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Sodium ion impregnated anatase/rutile mixed phase TiO2 material has been synthesised by sol-gel method and 

characterised for understanding the solar hydrogen production activities. The presence of sodium ion can influence the 

crystallinity, crystallite size and photocatalytic efficiency of mixed phase TiO2. The hydrogen evolution activities of the sodium 

impregnated TiO2 and bare TiO2 materials are compared by calculating the yield of H2 gas evolved from the dissociation of 

H2O. Even though the presence of rutile/anatase mixed phase TiO2 is suitable for hydrogen evolution under UV/visible light 

irradiation, it is found that bare TiO2 can act as a good catalyst and gives a hydrogen evolution value of 134 µmol after 5 h of 

irradiation from 20 mg of the catalyst. However, the sodium impregnated TiO2 material show lower hydrogen evolution as 

compared to bare TiO2 and a value of 34 µmol under similar experimental condition. The variation in hydrogen evolution may 

be exhibited due to high crystallinity, large crystallite size and higher percentage of the rutile phase in bare TiO2 compared to 

sodium impregnated TiO2 material. This study will be helpful for understanding the effect of alkali metal ion in metal oxide 

semiconductor and further understanding their detrimental effect on photocatalytic water splitting and related applications. 
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Transition metal oxide nanomaterials are an exciting 

area of research due to the utilization of abundant 

renewable resources for a wide variety of applications 

such as dye sensitized solar cell
1,2

 remediation of 

environmental contaminants
3–6

, clean energy 

production through environmental friendly methods, 

bio sensing of molecules
9
 and artificial light 

harvesting
10-12

. The generation of hydrogen from water 

in the presence of a metal oxide provides a new 

platform through which energy costs and 

environmental pollution can be reduced. Even though 

TiO2 is an ideal for energy production, the absorption 

of energy from sunlight and generation of hydrogen is 

still a challenging project. This process requires a 

chemically stable, non-toxic visible light photocatalyst 

that can be prepared by highly economical way and 

control the electron–hole recombination
13

. The 

absorption of wide band gap semiconductor limited to 

the application in the UV region, extensive research 

has demonstrated the ability of this semiconductor to 

absorb photons of light and generate excitons that 

migrate to the surface of the photocatalyst and take part 

in oxidation and reduction reaction
14-15

. In light 

activated water splitting, extended life time of the 

electrons is vivacious to enable the reduction of 

hydrogen ions. However, the fast decay of electrons 

causes recombination of charge carriers, which further 

diminishes the photocatalytic efficiency of the 

semiconductor
16

.  

Several approaches have been investigated for the 

modification of the semiconductor metal oxide using 

metal ions and improve the life time of the electrons 

and holes
17-22

. Parayil et al. reported the photocatalytic 

hydrogen generation from carbon modified 

anatse/rutile nanomaterials
23-24

. Yung et al. synthesized 

mixed phase anatase/rutile nanomaterial for water 

splitting and reported the synergistic effect in such 

mixed phase system
25

. Even though transition metal 

cation doped TiO2 was explored well
26-28

 the alkali or

alkaline earth metal modified TiO2 was not explored 

well in photocatalytic applications. The reported results 

mainly focused on adsorption and degradation studies. 

Xie et al. reported the influence of sodium ion in 

photocatalytic efficiency
29

. Guillard et al. reported the 

decrease in photocatalytic activity of TiO2 in presence 

of sodium ion
30

. Ivan et al. reported the adsorption 

ability of sodium ion modified TiO2
31

. Zhibiao et al.

reported the influence of alkali metal ion on 

CO2 hydrogenation
32

. Nam et al. reported the influence

of sodium ion in photocatalytic activity
33

. In most of 
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the reported article sodium has a detrimental effect on 

visible light photocatalysis. The influence of sodium 

ion in photocatalytic water splitting was recently 

reported by Parayil et al.
34

. However their study 

focused on rutile TiO2. Moreover the synthesis 

procedure was slightly different from current work. In 

this manuscript, we attempted to understand the effect 

of sodium ion impregnation on the mixed phase TiO2 

nanomaterial and its influence in photocatalytic 

hydrogen generation. 

 

Materials and Methods  

Commercially available titanium tetraisopropoxide, 

(97%, Sigma Aldrich, USA), denatured ethanol, conc. 

