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Abstract 

In this paper, we present the electrochemical water splitting characteristics of 

TiO2/FTO electrodes via spin-coating method. By using thermal annealing approach, the 

TiO2 nanoparticle (P25) was modified with a more active photocatalyst. The annealed 

TiO2 nanoparticle-based photoanode in vacuum shows photocurrent density of 0.27 

mA/cm2 and photoconversion efficiency of ( = 0.22%) at potential of 0.4 V (vs. RHE), 

which are higher than those of annealed TiO2 nanoparticle-based electrode in air. The 

improved photoelectrochemical property is attributed to high oxygen vacancy density 

with more active sides, while TiO2 nanoparticle was annealed in vacuum (101 torr) with 

oxide concentration conditions. From this finding, we propose that a thermal annealing 

process might serve as an approach for fabricating the photoanodes of TiO2-based 

materials consisting of much active photocatalyst 
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1. Introduction 

In the past, metal oxide (MO) materials and their composites have been attracting 

much attention from the research community in terms of photocatalytic splitting of water 

using sunlight [1-5]. Various MO (TiO2, WO3, CuO, Fe2O3, In2O3, and BiVO4) structures 

and morphology engineering for photoelectrochemical (PEC) devices are of interest to 

obtain a great product of H2 and O2 gases [6-10]. Even though traditional MOs for 

splitting water have been known for decades, recently the PEC systems were synthesized 

by a hybrid of MO and other semiconductors. Among them, crystalline anatase TiO2 [2, 

11] is distorted octahedral coordination (Oh), which consists of more active sites than 

other phases (rutile (D2h) and brookite). An efficient PEC water splitting system has been 

developed due to useful properties such as an ntype semiconductor, high 

photoconversion efficiency, long-term stability, large density of states in the conduction 

band derived from the dorbital, inexpensive cost, earth-abundant, environmentally 

friendly issues for device fabrication [12, 13]. In general, electrons photoexcited in the 

valence band of TiO2 are sufficiently energetic to be transferred to the water for H2 

production. However, the high recombination rate of carrier pairs, non-Schottky contact, 

and large bandgap (ca. 3.2 eV) issues of as-synthesized TiO2 reduce the generated 

photocurrent of the PEC device [14-18]. Thus, photocatalytic water-splitting using 

anatase TiO2 for high H2 production has been of interest to scientists. Based on those 

issues, many efforts to fabricate TiO2-based PEC devices for H2 production were reported 

such as structure engineering [6, 19], noble metal loading/doping [14, 5, 18], modified 

oxygen vacancy density [20, 21], and enhanced localized surface plasmon resonance [22-



24] approaches. Among them, the preparation of anatase TiO2 phase with modified 

oxygen vacancy and large surface area has attracted much attention in terms of increasing 

the active photocatalytic properties compared to other phases. Because it has been vastly 

used as an overall efficient photocatalyst, and stable for PEC application [3, 14, 25, 5, 9, 

17, 26]. Therefore, many techniques have been done to synthesize anatase TiO2 phase for 

water splitting application, including hydrothermal/ solvothermal [27, 19, 28], oxidation 

[29, 19, 28], thermal plasma [30, 28], electrophoretic deposition [31, 32, 28], sol-gel [33, 

34, 28], spray pyrolysis [35, 28] methods. However, the mechanism of TiO2-based water 

splitting is not clearly known, there are still many limitations affecting the PEC 

performance [3, 34]. In this work, thus, we consider the preparation of TiO2 nanoparticle-

based photoanode using commercial TiO2 nanoparticles (P25) by the spin-coating 

approach. TiO2 nanoparticle is annealed at a temperature of 450 oC in air/vacuum (101 

torr) for 100 min. By manipulating annealing conditions, the effect of annealing 

conditions on the crystalline structure, morphology, optical properties of TiO2 material 

was investigated. Based on this result, we studied the PEC water splitting characteristics 

of the TiO2 photoanode using an electrolyte (Kpi phosphate buffer solution, 1.0 M 

KH2PO4/K2HPO4, pH = 7). This annealing method paves the way for the fabrication of 

the TiO2 material-based PEC device with a more active photocatalyst. 

2. Experiments 

The materials (TiO2 nanoparticles, P25) and fluorine-doped tin oxide substrate (FTO, 

TEC glass, 1.5 cm × 2.0 cm × 2.0 mm, 7.0 Ω/sp) and chemicals (acetone  CH3COCH3, 



99.5%), ethanol  C2H5OH, 99.5%) were purchased from Alfa Aesar and Sigma Aldrich. 

