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RESUMEN 
 

 
TÍTULO: Oxidación fotoelectrocatalítica de glicerol con luz visible usando nanotubos de TiO2 
sensibilizados con CoFe2O4-óxido de grafeno* 
 
AUTOR: SEQUEDA PICO, Ingrid Natalia** 
 
PALABRAS CLAVES: nanotubos de TiO2, ferrita de cobalto, óxido de grafeno, fotoelectrocatálisis, 
glicerol 
 
 
Electrodos basados en nanotubos de TiO2 modificados con CoFe2O4 y óxido de grafeno (FG) 
fueron obtenidos por síntesis hidrotérmica modificada y fueron comparados con aquellos obtenidos 
usando la técnica dip-coating (DC-TG). El efecto del aumento de la cantidad de óxido de grafeno 
(GO) en la fotoelectroactividad de los fotoánodos fue estudiado. Los fotoánodos de TiO2 (TNT) 
modificados con ferrita de cobalto (F) y óxido de grafeno (G) fueron preparados para mostrar el 
efecto sinérgico entre ambos modificadores. Las micrografías FESEM del fotoánodo FG mostraron 
la formación de nanotubos verticalmente orientados con granos y aglomeraciones sobre estos. Los 
resultados de XRD y espectroscopia Raman mostraron la presencia de anatasa, ferrita de cobalto, 
magnetita, maghemita y óxido de grafeno en el fotoánodo FG, mientras que la fase Fe2TiO5 fue 
observada en el fotoánodo DC-TG. El análisis de XPS evidenció el dopaje de los TNT con 
nitrógeno, carbono y flúor durante el proceso de anodización electroquímica y con hierro durante la 
modificación. Los resultados de DRS mostraron un desplazamiento de la absorción hacia la región 
visible en los TNT y los DC-TG, mientras que los fotoánodos FG presentaron absorciones en todo 
el intervalo visible. Un incremento en el transporte de electrones en el fotoánodo FG fue observado 
en un medio neutro de fosfato cuando se incorporó el GO. Las posiciones de las bandas de 
valencia y conducción estimadas electroquímicamente mostraron un alineamiento favorable para la 
inyección de electrones desde la ferrita de cobalto hacia los nanotubos de TiO2. La degradación 
fotoelectrocatalítica en una celda de tres electrodos empleando los fotoánodos FG y DC-TG 
alcanzó una conversión del 82% y 90% respectivamente, durante la oxidación fotoelectroquímica 
de glicerol bajo iluminación con luz visible en una hora. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_______________ 
* Trabajo de Investigación 
** Facultad de Ciencias, Escuela de Química. Directores: Dra. Martha Eugenia Niño Gómez,        
Profesor Dr. Ángel Manuel Meléndez Reyes. 
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ABSTRACT 
 

 
TITLE: Photoelectrocatalytic oxidation of glycerol with visible light using TiO2 nanotubes sensitized 
with CoFe2O4-graphene oxide* 
 
AUTHOR: SEQUEDA PICO, Ingrid Natalia** 
 
KEYWORDS: TiO2 nanotubes, cobalt ferrite, graphene oxide, photoelectrocatalysis, glycerol 
 
 
TiO2-based electrodes modified with CoFe2O4 and graphene oxide (FG) were obtained using the 
modified hydrothermal synthesis and were compared with those obtained using dip-coating 
technique (DC-TG). The effect of increasing the amount of graphene oxide (GO) on the 
photoelectroactivity of the photoanodes was studied. TiO2 photoanodes (TNT) modified with cobalt 
ferrite (F) and graphene oxide (G) were prepared to study the synergistic effect between both 
modifiers. FESEM micrographs of FG showed nanotubes vertically oriented with grains and 
agglomerations on the top. XRD and Raman spectroscopy results showed the presence of anatase, 
cobalt ferrite, magnetite, maghemite and graphene oxide in FG photoanode, while Fe2TiO5 phase 
was observed in DC-TG. XPS analysis revealed the doping with nitrogen, carbon and fluorine 
during anodization process and with iron during modification. DRS results showed an absorption 
displacement towards the visible range of TNT and DC-TG, while FG photoanodes presented 
absorptions throughout the visible light range. An increment of electrons transport in FG in neutral 
phosphate medium was observed when GO is incorporated. Band positions estimated 
electrochemically showed a favorable alignment in the electron injection from the modifier oxides to 
the TiO2 nanotubes. The photoelectrocatalytic degradation in a three electrodes cell using FG and 
DC-TG reached a conversion of 82% and 90% respectively, during PEC glycerol oxidation under 
visible light illumination for one hour.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_______________ 
* Investigation project 
** Facultad de Ciencias, Escuela de Química. Advisers: Dra. Martha Eugenia Niño Gómez,        
Professor Dr. Ángel Manuel Meléndez Reyes. 
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INTRODUCTION 

 

In the last years, the world industry of transesterification of palm oil for biodiesel 

production has been increasing notably. The crude glycerol derived from this 

process achieves enormous amounts, which is characterized by low purity levels. 

Many efforts have been carried out to purifying the crude glycerol but the high 

costs becoming it in an environmental issue. The photoelectrocatalysis (PEC) has 

been considered as a potential process to remove organic pollutants of water, it 

involves the use of semiconducting photoanodes composed generally by TiO2. 

This has motivated the modification of TiO2 photoanodes to improve its 

performance. Aiming to contribute to improve the electronic transport through TiO2 

and extent its photoactivity in the visible region, modification of TiO2 nanotube 

arrays (TNT) with both CoFe2O4 (F) and graphene oxide (GO) is proposed. Being 

the PEC a promising technology, the modification of TNT with CoFe2O4 by a 

hydrothermal method was studied. Morphological, structural, optical and 

photoelectrochemical properties of FG photoanodes and their effects on 

photoelectrocatalytic performance are herein presented and compared with 

another modification by using dip-coating technique (DC-T and DC-TG).  
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1. FUNDAMENTALS AND BACKGROUND 

 

1.1 GLYCEROL OVERSUPPLY 

 

Annually huge amounts of contaminants are being discarded causing damage to 

the environment [1]. In the last 5 years, almost 20 million of m3 of biodiesel has 

been produced of which 10% correspond to crude glycerol [2]. This has generated 

a crude glycerol oversupply with purity levels about 50-75%, which represents an 

issue [2]. Some researches has proposed to purify the crude glycerol or become in 

value-added products, however, those processes has usually high cost [3]. An 

alternative against to pollution is the use of solar energy which is one of the most 

clean and accessible energy sources in the world [4]. The solar light energy has 

been widely used in water decontamination [1,4], and its application in Advanced 

Oxidation Processes (AOP’s) is friendly with the environment [5].  

 

1.2 ADVANCED OXIDATION PROCESSES FOR WATER DECONTAMINATION 

 

Since 1980s the concept of AOP’s has been recognized [5]. AOP’s are based on 

the intermediacy of highly reactive species as hydroxyl radical (𝑂𝐻•), which are 

powerful oxidants for organic contaminants oxidation [6]. Recently, new AOP’s 

based on electrochemical technology has been appeared [6]. Some advantages as 

high efficiency, possibility of automation, safety (have into account the operation 

conditions), and the wide range of applicability become these technologies 

promising in wastewaters decontamination [6]. AOP’s include process as 

heterogeneous, homogeneous and photoelectrocatalytic methods, in which, the 

last one has attracted considerable attention. 
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1.2.1 Photoelectrocatalytic process. Researches in PEC have been increased 

notoriously, because it takes advantage of photocatalytic and electrochemical 

processes to obtain greater efficiencies in water decontamination. PEC is based on 

irradiation of a photoelectrode with a suitable band gap and the application of 

constant bias potential, where OH• are generated at the photoanode surface. The 

applied potential causes that photogenerated electrons being transported through 

the external circuit of the cell, favoring the generation of holes and hence 

enhancing the efficiency in regard to photocatalysis [6]. One of their principal 

advantages of PEC is the decrease of charge carriers recombination. Fig. 1 shows 

the scheme of the photoelectrochemical process when a photoanode is used.  

 

Figure 1. Schematic representation of PEC using an n-type photoelectrode.  

 

 

 

When the photoanode is put in contact with an electrolyte, a charge transfer is 

carried out, hence a rearrangement through the interface matches the Fermi level 

of the solution with the Fermi level of the photoanode [7]. In the rearrangement, 

electrons are transferred to the solution, while inside photoanode the formation of a 

space charge layer is given by the electrons diminution on photoanode surface. 

When a bias potential is applied, an electric field generated into semiconductor 
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promotes the separation of electron-hole pairs photogenerated. Thereby, 

photogenerated holes within the depletion layer can be efficiently transported 

toward the semiconductor/electrolyte interface, where they can form hydroxyl 

radicals, while electrons diffuse to the back contact [7]. 

 

1.2.2 Titanium dioxide semiconducting photoelectrodes. The increasing 

amount of PEC researches has focused on obtaining high performance reactions 

using mostly semiconducting photoanodes with high chemical stability, non-toxicity 

and high cost-effective relation. Titanium dioxide (TiO2) photoelectrodes has been 

extensively used due to properties as high stability, low toxicity and wide band gap 

becoming it in a promissory material [8]. Accordingly to TiO2 band gap, the 

minimum energy required to promote electron-hole pairs photogeneration is 3.2 eV 

(for anatase structure) which are directly related in reduction-oxidation reactions. 

Thus, the irradiation of TiO2 photoelectrodes with energy, λ < 380 nm, promotes 

that electron and holes are generated as shown in (1). 

 

𝑇𝑖𝑂2 + ℎ𝜐 →  𝑒𝐶𝐵
− +  ℎ𝑉𝐵

+  (1) 

 

Then, organic compound can be oxidized directly by holes (2) or indirectly by OH• 

(3) and (4) on TiO2 surface as follows: 

 

𝑇𝑖𝑂2 + ℎ+  + 𝑅 − 𝐻 →  𝑅•  → Oxidation products (2) 

 

𝑇𝑖𝑂2 +  ℎ+ +  𝐻2𝑂 → 𝑇𝑖𝑂2 [𝑂𝐻•] +  𝐻+ (3) 

 

𝑇𝑖𝑂2 [𝑂𝐻•] +  𝑅 − 𝐻 → 𝑅• +  𝐻2𝑂 (4) 

 

Since the TiO2 nanostructured photoelectrodes were obtained, many studies about 

the charge carrier diffusion and photoactivation enhancement has been conducted. 

