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SYNTHESIS OF TiO2/GF-Ni HYBRID MATERIALS BY A 

COMBINED CHEMICAL VAPOR DEPOSITION/RF 

MAGNETRON SPUTTERING APPROACH 
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Graphene, and recently 3D graphene networks, have attracted widespread 

attention in electrocatalysis of wastewater contaminants such as heavy metals, dyes, 

and solvents, owing to their large surface area and easy regeneration capacity. 

Even higher efficiency is foreseen in the combination with large bandgap TiO2, an 

outstanding candidate for the photoelectrocatalytic wastewater's decontamination 

due to its high photocatalytic activity, environmental stability, and nontoxicity. In 

this context, the 3D graphene networks were obtained by chemical vapor deposition 

(CVD) on standard commercial nickel foam and the TiO2 thin films were deposited 

using a reactive radiofrequency magnetron sputtering system from a titanium target 

in an argon/oxygen gas mixture. The obtained materials were subsequently 

investigated by X-ray diffraction, field emission scanning electron, and high-

resolution Raman spectroscopy. The electrochemical response of the obtained 

materials has been investigated by cyclic voltammetry. Herein we present the 

suitability of chemical vapor deposition/RF magnetron sputtering methods to 

synthesize TiO2/GF-Ni hybrids for electrochemical applications.     

Keywords: TiO2, 3D graphene foam, chemical vapor deposition (CVD), 

magnetron sputtering 

1. Introduction 

Industries spanning from textile and cosmetics to pharmaceutical and food 

processing are continuously generating wastewater contaminated with organic 

dyes. To address these environmental challenges, several approaches have been 

considered, including green chemistry processes, the valorization of 

reused/recycled materials and the application of different wastewater treatments, 

as well. 
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For the latter approach, considerable attention has been paid to material 

and technology development, among which photo- and electro-catalysis (PC and 

EC) have proven appropriate processes. However, they both face several 

limitations such as low efficiency due to the charge recombination of the 

photogenerated electron/hole pairs or high energy consumption for the 

electrochemical degradation of pollutants to biodegradable compounds. Still, in 

the development stage, a new direction combines heterogeneous photocatalysis 

with simultaneous electrocatalysis in the so-called PEC (photoelectrocatalysis) 

process, which allows not only efficient organic pollutants mineralization but, 

inorganic ion reduction, microorganism inactivation, or CO2 reduction at 

decreased electrical energy consumption. Various nanomaterials have been 

explored as photo- and electro-catalyts and their versatility has been extended to 

several fields [1, 2]. 

Many metal oxide nanomaterials, such as: TiO2, ZnO, or carbon-based, 

and graphite carbon nitride (g-C3N4), in various forms (nanoparticles, quantum 

dots, nanorods, nanocubes, etc) exhibit photocatalytic activity as it was reported 

during the last decade. While nanostructured TiO2 was considered the most 

effective photo-induced catalyst for the oxidation of organic and inorganic 

pollutants, graphene and its derivatives gained significant attention in the 

electrocatalytic field [3-5]. 

Materials engineering in heterogeneous photo/electro-catalysis is mostly 

associated with the transformations that take place at the molecular level on the 

catalyst’s surface. In other words, the photocatalyst efficiency is correlated with 

their specific surface area. In this context, nanostructures of large specific surface 

area have been synthesized but, it is difficult to recover them after the water 

treatment, unless they are immobilized on a substrate. Moreover, the efficiency is 

further improved if the substrate is conductive enough to promote charge 

separation [6,7]. 

Graphene has a unique two-dimensional structure, with high surface area 

and conductivity as well as electronic mobility. Consequently, graphene can more 

efficiently hinder the recombination of electron-hole pairs and thus improve 

photocatalytic efficiency [8]. 

Three-dimensional (3D) graphene represents the new architecture of 

graphene material and has been fabricated by self-assembly [9], templating [10], 

or chemical vapor deposition (CVD) [11]. In the CVD approach, nickel (Ni) foam 

was used as the substrate to develop the 3D structure [12,13]. Whereas 2D 

graphene sheets have conducting pathway restricted to the planar direction, 3D 

graphene provides multiple channels for fast electron transport. Its excellent 

electrical conductivity is also due to the absence of intersheet contact resistance. 

[14]. 



