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Abstract. GO/HNT400 nanocomposite was prepared by incipient impregnation of TiO2 

nanotubes (HNT400) with graphene oxide (GO) dispersion. GO was elaborated by an 

improved Hummer’s method while HNT400 was obtained using alkaline hydrothermal 

treatment of TiO2 P25 followed by calcination at 400°C. Raman results showed the 

characteristic bands of GO in addition to anatase. TEM analysis confirmed the formation of 

GO nanosheets assembled to TiO2 nanotubes. XRD analysis showed that GO nanosheets do 

not change neither the structural nor the morphological properties of TiO2 nanotubes. XPS 

and EPR measurements confirmed the electron transfer between GO and TiO2 nanotubes. PL 

analysis revealed that GO inhibits the recombination of photogenerated electron-hole pairs in 



the GO/HNT400 nanocomposite. The ac conductivity measurements suggested the presence 

of bulk and grain boundary effect in the nanocomposite. 
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1. Introduction 

Graphene oxide (GO) has received tremendous attention since it was identified as graphene 

precursor [1]. It is an environmentally friendly and cheap material, which permits to open 

different routes for several promising applications. GO has been described in many recent 

reviews as potential material due to its high surface area, conductivity, good interfacial 

surface and easy synthesis process [2, 3]. GO has been synthesized by a variety of methods, 

among them, the Hummer’s method based on the chemical exfoliation of graphite using 

KMnO4 as oxidizing agent [4]. This oxidation method was found to form functional groups 

(carboxyl, hydroxyl and epoxy) on the surface of GO nanosheets, which facilitate surface 

tuning [5, 6]. Therefore, a deep understanding of its electronic properties, especially when it is 

in the nanocomposite form, is an important target [7]. Synergistic effects due to the interface 

modification on the charge transport in graphene hybrid systems have been reported in a 

variety of applications, such as catalysis [8], photocatalysis [9, 10], transparent conductors 

[11], sensors and energy conversion [12]. Particularly, the hybridization of TiO2 with 

graphene can significantly tune the energy bandgap. Due to this hybridization, the absorption 

threshold shifts from the UV to the edge of the visible range [13]. Nanocomposites based on 

TiO2 and GO have been investigated in many applications such as lithium ion batteries, 

photocatalysis and energy-related fields [14], dye-sensitized solar cells [15] and sensing 

process [16]. Especially, TiO2 nanotubes wrapped with reduced graphene oxide (rGO) were 

used as a high performance anode material for lithium ion batteries [17], for gas sensing [18] 



and for electrical double layer capacitors [19]. Many synthesis methods of GO/TiO2 

nanocomposite have been described in the literature such as sol-gel, hydrothermal, mixing 

and/or sonication, and electrochemical processes [20]. It has been reported that GO/TiO2 and 

rGO-decorated TiO2 nanocomposites lead to the improvement of both visible light absorption 

and electron-hole pair separation [21, 22]. However, the heterojunction of GO in 

nanocomposites is still controversial [23]. In addition, the electronic interaction between 

graphene oxide and TiO2 nanotubes is not fully understood and remains a challenge due to the 

compact (bunched) morphology of the nanotubes.  

Herein, we have prepared the GO/TiO2 nanotubes nanocomposite by simple impregnation. 

The nanocomposite is deeply characterized by XRD, Raman, TEM, XPS, EPR, and 

photoluminescence and compared to pure GO and TiO2 nanotubes. The frequency and 

temperature dependence of the electrical conductivity is also discussed. 

 

2. Materials and methods   

2.1 Preparation of materials  

The improved Hummer’s method was used to prepare graphene oxide as described previously 

[24]. Graphite (3.0 g) was added to 70 mL of H2SO4/H3PO4 (9/1 v/v) under stirring in an ice 

bath. After addition of KMnO4 (9.0 g), the suspension was kept under stirring for 30 min. 

Then, water (150 mL) was added and the suspension was stirred for 15 min at 40°C. After a 

slowly addition of H2O2 (15 mL), the mixture was filtered and washed with 250 mL of HCl 

(0.1 M). The obtained material was mixed with water (600 mL) to obtain a graphite oxide 

dispersion, which was sonicated for 6 hours and stirred overnight. The dispersion was finally 

centrifuged at 10000 rpm for 30 min to obtain graphene oxide labeled as GO. TiO2 nanotubes 

were prepared using the alkaline hydrothermal method described previously [25]. TiO2 P25 

(3.0 g) were treated with 90 mL of NaOH (11.25 mol L
-1

) in a Teflon-lined autoclave at 



130°C for 20 h. After filtration, washing with HCl solutions (0.1 and 1.0 mol L
-1

) and water, 

the material was calcined at 400°C under air for 2 h and labeled as HNT400. The 

nanocomposite was prepared by incipient impregnation of HNT400 with the GO dispersion. 