A mix of 0.73 mg of TiO2 nanoparticles was dissolved into 50 ml ethanol for a 1.8% in 

weight concentration. This solution was stirred for 30 min at room temperature (RT) for a 

uniform. This solution was deposited on the FTO substrate by the spin-coating technique 

(with step 1: a 500 rpm for 5 sec, and step 2: a 3000 rpm for 30 sec) three times. Samples 

were investigated at an annealing temperature of 450 oC for 100 min in air (TO-Abi 

sample) and vacuum ( 1 × 101 torr, TO-Vac sample). The composition of the TiO2 

layer was studied by the energy dispersive Xray (EDS, Hitachi S4800, Japan). The 

crystalline structure of TiO2 film was measured by the Siemen D5000 X-ray 

diffractometer using CuKα radiation, λ = 1.546 Å. The optical properties were 

investigated by a Raman Horiba XploRA Plus, Nicolet iS10, an Agilent Cary 5000 

UV/VIS/NIR spectrometer, a Horiba iHR550 spectrometer using a 355 nm pulsed 

Nd:YAG laser as an excitation source.  The photoelectrochemical (PEC) cell with a 

working area of 0.5 cm × 0.5 cm was made from the TiO2/FTO/glass substrate using 

epoxy to cover the undesired area. The PEC characteristic was investigated by a three 

electrode system (a saturated Ag/AgCl electrode as the reference electrode (in a 3.0 M 

KCl, CHI instruments), a Pt sheet as the counter, and an FTO/TiO2 as the working 

electrode), an electrolyte analyzer (BioLogic SP300 potentiostat) using a Kpi phosphate 

buffer solution (1.0 M KH2PO4/K2HPO4, pH = 7) and solar simulation system (PEC-L01 

AM 1.5G lam power 100 mW/cm2, 10 mV.s1).  

3. Results and discussion 



Fig. 1 shows XRD patterns of TiO2 film annealed at 450 oC in air and vacuum for 100 

min, indicating ca. 80 wt.% of anatase and 20 wt.% of rutile for TO-Vac sample 

compared to 81.6 wt.% of anatase and 18.4 wt.% of rutile for TO-Abi sample. The XRD 

peaks at 2 = 25.50°, 37.93°, 38.69°, 48.2°, 53.95°, 55.24°, 62.99°, and 69.03° 

correspond to the atomic planes of (1 0 1), (0 0 4), (1 1 2), (2 0 0), (1 0 5), (2 1 1), (1 1 8), 

and (1 1 6) anatase TiO2 according to JCPDS No. 21-1272. The peaks at 2 = 27.53°, 

36.25°, and 41.43° are assigned to the atomic planes of (1 1 0), (1 0 1), and (1 1 1) of 

rutile TiO2, according to JCPDS No. 21-1276. 

 

Fig. 1. XRD patterns of the TiO2 particle annealed at 450 oC in air (TO-Abi sample), 

and in vacuum (101 torr, TO-Vac sample) 



The existence of two anatase and rutile phases comes from the mixing phase of the 

non-completed synthesis process of TiO2 at low temperature (below 500 oC). The number 

and intensity of XRD peaks of the rutile and anatase phases of both samples are similar. 

The number of XRD peaks of the rutile phase is less than that of the anatase phase, which 

is attributed to the dominant phase of the anatine crystal at 450 oC. At present, the anatase 

phase tendency has grown by converting rutile to anatase phase. The phase shift is non-

completed, which is original to form high oxygen vacancy (OV) density of the anatine 

phase. Because OVs of TiO2 are attributed to reduced energy bandgap of TiO2 structure 

[20, 36, 37, 21] that might extend the absorption wavelength range of sunlight for 

improving the efficiency of PEC device. 

