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Abstract 18 

We provide herewith the first report of supercapacitance behavior of titanium doped vanadium 19 

oxide films grown on vertically aligned carbon nanotubes using a chemical vapor deposition 20 

technique (CVD). The capacitance of CVD derived titanium doped vanadium oxide-carbon 21 
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nanotube composites was measured at different scan rates to evaluate the charge storage 22 

behavior. In addition, electrochemical characteristics of the titanium doped vanadium oxide thin 23 

films synthesized by the CVD process were compared to substantiate the propitious effect of 24 

carbon nanotubes on the doped vanadium oxide capacitance. Attractive capacitance values as 25 

high as 310 F/g are reported here-in considering the overall materials loading with good rate 26 

capability and excellent charge retention up to 400 cycles. Ab-initio theoretical studies 27 

demonstrating the substantial improvement in the electronic conductivity of the vanadium oxide 28 

due to titanium doping and oxygen vacancies have also been included corroborating the 29 

attractive experimental capacitance response.  30 

1. Introduction 31 

The rapid technological progress of the world in the 19th and 20th century could largely be 32 

attributed to the extensive use of electricity in the form of small devices such as light bulbs and 33 

extending to very large applications such as those powering large mechanical units in industrial 34 

plants. In an increasingly dynamic and electronic age however, a large number of mobile 35 

applications still rely heavily on mechanical and thermal energy generation and storage which 36 

are both inefficient and subject to generation of pollutants. There is therefore, a pressing need for 37 

making electricity mobile and this makes it imperative for the development of charge storage 38 

devices capable of delivering energy in a manner suiting for a variety of mobile applications 39 

such as automobiles and electronic devices i.e. provide energy rapidly over an extended period of 40 

time with minimal loss over time1, 2. The need to tailor energy storage devices to suit such 41 

applications is highlighted by the current targets established by the Department of Energy3 for 42 

the same i.e.  7.5 Wh/kg at 625 W/kg lasting upto 15 years. An examination of the classic 43 

Ragone plot will help identify devices capable of achieving the same4.  44 
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It is distinctly observed that only Lithium-ion batteries (LIBs) and electrochemical 45 

capacitors have a reasonable propensity to achieve these targets, at least as far as mobile 46 

applications are concerned. Electrochemical capacitors often referred to as ultracapacitors or 47 

supercapacitors are electrochemical devices which exploit surface charge storage properties of 48 

electrode materials, thus enabling rapid charge-discharge and rendering them very attractive for 49 

high rate mobile applications such as automobiles and electronic devices. Supercapacitors are 50 

typically categorized into two classes based on the nature of charge storage at the 51 

electrochemical interface5. It is common knowledge in electrochemistry that an electrochemical 52 

double layer is formed at an electrode-electrolyte interface as a result difference in Fermi energy-53 

levels of electrons in the electrode and the electrolyte. This difference in energy acts as a barrier 54 

to electron tunneling from electrode to electrolyte or vice-versa until a certain potential is applied 55 

to the electrode. The electrochemical interface thus acts as a nanometer sized ‘double-layer’ of 56 

separated charges resembling a conventional dielectric capacitor6. Charge storage devices based 57 

on this mechanism are aptly named electrochemical double layer capacitors (EDLCs). 58 

A second class of capacitors is termed as pseudo-capacitors wherein charge transfer is 59 

brought about by virtue of reversible Faradaic electrochemical redox reactions undergone by 60 

specific electrochemically active elements within a compound or compounds. The nature of the 61 

successive reversible electrochemical reactions of these compounds allows the charge storage 62 

response of the device to resemble a capacitor7. While double layer capacitors are much more 63 

reversible and rapid charge storage devices, pseudocapacitors have much higher energy densities 64 

while at the same time maintaining moderately high rate capability on account of the simplistic 65 

redox reactions occurring at the surface of the electrode. One could therefore envisage hybrid 66 

composite materials capable of both very high rate capability and high energy density.  67 
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The synthesis of low cost, high energy, high rate hybrid composite materials requires us 68 

to identify a high rate double layer material which can be interfaced with a high energy 69 

pseudocapacitor material with a synergistic effect occurring as a result of the composite formed 70 

by this interaction. Most commonly studied pseudocapacitor electrode materials to date are 71 

hydrous ruthenium oxide and manganese oxide, the former limited by the high cost and the latter 72 

restricted primarily due to the low energy density, respectively8-11.  There is therefore an urgent 73 

need for identification of economically viable pseudo-capacitor materials exhibiting reliably high 74 

energy densities. Transition metal oxides are very attractive for this kind of application on 75 

account of their ability to accept variable oxidation states. In addition, they exhibit excellent 76 

atmospheric stability even in nanoparticulate form making handling and storage on a large scale 77 

a non-issue. Of particular interest to pseudocapacitor applications is the ability of the surface 78 

oxide to undergo successive reversible electrochemical reactions as is the case in hydrous 79 

Ruthenium oxide 5, 6. Hydrous Ruthenium oxide is an excellent pseudocapacitor material with 80 

the ability to maintain stable capacitances of upto 900 F/g over a large number of cycles12. 81 

However, the prohibitive cost of noble metal oxides compels the search for alternative oxide 82 

materials with similar charge storage characteristics. One such oxide resembling the multiple 83 

oxidation states of the metal similar to Ru is vanadium oxide. Vanadium is an element belonging 84 

to Group 5 of the periodic table with a half empty d-shell allowing the element to exhibit 85 

multiple valence states from +2 to +5.  86 

Vanadium oxide has previously been studied as a material for lithium ion battery 87 

cathodes as well and correspondingly, different morphologies of the oxide including nanotubes 88 

have been explored. Amorphous and hydrated vanadium oxide has also been studied widely as a 89 

viable supercapacitor electrode in lithium and sodium ion electrolytes 13-21.  Amorphous 90 
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vanadium oxide gel/carbon composites have demonstrated capacities ~ 360 mAh/gwith very 91 

high intercalation rates. Oxide nanotubes on the other hand, have been studied extensively by 92 

Nesper et al.22, 23as electrode materials using lithium ion electrolytes and have shown great 93 

promise.  In addition, a class of so called Lithium-ion based aqueous supercapacitors have been 94 

identified by Hu et . al. demonstrating capacitances of upto 740 F/g in aqueous LiCl24-27. In all 95 

these studies, thin oxide films have shown to result in good electrochemical performance on 96 

account of the short diffusion lengths for lithium intercalation. Doping of oxides (Mo, Mn, W, 97 

Ti, Cu, and Ag) have been previously studied as an excellent pathway to improve electrical 98 

conductivity and electrochemical charge storage properties28-35. Silver and copper doped oxides 99 

have been shown to increase the electronic conductivities by up to 2 orders of magnitude36, 37. Ti 100 

and W doped vanadium oxide has also been shown to lead to improvement in pseudocapacitor 101 

characteristics38. Hence, we have chosen Ti doped vanadium oxide as the pseudocapacitor 102 

material to be used in the composite hybrid electrode. 103 

The identification of ideal double-layer type capacitor materials to couple with doped 104 

vanadium oxide in order to form a hybrid electrode capable of high rates is relatively complex to 105 

tackle on account of the plethora of carbon based double layer materials identified by the 106 

capacitor community at large39-41. The material we choose must be suitable to overcome the low 107 

electronic conductivity usually observed in nanoparticulate oxides. We can examine them 108 

individually to find suitable support materials for our application needing high rate capability i.e. 109 

very high conductivity, capacitor behavior and excellent stability in the voltage of interest. It is 110 

also essential to maintain good carbon material loading and good carbon-oxide interface while at 111 

the same time avoiding thick oxide film formation on the carbon, making the underlying carbon 112 

material substrate effects redundant. Activated carbons are excellent double layer supercapacitor 113 
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materials on account of their high surface area and large pore volume39, 41. However, they suffer 114 

from the problem of wettability, inability to sustain a uniform deposit on the pores of the 115 

carbons. In addition, high surface area carbons usually are very porous resulting in poor 116 

volumetric capacitance. Another excellent material that has been studied is graphene. Graphene, 117 

as the name suggests is a single sheet of graphite which allows for ballistic 1-D transport of 118 

electrons leading to electronic conductivities of up to 105 S/m in composites made with 119 

graphene42-47. However, a major problem with using graphene is that the individual graphene 120 

sheets are too thin to achieve sufficient loading of the oxide to achieve high energy densities in 121 

practical devices.  122 

On the other hand, an excessively thick deposit of oxide would render the graphene sheet 123 

redundant as it would not be able to act as an electron channel to most of the oxide material. A 124 

better solution then would be to use carbon nanotubes (CNTs) which have very high conductivity 125 

on account of the 1-D electron transport. In addition, it is relatively easy to generate CNTs form 126 

vertically aligned arrays which would ensure direct contact of each individual CNT with the 127 

current collector as well as creating a 3-D architecture which would act as an ideal substrate for 128 

oxide growth48. Carbon nanotubes are of two types, SWNTs and MWNTs. SWNTs usually 129 

demonstrate slightly better electrical properties than MWNTs49. However, the synthesis of pure 130 

vertically aligned SWNTs is very expensive and it renders the synthesis of the composite 131 

electrodes accordingly prohibitive49, 50. In addition, the electronic properties of single wall 132 

carbon nanotubes are very much dependent on the nature of the graphene sheets within the 133 

nanotube as reported51-53. Alternatively, multi-wall carbon nanotubes are relatively inexpensive 134 

to synthesize and can be synthesized on a variety of substrates.  135 
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Carbon nanotube based hetero-structures have demonstrated improved rate capabilities 136 

for various Li-ion and supercapacitor electrode materials including silicon, ruthenium oxide, 137 

manganese dioxide and nickel oxide54-61. Electrodeposited amorphous hydrated vanadium oxide 138 

coatings on CNTs have shown to exhibit capacitances as high as 910 F/g by Kim et al14 and 139 