The charge-transport is given by electrons transport through the interconnected 
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particles and holes diffusion to particles surface creating a potential gradient [9]. 

Consequently, charge separation has no dependence with electric field application, 

but is determined by transference kinetics on semiconductor/electrolyte interface. 

In the nanostructured photoelectrodes, the only existence of a surface introduces 

intrinsic surface states. Also, defects and impurities species introduce extrinsic 

surface states. The presence of those states could limit electron diffusion by trap-

limited diffusion process, in which states localized inside band gap could acts as 

recombination centers or trap states [10]. In Fig. 2 is shown a schematic 

mechanism of generation of electron-hole pairs when a semiconductor film is 

illuminated. The electron in conduction band can combined with the formed hole in 

a recombination process, can be trapped by bulks traps or can be trap and release 

by surface traps and can be transfer to species in solution [11]. The surface states 

are localized physically on particles surface or within a distance from it [11]. 

 

Figure 2. Schematic mechanism of charge transport in nanostructured 
photoelectrodes.   
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1.2.3 Titanium dioxide nanotubes as photoanodes. As it is well known, there is 

a dependence of the morphology with the photoelectrodes performance. As shown 

above, the random particles promote slow electrons diffusion which limits hugely 

the process efficiency (Fig. 2). In contrast, the TiO2 crystalline nanotube arrays 

(TNT) promotes excellent pathways for charge transfer improving the transport and 

collection of charge carriers [12]. The TNT architecture provides high surface area 

to harvest solar light for higher energy conversion [13]. Also, the arrangement of 

the TNT fabricated by electrochemical anodization has a very strong mechanical 

strength due to TNT grows directly on titanium substrate [13]. Fig. 3 shows the 

direct pathway to electrons transport and a schematic crystalline anatase structure 

of TNT in (101) plane. 

 

Figure 3. Schematic images of photogenerated electron pathway (left) in TNT 
(101) plane, in transversal (center), and side (right) views. Ti and O atoms are 
shown as gray and red balls, respectively. Ti5c denotes 5-fold coordinated 
titanium, O2c 2-fold coordinated and O3c 3-fold coordinated oxygen [14,15]. 

 

 

  

 

1.2.4 Cobalt ferrite and their role as nanotubes sensitizer. Although TNT has 

great properties, its wide band gap ~3.2 eV limits the technological applications. 

Intrinsically, the material absorbs light in UV region, only about 4-5 % of solar 
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spectrum [16]. From the point of view of solar energy applicability, is necessary 

extend TNT absorption from UV to visible light region, which corresponds to ~46% 

of solar light [17]. Extensive efforts have been made to improve the TNT visible 

light absorption; these include metal and non-metals doping. Although these 

researches have improved the visible light absorption, issues as carrier-

recombination centers and thermal instability generates the necessity of focus 

investigations on additional strategies [18]. One of the strategies to extend 

absorption from UV to visible light region is the combining TNT with narrow band 

gap semiconductor. This combination is also known as heterojunctions which were 

suggested for first time by Shockley in 1951 [19]. 

 

The p-n heterojunctions has been greatly known for the highly efficient charge 

collection and separation [20,21]. Generally, when p-type and n-type 

semiconductors are in contact, a p-n heterojunction is formed (Fig. 4). In the 

interface is produced a space-charge region by electron diffusion creating a built-in 

electrical field. The electron diffusion from n-type to p-type semiconductor results in 

the generation of negative charge accumulated in p-type region near to the 

junction. Likewise, holes diffuse from p-type to n-type semiconductor creating 

positive charges near the junction in the n-type region. When heterojunction is 

illuminated with photons energy higher or equals to their band gaps, electrons and 

holes photogenerated are separated efficiently. The electrons in p-type are 

transferred to the CB of the n-type semiconductor and the holes to the VB of the p-

type. Advantages as more effective charge separation, rapid charge transference, 

longer lifetimes of the charge carriers and separation of locally incompatible 

reduction and oxidation reactions are provided. 
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Figure 4. Schematic diagram of energy band structure of a p-n heterojunction and 
the charge-carrier separation [20]. 

 

 

 

Some of these p-type semiconductors can be used as sensitizers to visible light 

absorption. Of particular interest is the inverse spinel cobalt ferrite (CoFe2O4), 

which despite has not been widely studied in PEC process [22], has been 

recognized by their excellent photocatalytic properties in water treatments when is 

coupled with TiO2 [23]. In spite of CoFe2O4 band gap is still under debate, it has 

been demonstrated that CoFe2O4 can absorbs in visible light region (λ < 2.2 eV) 

[24,25]. Compared with other materials such as dye sensitizers and quantum dots 

(such as CdS, CdSe, and PbS), CoFe2O4 has receive singular attention due to its 

better stability, no toxicity and tunable band edge absorption, becoming it in an 

option to sensitize the TiO2 [26]. 

 

1.2.5 Graphene oxide in the increment of charge carriers transport. Carbon is 

an extensively studied element with allotropic structures as fullerene, carbon 

nanotubes, graphite, diamond and graphene, which becomes it in an element of 

interest. Graphene structure is generally a single layer of sp2 bounded carbon 

atoms, and has a π configuration structure which brings excellent properties [27]. 
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Graphene CB and VB have a cone configuration with a point of contact, also no 

has a band gap and is considered as a semi-metal [28]. Graphene have VB and 

CB which are constituted by bonding π and anti-bonding π* orbitals, respectively. 

When oxygen atoms are included, C-O type-bonds are created, generating a 

separation of π and π* orbitals resulting in a band gap in GO. Increasing the 

oxygenation grade, the VB maximum changes from the π orbital of graphene to the 

2p orbital of oxygen, while the π* orbital remains as CB maximum [27]. A 

characteristic of graphene sheets is the hydrophobicity therefore is unsuitable for 

PEC process in water. On the contrary, graphene oxide (GO) sheets have tunable 

properties and is characterized by the functionalization with carboxylic acid, 

hydroxyl, and epoxide groups which confers it a hydrophilic character [27]. Also, 

have been receiving attention due to the improvement of PEC properties when is 

coupled with semiconductor oxides as TNT and the improvement of photocatalytic 

activity under visible-light where is combined with CoFe2O4 [29,30].  
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2. HYPOTHESIS AND OBJECTIVES 

 

2.1 HYPOTHESIS 

 

The photoelectrocatalytic oxidation of glycerol is enhanced by titanium dioxide 

nanotubes modified with CoFe2O4-GO in regard to titanium dioxide nanotubes. 

 

2.2. GENERAL OBJECTIVE 

 

To enhance the PEC performance of glycerol with visible light through the 

synergetic effect of TiO2 nanotubes modification with CoFe2O4 and GO. 

 

2.3 SPECIFIC OBJECTIVES 

 

 To diminish the TNT photoactivation energy towards visible light absorption 

by modification with CoFe2O4. 

 

 To increase the photocurrent response of TNT photoanode by coupling of 

CoFe2O4 with GO. 

 

 To enhance the TNT photoelectrocatalytic performance under visible light 

illumination. 
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3. EXPERIMENTAL METHODOLOGY 

 

3.1 SYNTHESIS OF PHOTOANODES 

 

3.1.1 TNT photoanode synthesis. TNT were prepared by electrochemical 

anodization using titanium foils (99.5 % purity, Alfa Aesar) of 2 cm x 2 cm and 

thickness of 0.25 nm. The titanium foils were polished with SiC emery papers No. 

400, 600, 1500 and cleaned with acetone (≥ 99.9 %), ethanol (≥ 99.5 %), and 

deionized (DI)  water in an ultrasonic bath (Elmasonic E30H). Electrolyte was 

composed of 1 wt% of ammonium fluoride (≥ 98 %), 90 mL of ethylene glycol (≥ 

99.8 %) and 10 mL of DI water. The electrochemical anodization was carried out in 

a two electrode-cell, composed of the titanium foil as anode and a platinum wire as 

cathode. A potential of 31 V was applied for 2 hours at 26°C. Then, the samples 

were rinsed with DI water and heat treated in air at 450°C at 1°C/min during 1 hour 

in a chamber furnace Carbolite CWF 1200. 

 

3.1.2. TNT modification. The preparation of F photoanode was based on the 

procedure reported by Lei et al. [22]. Firstly, an aqueous dissolution of 5 mmol 

FeCl3.6H2O (97 % of puritiy) and 2.5 mmol CoCl2.6H2O (98 % of purity) was mixed 

under constant stirring at room temperature. Secondly, 1 mL CH3COCH2COCH3 (≥ 

99 %) and 45 mmol NH2CONH2 (≥ 99.5 %) were added to aforementioned solution. 

This mixture was introduced in a sealed Teflon recipient and heating in a furnace at 

180°C for 12 hours in air. Finally, the films were washed with CH3CH2OH (≤ 

0.005% water) and dried at 60°C for 6 h. On other hand, G photoanode was 

obtained by immersing TNT photoanode in a dispersion of 0.03 mg/mL of GO in DI 

water. Then a heating in a Teflon sealed recipient at 180°C for 12 hours was 

carried out. The GO used in the fabrication of G photoanodes was synthesized 

according to modification of Hummers method reported by Gómez et al. [31]. In the 

case of FG photoanode, it was obtained adding 5 mmol FeCl3.6H2O (97 %) and 2.5 

mmol CoCl2.6H2O (98 %) to a GO dispersion of 0.03 mg/mL. The next synthesis 
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steps follow the identical preparation conditions of F photoanode. Finally, A-FG 

photoanode was obtained following the same synthesis steps of FG photoanode 

but using an autoclave instead of a Teflon recipient. The TNT photoanodes were 

immersed in the solution containing iron-cobalt salts and a GO dispersion of 0.08 

mg/mL. Heating, washing and drying stages were identical to FG photoanode 

preparation. 

 

3.2 CHARACTERIZATION OF PHOTOANODES 

 

Morphology of photoanodes was observed in a field emission scanning electron 

microscopy (FESEM) using a JOEL Quanta 650 FEG. Elemental composition was 

acquired with an EDAX Apollo X energy dispersive X-ray spectroscopy (EDS). 