Fig. 2 presents the energy dispersive X-ray spectrum (EDS) of TiO2/FTO/glass film 

annealed at 450 oC in air (TO-Abi sample) and in a vacuum (TO-Vac sample). The 

spectrum shows that oxygen and titanium elements make up 70.26 and 29.64% in weight, 

respectively, for the TO-Abi sample, while those elements accounted for 66.92 and 

33.08% in weight for the TO-Vac sample, respectively. The oxygen concentration of the 

TO-Abi sample is higher at 3.34% than that of the TO-Vac sample. We did not obtain the 

Sn and F elements as well as other contaminations from the FTO substrate. The low 

oxygen density during the phase process from rutile to anatase causes high OV density of 

TiO2 structure, especially at the interface between rutile and anatase phases. Due to the 

effect of defect density and OV density on bandgap energy of TiO2 [20, 36, 25, 21], the 

role of contamination is very important to manipulating physical properties as well as 



PEC TiO2 based application. Thus, the generated activated photocatalyst of OV under 

illumination strongly affects the efficiency of PEC device, further. 

 

Fig. 2. EDX results of the TiO2/FTO nanoparticle annealed at temperature of 450 oC for 

100 min, (a) TO-Abi sample and (b) TO-Vac sample  

   Raman spectra of TiO2/FTO samples annealed at 450 oC in air and vacuum are 

shown in Fig. 3(a).  As can be seen, there are three first order frequency vibrations at 

141 6 ( )
g

E  cm1, 195 5 ( )
g

E cm1 corresponding to the OTiO bending type Raman, 

and 635 1( )gE cm1 corresponding to Ti-O stretch bonding Raman, while two phonon 

frequency peaks at 394 4 1( )gB cm1 and 515 2 3 1 1/ ( / )
g g

B A  cm1 are assigned to TiO 

bond stretching Raman for anatase TiO2 phase using the 532 nm excitation wavelength. 

According to the theoretical calculation of space group 19

4 1( 4 / )hD I amd [38, 39], the optical 

phonon ( opt ) of anatase TiO2 structure is given by Equ. 1 

1 2 1 21 1 2 1 3 2opt g u g u g uA A B B E E        
(1) 



Where
-1 -1 -1

1 1(at 144, 197, 640 cm ),  (at 400,  519 cm ),  (at 507 cm )g g gE B A are the 

Raman active modes, and 
-1 -1

2  (TO, at 654 cm ) and (TO,  at 169,  643 cm )
u u

A E are infrared 

active modes, and B2u (at 507 cm1) is the inactive mode of Raman and infrared spectra. 

The frequencies of anatase TiO2 from our sample ( 1 5 6( , , )gE    , 4 1( )gB ) are less than 

calculated frequencies (ca. 3 cm1). This phenomenon is attributed to the effect of 

insufficient oxygen atoms and many oxygen vacancies in the sublattice of the TiO2 

structure, but this difference is not important. Because main phonon frequencies of 

anatase TiO2 phase have still observed that is an oscillation of the compound lattice [38, 

39]. Fig. 3(b) shows the Fourier transform infrared (FTIR) spectroscopy of 

TiO2/FTO/glass layer at RT in regions between 400 and 4000 cm1. The results indicated 

that the spectral FTIR of both samples is stronger sensitive absorption in the short-IR 

range 4002000 cm1 than in the mid-IR range (20004000 cm1). There are two main 

absorption peaks at 1630 cm1 and 3450 cm1 in the IR range that correspond to bending 

vibration of the HOH bond and stretching vibration of the hydroxyl group of the 

absorbed water molecules. One of the peaks at 1381 cm1 is attributed to the C-OH

stretching. The absorption peak located at 3450 cm1 is attributed to isolated OH group 

coordinated with Ti4+ atoms. Due to the Ti4+ atom charge defect and interaction between 

hydroxyl groups on TiO2, the band center is shifted towards a lower wavelength 

compared to other reports [40-42]. Besides that, the defect chemistry in 

nonstoichiometric TiO2 has not been understood for formatting distinct atomic defects 



like Ti3+, Ti4+, or oxygen vacancies, according to Equ. 2 and 3 [25], which are expected 

to play a crucial role in doping of anatase TiO2 structure [36]. 

 

 



Fig. 3. (a) Raman spectrum, (b) Fourier transform infrared, (c) absorption, and (d) 

photoluminescence spectrum of TiO2/FTO nanoparticle samples annealed at 450 oC in air 

and vacuum (101 torr) for 100 min  
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 The wide absorption peaks at 520 cm1 and 660 cm1 are caused by the stretching 

vibration of the TiO bond in the TiO2 nanoparticles. The existence of organic functional 

groups (OH, COH) on the surface of TiO2 during the annealing process might suggest 

active site for the reaction with a contamination coupling agent. 