Balkus et al.62 in lithium electrolyte cells. In a recent report Sathiya et al. reported energy storage 140 

behavior of oxide coated carbon nanotubes in a Swagelok type cell with a lithium electrolyte and 141 

a lithium counter electrode exhibiting capacities as high as 850 mAh/g with up to 60% of the 142 

energy storage coming from a capacitive contribution63. Vanadium oxide/CNT composites have 143 

also been explored for capacitance behavior in aqueous electrolytes and capacitances as high as 144 

400 F/g have been reported 64.  In all these studies, thin oxide films have shown to result in good 145 

electrochemical performance on account of the short diffusion lengths for lithium intercalation. 146 

The importance of loading and its influence in achieving attainable capacitance in vanadium 147 

nitride based supercapacitor has been highlighted by us in our earlier work65. A recent critical 148 

review by Gogotsi et. al. has identified the need to understand the importance of thick films for 149 

commercial supercapacitor electrodes and the need to report volumetric capacitance along with 150 

gravimetric capacitance66. Nanoparticulate materials such as oxides/nitrides of transition metals 151 

are very advantageous in terms of achieving desirable electrochemical performance on account 152 

of the high specific surface area (SSA) and the enhanced activity that is achievable at the nano-153 

scale dimensions.  However, the very fact of having a nanoparticulate state which is responsible 154 

for enhanced electrochemical activity results in loss of electronic conductivity on account of the 155 

large number of grain boundaries. Nanostructured vanadium oxide has a relatively low electronic 156 

conductivity 36, 67, 68 on the order of 10-6-10-2 S/cm. The high electronic conductivity of carbon 157 

nanotubes (CNTs) on the other hand, could thus be exploited to create composite 3-D 158 
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architectures to minimize the oxide–oxide particle contact leading to efficient electron transport 159 

from the current collector to the surface of the vanadium oxide wherein the pseudocapacitance 160 

behavior is exhibited.  161 

In order to achieve this, architecture comprising vertically aligned carbon nanotubes 162 

(VACNT) covered with electrochemically active doped-vanadium oxide would be ideal to obtain 163 

maximum capacitance while allowing for slight expansion/contraction likely as a result of the 164 

ensuing possible phase change. Figure 1 shows the various architectures commonly used for 165 

supercapacitor applications and their accompanying problems. Previous studies have shown the 166 

effect of oxide-film thickness on the capacitance of vanadium oxide films prepared using atomic 167 

layer deposition69. Thicker films of the oxides however do not yield good charge storage 168 

behavior due to the expected limitation in electronic conductivity. The aim in this study is 169 

therefore to demonstrate a CNT-oxide composite material wherein the use of a moderately thick 170 

doped oxide coating on a forest of vertically aligned electronically conducting carbon nanotubes 171 

should allow for minimum electron transport limitations while maximizing active material use 172 

and reducing inactive phase weight. This should be reflected accordingly as significant 173 

improvement in areal capacity, a measure that is more relevant and of higher consequence than 174 

gravimetric capacity. 175 

 176 

 177 

 178 

 179 
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 180 

 181 

 182 

Morphology Characteristics 

Nanoparticle film 

 

(a) High surface area 
(b) Poor electronic 

conductivity 
(c) Large number of grain 

boundaries limiting flow 
(d) Inherently low 

conductivity of oxide 
materials hampered 
further 

Thick oxide matrix on carbon nanotubes/CNT-oxide mix 

film.  

 

(a) Carbon nanotubes 
ineffective in reaching 
all parts of the oxide 
resulting in large grains 
and number of grain 
boundaries 

(b) Acts like thick film of 
oxide alone with little 
conduction of electrons 
to grains far from 
CNTs/current collector 

Thin oxide coating on vertically aligned carbon nanotube 

matrix. 

(a) Very good electronic 
contact 

(b) 3-D architecture 
ensuring ballistic 
electron transport to 
oxide film/grains 

(c) High oxide-electrolyte 
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contact maximizing 
pseudocapacitive 
contribution 

(d) Low oxide/CNT weight 
ratio resulting in low 
overall capacity when 
CNTs do not possess 
significant capacitance 

(e) Very short diffusion 
distances from oxide-
CNT interface to oxide-
electrolyte interface 

Moderately thick doped oxide coating on vertically aligned 

carbon array. 

 

(a) Very good electronic 
contact between carbon 
nanotubes and oxide 
particles 

(b) 3-D architecture 
ensuring ballistic 
electron transport to 
oxide film/grains 

(c) High oxide-electrolyte 
contact maximizing 
pseudocapacitive 
contribution 

(d) Relatively short 
diffusion distances from 
oxide-CNT interface to 
oxide-electrolyte 
interface 

(e) Effects of electron 
mobility reduction due 
to grains overcome to a 
large extent by the 
increased conductivity 
of the doped oxide 

(f) Thicker film results in 
greater oxide/CNT ratio 
and thus high overall 
capacitance 

Figure 1: Choice of architecture for oxide-CNT composite materials to maximize areal 183 

capacitance. 184 
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Chemical methods can be utilized to synthesize carbon nanotube-doped oxide composite 185 

hybrid electrode materials. However, wet chemical methods usually do not afford the freedom 186 

for tailoring the morphology of the composite electrode as thickness of oxide film deposited on 187 

the carbon nanotubes is usually very high as the oxide usually forms a matrix around the CNTs 188 

rather than retaining nanoparticle nature. Synthesis of Ti doped oxide has usually involved the 189 

sol-gel method which is non-ideal for obtaining thin films on carbon nanotubes70. This leads to 190 

increased oxide-oxide particle contact rather than carbon-nanotube-oxide electron transport. In 191 

addition, carbon nanotubes usually need to be dispersed in an oxide sol, leading to loss in 192 

alignment of the CNTs. The very purpose of using CNTs i.e. one dimensional transport of 193 

electrons to nano-sized film of the oxide is lost. Chemical vapor deposition (CVD) is an ideal 194 

and versatile method to obtain uniform architectures on carbon structures 71, 72 while also 195 

tailoring the nature of the deposited film depending on the deposition conditions. Various groups 196 

have previously reported CVD as a technique for the growth of vanadium oxide thin films54, 73-79 197 

using both chloride and metal organic precursors. Oxide films with varying V oxidation states 198 

have been reported with ratios of oxides depending on the  various deposition conditions 199 

including temperature and reagent concentrations78.  200 

Though some improvement in electronic conductivity and evidence of improvement of 201 

charge storage by doping of oxides has previously been demonstrated, a detailed fundamental 202 

study has not been undertaken correlating supercapacitor behavior with doping in both 203 

nanoparticulate oxide and nitride materials. On the basis of the existing evidence in literature, it 204 

is to be expected that a first principles computational screening study to identify suitable dopants 205 

could be used to predict and engineer high capacity, high rate, and stable supercapacitor 206 

materials. The aim of this work is thus to use doping of oxides as an approach that allows for 207 
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modifying the electronic conductivity and thus the electrochemical activity, as well as the 208 

electrochemical stability of nanoparticulate oxides and nitrides. Using a theoretical simulation 209 

involving d-band assessment of the structure, suitable dopants have been identified to improve 210 

the electronic conductivity and thus the supercapacitor behavior of nanostructured oxides. Using 211 

such approaches, the current study provides a unique methodology for generating thick film 212 

architectures of doped vanadium oxides grown on vertically aligned CNTs (VACNTs) resulting 213 

in capacitance values that are uniquely distinct from currently reported values in the literature. 214 

Accordingly, in this work, an atmospheric pressure chemical vapor deposition (APCVD) method 215 

has been explored to deposit titanium doped-vanadium oxide on vertically aligned carbon 216 

nanotubes for use as a supercapacitor electrode in aqueous media. Implementation of CVD as a 217 

synthesis method also provides the advantage of avoiding the incorporation of binders for 218 

generating the electrodes which can consume upto 50% of the total weight of the electrode in 219 

high surface area systems contributing largely to inactive dead weight55, 72. As a result of the 220 

improved electronic conductivity of doped vanadium oxide and high conductivity of vertically 221 

aligned carbon nanotubes, we are able to demonstrate high gravimetric capacitances in thick 222 

electrodes resulting in high areal capacities.    223 

2. Experimental Methods 224 

2.1 Materials Synthesis 225 

2.1.1 Chemical Vapor deposition 226 

A two-step CVD process was used to obtain doped-vanadium oxide nanosphere coated 227 

CNT hetero-structures on nickel substrate disks. First, the nickel disks were properly cleaned 228 

using dilute acids and acetone, and then weighed. Vertically aligned carbon nanotubes 229 
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(VACNTs) were then deposited on the Ni disks (Alfa Aesar Inc., 0.05 mm thick, annealed, 99+% 230 

(metals basis)) using a xylene-ferrocene mixture following a hot wall chemical vapor deposition 231 

(CVD) procedure similar to that reported by Ajayan et al. using an Ar/H2 mixture80, 81. m-Xylene 232 

(ACROS organics, extra pure, >99%) was used as the carbon source with ferrocene (ACROS 233 

Organics, 98%) acting as the catalyst for CNT nucleation and growth (Figure 2a). The mixture 234 

was vaporized and led into a hot-wall CVD tube maintained at 770o C. Deposition was carried 235 

out for 30 minutes resulting in the growth of a uniform forest of vertically aligned carbon 236 

nanotubes.  The VACNT coated Nickel disks were then weighed and a low temperature hot-wall 237 

APCVD setup was used to deposit the doped vanadium oxide directly onto the vertically aligned 238 

carbon nanotubes. To generate the doped vanadium oxide, appropriate mixtures of vanadium 239 

tetrachloride (VCl4, Sigma Aldrich) and metal dopant introduced as a chloride precursor, i.e. 240 

titanium tetrachloride (TiCl4, Sigma Aldrich, 99.9% metals basis) were dissolved in an aprotic 241 

solvent, chloroform (CHCl3, ACROS Organics, 99.9% Extra dry) in an inert atmosphere glove 242 

box (Vacuum Atmospheres Inc.: model EE-493, below 5ppm O2 + H2O) and recovered in a 243 

sealed stainless steel evaporator bottle.  244 

The doped vanadium oxide nanospheres were deposited on the VACNTs using a hot wall 245 

tubular APCVD setup (Figure 2b) consisting of two separate nitrogen (UHP N2, Grade 5, Valley 246 

