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Abstract: TiO2 nanotubes anatase phase (TiO2NTs) were prepared by hydrothermal approaches followed by ion 
exchange and phase transformation process. The obtained TiO2NTs were then filled with NiFe2O4 quantum dots 
(Q.Ds) under vacuum. The obtained nanomaterials were used to study the influence of the filling process on the 
conductivity behavior in a hydrogen flow (1 L/min) at different temperatures (500-700oC). It was found that the 
electric conductivity increased by increasing the gas exposure time and the reduction temperature that illustrates the 
semiconductor behavior of the nanomaterials. Empty anatase phase TiO2NTs achieved the highest values of 
conductivity at 550 and 600oC, but at higher temperatures (650 and 700oC) the conductivity decreases by increasing 
temperature due to the destruction of tubular form. The conductivity mechanism of TiO2NTs towards H2 gas was 
discussed. Further investigation for the reduction behavior by thermogravimetric technique was carried out. The 
activation energy values were calculated to determine the rate controlling mechanism.  
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1. Introduction 

One-dimensional nanostructured TiO2 are of 
great interest for possible applications such as high 
effect solar cell (Bach et al., 1998) , photocatalysts 
(Yu et al.,2003), gas sensor(Taurino et al., 2003), 
molecular straws (Pederson and Broughton, 1992) 
and semiconductor devices. This wide rang of 
applications is due to their nanotubular structure, 
high specific surface area, ion-changeable ability and 
size-dependent properties. Currently developed 
methods of fabricating TiO2-based nanotubes 
comprise the assisted–template method (Lee et al., 
2005), the sol–gel process (Liu et al., 2008), 
electrochemical anodic oxidation (Tsuchiya et al., 
2005), and hydrothermal treatment (Thorne et al., 
2005). The hydrothermal process is suitable for large 
scale production, able to yield very low dimensional, 
well separated, crystallized nanotubes and a pure-
phase structure (Ou and Lo, 2007). On the other hand 
the synthesis and characterization of TiO2NTs or 
modified TiO2NTs are generally studied (Ghicov et 
al., 2006; Macak et al., 2007). It was reported that 
site-selective deposition of Pt nanoparticles on a 
titania nanotube (TNT) was investigated in order to 
improve the photocatalytic activity of a TNT 
(Nishijima et al., 2008). Also CdS and S6+-modified 
TiO2 nanotubes were prepared to enhance the visible 
light activity of TiO2 (Zhang et al., 2009). Recently, 
various studies showed that doping TiO2 nanotubes 
with different quantum dots (CdS, CdTe, PbS, CdSe, 
InAs etc.) could significantly enhance their visible 
light response through narrowing the band gap, and 