Synthesis of TiO2/GF-Ni hybrid materials by a combined chemical vapor deposition/RF (…)  67 

Herein, we report the investigation on the electrochemical stability of 

mesoporous TiO2/GF-Ni hybrids. While, the 3D graphene networks (GF-Ni) were 

obtained by chemical vapor deposition technique (CVD) on standard commercial 

nickel foam, the TiO2 thin film was deposited using a reactive radiofrequency 

magnetron sputtering system from a titanium target in an argon/oxygen gas 

mixture. Structural and morphological investigations revealed the formation of 

graphene networks, uniformly coated by a thin TiO2 film, consisting of mixed 

phase nanostructures. Undoubtedly, these types of hybrids have a great potential 

to function as efficient and reusable electrodes in the photoelectrocatalytic 

mineralization of organic dyes, as all these 3D structures generate a large surface 

area of the TiO2 photocatalyst, while the highly conductive GF-Ni favors the 

separation of photogenerated charges on the TiO2 surface [15-17]. 
 

2. Experimental details 
 

2.1 The growth of 3D Graphene on Ni foam 

The 3D graphene layer was synthesized from methane and hydrogen gas 

mixture, on open-cell nickel foam catalyst (Gelon LIB, China), using the 

atmospheric pressure thermal chemical vapor deposition technique in a horizontal 

furnace (EasyTube 2000, FirstNano, CVD Equipment Corporation, USA). The 

high purity process gases employed for the graphene growth, methane 

(>99.9995%), hydrogen (>99.995%), and argon (>99.999%), were purchased 

from SIAD Romania and used as received. The specified characteristics of the Ni 

foam are: porosity of 110 ppi (pores-per-inch), thickness of 2.5 mm, and surface 

density of at least 250 g/m2. The thermal CVD growth of the 3D graphene layer 

[18] was performed on 1.5 cm×1.5 cm nickel foam substrates, which were 

ultrasonically cleaned in acetone and isopropyl alcohol prior to being loaded into 

the preheated (1000 °C) CVD furnace. The specimen, further denoted as GF-Ni, 

was used in the electrochemical characterizations without other modifications.  
 

2.2 Deposition of TiO2 film 

The TiO2 films were deposited by RF Magnetron Sputtering, at room 

temperature (RT), using the PlasmalabSystem400 (Oxford Instruments, UK). The 

deposition process was carried out using a titanium (Ti) target (99.5 % purity), 

argon (Ar – 99.999% purity) as the sputtering gas and molecular oxygen (O2 – 

99.999% purity) as the reactive gas. For this set of depositions, the samples 

oscillated in a parallel plane under the Ti target by a 30° angle (15° left and 15° 

right) for a better uniformity. The sputtering deposition system and the working 

mechanism are described in a previous publication [19] and the process 

parameters used in this work are presented in Table 1. Prior to the RF-sputtering 

deposition, the as-grown 3D-graphene, underwent surface modification by 

exposure to UV-ozone at 60 °C for 15 minutes, using an UV-Ozone cleaner 
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(Novascan Technologies, USA). The electrode obtained at the end of the process 

was further denoted TiO2/GF-Ni and tested in the electrochemical system without 

other treatments. 
Table 1. 

RF Magnetron Sputtering process parameters used for the TiO2 depositions 

Process 

pressure   

(mTorr) 

RF power 

(W) 

RF power 

target density 1 

(W/cm2) 

Gas flow rate (sccm)2 

Ar O2 

10 400 2.26 30 2 
    1 RF power averaged over the entire target surface area; 2 sccm = standard cubic centimeter per    

minute 
 

2.3 Characterization methods 

The elemental composition, morphology, and growth uniformity were 

ascertained on a high-resolution field-emission scanning electron microscope (FE-

SEM) (Nova NanoSEM 630, FEI Company, USA) operated at 10 kV acceleration 

voltage. The crystal structure of the investigated electrodes was assessed using the 

Rigaku SmartLab-9 kW X-ray Diffraction System in the grazing incidence (GI-

XRD) configuration, operated at 40 kV accelerating voltage with 75 mA applied 

current, and Cu Kα radiation with  = 0.15406 nm. The angle of the incident 

beam was fixed at 0.5°, while the detector scanned from 20 to 95°. X-ray 

reflectivity (XRR) curves were measured in the range θ = 0 − 5° with a step width 

of 0.001° and a scan rate equal to 0.2°/min using a medium-resolution set-up with 

small incident slits (0.5 mm). Raman spectra were carried out on a high-resolution 

micro-Raman spectrometer (LabRAM HR 800, Horiba, Japan) equipped with a 

HeNe excitation source (633 nm). The electrochemical characterization of the 

prepared electrodes was performed through cyclic voltammetry (CV) in 0.1 M 

Na2SO4 solution involving an electrochemical workstation Gamry 600 Reference. 

It has been used a conventional three-electrode cell, with GF-Ni or TiO2/GF-Ni as 

working electrodes, Ag/AgCl/3M and Pt foil as reference electrode and counter 

electrode, respectively. The applied potential domain was in the range of -1 V 

towards 1.5 V vs. Ag/AgCl and the scan rate 100 mV/s. The size of the working 

electrode was 1.4 cm * 1 cm, out of which 1 cm2 was immersed into the 

electrolyte during the experimental tests. 