Superficial layer of F photoanode (named “F powder”) was obtained by rubbing the 

surface of electrode with a spatula, its morphology was obtained using a Tescan 

MIRA 3 FEG-SEM. The interplanar distance in F powder was obtained by using a 

high resolution transmission electron microscope Tecnai F20 Super Twin TMP 

equipment, with a field emission source, resolution of 0.1 nm in 200 Kv, maximum 

magnification in TEM 1.0 MX and GATAN camera US 1000XP-P. HRTEM images 

were analyzed using the Digital Micrograph software. The structural 

characterization of photoanodes was obtained by using conventional X-ray 

diffraction (XRD, radiation CuKα1) with a Bruker model D8 DISCOVER X-ray 

diffractometer with DaVinci geometry using a voltage of 40kV, 30 mA, divergent slit 

of 0.6mm, primary soller slit of 2.5°, sampling of 0.01526°, a nickel filter and a 

linear detector LynxEye. The phases were compared with the International Centre 

for Diffraction Data (ICDD) PDF–2 database. Raman spectra of GO, F, FG, DC-T 

and DC-TG photoanodes were obtained with a Horiba Lab Ram HR, by using a 

laser of 532 nm (~2.33 eV) with power of 1 mW. G and TNT photoanodes were 

measured with a laser of 473 nm (~2.62 eV). The correction of baseline by 

fluorescence was applied in the obtained by modified hydrothermal method. The 

chemical composition of photoanodes was analyzed by X-ray photoelectron 
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spectroscopy using a SPECS PHOIBOS150 spectrometer with a hemispheric 

analyzer operating X-ray energy of 1486.6 eV from Al Kα radiation. A 

polychromatic X-rays and a monochromator mirror with energy step of 0.025 eV 

was used. The polychromatic X-ray source used (Al−Kα) of the Ag 3d5/2 having 

FWHM = 0.8 eV while the FWHM of the monochromator mirror is 0.5 eV. The peak 

fitting of the high resolution measurement (by integrating the Ti, N, C, F, Fe, Co 

and O peaks) was determined with CASA-XPS software using a Tougaard-type 

background. The binding energy of each element in the sample was calibrated with 

the typical C 1s energy at 284.6 eV. Diffuse reflectance spectra of photoanodes 

were recorded with a Shimadzu PC 2401 UV-Vis spectrophotometer using an 

integrating sphere in the wavelength range 200 to 900 nm. 

 

3.3 PHOTOELECTROCHEMICAL CHARACTERIZATION OF PHOTOANODES  

 

Open circuit potential measurements, linear sweep voltammetry and photocurrent 

transients for all photoanodes were obtained in a potentiostat AUTOLAB PGSTAT 

302N at room temperature in a three-electrode cell. An electrode of Ag/AgCl/ 3 M 

KCl introduced in a Luggin capillary was use as reference electrode, a graphite rod 

(99.99% pure, Alfa Aesar) as counter electrode and each photoanode was used as 

working electrode (geometrical area 2.4 cm2). The solution was a buffer of 0.1 M 

K2HPO4 and KH2PO4 at pH 6.8, with or without 1mM glycerol. All the solutions 

were bubbled with nitrogen for 15 min to remove the dissolved oxygen. The 

illumination source was supplied by LEDs of 655, 627 and 617 nm and an intensity 

of 7 mA (1.74 W). The light illumination was chopped every 20 s in LSV 

measurements and 10 s in photocurrent transients. The potential applied in 

photocurrent transients was 0.8 V vs Ag/AgCl 3 M KCl and the scan rate was 

0.01 V/s. 

 

3.3.1 Flat band potential determination using F photoelectrode. Flat band 

potential value of both cobalt ferrite (F powder) and TNT was obtained by OCP 
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measurements. OCP and onset photocurrent measurements were performed with 

a lamp Philips MHN-TD 150 W metal halide with UV-block. Capacitance 

measurements and Mott-Schottky analysis were obtained from 0.1 to 10000 Hz, 

with signal amplitude of 10 mV. 

 

3.4 PEC GLYCEROL OXIDATION ON PHOTOANODES 

 

Photoelectrocatalytic activity was evaluated in a three-electrode cell with a 

potentiostat AUTOLAB PGSTAT 302N. The source of visible light irradiation was a 

Philips MHN-TD35 lamp with UV block. A bias potential of 0.8 V vs Ag/AgCl was 

applied for 1 hour. Two different solutions were used: 1) a solution of 1 M glycerol 

(85%) and 2) a solution of 1 M of crude glycerol (Annex A), both in 0.1 M K2HPO4 + 

KH2PO4 at pH 6.8 [32,33]. Glycerol concentration was monitored for 60 minutes, 

each 30 minutes, in an Agilent 6890 Series GC System G1540A gas 

chromatograph (GC) using Chemistation software. A HP Innowax Polyethylene 

glycol column (30 m x 320 µm x 0.25 µm) was employed during the 

measurements. An organic extraction of glycerol from solution was carried out 

using 0.5 mL of C7H8O (benzyl alcohol, 99 %) before injecting samples. The 

methodological steps include the following: 1) estimation of peak corresponding to 

benzyl alcohol by measuring the solvent, 2) estimation of peak corresponding to 

glycerol by measuring a 2.8 M glycerol solution and 3) confirmation of glycerol 

peak by measuring the initial 1 M solution at time 0. The intermediaries obtained in 

PEC glycerol oxidation were determined from gas chromatography with electron 

ionization, and full scan mass spectrometry (GC-MS, 70 eV; full scan). 
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4. RESULTS AND DISCUSSION 

 

4.1 MODIFIED HYDROTHERMAL SYNTHESIS 

 

4.1.1 Morphological, structural and optical characterization of photoanodes. 

FESEM image in Fig. 5a shows the morphology of TNT obtained by Ti anodization, 

the height of TNT was 2 µm. The averages of the inner and outer diameter of 

nanotubes were 112 nm and 87 nm, respectively, and a wall thickness ~25 nm. 

Nanotubes were densely connected without appreciable separation to one another. 

Ti and O atomic percent by EDS was in good agreement with a molar ratio of 1:2 in 

concordance with TiO2. Top tubes vary in height (Fig. 5a’,a’’), thereby TNT arrays 

have a rough surface which increases the surface area of TNT. Fig. 5b-e shows 

FESEM images of G, F, FG and A-FG photoanodes. In the case of TNT coated 

with GO sheets (Fig. 5b’,b’’) a smoother texture than in TNT arrays is observed, 

which visibly diminishes the surface roughness in comparison with bare surface. 

EDS analysis showed a molar ratio 1:2 Ti:O, while the concentration of carbon 

increasing 6 times. This result indicates that carbon was incorporated in the 

material. On the other hand, FESEM images for F are given in Fig. 5c-c’’. It can be 

seen that the film was coarse and cracked, with a thickness of ~4.7 µm. The 

magnified FESEM image displayed platelet-like morphology, which is typical of iron 

oxides [34]. Indeed, atomic percent in F was 52.17 % O, 16.29 % Fe, 11.13 % Ti, 

5.8 % Co, 9.2 % C, 4.5 % N and 0.87 % Cl. It has been reported in the literature 

that chloride salts used for synthesis of solids promotes chloride trapping into the 

lattice or adsorption on the surface [35]. Besides, C and N could be incorporated 

into the film by the addition of urea modifier. On the FG surface (Fig. 5d,d’), it can 

be observed grains and aggregates with size less than 1 and 4 µm, respectively. 

EDS atomic composition for FG was 45.27 % O, 49.46 % Ti, 0.32 % Fe, 0.2 % Co, 

4.3 % C and 0.45 % Cl. A slightly increase in nanotube wall thickness ~4 nm was 

observed for FG photoanode (Fig. 5a’’,d’’), showing that TNT arrays were modified. 
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Thus, GO avoid the formation of a thick layer and disperse the iron- and cobalt-

bearing solid on the top of surface of TNT arrays.  

 

Figure 5. FESEM images of (a) cross-section view of the bottom of the TNT arrays 

and (a’,a’’) top-view. FESEM images of (b,b’,b’’) G, (c,c’,c’’) F, (d,d’,d’’) FG and 

(e,e’,e’’) A-FG photoanodes. 

 

 



 

35 
 

In addition, nanotubes were separated and a less dense nanotube network was 

obtained. A-FG photoelectrode showed a crack surface (Fig. 5e-e’’) where the film 

covering the nanotubes had an average thickness of ~ 230 nm (Fig. 5e’). Fig. 6 

shows FESEM images of F powder obtained from F photoanode. Typical cubic-like 

grains of ferrite with an average side length of 3.46 μm was measured [36–38]. 

Cubic grains appear as agglomerates segregated in FG (Fig. 5d-d’). 

 

Figure 6. FESEM images of F powder. 

 

 

The crystallographic structure of TNT, F and FG photoanodes was studied by XRD 

(Fig. 7). Fig. 7a shows the XRD profile of TNT photoanode, in which the peaks at 

2θ 25.38°, 37.22°, 48.12°, 54.11° and 55.14° correspond to anatase phase (PDF-2 

000-89-4921) [39]. The strong peak at 25.38° indicates that TiO2 nanotubes are 

oriented along the (101) plane. This preferential orientation is useful to improve the 

charge transport through nanotubes [40]. Diffraction peaks at 18.45°, 30.29°, 

35.60° and 57.18° corresponding to (111), (220), (311) and (511) planes were 

assigned to cubic spinel structure CoFe2O4 in F photoanode (Fig. 7b) [41]. A broad 

and weak peak at 43.31° (400) indicates the presence of magnetite (Fe3O4) or 

maghemite (γ-Fe2O3) cubic phases [42]. The peak centered at 35.60° 
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(enlargement of Fig. 7) shows a better adjustment with the cobalt ferrite diffraction 

line, because it is in major amount. On the contrary, in FG photoanode (Fig. 7c), 

CoFe2O4 was undetectable. This is probably due to the differences of amount of 

material deposited on TNT surface. In order to identify the iron-bearing oxides in 

FG photoanode, a characterization by Raman spectroscopy and XPS was 

performed. 

 

Figure 7. X-ray diffraction profiles of (a) TNT (b) F and (c) FG photoanodes. 

Diffraction lines of cobalt ferrite (continuous line; PDF-2 000-03-0864), magnetite 

(mn, dashed line; PDF-2 000-75-0449) and maghemite (mg, dotted line; PDF-2 

000-39-1346) phases. Asterisks (*) and “a” lower letter indicate peaks from titanium 

substrate and anatase phase, respectively. 