The GO content in the nanocomposite was fixed at 10 wt%. The mixture was dried at 80°C 

for 24 h and labeled as GO/HNT400.   

2.2 Materials characterization 

X-ray diffraction analyses were determined by Panalytical, X’Pert Pro apparatus using CuKα 

radiation. Raman spectra were recorded with a Micro-Raman instrument TG 4000 (IVAN) 

using a He-Ne laser as incident light (488 nm). FTIR spectra were recorded using a Bruker 

Vertex 70 spectrometer in attenuated total reflectance mode. Photoluminescence (PL) analysis 

was performed on a PerkinElmer LS55 spectrofluophotometer equipped with a Xe lamp. The 

excitation wavelength was 330 nm. Transmission electron microscopy (TEM) was operated 

by a JEOL JEM-1011 instrument operating at 200 kV. Surface characterization was done with 

X-ray photoelectron spectroscopy (XPS) on a SPECS system equipped with an Al anode 

XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector. Data processing was 

performed with the Casa XPS program and the binding energy (BE) values were referred to 

the C1s peak at 284.8 eV. Electron paramagnetic resonance (EPR) spectra were recorded at 

room temperature on a Bruker ER-200D spectrometer (9.3 GHz). Electrical conductivity 

measurements were studied in air on a cylindrical pellet with a diameter of 13 mm, a 

thickness of 3 mm and a relative density of about 92%. The electrical ac conductivity was 

performed by a Frequency Response Analyzer Solartron 1260A coupled with 1296A 

dielectric interface in frequency domain of 0.1-10
6
 Hz and temperature range of 25-300°C. 

The Nyquist curves, imaginary part (-Z”) versus real part (Z'), were plotted with Origin 8 

software (Microcal Software, Inc., Northampton, Ma USA). The ac conductivity (ac) was 

deduced using the following equation:  



ac = ωε0ε” 

where ω is the angular frequency of applied field, ε0 is the free space permittivity and ε” is 

the dielectric loss determined from Z’ and Z”.    

3. Results and discussion 

The textural analyses show that HNT400 and GO/HNT400 present an isotherm of type-IV 

and a H3 hysteresis in favor of the presence of mesopores (Figure S1, Supplementary 

information). The impregnation with graphene oxide did not significantly modify the BET 

surface area of HNT400. The specific surface area is 178 m
2
 g

-1
 for HNT400 against 166 m

2 
g

-

1
 for GO/HNT400. On the contrary, a decrease in the pore volume is observed, 0.56 vs. 0.37 

cm
3 

g
-1

 for HNT400 and GO/HNT400, respectively (Figure S2, Supplementary information). 

This is ascribed to a strong interaction between the two components of the nanocomposite 

material. The XRD pattern of GO/HNT400 (Figure 1a) shows peaks at 25.4°, 38.1°, 48.3°, 

54.0°, 55.1° and 62.8° corresponding to the anatase phase (JCPDS 21-1272). This result 

indicates that GO nanosheets do not change the structure of HNT400. The conversion of 

graphite to GO is identified by the appearance of new peak at 10.8° known as a fingerprint of 

GO (Figure 1c). On the other hand, GO does not produce any sharp XRD peak because the 

oxidation treatment destroys the initial (002) peak of pristine graphite (Figure 1b), thus 

making the resulting GO like amorphous material [26]. In addition, during the oxidation 

process, the interlayer distance increases from 3.4 to 8.3 Å because of the incorporation of 

water and oxygen functional groups [27].  

Figure 1. 

According to thermal analysis of GO/HNT400 (Figure S3b, Supplementary information), 

there are three obvious steps of mass loss. A first mass loss of 2.2% at 100°C corresponding 

to the loss of physisorbed water; a second mass loss of 4.2% at 200°C assigned to the 

desorption of the structural water; and a third mass loss of 5.4% at 500°C probably due to the 



decomposition of labile oxygen functional groups of GO [28]. The exothermic peak at about 

750°C could be assigned to the phase change from anatase to rutile. This phase change takes 

place at 600°C in the case of HNT400 as shown in Figure S3a (Supplementary information). 