Fig. 3(c-d) presents the optical characteristics of TiO2/FFO samples in the range from 

300 to 800 nm at RT. The spectral absorptions were observed below the wavelength of 

400 nm with absorption edges at 380 and 391 nm, which matches well with the reported 

semiconductor bandgap energy of the crystalline bulk anatase TiO2 [20, 22, 36, 25, 43, 5, 

30]. The energy bandgaps were evaluated as 3.26 eV and 3.17 eV by the Tauc’s plot ( 

 1/2
( ) , 2F R h n   vs. band energy, using the Kubelka–Munk model, as inset of Fig. 3(c)) 

for TO-Abi and TO-Vac samples, respectively [5, 44]. The absorption spectrum of both 

samples indicated the direct transition bandgaps [45]. The absorption edge of the TO-Vac 

sample shows a slight red shift towards the long wavelength, which is in a agreement 

with the photocatalyst activity of MO in the visible region. This phenomenon is attributed 

to the effect of modified energy electron density states (EDS) on the bottom of the 



conduction band. There is low oxygen density during the annealing process (in vacuum 

conditions) leading to low EDS, which exhibits a shifting absorption edge to a long 

wavelength. To confirm that, we measured the photoluminescence (PL) spectrum of both 

samples in the range of 400-700 nm at RT, as seen in Fig. 3(d). The normalized intensity 

(ITO) of PL spectra shows a peak at 413 nm (3.0 eV) for the bandgap transition of TiO2, 

which is consistent with previous reports [5, 46]. While one emission peak at 516 nm (2.4 

eV) is assigned to the transition band of oxygen vacancies (OVs) [47, 5]. The emission 

intensity (IOV) peak at 516 nm of the TO-Vac sample is higher than that of the TO-Abi 

sample. However, the obtained PL spectrum is quite different compared to other reported 

PL spectrum below annealing temperature of 500 oC [47, 20, 37, 46, 21, 48]. It should be 

noted that this difference might be understood by different degrees of formation of 

oxygen vacancies, as well as quantum confinement effect vs. different sizes under 

synthesis conditions. Interestingly, we have compared the PL quantum efficiency of TiO2 

and evaluated the effect of vacuum on the contribution of oxygen vacancy to the spectral 

PL by the intensity between the PL peaks (IVO/ITO). If the ratio is increasing with high 

oxygen concentration, it indicates high VO density. Thus, it strongly suppresses the PL 

intensity due to high carrier recombination and trapping carrier density, which causes 

reduced photocurrent of the TiO2 film-based PEC device. For detailed reduced quantum 

yield and VO density, and mechanism of PL emission spectra of TiO2, we can reference 

other reports, elsewhere [47, 20, 21].  



Fig. 4 presents the photoelectrochemical properties of the TiO2/FTO electrodes under 

AM 1.5G illumination via three electrode system in a 1.0 M Kpi electrolyte. As seen in 

Fig 4 (a), all photoanodes showed a natural upward photocurrent density (J) vs. the 

applied potential likely n-type semiconductor behavior. That means photogenerated 

electrons in TiO2/FTO electrode participate in the water reduction reaction to generate H2 

gas (Equ. 5) under illumination and applied potential. 

 



Fig. 4. (a) Linear sweep voltammograms (LSV) collection, (b) photoconversion 

efficiency evaluated from LVS curve and (c) comparing stability result for 1 min in both 

photoanodes, TO-Abi and TO-Vac samples. 

The hole is transferred to the Pt electrode to participate in the water oxidation reaction 

to generate O2 gas (Equ. 6) 

22 2H e H
    (5) 

2 22 4 4H O h O H
     (6) 

The photocurrents increase from ca. 1.25 103 mA/cm2 to 0.18 mA/cm2 and 0.27 

mA/cm2 at 0.4 V (vs. RHE) due to the increase of separated photogenerated electrons for 

TO-Abi and TO-Vac samples, respectively. Then it saturates with the applied potential 

from 0.4 to 1.5 V due to the increase of photogenerated electrons, charge collection 

ability and improvement of charge transfer resistance of TiO2 electrode. The photocurrent 

of the TO-Vac electrode (0.27 mA/cm2) is higher than that of the TO-Abi electrode (0.18 

mA/cm2) at a potential of 0.4 V (vs. RHE). Significantly, the TO-Vac electrode exhibits 

PEC production performance with a positive onset potential of 0.15 V (vs. RHE) 

compared to the TO-Abi electrode (0.09 V). As mentioned above, the increasing 

photocurrent density of the TO-Vac sample is attributed to increasing active sites while 

the sample was annealed in a vacuum. Herein, we believe that the oxygen concentration 

rises, then increases the Fermi level of TiO2, and thus, it increases the onset potential of 

the TiO2 electrode. Therefore, we observed a shifting onset potential from 0.09 to 0.15 V 

(vs. RHE) when electrodes were annealed in air to vacuum. 