hence shift their absorbance to the visible region (Yu 
et al., 2006; HongMei et al., 2008; Ratanatawanate et 
al., 2008; Gao et al., 2009;Cheng et al., 2011) . The 
thermal stability of TiO2NTs was one of the essential 
criteria of their reaction with gases, where titania has 
earned much attention for its oxygen sensing 
capabilities (Rothschild et al., 2000). Furthermore 
with proper manipulation of the microstructure, 
crystalline phase and/or addition of proper impurities 
or surface functionalization titania can also be used 
as a reducing gas sensor (Savage et al., 2002). The 
interaction of a gas with a metal oxide semiconductor 
is primarily a surface phenomenon, therefore 
nanoporous metal oxides (Koch, 2003) offer the 
advantage of providing large sensing surface areas. 
The conductivity behavior of TiO2 in reducing 
atmosphere is still controversial. The conductivity in 
TiO2 nanocrystal depends on defects within the 
crystal lattice and the oxygen vacancies (Millot et al., 
1987). The defects may be point defect "oxygen 
vacancies or Ti interstitials", or two dimensional 
planer defects known as crystallographic shear planes 
(CSP) (Sorensen, 1981). The reduction process leads 
to very small loss of oxygen from rutile. This 
assumption is substantiated by experimental evidence 
since TiO2 does not undergo much weight loss upon 
reduction and the value of x in TiO(2-x) can be 
extremely small (x≤0.001). This leads to the 
formation of oxygen vacancies which act as active 
sites in which hydrogen quickly adsorbed. The two 
electrons of the oxygen vacancies are transferred to 
the conduction band of TiO2 enhancing its 
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conductivity (Khader et al., 1993). It was reported 
that in steady state conditions at 713-788K, the 
specific catalytic activity of hydrogen oxidation on 
rutile is one order of magnitude higher than that of 
anatase due to the different bond strength of the 
surface oxygen (Shimanovskaya et al., 1983). Not 
only the TiO2 phase type but also, loosing of oxygen 
and hence oxygen vacancies formation control the 
conductivity behavior of TiO2. These factors depend 
mainly on; reaction temperature, nature of reducing 
gas, the extent of reduction and the defects density 
(Khader et al., 1993). The conductivity mechanism of 
anatase phase TiO2NTs towards H2 gas was discussed 
by several researchers (Birkefeld et al., 1992; 
Varghese et al., 2003). It was reported that the 
increase in conductivity is not due to the hydrogen 
removing oxygen from the lattice or the removing of 
chemisorbed oxygen but because the nanotubes are 
conductor in oxygen atmosphere (Varghese et al., 
2003). Other investigators suggested diffusion 
mechanism, but it is not the dominant mechanism 
behind high conductivity of TiO2 nanotubes 
(Birkefeld et al., 1992). On the other hand conduction 
in ferrites is a combination of electronic and ionic 
that is significantly affected by the oxygen vacancies 
and/or lattice defects within the sample. Generally, 
the oxygen absorption/desorption into/from the 
sample affects the oxygen stoichiometry and hence 
the conductivity (Patrakeeva et al., 2005). In fact, 
thermal treatment of ferrites in a reducing gas 
environment modifies the material morphology as 
well as introducing metallic atoms into the ferrite 
crystals thus; an increase in the saturation 
magnetization was achieved (Ebrahimi et al., 1999). 
In the present investigation the three catalysts 
"NiFe2O4, empty anatase phase TiO2NTs and anatase 
phase TiO2NTs filled with NiFe2O4 Q.Ds" were used 
to study the influence of the filling process on the 
conductivity behavior in a hydrogen gas flow (1 
L/min) at different temperatures (500-700oC). 
 
2. Experimental 
       Anatase phase TiO2 NTs were prepared via 
hydrothermal treatment at 150oC for 144 hrs flowed 
by ion exchange reaction and thermal treatment at 
500oC for 2hrs. The filling process of the anatase 
TiO2NTs with NiFe2O4 Q.Ds was carried out under 
vacuum. In this novel method a mixed solution of Ni-
Fe nitrates with a molar ratio of 1:2 was allowed to 
enter the titanium oxides NTs under vacuum, then 
stirring occurred for about 30 min. using a magnetic 
stirrer. The mixture was then kept overnight, filtered 
and washed with distilled water. The precipitate was 
added to a beaker containing 50 mL of 1 M NaOH 
and stirred for 30 min. at 60oC, filtered, washed well 
with distilled water, then dried at 100oC for 1 hr and 

finally fired at 600oC for 3 hrs. The filling percentage 
was calculated from semi quantitative analysis (S.Q) 
obtained from XRD patterns to be 18.8%. 
        NiFe2O4 were prepared by self flash combustion 
method from nitrates procuress (Farghali et al., 
2008). The three catalysts were moistened with few 
drops of distilled water. Equal weights were pressed 
into cylindrical compacts with 1cm diameter and 0.5 
cm thickness, followed by drying process at 85oC for 
1 h. The electrical conductivity for all samples was 
measured to obtain the influence of the filling process 
on the conductivity behavior during hydrogen gas 
flow. The reduction assembly and gas flow system 
used in this study were previously mentioned 
(Farghali et al., 2008). The electrical conductivity 
cell was made of two ceramic circular bases joined 
together by four stainless steel rods as shown in 
figure 1. For conductivity dynamics during hydrogen 
gas flow, the sample compact was placed between the 
two stainless steel electrodes and held tightly with the 
springs, the compacts were left at the operating 
temperature (500 - 700oC) for about 30 min in 
nitrogen gas atmosphere, and then, hydrogen gas is 
passed (1 L/min).  The total resistance, R, of samples 
was measured directly using a computerized 
Avometer. The data is transferred into electrical 
conductivity (σ) using the equation (σ = l /(R.A) 
), where l is the length and A is the cross-section 
area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (1); Schematic diagram of the conductivity 
cell 
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 The reduction kinetics was further investigated using       
 thermogravimetric measurements. In this 
experiment, the oxygen weight loss during hydrogen 
reduction is measured directly by a digital balance. 
The reduction kinetics is studied by measuring the 
reduction percentage as a function of time during 
hydrogen gas flow. The obtained results were 
compared with that obtained by in situ conductivity 
measurements.  
        The phase identification and crystal size of the 
obtained nanomaterials before and after reduction 
were deduced by XRD analysis (JSX-60P JEOL 
diffractometer). The average crystal size was 
calculated using the XRD peaks with the application 
of a software computer programme TOPAZ2 
depending on the following Scherer’s formula 