This can be explained due to the fact that GO nanosheets stabilize the anatase phase up to 

750°C. Figure 2 shows the Raman spectra of GO and GO/HNT400. The Raman spectrum of 

GO shows the presence of the D and G bands, characteristic of graphene oxide, around 1372 

and 1618 cm
-1

, respectively. The G band offers information about the vibration in the plane of 

the sp
2
 bonds of the carbon atoms [29]. As for the D band, it informs about the presence of the 

sp
3
 bonds and structural defects in GO [30]. Thus, the presence of these bands indicates the 

formation of graphene oxide as shown previously [31]. Compared to GO, the Raman 

spectrum of GO/HNT400 exhibits the D and G bands with a slightly blue shift and lower 

intensity. The shift from 1618 to 1602 cm
−1

 observed for the G band is explained by the 

presence of isolated double bonds, which tend to resonate at high frequency compared to the 

G band of graphite [32, 33]. On the other hand, the GO/HNT400 nanocomposite shows a 

slight increase in the calculated (ID/IG) ratio (0.865) compared to GO (0.847), indicating a 

lower density of defects in GO. In addition, the Raman spectrum of GO/HNT400 shows 

characteristic bands at 146 (Eg), 393 (B1g), 511 (B2g) and 638 cm
-1

 (Eg) ascribed to anatase as 

reported in Figure S4 (Supplementary information). These results confirm the formation of 

the TiO2 nanotubes-GO assemblage, in agreement with XRD results. 

Figure 2. 

Figure 3 shows the FTIR spectra of GO, HNT400 and GO/HNT400. The spectrum of GO 

presents several bands corresponding to oxygen groups on the surface and edges of each plane 

of GO. Indeed, the bands at 1658 and 3420 cm
-1

 are attributed to isolated hydroxyl groups 

(OH) of intercalated water in GO. Moreover, the bands at 1100 and 1160 cm
-1

 correspond to 

stretching vibration (CO and COC) of the alkoxy and epoxy groups, respectively. The 



bands at 1410 and 1735 cm
-1

 are attributed to stretching vibrations (COH and C=O) of the 

carboxyl group, which is in accordance with the oxidation of graphite to graphene oxide as 

shown previously [34, 35]. In GO/HNT400 the band at 1710 cm
-1

 disappears, which confirms 

the interaction between OH groups of TiO2 nanotubes and graphene oxide. 

Figure 3. 

XPS spectra of GO and GO/HNT400 are shown in Figure 4. For the GO sample, the C 1s 

spectrum contains mainly three signals at 284.7, 286.9 and 288.5 eV. The binding energy at 

284.7 eV could be assigned to the CC bond (sp
2
) of graphene [36]. The binding energies at 

286.9 and 288.5 eV are ascribed to the C−O and C=O bonds, respectively [37, 38]. The O 1s 

spectrum of GO (Figure S5, Supplementary information) also suggests the existence of CO 

bond, indicating the presence of defects in GO [39]. Interestingly, the spectrum of C1s of 

GO/HNT400 shows a remarkable decrease in the carbon-oxygen species since the signal at 

286.9 eV is less intense compared to GO. This result confirms the existence of a strong 

interaction between OH groups of graphene oxide and TiO2 nanotubes, in agreement with 

FTIR results. The signal of Ti 2p (Figure S6, Supporting information) indicates that Ti is in 

the form of TiO2 and the atomic surface ratio of GO and TiO2 calculated from the C 1s and Ti 

2p lines is GO:TiO2=1.2 .  

Figure 4. 

The morphological properties of GO and GO/HNT400 are investigated by TEM and the 

micrographs are shown in Figure 5. Figure 5a shows the characteristic layered structure of 

GO. GO/HNT400 shows multilayer graphene oxide nanosheets wrapping TiO2 nanotubes 

with a diameter of 10-14 nm and a wall thickness of 2-3 nm (Figure 5b). Therefore, the close 

contact between GO and TiO2 nanotubes is confirmed, in accordance with the information 

provided with the characterization methods discussed above. 

Figure 5. 



EPR spectra of HNT400, GO and GO/HNT400 are shown in Figure 6. The EPR spectrum of 

HNT400 (Figure 6a) contains a weak signal at g=1.99, suggesting the existence of oxygen 

vacancies at the surface of TiO2 nanotubes [40]. In the EPR spectrum of GO (Figure 6c), a 

well-defined g=2.0036 component is observed, which is close to the free electron g-value of 

ge=2.0023. This result is characteristic of localized defects spins, which is in good agreement 

with previous reports [41]. The EPR spectrum of GO/HNT400 (Figure 6b) shows the same 

feature at g=2.0036 but with lower intensity (half), which confirms the modification of GO 

nanosheets with TiO2 nanotubes in agreement with XPS analysis. In addition, the signal at 

g=1.99 could be partially hidden by the intense signal at g=2.0036. Therefore, changes in EPR 

spectra again confirmed the close interaction between TiO2 nanotubes and the surface of GO 

nanosheets. This highlights the role of defects and oxygen functionalities in the spin 

localization phenomena especially for the GO/HNT400 nanocomposite. 