National gas) carrier gas lines running through the evaporator vessels, one containing the mixture 247 

of chloride precursors and another containing a distilled water (Millipore QGARD, 248 

Resistivity=18.2 MΩ-cm) line driven by a syringe pump (Thermo Scientific Orion M365 Sage 249 

syringe pump). Both precursors were evaporated and carried into a hot wall CVD reactor tube 250 

wherein the CNT coated nickel (Ni) disks were placed17, 38, 78, 82-84. Deposition was carried out at 251 

250oC for 20 minutes. The oxide coated disks were then weighed and characterized. Doped 252 
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Vanadium oxide thin film was also generated by depositing the doped oxide directly on the Ni 253 

substrate disks by CVD using the same precursors to compare the electrical and electrochemical 254 

properties of the thin films of the doped oxide with that of the composite heterostructure 255 

comprised of doped oxide coated on VACNTs. 256 

 257 

 258 

 259 

 260 

Figure 2: Chemical vapor deposition setup for deposition of (a) VACNT forest (b) VOx:Ti-261 

VACNT composite. 262 
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2.2 Materials Characterization 263 

The nature of the deposit including morphology of the oxide on the CNTs needs to be 264 

analyzed and examined to obtain a better understanding of the observed capacitance behavior. To 265 

accordingly investigate and compare the microstructure of the CVD deposited doped vanadium 266 

oxide-CNT composites and thin films, scanning electron microscopy (SEM) analysis was 267 

conducted using a Philips XL30 machine operating at 20 kV. The atomic composition of the 268 

films was also verified using EDAX analysis. To study the nature of the doped oxides coated on 269 

the CNTs and to identify presence of any amorphous deposits other than the oxide present on the 270 

CNTs, micro-Raman spectroscopy was performed on a Reinshaw inVia Raman microscope. 271 

Raman spectra were collected in air at room temperature using a 633 nm laser. Low laser 272 

intensities were chosen to avoid beam modification of the samples and accordingly, the spectra 273 

were collected by averaging multiple scans over a frequency range of 3500-100 cm-1. 274 

To further characterize the doped oxide-CNT interface and morphology of the doped 275 

oxides, high-resolution transmission electron microscopy (HRTEM) was performed on a JEOL 276 

JEM-210F microscope using beam energy of 200 keV. Samples for HRTEM were prepared from 277 

the CVD synthesized composites by scraping off the doped vanadium oxide deposited VACNTs 278 

from the Ni substrate, followed by suspending in methanol and dispersing them on to 3.05 mm 279 

diameter Nickel grids (JEOL, 400 mesh nickel) containing a holey carbon film by sonication. 280 

The grids were then vacuum-dried for 24 h and subjected to conventional and HRTEM analyses. 281 

X-ray photoelectron spectroscopy (XPS) was performed on a Perkin-Elmer PHI-5600 282 

ESCA system to analyze the surface composition and determine the valence state of V ions in the 283 

oxide-VACNT composite. XPS was conducted using a Physical Electronics (PHI) model 32-096 284 
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x-ray source control and a 22-040 power supply interfaced to a model 04-548 x-ray source with 285 

an Omni Focus III spherical capacitance analyzer (SCA). The system is routinely operated within 286 

the pressure range of 10-8 to 10-9 Torr (1.3 × 10-6 to 1.3 × 10-7 Pa). The system was calibrated in 287 

accordance with the manufacturer’s procedures utilizing the photoemission lines, Eb of Cu2p
3/2 - 288 

932.7 eV, Eb of Au4f
7/2 - 84 eV and Eb of Ag3d

5/2 - 368.3 for a magnesium anode. All the reported 289 

intensities are in effect experimentally determined peak areas divided by the instrumental 290 

sensitivity factors. Charge correction was obtained by referencing the adventitious C1s peak to 291 

284.8 eV. 292 

The electronic conductivity is a crucial parameter affecting the supercapacitor 293 

performance and hence, four point probe conductivity set up was used to measure the 294 

conductivity of the vanadium oxide films prepared by CVD.  A Veeco FPP 5000 four-probe 295 

conductivity instrument (Miller Design & Equipment, Inc.) was used for the conductivity 296 

measurements and the sheet resistance values obtained were then converted to electrical 297 

conductivity. Four-probe conductivity data is usually obtained by preparing pellets from powders 298 

and supporting them on insulators while maintaining contact with four equally spaced probes, 299 

two of which supply current while the other two measure voltage across them following standard 300 

known procedures. The measurement of resistivity of thin films deposited on conducting metal 301 

substrates however is a difficult proposition as the flow of electrons from the two current probes 302 

would probably occur through the substrate current collector itself offering the least resistance 303 

path. This current flow does not however occur in the CVD derived doped oxide and the 304 

VACNT- doped oxide composite as the deposit is sufficiently thick and crack free to avoid 305 

interference from the substrate. 306 

2.3 Electrochemical Testing 307 
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Cyclic voltammetry (CV) was performed on the synthesized doped vanadium oxide thin 308 

film and doped vanadium oxide-VACNT heterostructure materials to test their viability as high 309 

energy density supercapacitor materials. A three electrode cell configuration was used to perform 310 

cyclic voltammetry measurements and electrochemical impedance spectroscopy analysis (EIS) 311 

on the coated Ni disks to both understand the electrochemical mechanisms involved as well as 312 

evaluate the specific capacitance of both, the VACNT- doped vanadium oxide nanosphere 313 

composite, and the doped vanadium oxide thin films prepared by chemical vapor deposition. The 314 

cell was assembled using platinum as the counter electrode, Ag/AgCl (in 3M KCl) as the 315 

reference electrode, and the active material coated Ni disks described above as the working 316 

electrode. An aqueous 1M Na2SO4 solution was used as the electrolyte.  317 

Cyclic voltammetry tests were performed on a Princeton Applied Research (PAR) 318 

Versastat-3 potentiostat in the -1 V to 0.8 V potential ranges with respect to the reference 319 

electrode to evaluate the specific capacitance of the doped vanadium oxide-VACNT composite 320 

heterostructures generated by CVD. It was observed that no significant water electrolysis 321 

occurred in this extended voltage window. Cycling was therefore performed at different scan 322 

rates and area of the cyclic voltammogram was used to calculate the total capacitance. 323 

Gravimetric capacitance values were evaluated on the basis of both the oxide weight alone as 324 

well as the weight of the total active material. 325 

The capacitance was calculated using the formula: 326 

 Capacitance C (in F/g) = � �	��

�∗�∗�∗	
    i); 327 

 where 328 
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 � 
	�� = area generated by cyclic voltammogram 329 

 s= scan rate in V/s, 330 

 V= voltage window =1.8 V, 331 

 and m= mass of the active material in gram. 332 

In addition to cyclic voltammetry, galvanostatic charge-discharge cycling was performed 333 

on an Arbin BT-2000 cycler at different current densities in the voltage window of -0.5 to 1 V 334 

w.r.t Ag/AgCl (3M KCl) to observe the nature of the voltage-time (V-t) characteristic and to 335 

obtain capacitance values under galvanostatic conditions which resembles more closely 336 

commercial applications of supercapacitors. The capacitance accordingly was calculated by 337 

integrating the current-time data over the voltage window.  338 

To further evaluate the supercapacitor response of the CVD-deposited doped vanadium 339 

oxide thin films, doped vanadium oxide-VACNT heterostructures, electrochemical impedance 340 

spectroscopy was performed on the Applied Research (PAR) Versastat 3 over a frequency range 341 

of 0.1Hz-100 KHz. A 5 mV amplitude was used and the spectra were collected between -1.0 and 342 

0.8 V at the specific voltages where Faradaic reactions were observed to be predominant. 343 

Impedance spectroscopy is a versatile technique which can be used to quantify charge transfer 344 

parameters in electrochemical systems. The impedance spectra were obtained on the titanium 345 

doped vanadium oxide thin film and the VACNT-titanium doped vanadium oxide nanosphere 346 

composite heterostructure hybrid electrodes to observe any noticeable changes in charge storage 347 

mechanism induced by the presence of carbon nanotubes. The ZView-2 (Scribner Associates, 348 

Inc.) software was used for theoretical modeling and fitting using the Randall’s equivalent circuit 349 

models, and the charge transfer parameters corresponding to the CVD synthesized doped 350 
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vanadium oxide-VACNT nanostructures were obtained and correspondingly compared to the 351 

doped oxide thin film to understand the effect of VACNTs on the performance of the Ti doped 352 

vanadium oxide.  353 

3. Results & Discussion  354 

Figure 3a shows the scanning electron microscope (SEM) image of vertically aligned 355 

CNTs (VACNTs) deposited by chemical vapor deposition on Ni substrate using a deposition 356 

time of 30 minutes for growth of carbon nanotubes. The carbon nanotubes grow on the nickel 357 

substrate supported by iron nanoparticles (from Ferrocene) which nucleate on the surface of the 358 

nickel as islands and in turn acting as growth sites for carbon85, 86. The carbon then grows in the 359 

form of nanotubes by progressive rise of the nucleated iron islands which continue to act as 360 

nucleation sites (floating catalyst mechanism) of carbon. Hence the length of the tubes can be 361 

controlled by varying the CVD deposition time. Accordingly, optimized deposition time of 30 362 

minutes was used to obtain the vertically aligned tubes 120 micron in length. The hypothesis is 363 

that the prolific length of the CNTs would help create a very good 3-D architecture which when 364 

covered with a thin layer of the oxide would maximize the volumetric loading while at the same 365 

time ensuring that a very thick film does not cover the entire surface of the carbon nanotubes 366 

impeding electronic transport within the oxide itself.  367 
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368 