HNO3 (Nice Chemicals), sodium chloride (Nice 

Chemicals) were used as received. Deionized water 

was used throughout the experiments. For the synthesis 

of mixed phase TiO2 xerogel
23

, Typically 11 mL of 

titanium isopropoxide was added drop wise to a 

solution containing 90 mL of denatured ethanol under 

vigorous stirring in a beaker. The hydrolysis process 

was initiated by the addition of 5 mL water and 

catalyzed by addition of 500 µL conc. HNO3. The 

resulting mixture was stirred for 3 h to obtain a wet gel. 

The obtained product kept for drying at room 

temperature. After drying it is subjected to calcinations 

at 550
 
°C for 6 h in a muffle furnace under static air 

environment. 

For studying the influence of sodium ions on the 

formation, structure and phocatalytic activity of TiO2 

xerogel, sodium impregnated TiO2 xerogel was 

prepared. About 0.3 g of TiO2 xerogel material was 

added to a solution containing 9 mL denatured 

ethanol. 500 µL of 2% NaCl was added along with 

100 µL of conc. HNO3. The obtained mixture was 

aged for 3 h at room temperature. This leads to the 

formation of a wet gel through condensation process. 

The wet gel was finally converted into a dry gel after 

drying at ambient atmosphere. The resultant material 

was further calcined at 550 °C for 6 h in a muffle 

furnace at a heating rate of 10°
 
per min. under static 

air atmosphere. The obtained powdered material was 

labeled as Na impregnated TiO2. 
 

Material characterization 

The synthesized materials were characterized by 

powder X-ray diffraction, UV-visible diffuse 

reflectance spectroscopy (DRS), Raman spectroscopic 

analysis and transmission electron microscopy 

(TEM). The powder XRD measurements were 

performed at room temperature on a Bruker AXS D8 

advance diffractometer using Cu-Kα radiation 

(λ=1.5406 Å) and the samples were scanned with a 

step size of of 0.02 at a scan speed of 1°/min in the 

range of 2θ=10 to 80°. The FT-Raman measurements 

using 1064-nm excitation were performed on a Bruker 

MultiRAM FT-Raman spectrometer equipped with an 

InGaAs detector operating at 0.8 cm
-1

 resolution and 

power ranging from 0.5 to 1.0 W. The UV-visible 

diffuse spectra were recorded on a Jasco V-750 UV-

visible spectrophotometer. The TEM measurement 

was done by using Jeol/JEM 2100 of voltage 200 kV 

is capable of a spatial resolution of 0.14 nm and LaB6 

is used as the source of radiation.  
 

Photocatalytic water splitting studies 

The role of Na
+
 ions impregnation on TiO2 material 

was studied by carrying out the UV-visible light 

photocatalytic hydrogen evolution studies of the 

synthesised materials. The experiment was performed 

in a stainless steel reactor with a side cavity. 

Methanol was used as the sacrificial reagent. 

Typically, 20 mg of the material was suspended in  

50 mL solution containing H2O and methanol in a 4:1 

ratio. The suspension was degassed for 30 min with 

high-purity nitrogen prior to the photoirradiation 

experiments. The material was continuously stirred 

during the course of the experiment. A high power 

mercury arc lamp 450 W was used as the UV-visible 

light source for irradiation. The experiment was 

carried out for 5 h and H2 evolution was recorded in a 

time interval of 1 h. Argon was used as the carrier 

gas. The amount of H2 produced was measured by gas 

chromatograph (Shimadzu Gas Chromatograph GC-

2010 PLUS) equipped with a molecular sieve column 

and a TCD detector. The instrument calibration was 

done prior to the injection. 
 

Results and Discussions 
 

Powder X-ray diffraction studies 

The powder X-ray diffraction pattern of the TiO2 

and sodium impregnated TiO2 materials were shown in 

Fig. 1. The bare TiO2 materials showed rutile TiO2  

co-exists with small amounts of anatase phase. The 

material exhibited diffraction peaks due to d101, d004, 

d200, and d204 at 2θ values of 25, 38, 48 and 62°, 

respectively, indicative of the anatase phase
22

. The 

peaks due to d110, d101,d200, d111, d210, d211, d220, d002, d110, 

d301, and d112 were at 2θ values of 28, 36, 39, 41, 45, 

55, 56, 630, 64, 69, and 69°, respectively, indicative of 

the rutile phase
23

. The existence of the mixed phases 

may be due to partial phase transformation of anatase 
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to rutile during the calcinations process at 550 °C. 