0.9 λ 
                           D  =        ــــــــــ     

β cosθ 
 

where D is the crystallite size, λ the X-ray wave 
length, β the broadening of the diffraction peak and θ 
is the diffraction angle. The influence of the 
reduction process on the surface morphology and 
particles size of the nanomaterials were deduced 
using TEM (JEOL JEM-1230 TEM). The absorption 
spectra of empty TiO2NTs and that filled with 
NiFe2O4 was measured using UV–visible (UV–vis) 
spectrometer (Jasco V-350).  
 
3. Results and Discussion. 
3.1. Physicochemical characterization of the 
materials. 
        Figure 2 illustrates the XRD patterns of NiFe2O4 
prepared by self flash combustion method of nitrate 
precursors, anatase phase TiO2NTs and anatase phase 
TiO2NTs filled with NiFe2O4 quantum dots.  It can be 
deduced that pure phase of NiFe2O4 with crystallite 
size ranging from 9 to 16nm was obtained. The X-ray 
Defractogram of the anatase phase TiO2NTs filled 
with NiFe2O4 quantum dots reveals that a certain 
interaction occurs between the two phases as a result 
of the filling process which was more confirmed by 
measuring the UV absorbance of the empty and filled 
TiO2NTs (Figure 3). The microstructure of the 
prepared NiFe2O4 was investigated by TEM (Figure 
4).  It can be seen that NiFe2O4 almost has round 
shape with particle size ranging from 9 to 12 nm 
which confirms the obtained data from XRD. Figure 
5a illustrates TEM images of empty anatase phase 
TiO2NTs revealing a tubular structure with varying 
lengths (ranging from 50 to 200 nm) and diameters 
(ranging from 3 to 10 nm). Figure 5b illustrates TEM 
images of the filled anatase phase TiO2NTs revealing 
a homogeneous filling with the NiFe2O4 quantum 
dots. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: XRD patterns of NiFe2O4, empty anatase 
phase TiO2NTs and TiO2NTs filled with NiFe2O4 
Q.Ds where (1) TiO2NTs and (2) NiFe2O4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3; UV-vis absorption spectra for (a) anatase 
phase TiO2NTs filled with NiFe2O4 Q.Ds and (b) 
empty anatase phase TiO2NTs. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: TEM image of NiFe2O4 prepared by self 
flash combustion method 
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Figure 5; TEM images of: 
(a) empty anatase phase TiO2NTs  
(b) anatase phase TiO2NTs filled with NiFe2O4 Q.Ds 
 
3.2. Conductivity of NiFe2O4 
        Figure 6 shows the variation of the electric 
conductivity of NiFe2O4 nanocrystals with time in a 
hydrogen flow (1 L/min) at different temperatures 
(500 -700oC). Generally, it is observed that the 
electric conductivity increased by increasing the 
temperature, which confirms that NiFe2O4 is an n-
type semiconductor and electrons are the major 
carriers. During hydrogen exposure, oxygen from the 
surface as well as from the bulk is removed as water 
molecules and conducting electrons are lifted behind 
without molecular orbital to accommodate them. 
These free electrons are transferred into the 
conduction band resulting in decreasing the sample 
resistance and increasing its electronic conductivity. 
Figure 7 illustrates the XRD of NiFe2O4 before and 
after reduction at different temperatures (500 to 
700oC). It was observed that Ni-Fe nano-alloy was 
formed at all reduction temperatures which can be 
attributed to the low preparation temperature of 
NiFe2O4 (600oC) (Farghali et al., 2008). The oxides 
which are formed in formation of Ni-Fe nano-alloy 
may increase the ionic conductivity as well as the 
electronic conductivity and hence the total 
conductivity is increased. A complete reduction is 