  369 

Figure 3b shows the SEM image of titanium doped vanadium oxide (VOx:Ti) coating on the 370 

vertically aligned CNTs deposited by chemical vapor deposition using the pre-mixed chloride 371 

precursors and water which were aspirated using the CVD system described in Figure 2b. 372 

Deposition of the doped oxide using the pre-mixed chloride precursors and water aspirated in the 373 

CVD system was carried out for 20 minutes ensuring that the oxide is coated on the VACNTs in 374 

the form of a contiguous film consisting of a number of nanometer sized globules.  Figure 4 375 

shows the bright field high resolution transmission electron microscopy (HRTEM) image of 376 

VOx:Ti-VACNT hybrid composite scrapped off the nickel substrate. The image confirms that the 377 

VOx:Ti is deposited over the VACNTs in the form of a semi-contiguous film consisting of ~250 378 
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nm diameter amorphous globules evident by the lack of visible lattice fringes in the oxide 379 

particle seen in Figure 4.  380 

    381 

 382 

Figure 3: Scanning Electron Microscope image of (a) CVD derived Vertically Aligned Carbon 383 

nanotubes coated with titanium doped vanadium oxide showing forest of vertically aligned 384 

carbon nanotubes, and (b) Nanoparticulate titanium-doped vanadium oxide coated on the carbon 385 

nanotubes grown by chemical vapor deposition. 386 

 387 
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388 

      389 

Figure 4: HRTEM images of the VOx:Ti coated on the vertically aligned carbon nanotubes 390 

(VACNTs) showing nanoparticulate size of the oxide particles grown on the carbon nanotubes. 391 

Energy dispersive x-ray analysis (EDX) was performed on the sample as shown in 392 

Figure 5 since the composition of the CVD derived VOx:Ti-VACNT could not be accurately 393 

confirmed by x-ray diffraction due to the amorphous nature of the oxide deposited on the 394 

VACNTs (Figure 4). The presence of elemental V, O and Ti in the VOx:Ti-VACNT 395 

heterostructures has been confirmed using the EDX configured to the SEM. The V and Ti ratio 396 

in the VOx:Ti-VACNT is similar to the nominal composition used and is confirmed by EDX. 397 

Nickel is also observed in the EDX which is due to the substrate on which VOx:Ti-VACNT is 398 
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synthesized. It was found that the CVD derived doped oxide-VACNT composite heterostructure 399 

had a nominal composition of V1.6Ti0.4O5-x with x ~ 0.4. The vacancy rich oxide thus formed 400 

would correspond to a high oxidation state of vanadium which has previously been identified to 401 

be essential for achieving high capacity in vanadium oxide 24, 87.  402 

 403 

Figure 5: EDX spectra of the VOx:Ti -VACNT composite heterostructures synthesized by CVD. 404 

In order to determine the chemical oxidation states of V, Ti and O in the VACNT-doped oxide 405 

composite electrode, x-ray photoelectron spectroscopy (XPS) was conducted using a Phillips 406 

PHI 5600 system. The XPS spectra of V2p and O1s peak of vanadium oxide obtained are shown 407 

in Figure 6. As shown in the figure, the binding energy of vanadium [V2p
3/2 (516.95 eV) and 408 

V2p
1/2 (524.49 eV)] is indicative of V in the oxidation state between +4 and +588, 89. Further, 409 
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reported V2p
3/2 values of vanadium oxide for the +4 oxidation state i.e. VO2 vary between 515.7 410 

and 516.5 eV, and for the +5 oxidation state i.e. V2O5 vary between 514.9 and 518.3 eV. 411 

Therefore an oxidation state of +4/+5 has been attributed to the vanadium in this study90. The 412 

binding energy of titanium [Ti2p
3/2(458.51 eV) and Ti2p

1/2(463.83 eV)] in the CVD derived 413 

VACNT-doped oxide corresponds very closely to Ti existing in the stable +4 oxidation state76. 414 

The binding energy of oxygen O1s (529.96 eV) corresponds to a high oxidation state of the metal, 415 

namely in the +4/+5 oxidation state. Both the vanadium and titanium are thus in their highest 416 

oxidation states which is conducive for achieving the observed and improved supercapacitor 417 

response reported herein. Further analysis including deconvolution of XPS peaks has not been 418 

undertaken herein since XPS results have been used only as an indicator of the presence of a 419 

mixed oxide of vanadium and titanium in the VOx:Ti -VACNT composite heterostructure. The 420 

Ti doped vanadium oxide coated on the VACNTs synthesized by the CVD approach exhibits V 421 

displaying a mixture of high oxidation state of V5+/ V4+ similar to that of other promising oxide 422 

systems used in supercapacitors24, 87. The XPS spectrum and binding energies thus match very 423 

closely that of Ti doped vanadium oxide reported earlier 91.  424 
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425 

Figure 6: X-ray photoelectron spectrum of CVD deposited VACNT-titanium doped vanadium 426 

oxide composite heterostructure showing the peaks corresponding to the binding energies of 427 

vanadium, titanium and oxygen.  428 

Raman spectra was collected on the VOx:Ti-VACNT which is shown in Figure 7a since the x-429 

ray diffraction pattern of the titanium doped vanadium oxide could not be acquired on account of 430 

the amorphous nature of the oxide grown on the VACNTs. The D, G and G’ bands are observed 431 

at 1250, 1650 and 2650 cm-1. The G/D (Ig/Id=1.16) ratio is greater than one indicating few lattice 432 

defects in the graphene layers resulting in MWCNTs with relatively high conductivity92, 93. This 433 

would also have a positive effect on the capacitance behavior of the Ti doped vanadium oxide. 434 

Figure 7a shows several peaks marked that have been identified to correspond and match closest 435 
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to those observed and reported in thin films of  V2O5
94 and those of vanadium oxide 436 

corresponding to VOx-carbon nanofibers reported previously95. Table 1 also shows the tabulated 437 

peak positions observed in Figure 7a and indicates the nature of the vibration resulting in the 438 

peaks seen in the Raman pattern of VOx:Ti-VACNT. The V bonds which are characteristic of 439 

double and multilayer structures usually observed in V2O5 appeared at 404, 528 and 996 cm−196, 
440 

97. The peak at 700 cm-1 is indicative of stretching vibration of oxygen ions in bridging position 441 

between the three vanadia centers97. The peak observed at 477 cm-1 is at a similar position to that 442 

observed in V2O5 where oxygen ions are situated between the two vanadium centers97. Titanium 443 

oxide conventionally has Raman peaks corresponding to the anatase phase at 142 cm-1 (Eg), 395 444 

cm-1(B1g), 515 cm-1 (B1g+A1g) and 636 cm-1 (A1g). Brookite (TiO2) on the other hand, usually has 445 

a strong band at 153 cm-1(Eg) and another at 320 cm-1 (B1g)
98, 99.   No Raman lines due to 446 

titanium oxide can be observed in the VOx:Ti-VACNT samples, which proves that the titanium 447 

is dispersed very well in a homogeneous manner with no observed phase separation and 448 

formation of any random individual titanium oxide clusters. It also confirms that titanium may be 449 

present in the substitutional positions in the lattice of the parent vanadium oxide. As seen in 450 

Table 1, every single peak is seen to match with that of the linkages seen in the vanadia lattice. 451 

However, the peak occurring at 830 cm-1 does not match any of the vibrations of vanadium and 452 

oxygen. Nevertheless, it matches closely with that of V-O-Ti as reported by Krykova et al.100 453 

(Ti-O-V linkage at a wavenumber of 860 cm-1 has been reported). The wavenumber of 830 cm-1 454 

also matches that of rutile TiO2 seen in TiO2 supported V2O5
101. However, none of the other 455 

vibrations of the rutile phase are present leading us to conclude that it is indeed a Ti-O-V bond 456 

rather than a secondary rutile phase. Titanium and vanadium have similar ionic radii which 457 

allows for the relative ease of doping and substitution of titanium on V sites in the vanadium 458 
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oxide lattice. Figure 7b shows the comparison of Raman spectra seen in VOx:Ti-VACNT and 459 

VOx-VACNT. It can distinctly be observed that the peak at 830 cm-1 is absent in the VOx-460 

VACNT further corroborating the hypothesis that the peak position occurs as a result of a Ti-O-461 

V vibration. 462 

Table 1: Peak positions observed in Raman spectrum of VOx:Ti-VACNT and corresponding 463 

vibrations. 464 

Wavenumber (cm
-1

) Vibration References 

145 (V2O2)n, bending 85 

197 (V2O2)n, bending 85 

284 V=O, bending 85 

304 V3-O, bending 95, 101 

404 V=O, bending 95, 101 

477 V-O-V, bending 95 

528 V3-O, stretching 95 

700 V2-O, stretching 95 

830 V-O-Ti 96, 100 

941 
Bridging V-O-V vibrational 

bands 

100-102 

992 
Symmetric stretching of V=O 

bond 

100, 101 

1250 CNT-D-band 78, 79 

1650 CNT-G-band 78, 79 
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2650 CNT-G’-band 78, 79 

 465 
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 466 

Figure 7: Raman spectra of vertically aligned CNTs coated with titanium doped vanadium oxide 467 

(VOx:Ti-VACNT) over a frequency window of 100-3000 cm-1 showing the presence of oxide 468 

and CNT peaks (a), and comparison of Raman spectra of CVD derived VOx:Ti and VOx coated 469 

on VACNTs (b). 470 

Four-probe conductivity measurements were also performed on both the thin film oxide 471 

and VACNT-supported VOx:Ti nanocomposite heterostructures. Sheet conductivity data was 472 

obtained using a Veeco- FPP 500 instrument wherein the coated Ni disks were suppressed onto 473 

standalone tips and voltage vs. current was measured. Sheet resistance data was multiplied with 474 

the thickness to obtain bulk resistivity which is reported in Table 2. The electronic conductivity 475 

of the nickel disk was found to be almost 5 orders of magnitude larger than that of either the 476 