 

 

Fig. 8 shows Raman spectra of GO and TNT based photoanodes, besides 

CoFe2O4, Fe3O4 and γ-Fe2O3 spectra from literature are presented with 
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comparative purposes [43]. TNT based photoanode spectra shown bands at (144, 

197, 394, 516 and 634) cm-1 assigned to Eg, Eg, B1g, A1g and B1g vibrations of 

anatase phase (Fig. 8a) [44]. Anatase bands do not appear in F photoanode due to 

the large thickness of F layer. GO spectrum (Fig. 8b) shows the characteristics D 

and G bands at 1349 cm-1 and 1601 cm-1, respectively. The D band (A1g mode) is 

related to sp3 hybridization by defects in the hexagonal structure of graphitic layer, 

while G band (Eg mode) is characteristic of sp2 carbon hybridization [45]. Both G 

and FG photoanodes showed vibrations corresponding to GO (Fig. 8c,e). However, 

G band in FG showed a red shift from 1601 cm-1 to 1552 cm-1, which is attributed 

to the inclusion of N containing chemical groups into the structure of GO coming 

from urea [46]. 

 

Figure 8. Raman spectra of TNT (a), GO (b), G (c), F (d) and FG (e). CoFe2O4 (f), 

γ-Fe2O3 (g) and Fe3O4 (h) spectra from literature [43] are comparatively presented. 

Asterisks (*) indicate peaks from anatase phase. 
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Raman spectra of both F and FG photoanodes (Fig. 8d,e) shown bands at (212, 

277, 466) cm-1, which are typical of Fe-O and Co-O vibrations in octahedral sites of 

CoFe2O4  [47]. In addition, bands at 586 and 675 cm-1 correspond to a splitting of 

the A1g mode, which is ascribed to vibrations in tetrahedral sites including Co-O 

vibration [48–50]. In addition, bands at 516 cm-1 and 388 cm-1 are unequivocally 

associated to Fe3O4 and γ-Fe2O3, respectively [51,52]. 

 

In order to determinate the elemental composition and modification of the TNT 

based photoanodes, a XPS analysis was performed (Fig. 9-10 and Table 1). 

Annexes B and C shown general spectra of TNT, G, F, and FG photoanodes. C, N, 

K, Ti, F and O were observed in all these photoanodes. Peaks corresponding to K 

2p3/2 (292.0 eV) and K 2s (376.7 eV) are attributed to phosphate buffer adsorbed 

on photoanode surface. Fe and Co were only detected in F and FG. High 

resolution C 1s spectrum of TNT and its deconvolution are given in Annex B. Six 

peaks centered at 282.7, 283.3, 284.6, 285.2, 286.3 and 288.4 eV are in good 

agreement with substitutional and interstitial C dopant (O-Ti-C and Ti-O-C), which 

possibly occurred during the anodization process as has been recently reported 

[53], and by other hand C-C, C-O-H, C-O C=O groups from adventitious 

contamination, respectively [53,54]. In the case of G photoanode, Ti-O-C peak 

centered at 283.4 eV confirms C-doping of TNT (Fig. 9). Only in G photoanode was 

observed the characteristic peak of C=C (284.1 eV) associated to GO. However, 

O=C-O contribution (288.9 eV) also characteristic of GO was observed in G and 

FG photoanodes. Additionally, for FG photoanode a peak at 287.0 eV reveals the 

existence of nitrogen functional groups [55,56].  

 

High-resolution N 1s spectrum showed substitutional doping of nitrogen into TiO2 

lattice, it is well-known that NH4F modify TNT during anodization process [53,57]. 

Fig. 9 reveals that an additional modification with N was observed in F and FG. 

Interstitial N doping was identified at 396.7 eV [58], it is attributed to the presence 
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of urea during cobalt ferrite synthesis. In FG photoanode additional contributions of 

nitrogen at binding energies of 398.1, 399.7, 402.2 and 404.1 eV were observed.  

 

Figure 9. XPS high resolution spectra of C 1s, N 1s and Ti 2p of the G, F and FG 

photoanodes, as indicated in the figure legends. 

 

 

These peaks correspond to a pyridinic (C-N=C), pyrrolic or pyridonic (C-NH-C or 

N=C-O-H), quaternary nitrogen and N bonded to oxygen, respectively [46,59,60]. 

The peak at 399.7 eV could be overlap with the corresponding to O-Ti-N bonds. 

These results confirm the structural modification of GO by urea in accordance with 
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Raman analysis. Fig. 9 shows the high-resolution Ti 2p spectrum, where the typical 

peak of Ti-O bonds was identified at 458.0 eV for all photoanodes [61]. In addition, 

TNT and G photoanodes showed the contribution of Ti-O-C bonds at 458.8 [62]. 

On the other hand, an additional contribution for F and FG photoanodes reveals 

the isomorphic substitution of titanium by iron (Ti-O-Fe) associated to the signal 

centered at 459.8 eV [61,63]. Fluorine in substitutional positions was observed at 

684 eV in all photoanodes (not shown) [64]. 

 

Fig. 10 shows Fe 2p and Co 2p spectra of both F and FG photoanodes. The peak 

at 709.9 confirms the presence of Fe3O4, while the peak at 710.9 eV could be 

attributed to either γ-Fe2O3 or CoFe2O4 in octahedral sites [61,65–67]. Indeed, the 

peak at 712.6 eV shows the presence of Fe3+ in tetrahedral sites corresponding to 

CoFe2O4 [68]. The peak observed at 710.9 eV associate to Ti-O-Fe bonds [61] 

confirms the Fe-doping in TNT. Satellite peaks of Fe appear at 715 and 718.3 eV 

[69]. High-resolution Co 2p spectra showed contributions of CoFe2O4 at 780.5 eV 

and 784.6 eV ascribed to the presence of Co2+ in octahedral and tetrahedral sites, 

respectively [68,70]. This shows that exists a certain inversion degree of the spinel 

structure. A satellite peak of Co appears at 789.9 eV [68]. High-resolution O 1s 

spectra at 527.8 has been attributed in the literature [71], to interaction of TiO2 and 

Fe3O4 in composites oxides; whereas the peak at  529.4 eV is associated to Fe-O 

bonds. The peak at 530.0 eV corresponds to Ti-O bond in TiO2 [72]. The peak at 

530.7 eV could be attributed to either γ-Fe2O3 or Fe3O4 [65]. The peak at 531.5 eV 

matches with oxygen from CoFe2O4 [68]. In the case of G and FG photoanodes, 

the peak at 535.4 eV corresponds to O=C-O-H bonds from GO [73]. It is 

noteworthy that only a peak at 530.9 eV in TNT photoanode exhibited the presence 

of hydroxyl groups on its surface.   
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Figure 10. XPS high resolution spectra of Fe 2p, Co 2p and O 1s of the F and FG 

photoanodes 
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Table 1. XPS single chemical components of TNT, G, F and FG photoanodes. 

  TNT G F FG Ref. 

Element Bonds Binding energy (eV)  

Carbon 

O-Ti-C 282.7 282.3 282.1 283.1 [53,54] 

Ti-O-C 283.3 283.4   [53,74,75] 

C=C  284.1   [53,74,75] 

C-C 284.6 284.6 284.6 284.6 [53,54] 

C-O-H 285.2 285.5 285.2 285.5 [53,54] 

C-O 286.3 286.6 286.4 286.2 [53,54] 

C-N    287.0 [55,56] 

C=O 288.4 287.5 288.1 288.1 [53,54] 

O=C-O  288.9  288.9 [53,74,75] 

Nitrogen 

Ti-O-N (Interstitial)   396.7 396.3 [58] 

C-N=C (Pyridinic)    398.1 [46] 

O-Ti-N (substitutional) 

or C-NH-C (pyrrolic) 

or N=C-O-H (pyridonic) 

399.6 399.3 399.2 399.7 

[53,57] 

[46] 

[46] 

Quaternary nitrogen    402.2 [59] 

N-oxide    404.1 [60] 

Titanium 

(2p3/2) 

Ti-O-Ti 458.0 458 458.1 458.2 [76] 

Ti-O-C (interstitial) 458.8 458.4   [62,77] 

Ti-O-Fe   459.8 459.6 [61,63] 

Fluorine O-Ti-F 684.0 683.9 684.0 683.9 [64] 

Iron 

(2p3/2) 

 

Fe2+ Fe3O4   709.9 709.4 [61,65–67] 

Ti-O-Fe 

or Fe3+ γ-Fe2O3 

or Fe3+ CoFe2O4 octahedral 

  710.9 710.7 

[61] 

[61,65–67] 

[68] 

Fe3+ tetrahedral CoFe2O4   712.6 712.2 [68] 

Cobalt 
Co2+ octahedral CoFe2O4   780.5 780.9 [68,70] 

Co2+ tetrahedral CoFe2O4   784.6 785.0 [68,70] 
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Oxygen 

Interaction Fe3O4 with TiO2    527.8 [71] 

Fe-O   529.3 529.4 [71] 

Ti-O 529.9 529.8 530.2 530.0 [76] [72] 

γ-Fe2O3 or Fe3O4   530.8 530.7 [65] 

OH 530.9    [78] 

CoFe2O4   531.3 531.5 [68] 

C-O-H 532.3 532.0 532.1 532.3 [79] 

C=O  534.2 533.4 533.2 [73] 

O=C-O-H  535.8  535.4 [73] 

 

Fig. 11 shows HRTEM image of F powder, which is formed by nanoparticles less 

than 25 nm in size. The lattice fringes showed a d-space of about 0.171 nm 

corresponding to the (422) plane of CoFe2O4. 

 

Figure 11. High-resolution transmission electron microscopy images of F powder. 

 

 

The HRTEM-EDX analysis showed a Co/Fe atom ratio of 1:2, which is in fair 

agreement with the stoichiometry of CoFe2O4. The lattice constant a was 



 

44 
 

calculated from Miller indices (h k l) using the relation 𝑎 = 𝑑ℎ,𝑘,𝑙√ℎ2 + 𝑘2 + 𝑙2, 

where d is the interplanar distance [80]. The a value obtained was 8.387 Å. The 

cation distribution in the inverse spinel structure can be characterized by the so-

called degree of inversion x, which is defined as the fraction of the divalent metal in 

octahedral sites as follows: (𝐶𝑜1−𝑥𝐹𝑒𝑥)𝑡𝑒𝑡[𝐶𝑜𝑥𝐹𝑒2−𝑥]𝑜𝑐𝑡𝑂4. From the lattice constant 

herein obtained, the inversion degree is in the range of 0.75 < x <1 [76] [81]. 

 

From above characterization is possible to propose general schemes for TNT 

based photoanodes (Fig. 12).  