recognized by minimum resistant readings, while 
conductivity change with time is an indication of 
reduction rate. The reduction process is terminated as 
the conductivity change with time becomes minimal. 
It is clear that the time required for complete 
reduction decreased by increasing reduction 
temperature from 500 up to 700oC. The temporal 
changes of conductivity found to be significantly 
affected by the operating temperature (Farghali, et 
al., 2008). The total conductivity is increased to a 
maximum value at 650oC (Curie temperature). The 
conductivity values at lower temperatures (500, 550, 
600oC) are lower than that observed at 650oC. So the 
conductivity change rate is a function of the 
reduction rate and hence is determined by the 
chemistry of gas solid interaction, which is thermally 
activated by the operating temperature. 
 
 

   

 

 

 

 

 
Figure 6: Conductivity transients of NiFe2O4at 
various temperatures (500-700oC) during hydrogen 
gas flow of 1L min-1 at constant pressure. 
 
3.2 Conductivity of empty anatase phase TiO2NTs 
     Figure 8 represent the variation of electrical 
conductivity, σ(Ωcm)-1, of empty anatase TiO2 
nanotubes with reduction time during hydrogen gas 
flow (1 L/min) at various temperatures (500 to 
700oC) and constant pressure. From figure (8) it can 
be deduce that empty TiO2 nanotubes have variable 
conductivity behavior in reducing atmosphere at 
various temperatures i.e. this behavior is temperature 
dependent. The conductivity values increase by 
increasing reduction temperature and give their 
maximum values at 550, and 600oC (σ ~ ∞). At 
higher temperature (650 and 700oC) the conductivity 
decreases which may be attributed to destruction of 
the tubular form and their transformation to nanorods 
then nanoparticles (Zhang et al., 2007). This behavior 
illustrates the role of tubular form in the conductivity 
of TiO2 NTs.  Figure 9 shows the XRD patterns of 
the anatase phase TiO2NTs reduced at different 
temperatures (500 to 700oC). It can be obtained that 
the reduction of the anatase phase TiO2 NTS leads to 
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transformation to rutile and other phase of TiO2, 

where this transformation is temperature dependent. 
In steady state conditions at 713-788K the specific 
catalytic activity of hydrogen oxidation on rutile is 
one order of magnitude higher than that of anatase 
due to the difference bond strength of the surface 
oxygen (Shimanovskaya et al., 1983).  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: XRD differactograms of unreduced 
NiFe2O4 nanocrystals compact and nanocrystals 
completely reduced at different temperatures (500-
700oC) (1) NiFe2O4 and (2) Ni-Fe alloy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8; Variation of electrical conductivity,  
σ(Ωcm)-1, of empty anatase phase TiO2 nanotubes 
with time of reduction during hydrogen gas flow (1 
L/min) at various temperatures (500 – 700oC) and 
constant pressu 
 

The bond energy of the surface oxygen on anatase 
(243kI/mol) is much higher than on rutile 
(159kJ/mol). On the other hand by using the anatase 
phase TiO2 in nano-tubular form a new remarkable 
behavior and values in conductivity were observed. 
At reduction temperature 550oC, the formed phases 
are anatase and rutile as deduced from figure 9. 
These nanotubes phases achieved infinite 
conductivity (σ = ∞) i.e. the nanotubes becomes 
superconductors at these conditions as illustrated 
from figure 6. At reduction temperature 600oC, the 
nanotubes phases achieve infinite conductivity also, 
(σ = ∞), but in presence of anatase phase and TiO2 
with no evidences for presence of rutile phase as 
elucidated from figure 9. Thus, the infinite value of 
conductivity doesn't depend on the presence of rutile 
phase i.e. the hydrogen oxidation on the surface of 
anatase phase in tubular form is higher than that in 
bulk form. This may be attributed to the high specific 
surface area and size dependent properties which lead 
to an increase in defects density and oxygen 
vacancies, and hence an increase in the conductivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9; XRD diffractograms of anatase TiO2NTs 
reduced at different temperatures (500-700oC).   
(1) anatase TiO2, (2) TiO2 oxide, and (3) rutile TiO2 
 