VOx, VOx:Ti, VOx-VACNT or VOx:Ti-VACNT composites indicating that the four-probe 477 
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conductivity data does not bear any artifact arising from the current collector. The conductivity 478 

values fall within the range of resistivities reported (101and 104 Ω-cm36, 103) in the literature for 479 

various oxidation states of vanadium at room temperature. As expected, the electronic 480 

conductivity of the VACNT supported VOx and VOx:Ti is much higher than that of the 481 

respective thin film undoped and Ti doped vanadium oxides. The vertically aligned support 482 

structure provided by the VACNTs clearly allows for a thin film of oxide to be supported by 483 

highly conductive CNTs resulting in more effective transport of electrons through the CNT 484 

channels reflected in the improved electronic conductivity. The Ti-doped VOx supported on 485 

VACNT clearly demonstrates the combined benefits of doping as well as the CNT architecture 486 

together adding to the improved electronic conductivities even better by more than order of 487 

magnitude compared to undoped VOx supported on VACNTs as seen in Table 2. 488 

The deposition of oxide film on CNTs therefore leads to conductivities similar to those of 489 

vanadium oxide nanowires reported previously104. In addition, the electronic conductivity of the 490 

VOx:Ti-VACNT can be seen to be almost one order higher than that of the VOx-VACNT as 491 

mentioned above. Moreover, titanium and vanadium have similar ionic radii which allows for the 492 

relative ease of doping of titanium into the vanadium oxide lattice. Vanadium doping of titanium 493 

oxide has also previously been proposed to result in increased electronic conductivity100, 105. The 494 

doping of titanium oxide with vanadium substantially changes its properties; i.e., the life time of 495 

charge carriers increases106 resulting in increased electronic conductivity. It is expected that a 496 

similar phenomenon would be reflected to occur in the case of titanium doped vanadium oxide as 497 

well. Vanadium oxide is a well-known n-type semiconductor 107. The presence of oxygen 498 

vacancies as observed in the EDX data would also contribute to increased electronic 499 

conductivity.  500 
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It is believed the doping of titanium into the vanadium oxide lattice would result in a vacancy 501 

mechanism as proposed in Equation ii. 502 

1.6������� + 0.4�������� + 4.6���	��� = 1.6��
∗ + 0.4���

� +	4.6��
∗ + 0.2⎕�

.. + 8���	��� +503 

	0.6�����	        (ii) 504 

The above proposed mechanism would result in an excess of n-type carriers further increasing 505 

the electronic conductivity of vanadium oxide. Furthermore, the doping of titanium into the 506 

vanadium oxide lattice also results in a shift of the d-band towards a more metallic state resulting 507 

in a further increase in electronic conductivity. This is reflected in Table 2, wherein both the 508 

VOx: Ti-VACNT and VOx-Ti have superior electronic conductivity of more than an order of 509 

magnitude in comparison to their undoped counterparts. This increase in electronic conductivity 510 

by doping with titanium would thus lead to enhanced inherent oxide electron transport and hence 511 

enhanced supercapacitor performance.  512 

 513 

Table 2: Electronic conductivity data of various titanium doped vanadium oxide and undoped 514 

vanadium oxide and oxide-CNT composite electrodes. 515 

Material Resistivity (Ω-cm) 

VOx:Ti-VACNT 0.0182 

VOx-VACNT 0.46 

VOx:Ti 0.9 

VOx 7.5 
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Nickel current collector 9.3 *10-6 

 516 

The marked improvement in electronic conductivity by serendipitous introduction of 517 

oxygen vacancies and Ti into the V2O5 oxide can be clearly demonstrated using first-principles 518 

computational approaches implemented for calculations of the electronic structure of the pure 519 

and doped vanadium oxide. Changes in the electronic structure of vanadium oxide with the 520 

introduction of oxygen vacancies and Ti-atoms in the oxide lattice results in substantial 521 

enhancement in the electronic conductivity of the material. For calculations of the total energy, 522 

density of electronic states and the cohesive energy (Ecoh reflecting overall mechanical and 523 

chemical stability), the Vienna Ab-initio Simulation Package (VASP) based on the projector-524 

augmented wave (PAW) formalism108-110 within the generalized gradient approximation (GGA), 525 

for conducting the exchange-correlation corrections proposed by Perdew et al.
111

, has been used 526 

in the present study. A plane-wave basis set with a cutoff energy of 520 eV and 184 k-points in 527 

the irreducible part of the Brillouin zone have been used to achieve an accuracy in the total 528 

energy of ~10-2 eV per formula unit, which is sufficient for a confident evaluation of the 529 

electronic structure, the cohesive energy and comparison of the results with corresponding 530 

experimental data. 531 

 V2O5 adopts an orthorhombic crystal structure with a space group D2h
13 - Pmmn (#59) 532 

with two formula units in the elementary unit cell. All structural parameters along with internal 533 

atomic Wyckoff positions are summarized in Table 3 taken from the published report112. It 534 

should be noted, that there are three non-equivalent oxygen positions in the unit cell designated 535 

as bridge (Ob), vanadyl (Ov), and chain (Oc) oxygen sites. 536 
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Table 3: Crystal structure of V2O5
112 537 

Lattice 
constants (Å) 

 a = 11.512 Å b = 3.564 Å c = 4.368 Å 

Atoms 
Wyckoff 
positions x y z 

Ob (2a) 0.0 0.0 0.001 
Ov (4f) 0.8543 0.0 0.531 
Oc (4f) 0.6811 0.0 0.003 
V (4f) 0.85118 0.0 0.8917 

 538 

 To simulate the experimentally studied materials, the following compounds have been 539 

constructed within one elementary unit cell containing 4 V and 10 O atoms: pure V2O5, V2O4.5 540 

with one oxygen atom missing, and V1.5Ti0.5O4.5 with one oxygen atom missing, and one V atom 541 

replaced for Ti. Such compositions although not exactly matching the actual experimentally 542 

generated systems, nevertheless could be very close approximations of the materials discussed in 543 

the present study: V2O4.6 and V1.6Ti0.4O4.6. For V2O4.5 one vanadyl (Ov) atom has been removed 544 

to generate controlled defects, since previously there was shown in the computational study113 545 

that vanadyl vacancy at the Ov site is the most favored among all other possible sites in the 546 

vanadium pentoxide. Also, for Ti-doped V2O4.5 a vanadium atom next to the vanadyl vacancy 547 

has been replaced to create the Ti substitution. All the considered structures were fully relaxed 548 

with respect to change in volume, shape, and ion positions within a certain unit cell during the 549 

self-consistent energy minimization. 550 

 The total density of electronic states calculated for pure V2O5, V2O4.5 and V1.5Ti0.5O4.5 are 551 

shown in Figure 8 with the Fermi level EF set for zero. One can see that V2O5 (Figure 8a) is a 552 

semiconductor with a forbidden energy gap between the valence and conduction zones. The 553 

valence band consists primarily of strongly hybridized oxygen 2p- and vanadium 3d- electronic 554 
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states with chiefly oxygen 2p-states, while the conduction band mainly consists of the vanadium 555 

3d-states. This electronic structure correlates very well with results obtained in other theoretical 556 

studies previously published113-115. Our studies involving V2O4.5 and V1.5Ti0.5O4.5 are unique 557 

however and provide new insight into the behavior of such doped structures. An internal analysis 558 

of the electronic structure showed that the valence band consisting primarily of O 2p states 559 

demonstrates a pronounced bonding character, while the conduction band comprises the anti-560 

bonding states which was also noted in the work by Eyert et al.114. 561 

Figure 8b shows the total density of electronic states of V2O4.5. Since, one oxygen atom 562 

is missing, formally two vanadium 3d-electrons become free (unbounded) and thus fill the 563 

bottom of the previously empty conduction zone with these corresponding two electrons indeed 564 

rendering the material metallic. This phenomenon correlates well with results on the conductivity 565 

obtained in present study for V2O4.6 and discussed earlier. 566 

Figure 8c demonstrates the total density of states for V1.5Ti0.5O4.5. One can see that in 567 

general, the electronic structure is very similar to the previous case of V2O4.5 containing the 568 

oxygen vacancy with the only difference that now there is one Ti atom substituting in place of a 569 

V. Comparing these two cases it can be noted that although one oxygen vacancy releases two 570 

vanadium electrons in the unit cell, the introduction of a Ti atom bears one electron less than that 571 

of V, therefore contributing to only one electron per unit cell capable of conducting the electric 572 

charge through the material. Thus, V1.5Ti0.5O4.5 still remains electronically conductive. 573 
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 574 

Figure 8: Total density of electronic states calculated for pure V2O5, V2O4.5 and V1.5Ti0.5O4.5. 575 

 576 

The metallic conductivity is usually proportional to the density of states at the Fermi level 577 

n(EF) and hence it provides an opportunity to qualitatively evaluate the electronic conductivity of 578 

V2O4.5 and V1.5Ti0.5O4.5 oxides. For these purposes Table 4 collects n(EF) for these materials 579 

showing that n(EF) calculated for V2O4.5 is lower than that corresponding to V1.5Ti0.5O4.5. The 580 
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presence of Ti 3d-states increased to some extent the total density of states in the vicinity of the 581 

Fermi level thus rendering the material more electronically conductive than just the defective 582 

V2O4.5 oxide. This result is well confirmed by previously discussed experimental data 583 

summarized in Table 2. 584 

Table 4: Comparison of density of states at Fermi energy level and cohesive energy between 585 

pure V2O5, vacancy-rich V2O5 and titanium doped vanadium oxide 586 

Materials n(EF), (el./(eV f.un.) Ecoh (eV/f.un.) 