 

Figure 12. Schematic diagrams of a) TNT, b) G and c) FG photoanodes.   
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Fig. 13 shows the modified Kubelka-Munk function versus photon energy of TNT 

based photoanodes. TNT, F and FG showed two absorption edges, while G 

exhibited only one. Calculated absorption edges are given in Table 2. The principal 

band gap is about 3.2 eV, which is characteristic of TiO2. In the case of TNT (Fig. 

13a), the secondary absorption could be caused by the presence of sub-band gap 

states, because C, N and F modification promotes the generation of energetic 

states inside TiO2 band gap [53]; hence, an absorption edge of 1.42 eV is 

observed.  

 

Figure 13. Modified Kubelka-Munk function vs photon energy of (a) TNT, (b) G, (c) 

F and (d) FG photoanodes. Inset shows the close up view of absorption spectra. 

 

The spectrum of G photoanode shows a continuous absorption band in the visible 

light region (Fig. 13b), which is typical in materials containing carbon [82,83]. This 

has been attributed to the existence of various levels of GO sheets oxidation, in 

which, transitions 𝜋 → 𝜋∗ take place [83–86]. Both F and FG shown similar 

absorption features, which are distinct to the other photoanodes. Thus, the 
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continuous and large absorption in the visible region is ascribed to iron-bearing 

oxides (Fig. 13c). The absorption edges of F and FG photoanodes were 0.92 and 

0.55 eV, respectively. Indeed, the band gap of cobalt ferrite, magnetite and 

maghemite iron-cobalt are in the range of 0.8 to 2.87 eV [87–91]. 

 

Table 2. Calculated absorption edges of TNT, G, F and FG photoanodes. 

 TNT G F FG 

Edge 1 3.19 3.14 3.17 3.15 

Edge 2 1.42 - 0.92 0.55 

 

4.1.2 Photoelectrochemical and photochemical characterization. To evaluate 

photoactivity of the TNT, G, F, FG and A-FG photoanodes, measurements at zero 

net exchange photocurrent were carried out under illumination in absence and 

presence of glycerol (Fig. 14). OCP measurements were obtained under 

illumination of 655 nm in a 1 mM glycerol and 0.1 M buffer phosphate solution at 

pH 6.8. Firstly, when a semiconductor is in contact with a solution, under 

equilibrium Fermi level matches with redox potential electrolyte and a band 

bending occurs in the semiconductor. The band bending depends on the 

electrolyte redox potential, but in this case no redox pair was used. In the case of 

the buffer solution the Fermi level is not well defined and the band bending 

determines the magnitude of the photopotential (Vph) developed [92,93]. The Vph 

values of photoanodes are given in Table 3. For all photoanodes the shift to less 

positive potentials indicates a n-type behavior [93]. Also, with the exception of A-

FG, higher Vph values in presence of glycerol are observed. This indicates that 

glycerol has a scavenging effect by trapping holes photogenerated in valence 

band, promoting that more electrons photogenerated being accumulated in 

conduction band.  
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Figure 14. OCP measurements of TNT, G, F, FG and A-FG photoanodes in 

absence and presence of glycerol as indicated in the figure legends. Inset shows 

the close up view of A-FG. Measurement conditions: geometric area of 2.4 cm2, 1 

mM glycerol, 0.1 M KH2PO4 and K2HPO4 at pH 6.8. Light Source: LED driver 

 655 nm. 

 

G and A-FG photoanodes exhibits lower Vph values principally due to the GO 

avoided the passage of light efficiently. Also, A-FG is highly unstable have into 

account the changing potential at the time and its low mechanical stability. In the 

case of TNT photoanode the Vph of 0.097 V indicates a photoresponse due to sub-

band gap levels introduce by F, N and C doping. For F and FG, the higher Vph 

values suggest the improvement in electron-hole separation explained by the 

existence of the built-in field in the heterojunction facilitates charge carriers 

separation [94–97]. 

 

Table 3. Photopotential generated by TNT, G, F, FG and A-FG photoanodes in 

absence and presence of glycerol (V vs Ag/AgCl). 

 A-FG G TNT F FG 

Vph glycerol absence 0.003 0.085 0.097 0.122 0.129 

Vph glycerol presence 0.002 0.094 0.118 0.128 0.144 
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In Fig. 15 are shown linear sweep voltammograms (LSV) with chopped light of 

TNT, G, F, FG and A-FG photoanodes. A solution 0.1 M KH2PO4 and K2HPO4 at 

pH 6.8 was used. The potential range was from OCP to 1 V. When the potential 

sweep starts, an increment in photocurrent is generated due to potential applied 

produces an electric field which separates electrons from holes. Electrons are 

driven through external circuit of the cell to counterelectrode and holes promote 

water oxidation. When the rate in which electron-hole pairs generation is equal to 

the rate at which the anodic reaction occurs a current plateau is generated 

(saturation current). Firstly, the current was measured under illumination of 655, 

627 and 617 nm to find the minimum energy of excitation (Fig. 15a). The 

corresponding energies were 1.89, 1.98 and 2 eV, respectively. The F photoanode 

was chosen for this measurement due to the exposed area to illumination only is 

composed by the iron and cobalt oxides. As the irradiation increases in energy the 

current density remains constant. This means that a radiation of 655 nm is 

sufficient to produce a photocurrent.  

 

Figure 15. LSV of (a) F photoanode under illumination of 617, 627 and 655 nm 

and (b) TNT, G, F, FG and A-FG photoanodes with chopped light of 655 nm. 

Measurement conditions: active area of 2.4 cm2, 0.1 M KH2PO4 and K2HPO4 

electrolyte at pH 6.8 and scan rate 0.01 V/s. 
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Given the above, LSV plots of TNT, G, F, FG and A-FG photoanodes under 

illumination of LED 655 nm were obtained (Fig. 15b). It can be observed the 

generation of photocurrent in all photoanodes when positive potentials are applied. 

In the case of FG photoanode the highest photocurrent in a first illumination cycle 

was obtained. However, when the illumination cycles and potential increase, the 

current density decreases even bellow A-FG photoanode. This shows a loss of 

activity given by a photodissolution process of FG photoanode [98]. For A-FG 

photoanode, the photocurrent density was lower than that of the first illumination 

cycle of FG photoanode. Based on this, two conjectures can be proposed. First, 

the increment in the amount of GO could incorporate carbon into TiO2, promoting 

the formation of interfacial states in the GO/TiO2 interface. These states could 

cause an upward band bending inhibiting the transport of electrons photogenerated 

and decreasing photocurrent density. Besides, the amount of GO could promote 

the decreasing of transmittance, which avoid the passage of light efficiently into the 

TiO2 nanotubes [99]. The last could also explain the lower photocurrent density 

obtained by G photoanode. For F photoanode the lower photocurrent density is 

caused by the oxides thickness ~ 5 μm. The thickness influenced the photons 

absorption and the charge carriers transport. This is due to there is a long diffusion 

distance to transport electrons to conductor substrate [100].  

 

On the other hand, despite the A-FG photoanode exhibits the highest photocurrent 

after the second illumination cycle of FG photoanode, the PEC photoresponse is 

expected to be limited. This is because of the difference between the current 

density under illumination and in dark (ΔIo) is lower compared to the other 

photoanodes. The ΔIo is taken as an indicative of the PEC photoresponse since it 

takes into account both illumination and darkness conditions and not only 

illumination. Table 4 shows a summary of the maximum and minimum current 

densities at 0.8 V (potential used in PEC glycerol oxidation). The ΔIo at 0.8 V in 

ascending order are 0.0686, 0.1060, 0.1250, 0.1267 and 1.5684 (μA cm-2) for A-

FG, G, TNT, F and FG photoanodes, respectively. 
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The above behavior is observed in the photocurrent transients shown in Fig. 16, 

where the highest ΔIo corresponds to FG photoanode. This is attributed to a 

synergistic effect of the heterojunction, where electrons photogenerated are 

effectively transferred from CoFe2O4 to TNT. Also, the GO modification with N 

could promote an increment of the charge carriers density improving the 

photoresponse [101,102].  

 

Figure 16. Photocurrent transients at 0.8 V of TNT, G, F, FG and A-FG 

photoanodes. Inset is a zoom for all photoanodes. Measurement conditions: active 

area of 2.4 cm2, 0.1 M KH2PO4 and K2HPO4 at pH 6.8. Light source: LED driver of 

655 nm. 

 

For F photoanode the lower photoresponse in comparison with FG is due to the 

thick layer, which promotes the recombination of charge carriers. In the case of 

TNT there is not contribution of heterojunction or GO. For G photoanode, despite 

the fact that a heterojunction was formed with the GO, this prevented the passage 

of light into the TNT. Finally, the lowest ΔIo for A-FG photoanode confirms that its 

reuse is hardly viable due to its high instability. Also, a high contribution of dark 

current was observed. This can be attributed to charge accumulation behavior 

[103]. Have into account the above, the PEC photoresponse of photoanodes is 

suggested as follows: FG > F > TNT > G > A-FG. 
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Comparative photocurrent densities were taken at 0.8 V in presence of glycerol 

(Fig. 17, Table 4). In Fig. 17 can be observed that TNT and G photoanodes 

exhibited higher photocurrent densities in presence of glycerol (ΔIg) that in absence 

of it (ΔI0). A relation of ΔIg/ΔI0 of 2 was observed. This increment in photocurrent 

density could indicate direct oxidation of glycerol by holes photogenerated on 

photoanodes surface. This effect named “current doubling” has been recent 

studied in TiO2 heterojunctions using glycerol as hole scavenger where glycerol 

radical intermediates are stabilized by liberating and injecting one electron to CB of 

TiO2 [104]. Direct glycerol oxidation can be thought from the point of view of 

glycerol adsorption. Some previous investigation evidence the strong capacity of 

TiO2 to adsorb glycerol molecules and also has revealed the direct electrons 

reaction with glycerol molecules [105,106].  

 

Figure 17. LSV of TNT, G, F, FG and A-FG photoanodes with chopped light of 655 

nm. Measurement conditions: active area of 2.4 cm2, 1 mM glycerol and 0.1 M 

KH2PO4 and K2HPO4 electrolyte at pH 6.8 and 10 mV s-1. 
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Have into account that the TiO2 surface is hydroxylated Ti-OH, it can be suggest 

the adsorption of glycerol on OH terminations and subsequent reaction with holes 

[106]. Also, studies have shown that some Ti-OH hydroxylated surfaces present 

high energy stability, which are not oxidized by h+ in valence band and therefore 

they participate in electronic exchange with species directly in solution [107]. On 

the contrary, in F and FG photoanodes the double current effect was not observed. 