Conductivity mechanism of anatase phase TiO2 
NTs towards H2 gas  
       There are many suggested mechanisms for this 
unusual enhancement of TiO2 nanotubes conduction 
in presence of hydrogen gas. One of them is the 
diffusion mechanism (Birkefeld et al., 1992) and the 
second is the splitting hydrogen atoms mechanism 
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over Pt electrode (Raupp and Dumesic, 1985). In the 
present investigation the observed behavior has great 
agreement with the dominated mechanism 
"chemisorptions of the splitting hydrogen atoms" 
(Varghese et al., 2003). In this mechanism, Pt 
electrode played important role in hydrogen splitting 
and the charges transfer from the adsorbed layer to 
the nanotubes but, in the present experiments the 
nanotubes achieved infinite conductivity without 
using Pt electrods. 
3.3 Conductivity of anatase phase TiO2NTs filled 
with NiFe2O4 Q.Ds 
           Figure 10 represents the variation of electrical 
conductivity,   σ (Ωcm)-1, with reduction time for 
anatase phase TiO2 nanotubes filled with NiFe2O4 
Q.Ds in hydrogen gas flow (1 L/min) at various 
temperatures (500 – 700oC) and constant pressure. 
The conductivity of filled nanotubes increases with 
increasing reduction temperature, which confirms 
that filled TiO2NTs are n-type semiconductors and 
electrons are the major carriers. Figure 10 also shows 
a regular increase of conductivity, but with lower 
values than that observed with empty anatase phase 
TiO2 NTs. In this case, the conductivity depends not 
only on adsorption of hydrogen on defects within the 
crystal lattice but also on the reduction of NiFe2O4 
Q.Ds. Every removed oxygen atom leave behind two 
electrons without orbital to accommodate. These 
electrons are transferred to conduction band of 
TiO2NTs, and increasing their conductivity. So, the 
Fermi level of TiO2NTs equilibrates fast with energy 
level of surface adsorbate hydrogen layer. 
Accordingly the hydrogen desorption in atomic form 
takes place by transferring an electron back to the 
adsorbate (Varghese et al., 2003), or may be the 
semiconductor Q.Ds "NiFe2O4" and/or their reduction 
products act as center for electrons and holes 
recombination. This will lead to decreasing in the 
conductivity value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (10); variation of electrical conductivity, σ(Ωcm)-

1, with time of reduction for filled anatase TiO2 nanotubes 
with NiFe2O4 Q.Ds during hydrogen gas flow (1 L/min) at 
various temperatures (500 – 700oC) and constant pressure 

Figure 11 represents the XRD patterns of TiO2NTs 
filled with NiFe2O4 Q.Ds before and after reduction 
at different temperature. It can be observed that by 
increasing the reaction temperature the reduction 
percentage increased producing different oxides and 
Ni-Fe alloy depending on the operating temperature. 
Formation of different oxide phases and 
transformation of these oxides from valance state to 
another may increases the ionic conductivity as well 
as the electronic conductivity and hence the total 
conductivity is increased. The conductivity values for 
empty and filled NTs reduced at various temperatures 
(500-700oC) are illustrated in Table1. The highest 
value of conductivity was observed for the filled NTs 
almost near the lowest value for the empty NTs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure (11); XRD diffractograms of TiO2NTs filled 
with NiFe2O4 Q.Ds reduced at various temperatures 
(500-700oC) (1) TiO2NTs anatase (2) NiFe2O4 (3) 
Rutile, (4)Fe2O3  (5)Ni-Fe alloy and (6) TiO2 oxide. 
 