V2O5 0 (band gap) -42.17 

V2O4.5 11.5 -39.05 

V1.5Ti0.5O4.5 15.5 -39.54 

 587 

 It should be noted that in this study the theoretical first principles analysis was used to 588 

explain the underlying phenomena resulting in superior electrical conductivity of the doped 589 

oxide materials. Although the first principles studies were performed on crystalline materials and 590 

not on the experimentally observed amorphous state though similar in composition, the results 591 

can nevertheless be considered as a qualitative representation of the behavior of amorphous 592 

materials corresponding to similar compositions. Amorphous materials as is known can be 593 

considered to be domains of short range periodicity not extending itself into the meso-scale state. 594 

Thus it can be hypothesized that the behavior of the larger body consisting of an infinite number 595 

of such domains would to some extent parallel the behavior of the domain itself. Though such a 596 

consideration is not perfect in the conventional and ideal sense, the experimental evidence 597 

nevertheless (Table 2) herein parallels the trends in electronic conductivity (Table 4), hence 598 

justifying the assumption to be valid at least for the case applicable to the present system.  599 
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Further, as mentioned above, the material should demonstrate high stability in the voltage of 600 

interest. For these purposes the cohesive energy Ecoh can be considered a measure of an overall 601 

structural and chemical stability of the material. A higher Ecoh would therefore imply that more 602 

energy is required to break the primary chemical bonds of the compound during chemical 603 

reaction. Thus, the cohesive energies of all three compounds considered in the present theoretical 604 

study have been calculated and summarized in Table 4.  605 

 From Table 4 it can be construed that pure V2O5 is the most stable material in 606 

comparison with both the doped and defective oxides. It is therefore expected that the defective 607 

oxide with oxygen vacancies V2O4.5 would be less stable due to filling up of the anti-bonding 608 

electronic states in the conduction band above the band gap and also because of lowering the 609 

total number of V-O bonds in comparison with non-defective V2O5. Thus, presence of O-610 

vacancies decreases the overall stability of the material to some extent. The situation albeit 611 

improves with the introduction of the Ti-doping. Because Ti-O bonds are stronger than V-O (668 612 

kJ/mol vs. 637 kJ/mol bond strength in Ti-O and V-O diatomic molecules, respectively116) the 613 

overall stability of the Ti-doped vanadium oxide is higher than the undoped oxide.  614 

Thus, in terms of the electronic conductivity and the overall stability the present 615 

theoretical study showcases V1.5Ti0.5O4.5 as a promising super-capacitor material with excellent 616 

electrochemical properties. To the best of our knowledge, no theoretical studies exist correlating 617 

the effect of vacancies on the electronic structure of vanadium oxide and titanium oxide for 618 

supercapacitor applications. Based on the insight provided by this novel ab-initio study, we 619 

expect V1.5Ti0.5O4.5 to be an excellent candidate for supercapacitor applications. 620 

 621 
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 623 
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 625 
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 626 

Figure 9: (a) Cyclic voltammograms of the VOx:Ti-VACNT heterostructures at different scan 627 

rates, (b) Cyclic voltammograms of the VOx:Ti-VACNT at 2mV/sec showing anodic and 628 

cathodic peaks for the reversible pseudocapacitive reactions, (c) Variation of capacitance with 629 

respect to scan rate for VOx:Ti-VACNT , VOx-VACNT and thin film VOx-Ti (oxide 630 

loading=0.55 mg/cm2, Oxide-VACNT active material loading=1.1 mg/cm2)  (d) Cycling data 631 

showing capacitance as a function of cycle number conducted at a scan rate of 100mV/sec, and 632 

(e) Ragone plot (power density vs. energy density) for VOx:Ti-VACNT. 633 

 634 

Figures 9a shows the cyclic voltammograms of the VOx:Ti-VACNT at different scan rates 635 

ranging from 200mV/sec to 2mV/sec. The change in slopes of the I-V curves clearly shows the 636 

expected effects of scan rate. As the scan rate increases, the current response on scanning 637 

potential undergoes a transition from a flat capacitor type behavior to a resistor-like dependence 638 

as is common for most pseudocapacitor materials. The fade in capacitance with increase in scan 639 

rate is a phenomenon observed in all typical supercapacitor materials as described by Conway et. 640 
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al6. This is caused by the change in characteristic of the interface from that of a double layer 641 

capacitor to a typical resistor due to the inherent limitations and complexities of charge transfer 642 

and electron mobility dynamics.  643 

It is well known that capacitance changes with scan rate, and is indeed a factor inherently 644 

dependent on the specific materials’ characteristics. A similar characteristic in Faradaic reactions 645 

is the kinetic rate constant (ko) which is a material property in a given electrode/electrolyte 646 

assembly. Pseudocapacitance reactions involving charge transfer by tunneling across the 647 

electrochemical interface have an inherent rate constant depending on the various species 648 

involved in the charge transfer which could be limiting in the case of the doped oxide coated on 649 

the CNTs. It is observed that even though the carbon nanotubes have a vertical alignment, the 650 

nature of the tethering of the oxide film on the carbon nanotubes needs to be improved to achieve 651 

better rate capability. Optimization of the system to improve the tethering of the doped 652 

oxide/VACNT and the CNT inherent conductivity would ideally increase both the initial 653 

capacitance as well as the rate capability, two of the most desired signatures characterizing the 654 

efficacy of a capacitor system. Such optimization studies are currently ongoing and will be 655 

reported in a forthcoming publication. 656 

Figure 9b shows the slow scan rate cyclic voltammogram of the VOx:Ti-VACNT 657 

composite electrode. Since voltammetry was performed at a slow rate, the Faradaic 658 

pseudocapacitance processes are hence not rate limited and distinct peaks occur corresponding to 659 

each Faradaic process is clearly visible. Reversible Faradaic peaks are observed at ~0.48V, 660 

0.17V and 0.07V (vs. Ag/AgCl) on the positive scan and ~0.40V, 0.09V and -0.28V (vs. 661 

Ag/AgCl) on the negative scan in the VOx:Ti-VACNT composite (see Figure 9b and Table 5). 662 

Table 5 also shows tabulated the possible potential dependent pseudocapacitance type reactions 663 
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present at these potentials corresponding to a reversible transition of oxidation state of vanadium 664 

from +5 to +3, the most commonly observed in aqueous systems at the slightly alkaline pH 665 

(~8.5) occurring in a 1M Na2SO4 solution117, 118. In addition, the onset of water electrolysis is 666 

seen to occur at approximately, -0.75V (vs. Ag/AgCl) in Figure 9b at a low scan rate of 2 mV/s. 667 

This however is not observed at higher scan rates indicating that the kinetics of electrolysis are 668 

very sluggish on the VOx:Ti-VACNT composite heterostructure electrodes, despite the improved 669 

electronic conductivity indicated in Table 2. We can therefore use this material over an extended 670 

window of ~1.8V with minimal or no electrolyte loss caused due to water electrolysis.  671 

It should also be noted that in titanium oxide, the electronic state transition of Ti from +4 672 

to +3 occurs generally around at ~-0.6V (vs. Ag/AgCl) at pH ~ 8.577, 78. However, we can see 673 

that these transitions are not observed (see Figure 9a and 9b) indicating that the titanium is 674 

completely doped into the VOx lattice forming a solid solution with and no phase separation or 675 

secondary oxide formation. This further complements the Raman results confirming the Ti 676 

doping in the VOx lattice.  677 

Table 5: Faradaic charge transfer processes observed in the titanium doped vanadium oxide-678 

VACNT composite electrode 679 

Anodic scan 

peak potential 

(vs. Ag/AgCl) 

Cathodic scan 

peak potential 

(vs. Ag/AgCl) 

Possible reaction mechanism 

~0.4839V ~0.3997V 
3V2O5 (s)  +  2H2O  +  4e-   ↔   V6O13 (s)  +  4OH- 

E  =  0.8425  –  0.0591×pH   (Volts vs. SHE) 
E   =  0.1302 (Volts vs. Ag/AgCl (3M KCl))     

~0.1669V ~0.0922V 

 
V6O13 (s)  +  H2O  +  2e-   ↔   3V2O4 (s)  +  2OH- 

E  =  0.4352  –  0.0591×pH   (Volts vs. SHE) 
E   =  -  0.2768 (Volts vs. Ag/AgCl (3M KCl)) 
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~0.074V ~-0.276V 

 
3V2O4 (s)  +  2H2O  +  4e-   ↔   2V3O5 (s)  +  4OH- 

E  =  0.3901  –  0.0591×pH   (Volts vs. SHE) 
E   =  -  0.3222  (Volts vs. Ag/AgCl (3M KCl))         

 
 680 

The variation of the capacitance of VOx:Ti-VACNT, VOx-VACNT and VOx:Ti on Ni 681 

substrate with respect to scan rate is plotted in Figure 9c (oxide loading~0.55 mg/cm2, oxide-682 

VACNT loading~1.1 mg/cm2) in addition to that of plain VACNT electrodes (used as a control). 683 

It should be noted that the capacitances of ~315 F/g (~157 mAh/g) shown in Figure 9c on the 684 

basis of the total active material loading (~1.1 mg/cm2) (not just vanadium oxide loading) has 685 

been observed at a scan rate of 2 mV/s in the VOx:Ti-VACNT nanocomposite material with 686 

excellent capacitance retention at higher rates. It can be seen that the VACNT electrode used as a 687 

control has a very low capacitance of ~45 F/g which drops with scan rate indicating that a very 688 

small part of the overall charge storage arises on account of the carbon nanotubes itself which is 689 

to be expected given that very small part of the CNTs are actually exposed to the electrolyte on 690 

account of being covered with the VOx:Ti. The drop in capacitance with scan rate is due to the 691 

effect of the resistance/capacitance behavior previously described. Also, VOx:Ti-VACNT has a 692 

higher capacitance not only at low scan rates but also at higher scan rates compared to VOx: Ti 693 

thin film. In addition to capacitance, we have reported capacity in mAh/g for the various 694 

electrodes in Figure 9c. Vanadium oxide materials have previously been explored as charge 695 

storage electrodes in aqueous solutions in the form of aqueous batteries110, 114. However, it 696 

should be noted that the capacity obtained herein is almost twice that of previous studies wherein 697 

capacities of ~60-70 mAh/g have been reported with the electrode capacity rapidly fading to ~22 698 
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mAh/g over just a few cycles119.  The areal capacitance for the VOx:Ti-VACNT is between 350 699 

mFcm-2 and 30 mFcm-2 (see Figure 10) which is superior to that reported for other 700 

supercapacitor materials at similar scan rates120, 121. The performance of supercapacitor materials 701 

at high rates is most-often limited by the electronic conductivity of the material. The presence of 702 