However, the fact that current density does not increase in presence of glycerol 

does not necessarily mean that these are less efficient in organics degradation 

[108]. 

 

Table 4. Difference between photocurrent under illumination and current under 

dark obtained from LSV plots for TNT, G, F, FG and A-FG photoanodes in the 

region potential of 0.8 V in absence and presence of glycerol (μA cm-2). 

PHOTOANODE A-FG G TNT F FG 

Glycerol 

presence 

Maximum 

photocurrent 
0.6610 0.4337 0.4439 0.7520 2.3010 

Minimum 

current 
0.5820 0.2160 0.1751 0.6030 0.7040 

Difference (ΔIg) 0.0790 0.2177 0.2688 0.1490 1.5960 

Glycerol 

absence 

Maximum 

photocurrent 
3.0377 0.2053 0.2222 0.6384 2.3200 

Minimum 

current 
2.9691 0.0993 0.0972 0.5117 0.7516 

Difference (ΔI0) 0.0686 0.1060 0.1250 0.1267 1.5684 

 

4.1.2.1 Flat band potential determination using F photoelectrode. Flat band 

potential was determined by OCP, onset potential and Mott-Schottky analyses. In 

the case of OCP measurements, the maximum photopotential is related directly 

with Fermi level position of the oxide, and this position depends on semiconducting 

behavior of the oxide. Therefore, for F photoelectrode a p-type semiconducting 



 

53 
 

behavior showed a potential near to valence band. The maximum photopotential 

obtained was 0.226 V (Fig. 18a). To elucidate the electronic transport, the OCP 

measurements also have to carry out in TNT photoanode. For TNT photoanode, an 

n-type semiconducting behavior was observed, where the maximum photopotential 

obtained at -0.220 V can be estimated to be closer to conduction band.  

 

In contrast, onset potential was carried out to compare the TNT flat band potential 

value obtained in OCP measurements (Fig. 18b). The onset potential is obtained of 

current-potential curves under light chopping illumination, where its value 

corresponds to potential region where bands are flattened, i.e. under ideal 

conditions the onset potential is the region where the accumulation zone changes 

to a depletion zone [109]. The TNT photoanode onset potential was found to be  

-0.210 V highly similar to that found by OCP. 

 

On the other hand, Mott-Schottky analysis led to determine the flat band potential 

value from the intercept of the extrapolated straight lines involving the capacitance 

of the space charge layer of the semiconductor (Annex D) [110]. Also, the type of 

conductivity could be obtained. Fig. 18c shows the Mott-Schottky plot with a 

positive slope for TNT photoanode confirming the n-type behavior found by OCP 

measurements. The apparent flat band potential value can be estimated to be at    

-0.212 V, which is very close to the obtained by photocurrent onset and OCP 

measurements. Fig. 18d shows M-S plot for F photoelectrode, in which a line with 

negative slopes agrees with p-type conductivity found by OCP measurements. The 

estimated flat band potential value was 0.373 V which differ of the value obtained 

by OCP measurements. A possible reason is that M-S analysis depends principally 

on composition and crystallinity of sample [111]. Since F photoelectrode has a 

variable composition, the value obtained by OCP measurements is more closed to 

flat band potential value than that obtained by M-S analysis.  
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Figure 18. (a) OCP measurements of TNT photoanode and F photoelectrode 

under visible light illumination (b) Current-potential curves for the TNT 

photoelectrode at the scan rate of 0.01 V/s (c) and (d) Mott–Schottky plot 

calculated from variation of space charge capacitance with the applied potential at 

different frequencies of TNT photoanode and F photoelectrode, respectively. 

Solution: 0.1 M KH2PO4 and K2HPO4 electrolyte at pH 6.8. F photoelectrode 

illumination source: LED driver (λ = 655 nm). TNT photoanode illumination source: 

150 W metal halide (Philips, MHN-TD) with UV-block. TNT photoelectrode active 

area: 2.4 cm2. 

 

 

 

According to the morphological, structural, optical and photoelectrochemical 

analyses, the TNT visible light photoactivation was possible due to the codoped 
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with C, N and F. After sensitization, Fe was incorporated being able to improve 

their photoresponse to visible light illumination. In order to demonstrate that 

photoactivation does not only depend on C, N, F and Fe doping, the effect of iron-

cobalt oxides sensitization in electron transport was evaluated. The principal factor 

to evaluate the electrons transport is through thermodynamic factors as conduction 

and valence band positions, which were obtained previously. The study separately 

of the TNT photoanode showed that the flat band potential value of -0.220 V can 

be approximate to conduction band, while the flat band potential value of 0.226 V 

for F photoelectrode is near to valence band. Considering the optical, 

morphological, structural, photochemical and photoelectrochemical analyses, it is 

possible stated that the sensitizer conduction band has a potential more negative 

than that for TNT. Thus, the transference of charge carriers photogenerated was 

given in an electron-hole cascade mechanism (Fig. 19), where electrons 

photogenerated in the oxides were transferred to TNT conduction band and holes 

were transferred from TNT valence band to the sensitizer valence band. 

 

Figure 19. Schematic mechanism of electron transport and photoactivation for 

TNT/F heterojunction. 
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4.1.3 Photocatalytic activity of TNT based photoanodes. To evaluate the 

photocatalytic activity of all photoanodes, glycerol degradation was carried out. A 

solution of 1 M glycerol in phosphate buffer and an applied potential of 0.8 V vs 

Ag/AgCl was used in the evaluation. Figure 20 shows the C/Co vs time plot, where 

C represents the concentration at time t and Co at t = 0 s. For comparative 

purposes, pure and crude glycerol solutions were used. 

 

Figure 20. C/Co versus time curves of TNT, G, F and FG photoanodes obtained 

under visible-light irradiation for crude and pure glycerol solutions. 

 

 

In Fig. 20, it can be observed higher percentages of glycerol oxidation for pure 

glycerol solutions than that for crude glycerol solution. The competitive oxidation 

between methanol and glycerol in crude sample explains the aforementioned 

performance. Photoelectrocatalytic oxidation of pure glycerol for FG, F, G and TNT 
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photoanodes showed percentages of about 82%, 76%, 42% and 70%; while with 

crude glycerol the percentages were 70%, 48%, 36% and 50%, respectively. 

Therefore, the photocatalytic activity of photoanodes in increasing order was: G < 

TNT < F < FG. Thereby, F and FG photoanodes exhibited greater activities in 

glycerol oxidation. In order to determine the type of photoelectrocatalytic reaction 

mechanism that occurs in FG photoanode, the intermediaries of glycerol oxidation 

were identified (ANNEX E and F). In Table 5 the results are summarized. Only 

glyceraldehyde was determined as intermediary at 20 min, according to literature 

[112,113]. Therefore, the mechanism corresponds to an indirect route, which is 

mediated by hydroxyl radicals. However, the determination of accurate mechanism 

is outside of the scope of the current work. A schematic representation of this 

process is shown in Fig. 21. 

 

Table 5. Retention time and areas acquired from GC obtained for 1 M glycerol 

solution and solutions obtained from PEC glycerol oxidation after 1 hour, 1.5 hours 

and 2 hours. The retention times are given in minutes. 

 

Initial solution After 1 hour After 1.5 hour After 2 hour 

Retention 
time 

Area 
Retention 

time 
Area 

Retention 
time 

Area 
Retention 

time 
Area 

      1.850 2.36112 

  22.703 137.67644 22.698 137.59741 22.90 28.2282 

28.873 171.04857 28.730 30.46751     

  28.968 84.8139     
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Figure 21. Indirect photoelectrocatalytic mechanism of glycerol degradation 

mediated by hydroxyl radicals according to [112,113]. 

 

  

 

 

4.2 VARIATION OF THE HYDROTHERMAL MODIFIED METHOD BY USING 

DIP-COATING TECHNIQUE  

 

4.2.1 Morphological, structural and optical characterization of DC-T and DC-

TG photoanodes. Fig. 22a-b shows the FESEM images of DC-T and DC-TG 

photoanodes. For DC-T (Fig. 22a-a’’), highly dispersed grains on nanotubes top 

with size around 1 μm were observed. Also, vertically oriented NT’s are 

appreciated. The average wall width was found to be 28.81 nm while the wall 

thickness of TNT photoanodes was 25.03 nm, the increase of nanotube wall of 

about ~4 nm is due to a coating around TiO2 nanotubes. EDS analysis showed the 

presence of oxygen, titanium, carbon and chlorine in atomic percentages of 
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62.37%, 32.89%, 4.61% and 0.13%, respectively. Fig. 22b-b’’, shows the DC-TG 

photoanode surface. Separated nanotubes were observed. The increment in wall 

thickness from 25 nm to 42 nm results from the coating. EDS elemental 

composition evidenced the presence of oxygen, titanium and carbon with 

percentages of 60.83%, 36.71% and 2.46%, respectively. As shown in the EDS 

analyses, the elemental composition of the coatings was not elucidated. To confirm 

the identity of the coatings a characterization by Raman spectroscopy and XPS 

was performed. 

 

Figure 22. Top-view FESEM images of (a-a’’) DC-T and (b-b’’) DC-TG 

photoanodes. 

 

 

Raman spectra of DC-T and DC-TG photoanodes are shown in Fig. 23a,f. Ti foil, 

TNT and G photoanodes are presented for comparison (Fig. 23c,d,e). Analysis of 

the Raman spectra showed anatase (A) in TNT, G, DC-T and DC-TG photoanodes 

which is confirmed by the bands at 144, 197, 394, 516 and 634 cm-1 assigned to 

Eg, Eg, B1g, A1g, and B1g vibrations [44]. The band at 318 cm-1 is coming from 
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superficial components of titanium foil (T) (Fig. 23c). For DC-T and DC-TG 

photoanodes, additional bands at 216 cm-1, 242 cm-1, 305 cm-1 and 416 cm-1 

exhibit the appearance of a new phase, Fe2TiO5 (*). To confirm the existence of 

this novel phase, a comparison from literature was performed (Fig. 23b) [114]. 

Also, there were no bands related to magnetite, maghemite and/or cobalt ferrite. 

The iron titanate Fe2TiO5 (T) has been synthesized under similar conditions via 

solvothermal method by Bassi et al. [115]. On the other hand, G photoanode 

showed the D and G bands corresponding to graphene oxide modes [45]. It is 

important to note that D and G bands in DC-TG photoanode are overlapped by the 

fluorescence effect observed in this spectral region caused by iron inside TiO2 

[116].  