3.4 Reduction kinetics  
         Further investigation of nanocrystalline 
NiFe2O4 reduction kinetics was studied by 
thermogravimetric technique, in which the reduction 
kinetics was studied by calculating the reduction 
percentage as a function of the hydrogen gas 
exposure time. A set of dynamic curves similar in 
methodology to those obtained by dynamic 
conductivity measurements are obtained. Figure 12 
shows the reduction percentage at various 
temperatures (500-700oC) of NiFe2O4 compacts in 
constant hydrogen gas flow of 1 L min-1 and constant 
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pressure. It is clear that NiFe2O4 continue to lose its 
oxygen content gradually during hydrogen exposure. 
These results are in consistence with that obtained 
from dynamic conductivity and XRD.  In the 
reduction of empty anatase phase TiO2NTs the 
measurements can not be carried out due to the small 
portion of removed oxygen to be detected by the 
electrical balance as illustrated above. On the other 
hand the thermogravimetric measurements were done 
for the anatase phase TiO2NTs filled with NiFe2O4 
Q.Ds.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Reduction percentage at various 
temperatures (500-700oC) of NiFe2O4 nanocrystal 
compacts during a constant hydrogen gas flow of (1 
L min-1) and at constant pressure. 
 
Figure 13 illustrates the reduction percentage of TiO2 
NTs filled with NiFe2O4 Q.Ds. It was obtained that by 
increasing temperature from 500 to 700oC the 
reduction percentage increased. The reduction 
achieves the highest values at higher temperatures 
(600 - 700oC) corresponding to complete reduction of 
NiFe2O4 Q.Ds and formation of Ni-Fe nanoalloy. At 
lower reduction temperatures (550, 550oC) the filled 
TiO2NTs achieved uncompleted reduction compared 
with free NiFe2O4. This may be attributed to lower 
gas diffusion at lower reduction temperatures 
between NiFe2O4 and TiO2NTs, while at higher 
temperatures there is enough activation energy for 
Hydrogen gas diffusion needed for complete 
reduction. TEM analysis for the samples reduced at 
higher temperatures (600 - 700oC) reflected the 
optimum conditions required for formation of Ni-Fe 
Q.Ds with keeping the tubular texture of TiO2NTs. 
Figures 14 (a, b, c, d, e) represent TEM images of 
anatase phase TiO2NTs filled with NiFe2O4 Q.Ds 
reduced at 600, 650 and 700oC respectively during 
hydrogen gas flow. It can be deduced that reduction 
at 600oC almost preserves the tubular structure of 
TiO2NTs (figure14a), while reduction at 650oC the 
tubular texture of the NTs starts to deform and 

aggregate as illustrate in figure 14 (b, c). The 
deformation and breakdown increased at higher 
temperature (700oC) where as the nanotubes changed 
to nanorods then nanoparticles as appear from figure 
14(d, e). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13; General reduction behavior at various 
temperatures for TiO2NTs compacts filled with 
NiFe2O4QDs in hydrogen gas flow of (1 L min-1) at 
constant pressure. 
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Figure 14; TEM images of filled TiO2NTs reduced at 
(a) 600oC, (b, c) 650oC and (d, e) 700oC in hydrogen 
gas flow (1 L/min) and constant pressure 
 
3.5 Activation Energy Ea 
         The general ranges of activation energy values 
have been calculated by many investigators in order 
to determine the rate controlling mechanism 
(Strangway, 1964). These values were recently 
proved by other studies (El-Geassy et al., 2004). 
Utilizing Arrhenius relation and plotting the rate 
constant as a function of the reduction temperature, 
the activation energy can be calculated. Figure 15 (a, 
b, c, d, e,) give such straight line relationship deduced 
from the conductivity and thermogravimetric curves 
for NiFe2O4, empty anatase phase TiO2NTs, and 
anatase phase TiO2NTs filled with NiFe2O4 Q.Ds 
respectively. For NiFe2O4 the overall Ea values 
obtained from conductivity and thermogravimetric 
measurements are greatly closed to each other "42.75 
and 43.2kJ/mol respectively ". This confirms that 
reaction controlling mechanism is combined gas 
diffusion and interfacial chemical (Strangway, 1964). 
For empty anatase phase TiO2NTs the overall 
activation energy value deduced from conductivity 
measurements is calculated to be 45.6kJ/mol, which 
indicates that the rate controlling mechanism is the 
combined gas diffusion and interfacial chemical 
reaction. Also the activation energy value indicates 
that the adsorption of hydrogen on the empty anatase 
phase TiO2NTs surface is considered to be 
chemisorption which confirms the conductivity 
mechanism "chemisorptions of the splitting hydrogen 
atoms". On the other hand the activation energy 
values for anatase phase TiO2NTs filled with 
NiFe2O4 Q.Ds were calculated to be 37.3 and 33 kJ/ 
mol which indicate that the rate controlling 
mechanism is the combined mechanism gas diffusion 
and interfacial chemical reaction. The value of 
activation energy obtained from conductivity 
technique is approximately closes to that obtained 
from thermogravimetric technique. The value of 