Fig. 4(b) presents the photoconversion efficiency with the assumption of 100%. 

Faradaic efficiency of both PEC devices was evaluated by following Equ. 7 [4]  

( )
(%) 100

o RHE

source

J E V

P



   (7) 

Where Eo = 1.23 V is the standard reversible potential, J is the photocurrent density 

(mA/cm2), VRHE is the bias potential vs. RHE (V), and P is the power density of incident 

light (mW/cm2). As a result, the conversion efficiency of TO-Vac sample is 0.22%), 

which is higher than that of the TO-Abi electrode ( = 0.15%). In fact, due to a low 

oxygen concentration during the annealing process, OV density in anatase TiO2 structure 

increases, in which if the carrier concentration is sufficient, the change in the 

concentration of carrier will no longer make the Fermi level increase, but instead strongly 

alter the dipole distribution in the Helmholtz layer at the interface of photoanode and 

electrolyte [20, 5, 21]. Also, when the OV concentration near the TiO2 surface is high, it 

greatly increases the Schottky barrier height (SBH). Minor carriers are now blocked by 

the SBH and cannot be transferred to TiO2 nanoparticles to contribute to the PEC current. 

Thus, the photoelectrocatalytic performance of the TO-Vac photoanodes was 

significantly enhanced in comparison with that of the TO-Abi photoanodes. 

Besides that, we measured the stability of TiO2/FTO samples in a 1.0 M Kpi 

electrolyte for 1 min, as seen in Fig. 4(c). The effect of pressure on the stability of 

TiO2/FTO nanoparticles was investigated for three regions (I, II, and III). The response of 

both photoanodes indicated a similar slope in the range of 05 sec (I region) and 4760 

sec (III region). It can be explained that the photogenerated electrons of the I region are at 



the same under illumination, because the loss energy of electron absorbance is neglected 

when they directly transfer from valence band to conduction band in a short time. For the 

II region, the photoelectrons generated and transferred to the conduction band are 

saturated, thus, the photocurrent is stable. On the contrary, the photocurrent response of 

TO-Vas electrode is slower than that of TO-Abi electrodes (region II). This reason is 

attributed to high OV concentration. Although OVs are present at the interface of the 

crystalline anatase TiO2, those vacancies act as recombination centers only. Herein, 

photoelectrons are generated and trapped in defect centers, then reducing the lifetime of 

electrons. The mobile electrons interact with these charge defects and got scattered, and 

thereby the mobility decreases leading to low response. To clearly understand, we can 

reference other literature, elsewhere [20, 5, 21].  

4. Conclusions 

We investigated the synthesis of TiO2/FTO (P25) nanoparticle electrodes by the spin-

coating method using thermal annealing in air (TO-Abi sample) and in vacuum (TO-Vac 

sample) conditions. The optical characteristics of TiO2/FTO samples were studied by 

using Raman, photoluminescence (PL), absorption, and FTIR techniques. The emission 

PL (516 nm) peak of oxygen vacancy of the TO-Vac sample showed high intensity and 

shifted towards a low energy bandgap of 3.17 eV compared to that of the TO-Abi sample 

(3.26 eV). Based on this result, the TiO2-Vac photoelectrode obtained a photocurrent 

density of 0.27 mA/cm2 and an energy conversion efficiency () of 0.22 % at 0.4 V (vs. 

RHE), which are higher than those of the TO-Abi electrode (0.18 mA/cm2, 0.15%) due to 



high oxygen vacancy density causing more active sites for photocatalyst. The positive 

onset potential of 0.15 V (vs. RHE) shifted towards 0.06 V compared to the TO-Abi 

electrode. This confirms the ability of oxygen vacancy on catalytic activity for a PEC 

application. This is further a promising approach to enhance photoelectrochemical water 

splitting efficiency of anatase crystalline TiO2  
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