 

Figure 23. Raman spectra of (a) DC-T (b) Fe2TiO5 obtained from literature [114] 

(c) Ti foil (d) TNT (e) G (f) DC-TG photoanodes. (A) TiO2 anatase, (*) Fe2TiO5, (T) 

Titanium foil, D and G indicate graphene oxide vibrations. 

 

 

To confirm the results obtained from Raman spectroscopy, an XPS analysis was 

carried out. In Fig. 24 are shown the XPS high-resolution spectra of DC-TG and 
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TNT photoanodes. For comparison, in table 6 are shown the XPS contributions for 

all photoanodes. For DC-TG photoanode, the presence of C, O, N, F, Ti and Fe 

was observed. For C 1s spectrum, seven peaks were obtained. Binding energies at 

283.0, 284.0, 284.6, 285.3, 286.0, 287.5 and 288.9 eV confirms the presence of O-

Ti-C, C=C, C-C, C-O-H, C-O, C-N and O=C-O bonds, respectively [53,54]. When 

DC-TG photoanode is compared with TNT, G, F and FG photoanodes, carbon 

substitutional is observed. This is coming from ethylene glycol or the environment 

as shown previously. Also, the C-N bond suggests the presence of nitrogen 

functional groups. In the case of O 1s, seven contributions were obtained. Peaks at 

528.3 and 529.4 eV are associated with oxygen incorporated in heterostructures 

which containing iron-titanium species [71]. The peak at 530 eV corresponds to the 

typical Ti-O bond from TiO2 [78]. Peaks at 530.9, 532.3, 533.7 and 535.5 eV, 

agrees with OH, C-O-H, C=O and O=C-O-H groups, respectively [78,79]. The peak 

at 399.7 for N 1s high-resolution spectrum, indicates nitrogen into substitutional 

voids coming from NH4F [53,57]. Also, a new peak at 398.3 eV for DC-TG 

photoanode, indicates the presence of C=N-C (pyridinic) bonds given by a 

graphene oxide modification from urea used in synthesis process. It is possible that 

a pyrrolic peak would be overlapped with nitrogen substitutional peak. For F 1s 

high-resolution spectrum, is also obtained a weak peak at 684.2 eV from the NH4F 

compound [64]. In the case of Ti 2p spectrum, the signal typical from Ti4+ was 

found at 458.3 eV, while the signal at 459.3 eV, is related to Ti-O-Fe bonds [61]. 

For Fe 2p high resolution spectrum, the formation of a new phase is confirmed by 

the peak at 714.1 eV which could correspond with Fe3+ from Fe2TiO5, while the 

peak at 710.3 eV is proposed to correspond to Fe3+ in Fe-O-Ti bonds [117]. 
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Figure 24. XPS high-resolution spectra of C 1s, O 1s, N 1s, F 1s, Ti 2p and Fe 2p 

for TNT and DC-TG photoanodes, as indicated in the figure legends. 
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Table 6. XPS contributions for all photoanodes.  

  TNT G F FG DC-TG Ref. 

Elem. Bonds Binding energy (eV) 

C 

O-Ti-C 282.7 282.3 282.1 283.1 283.0 [53,54] 

Ti-O-C 283.3 283.4    [53,74,
75] 

C=C  284.1   284.0 [53,74,
75] 

C-C 284.6 284.6 284.6 284.6 284.6 [53,54] 

C-O-H 285.2 285.5 285.2 285.5 285.3 [53,54] 

C-O 286.3 286.6 286.4 286.2 286.0 [53,54] 

C-N    287.0 287.5 [55,56] 

C=O 288.4 287.5 288.1 288.1  [53,54] 

O=C-O  288.9  288.9 288.9 [53,74,
75] 

N 

Ti-O-N 

(Interstitial) 
  396.7 396.3  

[58] 

C-N=C 

(Pyridinic) 
   398.1 398.3 

[46] 

O-Ti-N 

(substitutional), 

or C-NH-C 

(pyrrolic), 

or N=C-O-H 

(pyridonic) 

399.6 399.3 399.2 399.7 399.7 

[53,57] 

[46] 

 

Quaternary 

nitrogen 
   402.2  

[59] 

N-oxide    404.1  [60] 

Ti 

(2p3/2) 

Ti-O-Ti 458.0 458.0 458.1 458.2 458.3 [76] 

Ti-O-C 

(interstitial) 
458.8 458.4    

[62,77] 

Ti-O-Fe   459.8 459.6 459.3 [61,63] 

F O-Ti-F 684.0 683.9 684.0 683.9 684.2 [64] 
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Fe 

(2p3/2) 

 

Fe2+ Fe3O4   709.9 709.4  [61,65–
67] 

Ti-O-Fe, 

or Fe3+  

γ-Fe2O3, 

or Fe3+ octahedral 

CoFe2O4 

  710.9 710.7 710.3 

[61] 

[61,65–

67] 

[68] 

Fe3+ tetrahedral 

CoFe2O4 
  712.6 712.2  

[68] 

Fe3+ from Fe2TiO5     714.1 [117] 

Co 

Co2+ octahedral 

CoFe2O4 
  780.5 780.9  

[68,70] 

Co2+ tetrahedral 

CoFe2O4 
  784.6 785.0  

[68,70] 

O 

Interaction Fe3O4 

with TiO2 
   527.8 528.3 

[71] 

Fe-O bonds   529.3 529.4 529.4 [71] 

Ti-O 529.9 529.8 530.2 530.0 530.0 
[76] 
[78] 
[72] 

γ-Fe2O3 and Fe3O4   530.8 530.7   
[65] 

OH 530.9    530.9 [78] 

CoFe2O4   531.3 531.5  [68] 

C-O-H 532.3 532.0 532.1 532.3 532.3 [79] 

C=O  534.2 533.4 533.2 533.7 [73] 

O=C-O-H  535.8  535.4 535.5 [73] 
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Optical properties were evaluated from modified Kubelka-Munk function versus 

energy absorption (Fig. 25). As shown previously, TNT, G, F and FG photoanodes 

exhibited an absorption edge about 3.2 eV typical from TiO2 anatase. Also, an 

absorption edge of 1.42 eV was observed for TNT photoanode.  

 

Figure 25. Kubelka-Munk function vs energy absorption of (a) TNT (b) G (c) DC-T 

and (d) DC-TG photoanodes. Inset shows the zoom view of photon energy. 

 

 

In the case of DC-T and DC-TG photoanodes a broadened of the absorption was 

observed. Have into account that the band gap value of Fe2TiO5 is 2.1 eV, it is 

suggested that absorptions in 2.1 eV corresponds to iron titanate [118]. In addition, 

absorption edges of 1.39 and 0.85 eV for DC-T and DC-TG photoanodes indicates 

that additional energetic states are included inside TiO2 band gap (Fig. 25c,d). 

These states could come from iron given by the appearance of Ti-O-Fe bonds. 

This result indicates that the photoactivation of the photoanode could be carry out 

using lower energies, also it can be observed an improvement of visible light 
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harvesting after Fe2TiO5–GO sensitization. Elghniji et al. showed a Fe3+ ions 

diffusion to the surface of TiO2 during heat treatment, which promotes a red shift of 

the TiO2 absorption edge and an enhancement of light absorption in the visible 

light region  [119]. 

 

4.2.2 Photoelectrochemical characterization of DC-T and DC-TG 

photoanodes. As shown previously, OCP represents an indirect measurement of 

energetic level of electrons in the semiconductor under illumination. This occur 

taking into account that under illumination electrons are accumulated in conduction 

band, while holes in valence band are transported to semiconductor/electrolyte 

interface to reacts with water. This set of phenomena caused a potential shift to 

negative values which is represented in OCP plots (Fig. 26). The Vph values 

obtained for DC-TG, DC-T, G and TNT photoanodes were 0.194 V, 0.225 V, 

0.085V and 0.097 V, respectively (Fig. 26a-d).  

 

Figure 26. OCP measurements of (a) TNT (b) G (c) DC-T and (d) DC-TG 

photoanodes. Measurement conditions: active area of 2.4 cm2, 0.1 M KH2PO4 and 

K2HPO4 electrolyte at pH 6.8. Light Source: LED driver λ = 655 nm. 
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Despite DC-T photoanode exhibited the highest Vph value, the potential decay do 

not reached the initial potential when illumination is retired. This decreases their 

availability to carry out reactions and therefore diminish its photocatalytic activity in 

comparison to DC-TG. On the other hand, DC-TG photoanode exhibited a higher 

Vph value with respect to G and TNT photoanodes and reached the initial potential 

after a first illumination cycle indicating an improvement in photocatalytic activity. 

To compare Vph values of DC-TG and DC-T photoanodes 0.194 V and 0.225 V 

with FG and F values 0.129 V and 0.122 V, it can be inferred that those prepared 

with DC technique would present higher photocatalytic activities. OCP 

measurements in presence of glycerol confirmed that glycerol acts as hole 

scavenger increasing the Vph (Fig. 27). In table 7 is shown a summary of the Vph 

generated under illumination in absence and presence of glycerol.  

 

Figure 27. OCP measurements of (a) G (b) TNT (c) DC-T and (d) DC-TG 

photoanodes in presence of glycerol. Measurement conditions: active area of 

2.4 cm2, 0.1 M KH2PO4 and K2HPO4 and 1 mM glycerol at pH 6.8. Light Source: 

LED driver λ = 655 nm. 
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Table 7. Photopotential generated by TNT, G, F, FG, DC-T and DC-TG 

photoanodes in absence and presence of glycerol (V vs Ag/AgCl 3 M KCl). 

Photoanode G TNT F FG DC-T DC-TG 

Vph glycerol absence 0.085 0.097 0.122 0.129 0.225 0.194 

Vph glycerol presence 0.094 0.118 0.128 0.144 0.281 0.302 

 

LSV measurements of DC-TG, DC-T, G and TNT photoanodes are shown in Fig. 

28, Table 8. For DC-T and DC-TG photoanodes an increment in photocurrent 

density is observed (Fig. 28c,d). TNT and G photoanodes are presented with 

comparative purposes (Fig. 28a,b). The photocurrent improvement of DC-T and 

DC-TG photoanodes is due to contribution of Fe2TiO5 sensitizer and states inter-

band gap in TNT.  