activation energy for the empty TiO2NTs was higher 
than that for filled TiO2NTs which can be attributed 
to the filling process of TiO2NTs with NiFe2O4 Q.Ds. 
Figure 3 represents the UV-vis absorption spectra of 
empty anatase phase TiO2NTs and anatase phase 
TiO2NTs filled with NiFe2O4 Q.Ds. The NiFe2O4 
Q.Ds narrow the band gap of TiO2NTs and shift their 
absorption edge to the visible region. The threshold 
edges of the empty anatase phase TiO2NTs and filled 
TiO2NTs are 396 and 770 nm respectively. The band 
gap absorption edge of the samples was determined 
according to the relation (Wang et al., 2006; Zhang et 
al., 2009)  

1240 
                        Eg  =        ــــــــــ     

λ 
where λ is the optical absorption threshold. The 
estimated band gaps are 3.13 and 1.61 eV which 
reflect the difference in Ea values for the empty 
anatase phase TiO2NTs and anatase phase TiO2NTs 
filled with NiFe2O4 Q.Ds respectively.         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15; Arrhenius plots of reduction of   NiFe2O4 
as deduced from (a) conductivity measurement (b) 
thermogravimetric measurements.(c) empty anatase 
phase TiO2NTs as deduced from conductivity 
measurements, and anatase phase TiO2NTs filled 
with NiFe2O4 Q.Ds as deduced from (d) conductivity 
measurements and (e) thermogravimetric 
measurements 
 
 Table 1; The conductivity values of empty and filled 
TiO2NTs reduced at various temperatures (500-
700oC) 
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50 nm 

e 

50 nm 

Temperature oC     σ(Ωcm)-1              σ(Ω cm)-1 
                           empty NTs              filled NTs   
500                        0.014                       0.0034                     
550                          ∞                           0.007 
600                          ∞                           0.011  
650                       1.54                          0.014 
700                       0.153                        0.018 
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4. Conclusion  
        Anatase phase TiO2 nanotubes prepared by 
hydrothermal method followed by thermal treatment 
at 500oC for 2hrs were successfully filled with 
NiFe2O4 Q.Ds. The conductivity behavior of empty 
anatase TiO2NTs, the filled anatase TiO2NTs and 
NiFe2O4 Q.Ds was studied in a hydrogen gas flow (1 
L/min) at different temperatures (500-700oC). The 
electric conductivity of the three nanomaterials 
increased by increasing the reduction temperature, 
which illustrates the semiconductor behavior of the 
three nanomatreials. 
       Empty anatase phase TiO2NTs achieved the 
highest values of conductivity at 550 and 600oC. But 
at higher temperature (650, 700oC) the conductivity 
decreases by increasing temperature which may be 
attributed to the destruction of tubular form of 
nanotubes. The mechanism of conductivity of anatase 
phase TiO2 nanotubes towards H2 gas was found to 
be chemisorption of splitting hydrogen atoms 
mechanism.  
      Depending on conductivity and thermogravimetry 
techniques the activation energy values were 
calculated to determine the rate controlling 
mechanism. The all catalysts have the same 
mechanism “combined gas diffusion and interfacial 
chemical reaction mechanism. NiFe2O4 Q.Ds narrow 
the band gap of TiO2NTs and shift their absorption 
edge to the visible region. 
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