 

3. Results and discussions 
 

3.1 Surface morphology and composition characterizations of the GF-Ni and 

TiO2/GF-Ni working electrodes 

The working electrodes were prepared on commercial Ni foam, which 

served as both catalyst and 3D scaffold in the CVD graphene growth with the 

subsequent physical deposition of the TiO2 layer. SEM surface examination of the 

GF-Ni specimen (Fig. 1a) reveals the formation of continuous graphene networks 
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with specific wrinkles and folds, which replicate the structure of the Ni foam. The 

30 nm thick TiO2 layer has a granular morphology, comprising nanoparticles 

aggregated and interconnected into a continuous, uniform film on the GF-Ni 

substrate (Fig. 1b). In both cases, the graphene foam retains the architecture due to 

the good mechanical strength. 
 

    
Fig. 1. Low and high magnification SEM images of the as-grown graphene (GF-Ni) working 

electrodes before (left) and after (right) TiO2 film deposition. 
 

The elemental composition of the two types of electrodes is confirmed by 

energy dispersive X-rays spectroscopy (EDX), indicating the presence of C, O 

and Ni in the case of the as-grown GF-Ni and C, O, Ti and Ni in the case of the 

TiO2/GF-Ni electrode (not shown here). It is worth mentioning that no impurities 

were observed on the surface of the investigated electrodes.  
 

3.2 XRD investigations  

Grazing incidence X-ray diffraction (GIXRD) patterns of GF-Ni and 

TiO2/GF-Ni are comparatively presented in Fig. 2. In the case of the GF-Ni 

sample diffraction peaks from the carbon network and the nickel substrate have 

been noticed, while in the case of TiO2/GF-Ni, the spectrum is similar, except for 

an additional small feature at 31.51°, which could be as assigned to brookite phase 

of TiO2. The graphite diffraction peak, highlighted with an olive dashed line, is 

located at 2θ = 26.44°, leading to an interplanar distance dhkl of ~0.36 nm before 

and after TiO2 deposition, according to Bragg’s law: 2dhklsinθ=λ, where λ is the 

wavelength of the incident X-rays. The XRD analysis of TiO2, sputtered under 

identical conditions on a silicon substrate distinctly indicates the formation of a 

crystalline phase mixture having the hexagonal symmetry with the following 

lattice parameters: a=b=0.38 nm and c = 0.92 nm for anatase, and a=b=0.46 nm 

and c=0.29 nm for rutile (Fig. 2b). The film thickness estimated by X-ray 

reflectivity on the Si substrate is around 32 nm (not shown here). According to the 

RIR (Relative Intensity Ratio) method, based on the integral area of the 
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diffraction peaks, a greater percentage of rutile is involved (i.e. 78%). An 

evaluation of the crystallinity using the Scherrer formula [20], providing the 

correlation between the diffraction peak’s broadening and the size of the 

crystalline domains, led to crystalline domains with values of 12.5 nm for rutile 

and 11.7 nm for anatase, suggesting a good crystallinity for such a small 

thickness.  

Considering the low thickness of the deposited TiO2 layer and the GF-Ni 

surface morphology, it is likely that the GF-Ni substrate promoted the formation 

of amorphous titania, probably a consequence of the atomic planes bending due to 

Ni foam surface morphology. This aspect requires further investigation and will 

be discussed in a future paper. 
 

   
Fig. 2. GIXRD patterns of (a) as-grown graphene (GF-Ni, black line) and TiO2/GF-Ni (blue line), 

(b) TiO2 deposited on Si.  
 

3.3 Raman spectroscopy analysis  

Micro-Raman Spectroscopy was performed to confirm the existence of the 

as-grown graphene (GF-Ni) and the crystalline phase of TiO2. The Raman spectra 

of the as-grown graphene multi-layers (GF-Ni) and TiO2/GF-Ni are presented in 

Fig. 3. Raman spectroscopy of the GF-Ni shows the typical G and 2D peaks as 

well as the low-amplitude peaks corresponding to the D+D" and 2D' bands, see 

Fig. 3 (a). The pointed G band centered at 1582.5 cm−1 is a characteristic peak of 

sp2 carbon structure and reflects the crystallization and symmetry of graphene 

[21].  

The 2D band centered at 2688.9 cm−1 is a two-phonon double resonance 

Raman scattering process [22] and reflects the stack degree of graphene that is a 

typical symbol to identify the existence of graphene [23]. The absence of the D 

band, which characterizes the disorder degree of sp2 materials, may indicate either 

low defect content or that the D peak is invisible because of crystal symmetries 

(pristine graphene) [24]. 



