of the 

hybrid co-aerogel. This indicates that the exchange current density of the reference 

carbon aerogel is lower than that of the hybrid co-aerogel. As mentioned above, the 

favorable transport properties of the hybrid co-aerogels, resulting in the rapid diffusion 

of electrolyte ions, can be attributed to this lower charge transfer resistance. 
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3.3.4 Three-dimensional (3-D) interconnected random 
nanostructure  

Figure 50: (a) the hybrid co-aerogel and (d) its SEM image, (b) TiO2 aerogel after 
removing carbon component by air oxidation at 500°C for 5 hours and (e) its SEM 
image, (c) carbon aerogel after removing TiO2 component by HF treatment for 24 

hours and (f) its SEM images 

 

Figure 50 shows digital and SEM images of the hybrid C/TiO2 aerogels before (a 

and d) and after air oxidation (b and e) at 500°C for 1 hour to remove carbon 

components and hydrofluoric acid (HF) treatment (c and f) to remove TiO2 components 

from the hybrid aerogel. As shown in SEM images, 3D interconnected porous 

nanostructures can be found in the hybrid co-aerogel as well as TiO2 and carbon only 

aerogels after air oxidation and HF treatment respectively.  
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3.3.5 The pH effect on TiO2 sol-gel process  

Figure 51: Digital images of TiO2 gels at different pH and the table displaying 
experimental details of each sample. 

 

As shown in Figure 51, TiO2 gels were prepared at different pH. Clear and 

uniform TiO2 gels were only found below 0.77 pH because lower pH decreases the rate 

of alcoxolation and oxolation reactions in the TiO2 sol. High pH accelerates the rate of 

hydrolysis and gelation of TiO2, resulting in bigger and uneven TiO2 particles in the gel.   
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3.3.6 The determination of TiO2 weight percent in the hybrid co-
aerogels  

Figure 52: TGA curves of the hybrid co-aerogels prepared at different combination of 
TiO2 sol and RF sol. The mixing volume ratio between TiO2 sol (ml) and RF sol (ml) 

refers to T/C, here. X-axis is the corresponding temperature in TGA instrument in °C, 
and Y-axis is the weight ratio remained in %. (b) X-axis is The mixing volume ratio 

between TiO2 sol (ml) and RF sol (ml) and Y-axis is the weight percent. 

 

Figure 52 (a) show TGA curves of hybrid co-aerogels prepared at different 

volume mixing ratio between TiO2 sol and RF sol (hereby, referred to T/C). The ramp 

rate was 5.00 °C/min to 900.00 °C in the air. Figure 52 (b) shows the correlation between 

T/C and the weight percent of TiO2 (wt%) in the hybrid co-aerogel, which was 

determined by the TGA weight percent value at 600 °C.  

3.3.7 The discrepancy between XPS and EDS analysis on the hybrid co-aerogel  
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Figure 53: (a) XPS and (b) EDS analysis of the hybrid co-aerogel 

 

Figure 53 shows XPS and EDS analysis of the hybrid co-aerogels which contains 

58.2% of TiO2 (by TGA analysis). As mentioned in the article, the amount of Ti measured 

by EDS is well matched to that by TGA analysis while only a small amount of Ti was 

found by XPS. This discrepancy between XPS and EDS might indicate the TiO2 wrapped 

by carbon interconnected nanostructure because XPS (1~10 nm) and EDS (~1 μm) have 

different detection range.  
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Figure 54: TEM images of the hybrid co-aerogel (58% of TiO2). 

 

Figure 54 shows the TEM images of the hybrid co-aerogel containing 58% of TiO2. 

The TEM samples were prepared by adding a small piece of the hybrid co-aerogel in 

ethanol followed by bath-sonication for 5 minutes. The prepared solution is directly 

dropped on TEM grids (Ted Pella, # 01881-F) to take TEM images.  
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Figure 55: The schematic structure of the Swagelok-type Li+ battery using 
monolith as an active material 

 

Figure 55 shows the schematic structure of the Swagelok-type Li+ battery using 

the hybrid co-aerogel as an anode electrode. An appropriate elasticity of the spring is 

required to ensure a good connection to the current collectors while it is soft enough to 

avoid creating cracks in the hybrid co-aerogels. The cracks eventually lead to lower 

capacity retention rate. 
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3.4 Conclusion 

In summary, we have presented a convenient, inexpensive and scalable method 

to synthesize the carbon (resorcinol-formaldehyde) and TiO2 co-gel and co-aerogel. It is 

found that the solvent choice, catalysis dissolution and pH adjusting are critical factors 

to synthesize hybrid inorganic/organic co-gels and co aerogels. Based on our best 

knowledge, the carbon and TiO2 co-gels are reported in this study for the first time. By 

using the carbon and TiO2 co-gel, the hybrid co-aerogel was prepared and characterized 

to demonstrate that both the carbon and the TiO2 components possess a 3D 

interconnected nanostructure. In addition, the diameter of TiO2 NPs in the hybrid co-

aerogel can easily controlled by the sol-gel pH. Interestingly, it is also found that TiO2 

network is wrapped by carbon network, resulting in the increase of BET surface area of 

the carbon aerogel after removing TiO2 component by HF treatment. The hybrid co-

aerogel proves its superior potential as an anode of LIBs compared to that of the 

reference carbon aerogel using the galvanostatic charge-discharge test. Two plate 

plateaus were found (around 1.75V and below 1.0V) and caused by Li+ insertion to the 

TiO2 and carbon components of the hybrid co-aerogel, respectively. We have observed 

the improvement of Li+ insertion to the carbon components of the hybrid co-aerogel 

over that to the conventional carbon aerogels. TiO2 NPs create the network of 

comparatively large pores in the carbon component of the hybrid co-aerogels, which 

provides fast transport channels for solvated Li+ ions. It is found that the higher the 
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current density, the better the cycling performance of the hybrid co-aerogel than that of 

carbon aerogel. Moreover, the impedance plots reveal no reduction of the conductivity 

of the hybrid co-aerogels due to the 3D interconnected nanostructure of the carbon 

component. The impedance plots also demonstrate lower internal resistance of the 

hybrid co-aerogel than that of the carbon aerogel. In this project, we synthesized the 

hybrid co-aerogel and showed its capacitive properties as an anode electrode in LIBs. 

We believe that our hybrid C/TiO2 co-gel will provide exceptional potentials in 

numerous applications of electrochemical, photocatalytic, and photoelectronic devices 

due to its excellent uniformity between carbon and TiO2, and numerous possible forms. 

In addition, our approach to synthesize co-aerogel can be applied in another transition 

metal oxides incorporating with carbon aerogel for numerous energy storage 

applications. 
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