VACNTs as a support structure for the oxide leads to unidirectional electron transfer through the 703 

VACNTs122 which then travel through the semi-contiguous film and interact at the oxide-704 

electrolyte interface where the charge is stored. This allows for maximum CNT-oxide electron 705 

transport while minimizing electron transport through the VOx grain boundaries which act as a 706 

barrier to electron transport. The present morphology also leads to increased surface exposure of 707 

the oxide to the electrolyte i.e. maximizing the electrochemical surface area and affording 708 

maximum exploitation of the capacitance behavior.  709 

Page 44 of 64Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 - 45 - 

 710 

Figure 10: Variation of areal capacitance with respect to scan rate for VOx:Ti-VACNT , VOx-711 

VACNT and thin film VOx-Ti (oxide loading=0.55 mg/cm2, Oxide-VACNT active material 712 

loading=1.1 mg/cm2) 713 

The cycling stability of the VOx:Ti-VACNT supercapacitor material to retain charge over 714 

400 cycles at a scan rate of 100mV/sec is shown in Figure 9d. Previous studies of vanadium 715 

oxide electrodes in aqueous electrolytes for charge storage have seldom yielded such superior 716 

electrochemical stability119, 123.It can be observed that the areal capacitance increases initially 717 

stabilizing at a value of ~31 mF/cm2. This excellent cyclability can be attributed to the reversible 718 

nature of the surface pseudocapacitance reactions of the oxide (see Table 5). The slight initial 719 

increase in capacity is possibly a result of the gradual improvement in wetting of the VOx:Ti-720 
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VACNT composite with the electrolyte. No significant difference is seen in the cycling behavior 721 

of VOx-VACNT (previously reported by us17) and VOx:Ti-VACNT reported herein indicating 722 

that both structures are stable in the electrolyte over the chosen voltage window. The oxidation 723 

state of the CVD deposited vanadium oxide is ~4.6 consisting predominantly of a +4/+5 oxide. 724 

According to the potential-pH diagram, at the pH of ~8.5, vanadium oxide has stable insoluble 725 

phases between the potentials of ~0.5 V and -1 V wrt Ag/AgCl117. Above 0.5 V, the higher 726 

oxidation state oxide is considered soluble to form H2VO4
- at a neutral pH. This should be 727 

reflected as a loss in capacity with cycling. However, the onset potential of the electrochemical 728 

reactions is kinetically limited and is known to vary with particle size and the ensuing 729 

microstructure124. The Ti doped oxide is amorphous in the present work and most amorphous 730 

materials will be expected to exhibit lower stability compared to the crystalline counterpart due 731 

to the higher reactivity and defective state. However, the stronger Ti-O bonds and the overall 732 

higher cohesive energies for the crystalline counterpart translated to the amorphous state could 733 

likely contribute to the better stability of the system. Hence it is believed that the amorphous 734 

nature of the oxide nanoparticles supported on the vertically aligned carbon nanotubes could 735 

offset the onset of such dissolution resulting in the observed very stable performance of the oxide 736 

in aqueous Na2SO4 shown in Figure 9d. It is also possible that the kinetics of the dissolution 737 

reaction might be sluggish and such a fade in capacity would probably be observed if the 738 

material were cycled over several thousands of cycles which was not conducted in the present 739 

study since the objective was to demonstrate the performance of the doped system supported on 740 

VACNTs rather than demonstrate optimization of the system which will be part of the continued 741 

study that will be reported in subsequent publications. No post-cycling solution analysis was 742 

performed since significant fade was not observed over 500 cycles as seen in Figure 9d.  743 
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The synergistic effect of the carbon nanotube-vanadium oxide junction has previously 744 

been studied for gas-sensing purposes 95, 125, 126. It has been suggested that a p-n junction type 745 

interaction between the VOx and the CNT leads to increased catalytic response of the oxide 746 

while the multi walled CNTs, which acts as a p-type semiconductor facilitates the fast electron 747 

channels. A similar p-n type interaction can be expected to be observed in VOx:Ti-VACNT 748 

composite as it is known that VOx:Ti tends to exhibit predominantly n-type carrier behavior. All 749 

these factors are reflected in the improved electronic conductivity (see Table 2) contributing to 750 

achieving the improved rate capability, excellent supercapacitor response and cycling stability as 751 

seen in Figure 9c and 9d.  Improved charge storage behavior may also be attributed to 752 

electronic sensitization of the doped oxide by this effect as commonly observed in doped oxides 753 

used for gas sensing applications127. 754 

It is common knowledge that thick films of nanoparticulate oxides especially amorphous 755 

oxides would be non-ideal configurations to obtain high capacitances on account of the low 756 

inherent electronic conductivity, grain boundary diffusion and exposed surface area. On the other 757 

hand, the use of a relatively thin film on a supported structure affords the benefits of high surface 758 

area, small particle size and direct contact of grains with the highly conductive carbon nanotube 759 

surface. This accessible capacitance of vanadium oxide is very much limited when the electrode 760 

is cast as a thick film. However, thin film titanium vanadium oxide has a high capacitance when 761 

supported on VACNTs as demonstrated in Figure 9c. The VACNTs act as a 3-dimensional 762 

electronically conductive support resulting in enhanced electrochemical surface area reflected 763 

both in the improved performance and rate capability of the VOx:Ti-VACNT heterostructure 764 

composite. The overall capacitance reported in this manuscript is however lower than that 765 

reported in LiCl based systems by Hu et al.26, as there is no intercalation mechanism involved in 766 
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tandem with the pseudocapacitance processes combined with double layer charge storage seen in 767 

the present VOx:Ti-VACNT composite. Evaluation of VOx:Ti-VACNT and other doped 768 

vanadium oxide systems is ongoing in intercalation based electrolytes and it is expected that 769 

higher energy density can be obtained using this system. The unique synthesis method, 770 

composition, morphology, electrode/electrolyte combination and an in-depth electrochemical 771 

characterization provided in this detailed study are original contributions enhancing the 772 

understanding of supercapacitor behavior in early transition metal oxide systems to the best of 773 

the understanding known from the published literature to date.  774 

The above-stated improvements in the VOx:Ti-VACNT are reflected as the excellent 775 

supercapacitor performance seen in the Ragone plot (Figure 9e). The Ragone plot is 776 

conventionally used to represent the variation of energy density as a function of power density. 777 

An ideal device would maintain its energy density upon increasing power density. However, this 778 

is not very commonly observed as higher power densities indicate a greater diversion from 779 

equilibrium resulting in an L-shaped curve commonly seen showing higher power densities with 780 

low energy density and corresponding decrease in power densities with increasing energy 781 

density. In the case of the VOx:Ti-VACNT high energy densities are sustained by the system 782 

with increasing power density although there is also observed a fade in energy density with rise 783 

in power density. The highest energy density of ~25 Wh/kg was obtained at a power density of 784 

~100 W/kg. This is comparable to noble metal oxide (~25 Wh/kg) and very thin film based oxide 785 

(~30 Wh/kg) supercapacitor electrodes128-130 and superior to other oxide materials(10-20 Wh/kg) 786 

representing the novelty of the work conducted in this study131.  787 

 788 
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 791 

Figure 11: (a) Galvanostatic charge-discharge profiles of the VOx:Ti-VACNT material (oxide 792 

loading=0.55 mg/cm2, Oxide-VACNT active material loading=1.1 mg/cm2) at different current 793 

densities (b) Capacitance dependence of the VOx:Ti-VACNT material on current density 794 

calculated from the charge-discharge profiles in (a) (c) Ragone plot (power density vs. energy 795 

density) for VOx:Ti-VACNT calculated from the galvanostatic charge-discharge profiles.  796 

 797 

Galvanostatic charge-discharge was performed on the most optimal material i.e. VOx:Ti-798 

VACNT in order to simulate the more practical commercial conditions and to examine the 799 

performance under high load. Figure 11a depicts the characteristic charge-discharge curves at 800 

different current densities. The material exhibits pseudocapacitor type behavior with very slight 801 
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shoulders at the potentials corresponding to the Faradaic reactions described in Table 5.  It 802 

should be noted herein that the charge-discharge experiments were perfomed over a voltage 803 

window of -0.5 V to 1 V with respect to Ag/AgCl reference electrode. This was because onset of 804 

hydrogen evolution was found to occur at various potentials beyond ~-0.6 V depending on the 805 

current density. This was to be expected given that the window for water electrolysis is normally 806 

at 1.2 V. However, a stable reproducible charge-discharge behavior was observed over 1.5 V 807 

with no onset of electrolysis indicating that this material can be used over such an extended 808 

voltage window on account of the sluggish kinetics of electrolysis occurring on this material 809 

described earlier (Figure 9b).  Figure 11b depicts the capacitance calculated from the charge-810 

discharge profiles shown in Figure 11a as a function of current density. It can be seen that the 811 

VOx:Ti-VACNT material exhibits high capacitance values of ~250 F/g at low scan rates which is 812 

retained very well even at higher scan rates. Capacitances of ~125 F/g are observed at very high 813 

current densities of ~6 A/g demonstrating the superior charge storage characteristics of the 814 

material as a result of the improved electronic conductivity and improved Faradaic reaction 815 

kinetics yielded by doping of the oxide as well as coating on the vertically aligned carbon 816 

nanotubes. The Ragone plot obtained from the galvanostatic charge-discharge data has been 817 

plotted in Figure 11c. Excellent energy densities of ~11 Wh/kg are retained at very high power 818 

densities of ~4.5 kW/kg, a demonstration of the excellent charge storage characteristics of the 819 

doped VOx:Ti-VACNT material.  820 

In order to further establish the advantages yielded by the CVD deposition of VOx:Ti on 821 