Synthesis of TiO2/GF-Ni hybrid materials by a combined chemical vapor deposition/RF (…)  71 

The data presented in Table 2 indicate that the as-grown GF-Ni presents 

the characteristics of a high-quality sp2 material, without defects. Factors 

supporting this conclusion are the D band’s absence, low FWHM of the G peak 

(close to 20 cm−1), as well as its low shift from the 1580 cm−1 standard value [25]. 

After the TiO2 deposition on GF-Ni, the G and 2D peaks’ position are almost the 

same as for the as-grown graphene (G band at around 1582.5 cm-1 and 2D band at 

around 2686.7 cm-1) along with disordered induce D (1345.6 cm-1) and D’(1622.4 

cm-1) bands. This fact suggests that the GF-Ni was able to maintain its porous 

network configuration with small defects induced by the subsequent processing 

steps performed on the as-grown GF-Ni, as is shown in Table 2. The Raman 

spectra of the TiO2/GF-Ni electrode exhibit peaks characteristic of TiO2 anatase 

(147.5 cm −1, 526.2 cm −1) as well as of rutile TiO2 (445.2 cm −1, 614.5 cm −1).  

The Raman analysis indicates the achievement of high quality and defect-

free GF-Ni and suggests the presence of a mixed structure comprised of anatase 

and rutile phase in the case of the TiO2 thin films. 
 

 

Fig. 3. Raman spectra of the (a) as-grown graphene (GF-Ni) and (b) TiO2/GF-Ni  

(A = anatase, R = rutile). 

Table 2.  

Raman shifts of G and the 2D band obtained for GF-Ni, as grown and TiO2/GF-Ni 

Sample Peak position  Intensity ratio FWHM (cm-1) 

G 2D I2D/IG G 2D 

GF-Ni, as grown 1582.5 2688.9 ˂ 1.00 16 40 

TiO2/GF-Ni 1582.5 2686.7 ˂ 1.00 14 29 

 

3.4 Cyclic Voltammetry 

he main objective of the electrochemical characterization of the 

synthesized material is to verify its electrochemical stability, given that it is 
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intended to be used as an electrode material in photoelectrocatalysis processes, 

where the electrode material must not participate in redox reactions. To verify that 

the synthesized hybrid material is electrochemically active, the technique of cyclic 

voltammetry in neutral sodium sulfate solution was used, at room temperature and 

natural aeration conditions. 

The electrochemical response of each component of the hybrid material is 

highlighted by the voltamograms shown in Fig. 4.  
 

  
Fig. 4. Cyclic voltammograms obtained on Ni (1 red line), GF-Ni (2 black line) and TiO2/GF-Ni  

(3 blue line) in 0,1M Na2SO4 solution at a scanning rate of 100 mV/s in the dark at 25 ºC. 
 

The sensitivity of nickel to the oxygen oxidation reaction takes place at a 

potential of about 590 mV vs. Ag/AgCl, and the peak of the current is tiny, 

considering the natural concentration of oxygen in an aqueous solution at 25°C. 

On the other hand, it is observed that the graphene layer obtained by chemical 

vapor deposition (curve 2) has good electrical conductivity and it can be used as 

an electrode material. In addition, the maxima specific for electrochemical 

processes on nickel electrode in neutral aerated solution disappeared, which is a 

good indication of the full coverage of the Ni support with the graphene layer.         

Instead, in the voltammogram obtained on the hybrid system, TiO2/GF-Ni, 

(curve 3) these maxima are amplified, values of the currents are about 4 times 

higher compared to the nickel support, both, in the anodic and in the cathodic 

fields. In addition, based on the recorded CVs for at least 5 cycles (not shown 

here), it was noticed a proper electrochemical stability of the synthesized 

TiO2/GF-Ni hybrid material. Therefore, the obtained hybrid TiO2/GF-Ni material 

has electrochemical response, it can be used as electrode material and its behavior 

in the electrochemical oxidation of some specific organic compounds will be 

studied [26, 27]. 
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4. Conclusions 

 

The GF-Ni and TiO2/GF-Ni hybrid materials were developed by 

a combination of chemical vapor deposition and physical RF-sputtering approach.  

Surface morphology characterizations show that even after the deposition 

of the thin TiO2 film, the sample retains its porous structure, both the graphene 

and the TiO2 film replicating the structure of the Ni foam. XRD and Raman 

investigations suggest the presence of a mixed phase structure of anatase and 

rutile phase of the TiO2 thin films. The electrochemical investigations showed an 

adequate electrochemical stability of the TiO2/GF-Ni hybrid material. Further 

experiments related to a more detailed electrochemical investigation of the 

prepared nanomaterials are scheduled to be presented in a future paper. 
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