Figure 6. 

PL emission spectra of HNT400 and GO/HNT400 with excitation wavelength at 330 nm are 

reported in Figure 7. The PL spectrum of HNT400 (Figure 7a) shows a strong peak at 386 nm 

due to the recombination of photoexcited electron-hole pairs and corresponding to the band-

gap energy of anatase (3.21 eV). The broad emission peaks at 434 and 481 nm could be 

assigned to indirect band edge and reveal the presence of surface oxygen vacancies and 

defects due to self-trapped excitons [42]. For, the green emission peak at 528 nm, it could be 

defined as surface state emissions, whereas the charge carriers could be trapped by oxygen 

vacancies and contribute to visible luminescence [43]. However, the introduction of GO 

decreases the PL emission intensity of TiO2 nanotubes as shown in the PL spectrum of 

GO/HNT400 (Figure 7b). In fact, the emission peaks were significantly quenched while the 

main emission of origin material was not changed, which points out to a charge recombination 

reduction in agreement with previous studies [44, 45]. In fact, the electrons are likely excited 



from VB to CB and then transferred to GO nanosheets inhibiting the recombination rate of 

photo-induced electrons and holes in GO/HNT400 [46-48], which is consistent with EPR 

analyses. 

Figure 7. 

Regarding the ac conductivity measurements, the following empirical equation [49] has been 

used to describe the overall ac conductivity: 

σac(ω) = σi (T) + k1(T)ω
α1

 + σb(T) + k2(T) ω
α2  

(1) 

where T is the absolute temperature, ω is the angular frequency, k1 and k2 are two constants, σi 

and σb correspond to the interfacial and bulk conductivities, respectively. Figure 8 shows the 

frequency variation of ac conductivity at various temperatures. For T < 200°C, the ac 

conductivity shows a first plateau at low frequencies, which corresponds to the frequency-

independent dc conductivity (σi). This behavior can be attributed to electrode polarization 

effects of the long range hopping of mobile ions (oxygen vacancies). At high frequencies, the 

ac conductivity varies as a power law with frequency (k1ω
α1

). This is a typical behavior of an 

ac conduction dominated by a short-range hopping process with a distribution of energy 

barriers. For T > 200°C, the ac conductivity shows the same behavior at low and mid 

frequencies. In addition, at higher temperature, the ac conductivity exhibits a second plateau 

(σb). This is probably attributed to the detrapping of active sites between TiO2 nanotubes and 

graphene oxide due to the thermally activated process. The thermal activation energies (Ea) 

for the low and high frequency plateaus were estimated on the basis of Arrhenius plots 

(Figure S7, Supporting information). The corresponding values Ea were about 0.23 and 0.28 

eV at 0.15 Hz and 54 kHz, respectively. These values are comparable with other forms of 

TiO2 structures [50].  

Figure 8. 



Figure 9 shows the Nyquist plots of GO/HNT400 at 200 and 250°C. The effect of temperature 

on the impedance of the material is noticeable. For T=200°C, two semicircles are plotted. The 

low frequency arc is attributed to the polarization in the grain boundaries, whereas the high 

frequency arc is attributed to the polarization in the grain [51]. As temperature increases, the 

grain and the grain boundaries resistances decrease, which is in agreement with the thermally 

activated conduction in the GO/HNT400 nanocomposite. 

Figure 9. 

4. Conclusions 

In this work, an intimate contact between graphene oxide (GO) and TiO2 nanotubes 

(HNT400) in nanocomposites prepared by simple impregnation has been demonstrated. The 

GO/HNT400 nanocomposite shows a strong suppression of the recombination of 

photogenerated electron-hole pairs in TiO2 nanotubes due to the electron acceptor 

characteristics of graphene oxide.  
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Figures captions 

 

 

Figure  1. XRD patterns of (a) GO/HNT400, (b) graphite and (c) GO. 

Figure  2. Raman spectra of (a) GO and (b) GO/HNT400. 

Figure  3. FTIR spectra of (a) HNT400, (b) GO/HNT400 and (c) GO. 

Figure  4. XPS C1s core level of GO and GO/HNT400. 

Figure  5. TEM images of (a) GO and (b) GO/HNT400. 

Figure  6. EPR spectra at room temperature (X-band) of (a) HNT400, (b) GO/HNT400 and 

(c) GO. Inset shows zoom of the narrow EPR line for GO and GO/HNT400. 

Figure  7. PL emission spectra of (a) HNT400 and (b) GO/HNT400. 

Figure  8. Frequency dependence of the ac conductivity from 25 to 300°C.  

Figure  9. Nyquist plots of GO/HNT400 at 200 and 250°C. 
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