 

Figure 28. LSV of (a) TNT (b) G (c) DC-T and (d) DC-TG photoanodes using 

chopped light of 655 nm. Measurement conditions: active area of 2.4 cm2, 1 mM 

glycerol and 0.1 M KH2PO4 and K2HPO4 electrolyte at pH 6.8 and 10 mV s-1. 
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Some of these states could come from Fe3+ which inhibits the electron-hole pairs 

recombination. The mechanism of photoactivation indicates that e- photogenerated 

in TiO2 becomes Fe3+ ions in Fe2+ near to conduction band [119]. The low stability 

of Fe2+ compared to Fe3+ species, promotes a release of an electron to regenerate 

the Fe3+. At the same time, Fe3+ states near to valence band acts as a holes trap 

becoming in Fe4+. The Fe4+ obtained from Fe3+ oxidation are again reduced to Fe3+ 

by scavenging electron, while surface hydroxyl group transform into hydroxyl 

radical. These factors inhibit the recombination of photogenerated electron-hole 

pairs [119]. 

 

The difference between the photocurrent under illumination and current in dark 

conditions (ΔI0) in the potential region of 0.8 V is shown in table 8. The ΔI0 for DC-T 

and DC-TG photoanodes are 1.3400 and 4.9160 μA cm-2, respectively, while for G, 

TNT, F, FG and A-FG photoanodes are 0.1230, 0.1341, 0.1504, 1.5450 and 

0.1589 μA cm-2, respectively.  

 

Table 8. Difference between photocurrent under illumination and current under 

dark conditions generated by TNT, G, F, FG, A-FG, DC-T and DC-TG 

photoanodes (μA cm-2). 

Photoanode G TNT F FG A-FG DC-T DC-TG 

Maximum 

photocurrent 

0.2180 0.2379 0.6469 2.310 2.9576 2.3600 5.8000 

Minimum current 0.0950 0.1038 0.4965 0.7650 2.7987 1.0200 0.8840 

Difference (ΔI0) 0.1230 0.1341 0.1504 1.5450 0.1589 1.3400 4.9160 

Maximum 
photocurrent 

0.4337 0.4439 0.7520 2.3010 0.6610 4.1048 11.981 

Minimum 
current 

0.2160 0.1751 0.6030 0.7040 0.5820 1.0868 0.9503 

Difference (ΔIg) 0.2177 0.2688 0.1490 1.5960 0.0790 3.0180 11.0307 
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It can be observed higher ΔI0 in DC-T and DC-TG photoanodes when are 

compared with those prepared by modified hydrothermal synthesis. This can be 

explain by the iron diffused into TNT’s and also by PEC properties of Fe2TiO5 

compared to the mixture of CoFe2O4, Fe3O4 and γ-Fe2O3. In DC-T and DC-TG 

photoanodes the amount of solution deposited on TNT lower than the used in FG 

and F photoanodes. This low amount of iron compared with modified hydrothermal 

method was crucial in the formation of sub-band gap states which improve the 

PEC responses. Recently, studies of iron quantity into TiO2 in the increase of 

photocurrent have been carried out [119,120]. If the iron exceeds the optimum 

amount, an upward band bending occurs in Fe2TiO5/TiO2 interface generating an 

energetic barrier to electron transport. On the other hand, LSV plots exhibited a 

current plateau for DC-T and DC-TG photoanodes indicating that in this potential 

range the photoanodes are highly stable.  

 

In presence of glycerol (Fig. 29), the effect of current doubling for DC-T and DC-TG 

photoanodes is observed. As discussed previously, the effect is related to direct 

glycerol oxidation. Taking into account that the O 1s high-resolution XPS spectrum 

of DC-TG photoanode exhibited a hydroxylated surface, the direct oxidation could 

be a consequence of the strong adsorption of glycerol on the photoanode surface. 

In table 8 are shown the differences between photocurrent under illumination and 

under dark conditions in presence of glycerol (ΔIg) for all photoanodes, where the 

highest value corresponds to DC-TG photoanode. 
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Figure 29. LSV of (a) TNT (b) G (c) DC-T and (d) DC-TG photoanodes under 

chopped light of 655 nm. Measurement conditions: active area of 2.4 cm2, 1 mM 

glycerol and 0.1 M KH2PO4 and K2HPO4 electrolyte at pH 6.8 and 10 mV s-1.  

 

 

To evaluate the photoanodes stability at a potential of 0.8 V, photocurrent 

transients of DC-T and DC-TG photoanodes were carried out (Fig. 30). For DC-T 

and DC-TG photoanodes higher photocurrent densities were obtained (Fig. 30c,d). 

On the contrary, TNT and G photoanodes exhibited lower photocurrent densities 

(Fig. 30a,b). This indicates a positive effect in PEC response after TNT 

modification. The enhanced charge carrier transfer is due to Fe2TiO5/TiO2 

heterojunction separates effectively electrons and holes. This has been further 

investigated by Liu et al., where a direct electron injection from Fe2TiO5 to TNT was 

observed [114]. Furthermore, GO decreases recombination rates, trapping 

electrons and conducting them efficiently to the TNT surface. Comparing the 

photoanodes PEC responses obtained by the modified hydrothermal treatment 

with those obtained by the DC technique, the activity is suggested as follows: DC-
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TG > DC-T > FG > F. In both cases, GO has a positive effect in the increasing of 

photocurrent density.  

 

Figure 30. Photocurrent transients at 0.8 V of (a) TNT (b) G (c) DC-T and (d) DC-

TG photoanodes. Measurement conditions: active area of 2.4 cm2, 0.1 M KH2PO4 

and K2HPO4 at pH 6.8. Light Source: LED driver λ = 655 nm. 

 

 

 

4.2.3 Photoelectrochemical glycerol oxidation. Fig. 31 shows the PEC glycerol 

oxidation activity using TNT, G, DC-T and DC-TG photoanodes. The applied 

potential was 0.8 V for 1 hour under visible light-illumination. The crude and pure 

glycerol solutions were used. The PEC pure glycerol oxidation exhibited 90%, 

72%, 70% and 42% for DC-TG, DC-T, TNT and G photoanodes. This is in 

accordance with the activity proposed by photoelectrochemical measurements, 

where the oxidation follows the tendency: DC-TG > DC-T > TNT > G. In the case of 

crude glycerol, the DC-TG, DC-T, TNT and G photoanodes showed 78%, 70%, 

50% and 36%, respectively.  
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Figure 31. C/Co versus time plots obtained of PEC glycerol oxidation in crude and 

pure glycerol solutions using TNT, G, DC-T and DC-TG photoanodes.  
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5. CONCLUSIONS 

 

TNT photoanodes modified with GO and cobalt ferrite were prepared by 

hydrothermal modified route and dip-coating technique. In the case of 

hydrothermal synthesis, F and FG photoanodes were doped with C, N, F and Fe, 

which extended their absorption to visible region. A synergetic effect was 

established between TiO2 (n-type) and CoFe2O4 (p-type), which promoted the 

injection of photogenerated electrons from the last to the former semiconductor. 

Incorporation of GO enhances the electron-hole separation, increasing both the 

photocurrent response and photocatalytic activity in FG photoanode. The 

photoelectrocatalytic degradation of glycerol on FG photoanode followed an 

oxidation through hydroxyl radical, hence an indirect mechanism was carried out.  

Contrary, a direct mechanism was observed on DC-TG photoanode obtained by 

dip-coating. Likewise, DC-TG photoanode showed the greater photocatalytic 

activity in regard to that obtained by the same synthesis route, which confirms the 

synergetic effect between TiO2 and Fe2TiO5. In addition, DC-TG photoanode 

presented the highest photoactivity, because the synthesis rout prevents the 

formation of secondary oxides. The heterojunction between TiO2 and either 

CoFe2O4 or Fe2TiO5 increase the capacitive behavior, which could be exploited for 

applications in energy storing devices. 
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6. RECOMMENDATIONS 

 

Investigate other routes of synthesis to obtain CoFe2O4 in a more pure way. 

 

To determine the optimum quantity of iron modifier to increase the photocatalytic 

activity of TNT photoanode. 

 

To determine by GC-MS all the intermediaries produced during glycerol photo 

oxidation to propose an accurate mechanism of the reaction.  

 

To measure total organic carbon (TOC) to monitor the mineralization of glycerol. 
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ANNEXES 

 

ANNEX A. Crude glycerol composition supplied by Biocombustibles Sostenibles 
del Caribe S.A. 

 

Element Concentrationa 

K 46.705±3.542 mg/Kg 

Na 22850±3860 mg/Kg 

Ca 17.09±1.782 mg/Kg 

Mg 8.616±0.684 mg/Kg 

Methanol 0.01-0.5 %p/p 

Glycerin 75±1.414 %p/p 

Methyl fatty acid esters  63.28% 

Ashes 3.489±0.424% 

pH 6.135±0.05 

Density 1.275±0.01 g/cm3 

Humidity 10.52±0.01 % 

 

aA detailed description of the methods used in the determination of each 
concentration can be consulted elsewhere [32,33].  
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ANNEX B. Wide-scan XPS spectrum and high-resolution spectra of C 1s, N 1s, F 
1s, Ti 2p and O 1s for TNT. 
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ANNEX C. Wide-scan XPS spectra of G, F and FG photoanodes, as indicated in 
the figure legends. 
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ANNEX D. Mott-Schottky equation to obtain flat band potential 

 

Mott-Schottky plots were obtained in order to analyze the electron mobility 

mechanism in TNT photoanode and F photoelectrode based on charge carrier 

density (Nd) and flat band potential Efb. The abovementioned parameters can be 

estimated by using the following equation: 

 

 

 

where Csc
2 is space charge capacitance, Nd is the density of donors, A is the 

photoanode geometric area, q is the electron charge, ε is the relative permittivity of 

TiO2 (ε=50 for anatase) and cobalt ferrite (ε=35 for CoFe2O4), ε0 is the vacuum 

permittivity, k is the Boltzman constant, T is the absolute temperature in K, E is the 

measuring potential and Efb is the flat band potential. 
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ANNEX E. Gas chromatography spectrum of glycerol solution at the first 20 
minutes of reaction using FG photoanode under visible light illumination 
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ANNEX F. Mass spectra fragmentation obtained from peaks in glycerol solution at 
the first 20 minutes of reaction using FG photoanode under visible light illumination 

 

The spectrum on the top corresponds to benzyl alcohol (obtained from database 

NIST05). The spectrum showed down corresponds to fragmentation of peak at 

22.715 minutes. 

 

 

The spectrum on the top corresponds to glyceraldehyde (obtained from database 

http://sdbs.db.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi). The spectrum showed 

down corresponds to fragmentation of peak at 60.439 minutes. 