VACNTs, electrochemical impedance spectroscopy (EIS) analysis was conducted on the 822 

nanospheres as well as the doped oxide film and charge transfer characteristics were accordingly 823 

compared. Figures 12a and 12b show the Nyquist plots of the VOx:Ti -VACNT hybrid and the 824 
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VOx:Ti thin film oxide, respectively at different voltages over the window of interest. It can be 825 

directly observed that the impedance behavior of both materials is different especially at voltages 826 

close to the regions of the Faradaic peaks observed at ~0.48 V, 0.17 V and 0.07 V on the anodic 827 

scan and ~0.40 V, 0.09 V and -0.28 V in the cyclic voltammograms (see Figure 9b). At these 828 

potentials corresponding to the Faradaic charge transfer reactions, it can be seen upon comparing 829 

the response of VOx:Ti and VOx:Ti-VACNT composite that the thin film oxide has a much 830 

larger charge transfer resistance. This is inferred from the large semi-circular arcs seen in Figure 831 

12b as compared to Figure 12a where one can see the Warburg tail being more prominent in 832 

Figure 9a as compared to the relatively much smaller semi-circular arcs (oxide loading~0.55 833 

mg/cm2, oxide-VACNT loading~1.1 mg/cm2). The large semi-circular arcs in a Nyquist plot are 834 

indicative of high charge transfer resistance which would result in the reduced Faradaic response 835 

in VOx:Ti thin film oxide at higher scan rates as seen in Figure 9c. Pseudocapacitance 836 

performance which is usually prevalent in the 103 to 104 Hz region on account of the electrode 837 

kinetic rate limitations5 is much more prominent in the VOx:Ti-VACNT as compared to the 838 

VOx:Ti.  839 
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Figure 12: (a) Impedance behavior of VOx:Ti-VACNT (oxide loading~0.55 mg/cm2, oxide-842 

VACNT loading~1.1 mg/cm2) and (b) VOx:Ti. 843 

Equivalent Circuit modeling was performed using the Z-view software to obtain charge-844 

transfer parameters of the titanium doped vanadium oxide thin film and titanium doped 845 

vanadium oxide-VACNT composite electrodes. An under-potential deposition mechanism 846 

described by Conway et. al.5, 6 was used to model the pseudocapacitance reactions at both sets of 847 

electrodes.  The mechanism considers both double layer capacitance (usually modeled as a 848 

capacitor (Cdl) in parallel with a resistor (RF)) and pseudocapacitance arising from surface 849 

reactions (Cp) on the electrode of interest. In addition, an electrochemical series resistance (Rs) 850 

common to all electrochemical systems is also considered. However, in porous electrode 851 

systems, the capacitor elements are usually modeled as constant phase elements7, 132. Constant 852 

phase elements (CPE) are usually used to fit data having depressed semi-circular arcs on account 853 

of electrode porosity and roughness which leads to fractal character and inhomogeneity in 854 

response on account of presence of different crystallographic reaction sites. On account of such 855 

behavior noticeable in Figures 12a and 12b, we have used constant phase elements, CPE-dl and 856 

CPE-p to fit our data. The values of various charge transfer parameters obtained by fitting have 857 

been summarized in Table 6.  858 

Table 6: Charge-transfer properties of the CVD derived titanium doped vanadium oxide 859 

materials. 860 

Voltage 

Series 
Resistance 
(Rs)-Ωcm2 

Double layer Constant Phase Element 
(CPE-dl) 

Pseudocapacitance Constant phase 
element (CPE-F) 

Faradaic resistance 
(RF)-Ωcm2 

Ti-V 
oxid

e-

Ti-V 
oxide 
thin 

Ti-V oxide-
VACNT 

composite 
Ti-V oxide thin film 

Ti-V oxide-
VACNT 

composite 
Ti-V oxide thin film 

Ti-V 
oxide-

VACNT 

Ti-V 
oxide 

thin film 
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 861 

It can be seen that the series resistance (Rs) is fairly constant in both systems and varies 862 

between 2 and 3 Ωcm2 which is common in carbon based systems133. The most notable 863 

difference in behavior between VOx:Ti and the VOx:Ti-VACNT composite is the charge transfer 864 

resistance RF. RF values are reduced by up to an order on account of the presence of VACNTs. 865 

This can also be seen in Figure 12a where the oxide nanosphere-VACNT heterostructure based 866 

material has an almost 90 degree slope at low frequencies as compared to large semi-circles 867 

indicating high RF values seen in Figure 12b 134. RF is the charge transfer resistance for electron 868 

tunneling from the electrode to the electrolyte i.e. the Faradaic pseudocapacitance process. RF 869 

can usually be correlated with exchanged current density through the expression5: 870 

 RF (in ohms) = 
#$

%&'
  iii) 871 

 where 872 

 R= Gas constant (J/mol-K) 873 

 T= Temperature (in Kelvin) 874 

 i0= Exchange current density (in Amperes) 875 

 F= Faraday constant (Coulomb/mol) 876 

VAC
NT 
com
posit

e 

film 

T*104 φ T*104 φ T*104 Φ T*104 Φ 

composit
e 

-0.2 2.46 1.67 6.14 0.86 4.22 0.60 23.37 0.71 0.24 0.98 0.86 9.68 

0.1 2.51 1.7 3 0.98 0.04 0.96 19 0.77 1.17 0.72 0.94 1.06 

0.2 2.51 1.69 6 0.90 0.05 0.94 16 0.77 1.01 0.73 1.44 1.09 

0.5 2.46 2.01 23 0.74 0.57 0.84 56.95 0.71 1.11 0.75 24.06 37.83 
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RF as defined in Equation iii is the Faradaic charge-transfer resistance at reversible 877 

potential. A decrease in charge-transfer resistance thus indicates an increase in exchange current 878 

density resulting in increased rates of the Faradaic reactions. The value of RF as defined in 879 

Equation iii is limited to the reversible potential of the particular reaction. Therefore, in addition 880 

to the above conclusion, one can understand that the Faradaic leakage current density and thus 881 

Faradaic charge-transfer resistance are overvoltage dependent5. The dependence of RF on voltage 882 

can be seen in Table 7. Table 7 compares the charge transfer resistance of the VOx:Ti-VACNT 883 

with that of VOx:Ti at different voltages and also to that of undoped VOx thin film material 884 

prepared using a similar approach reported earlier17. The charge transfer resistance of VOx:Ti –885 

VACNT is less than or equal to that of VOx:Ti at all the potentials indicating that electron 886 

tunneling across the electrochemical interface is more easily activated in the case of VOx:Ti-887 

VACNT than in the case of VOx:Ti. The improvement in pseudocapacitance behavior can also 888 

be inferred by referring to the quantitative values of the constant phase elements (CPE-F) seen in 889 

Table 6. It can also be seen that there is an almost one order improvement in Faradaic charge-890 

transfer resistance upon doping VOx thin film material with titanium. The doping of titanium into 891 

the vanadium oxide lattice thus enhances not only the electronic conductivity but also the 892 

electrochemical performance to a certain extent resulting in the improved response displayed in 893 

Figure 9c. The presence of carbon nanotubes further enhances both the electronic conductivity 894 

and ease of electron transfer confirming that the VOx:Ti –VACNT is indeed an excellent 895 

supercapacitor material. 896 

Table 7: Comparison between the Faradaic charge-transfer resistance (RF) (Ωcm2) of the CVD 897 

derived VOx:Ti and VOx
17

 898 

Voltage VOx:Ti-VACNT VOx:Ti Voltage VOx 
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-0.2 
0.86 

9.68 -0.8 968.93 

0.1 
0.94 

1.06 -0.3 58.802 

0.2 
1.44 

1.09 0.2 58.197 

0.5 
24.06 

37.83 0.3 67.12 

 899 

Conclusions 900 

Hot-wall chemical vapor deposition has for the first time been used to create a unique 901 

morphology consisting of titanium doped vanadium oxide nanospheres on vertically aligned 902 

carbon nanotubes (VACNTs). Such a CVD derived VOx:Ti-VACNT heterostructured composite 903 

has been shown to exhibit excellent charge storage characteristics with capacitances of up to 313 904 

F/g achieved at a scan rate of 2 mV/s particularly in a thick oxide nanosphere film coated on the 905 

VACNTs. The doping of titanium into the vanadium oxide lattice has been shown to have a 906 

salutary effect on the electrochemical charge storage capability of vanadium oxide due to the 907 

improved electronic conductivity, an essential parameter for achieving fast electron transport and 908 

charge transfer response. Another highlight of this study is the ease of electrode fabrication. 909 

Chemical vapor deposition (CVD) is a method amenable for continuous production of electrodes 910 

in an assembly-chain configuration in contrast with chemical methods used to produce oxides 911 

which is a batch process, and in-turn also involve a second heat treatment step. Moreover, the 912 

need for slurry preparation is eliminated and binder-free electrodes are thus generated. The 913 

formation of a thick film with high loadings (upto 1.1 mg/cm2) by a chemical vapor deposition 914 

method allows for tailoring the morphology of the oxide, while also maintaining sufficient active 915 

materials resulting in high areal capacitance of upto ~350 mF/cm2. The CVD method could 916 

Page 58 of 64Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 - 59 - 

further be optimized to lead to electrodes with superior rate capability by tailoring the nature of 917 

the CNT-oxide interface by additional functionalization to attain better interface interaction and 918 

consequently, more improved electron transport. In addition, a complete survey of the titanium 919 

doped vanadium oxide capacitor behavior spectrum is in order and efforts are on to achieve the 920 

same, the results of which will be reported in subsequent manuscripts.  921 
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