Similarly the sodium impregnated TiO2 showed 

identical peaks as reported for bare TiO2 with lower 

intensities. The crystallinity of TiO2 anatase and rutile 

phase was reduced after the formation sodium 

impregnated TiO2 as indicated by the reduction in 

intensities and broadening of the diffraction peaks in this 

material. A small peak at 31° was present in sodium 

impregnated sample compared to bare TiO2 indicated 

the presence of sodium ion in this material
35-36

. 

Raman spectroscopic studies 

The Raman spectrum of the sodium impregnated 

material was shown in Fig. 2, with the inset showing 

the Raman spectra of bare TiO2. The bands at 143, 

193, 395, 513, and 633 cm
-1

, are associated with 

anatase phase of bare TiO2
22

. Beside these bands the

material showed bands at 450 and 610 cm
-1

, which 

were assigned to the rutile phase
23-24

. The sodium 

impregnated TiO2 material also exhibit identical 

spectral line. The small peak at 396 cm
-1

 may be due 

to the presence of anatase phase in this material. 

UV-visible DRS studies 

The DRS spectra of TiO2 and sodium ion 

impregnated TiO2 were shown in Fig. 3. Here, the 

TiO2 material showed absorption band at 380 nm 

related to the electronic transition from valence band 

to conduction band 20 nm and the small absorption 

edge in the visible region may be due to the presence 

of rutile phase present in this material. The sodium 

impregnated TiO2 material exhibited optical 

absorption at around 380 nm and a small absorption 

band at around 400–600 nm range. The intensity of 

the band at 400–600 nm region was larger than that in 

bare TiO2, which may be due to the presence of rutile 

phase along with sodium ion in this material. It was 

reported that presence of sodium ion can extend the 

light absorption to higher wavelength
37

. 

TEM analysis 

TEM images of bare TiO2 and sodium impregnated 

TiO2 material are shown in Fig. 4a and Fig. 4b, 

respectively. TEM images of both materials showed 

lattice fringes due to TiO2. The d spacing of 3.25 Å 

due to (110) associated with rutile phase could be 

confirmed from TEM image
23

. 

Photocatalytic water splitting studies 

The photocatalytic H2 evolution results for TiO2 

and sodium impregnated TiO2 were shown in Fig. 5. 

The experiments were conducted under UV-visible 

light using 450 W high pressure Hg arc lamp. The 

bare TiO2 material showed an increase in evolution of 

hydrogen as time goes on. It has been reported that 

mixed phases TiO2 can generate hydrogen by 

photocatalytic splitting of water even in the absence 

Fig. 1 ― Powder XRD pattern of (a) bare TiO2 and (b) sodium 

impregnated TiO2

Fig. 2 ― Raman spectra of sodium impregnated TiO2 with the 

inset showing Raman spectra of bare TiO2 

Fig. 3 ― Diffuse reflectance UV-visible spectra of (a) TiO2 and 

(b) sodium impregnated TiO2
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of catalyst promoter
38-39

. The presence of mixed 

phases of anatase and rutile in bare TiO2 may 

minimize charge carrier recombination and generate 

hydrogen. After 300 min of irradiation the bare TiO2 

material showed H2 evolution value of 134 µmol. 

Compared to bare TiO2 the sodium impregnated TiO2 

nanomaterials showed lower evolution of hydrogen. 

Even though the presence of anatase/rutile mixed 

phase TiO2 may be contributing to the hydrogen 

evolution in these materials
25

, the presence of sodium 

ion
40-43

, the poor crystallinity and crystallite size of 

rutile and anatase phase TiO2, causing the lower 

photocatalytic activity of sodium impregnated TiO2 

material compared to bare TiO2 

Conclusions 

We prepared photoactive anatase/rutile mixed 

phase TiO2 materials by sol gel method. The resultant 

materials upon modification by impregnation with 

sodium ions exhibited lower photocatalytic hydrogen 

under light irradiation. H2 production achieved from 

mixed phase TiO2 was as high as 134 µmol from 0.02 g 

of catalyst after 5 h of irradiation. However, under 

similar experimental condition the evolution rate was 

reduced to a value of 34 µmol. The presence of 

sodium ion reduces the efficient electron trapping in 

shallow states there by reducing the effective 

separation of the charge carriers and promoting 

improved photocatalytic water splitting. This work 

provides information about the detrimental effect of 

alkali metal ions in solar fuel generation, and for the 

degradation of organic pollutants. 
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