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This study  investigated  the  production  of  hydrogen  over G a  (1.0, 2.0, and  5.0  m ol% )-TiO 2  photocatalysts prepared 

by  a  solvotherm al m ethod. The  absorption  band  w as slightly  blue-shifted  upon  the  incorporation  of  the  gallium  ions, 

but the  intensity  of  the  photolum inescence  (PL) curves of  G a-incorporated  TiO ?s w as distinguishably sm aller, w ith 

the sm allest case  being  the 2.0  m ol%  G a-TiO 2 , w hich  w as  related  to  the  recom bination  betw een  the excited  electrons 

and  holes. H 2 evolution  from  photo  splitting  of  w ater over G a-incorporated  TiO 2  in  the  liquid  system  w as enhanced, 

com pared  to  that over  pure  TiO ? ; particularly, the  production  of  5.6  m L  of  H 2 gas after 8  h  w hen  1.5  g  of  the  2.0  m ol%  

G a-incorporated  TiO 2 w as used.
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Introduction

In  future, use  of  energy  from  hydrogen  should  increase as it 

is environm entally friendly. The technology for generating  

hydrogen by  the splitting of w ater using a  photocatalyst has 

attracted m uch attention. The principle of photocatalytic  

w ater decom position is based on the conversion of light 

energy into electricity upon  exposure of a sem iconductor  to  

light. Light results in the intrinsic ionization of n-type 

sem iconducting m aterials over the band gap, leading  to the  

form ation of electrons and electron holes in  the conduction  

and  valence bands, respectively. 1 The light-induced  electron  

holes split w ater m olecules into oxygen and hydrogen ions. 

Sim ultaneously, the  electrons w hich  reduce  the  hydrogen  ions 

generated  to  hydrogen  gas. To  trigger this  reaction, the  energy  

of the absorbed  photon m ust be at least 1.23 eV  (E i = A G 0 

(H 2O )/2N a ：  A G ° (H 2O ) =  237.141 kJ  m ol-1 ; N a  =  A vogadro ’s 

num ber = 6.022 x 1023 m ol-1).1 The optim ized  band  gap  for 

high  hydrogen  production  is  below  2 .0 eV . The  photocatalytic 

form ation  of  hydrogen and  oxygen  on  sem iconductors, such 

as M TiO ：  and  M TaO zN ,3-7 (w here  M  =  alkaline or  transition  

m etals) has  been  w idely  investigated  due  to  the low  band  gap  

and  high  corrosion  resistance of  these sem iconductor  m ateri

als. H ow ever, the photocatalytic decom position of w ater 

(H 2O ) on  a  TiO 2 photocatalyst is ineffective as the am ount of 

hydrogen produced  is lim ited  by  the rapid  recom bination  of 

holes and  electrons, resulting in  the  form ation  of  w ater.

To overcom e this rapid recom bination  in  w ater splitting, 

m ore investigations into the production of hydrogen via 

m ethanol or ethanol photodecom positions to  upgrade  hydro

gen  production, not w ater, have focused  on  m odified  (A g  or 

Cu)-doped  TiO 2,8-11 w hich  can  be used  to activate the photo

catalysts, using  U V  light w ith  longer w avelengths and  noble 

m etal (Pd, Pt, Rh)-doped  TiO 2,12-14  w hich  have  relatively  high  

activity  and  chem ical stability  under  U V  irradiation. The new  

m aterials, A g-TiO 2  and  Cu-TiO 2 , w here  A gxO  and  CuxO  w ere  

substituted into a TiO 2 fram ew ork, w ere investigated as 

conducting  com ponents to reduce the large band  gap  of  pure 

TiO 2 . A s a  result, the  A g  and  Cu  com ponents  w ere  found  to  be  

very useful for the production of H 2 gas in a m ethanol 

photodecom position  system ; the  productions reached  17,000  

卩m ol and 16,000 卩m ol after 24  h  over A g/TiO 2 and  Cu/TiO 2 , 

respectively. Zou  and  Ikum a  have  reported  that  the  activity  for 

hydrogen  generation  from  w ater/alcohols  is  greatly  im proved 

on  Pt/TiO 2 , synthesized  by a cold  plasm a m ethod,12 and  the  

highest rate of H 2 production w as also obtained from  the 

Pt-deposited TiO 2 that w as form ed by the form aldehyde 

m ethod,13 respectively. Particularly, Idriss14 com pared the  

hydrogen  production  from  photo-splitting  of  ethanol betw een  

Pd, Pt, and  Rh/TiO 2s. The addition  of  Pd  or Pt dram atically  

increased  the  production  of  hydrogen  and  a  quantum  yield  of 

about 10% w as reached at 350 K . O n  the contrary, the Rh  

doped  TiO 2 is  far less active, how ever, this value  w as still low  

in  the  econom ic evaluation, therefore, attem pts w ere m ade  to  

upgrade the production of  H 2 w ithin  a  shorter tim e. In  addi

tion, photo  splitting  of  the light hydrocarbons, such  as m eth

anol and  ethanol, are not environm entally desirable because 

of the em ission of CO  and CO 2 during the photoreaction. 

A dditionally, noble m etals have high cost. Thus there is an  

urgent need  for the developm ent of  new  photocatalysts w ith  

low  cost, that are environm entally friendly, and  that possess 

greater hydrogen-producing  activity under visible light irra

diation.

W e have  tried  to  prepare a  new  catalyst, the  G a  (0, 1, 2, and  

5m ol% ) incorporated TiO 2 photocatalysts w ith an anatase 

structure, using  a  solvotherm al m ethod  to  reduce rapid  recom 

bination  of  holes and  electrons and  to  low er m aterial cost. To  

determ ine the relationship  betw een  the gallium  species and 

the catalytic perform ance for the production of H 2 , the  

G a-TiO 2  photocatalysts w ere exam ined  using  X -ray  diffraction  

analysis (X RD ), X -ray photon spectroscopy (X PS), U V - 

visible spectroscopy, and Photolum inescence (PL) spectro

scopy. H ydrogen  w as generated  from  photodecom position  of 

w ater over G a-TiO 2 photocatalysts, and the optim um  con
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ditions for im provem ent of hydrogen production w ere dis

cussed.

Experimental Section

Preparation of TiO2 and Ga-TiO2 photocatalysts. G a-incor- 

porated TiO ?s w ith various m ol fractions of gallium  w ere 

prepared using  a com m on solvotherm al m ethod as show n  in  

F igure 1- To prepare the sol m ixture, titanium  tetraisoprop- 

oxide (TTIP, 99.95% , Junsei Chem ical, Tokyo, Japan) and  

gallium  chloride (G aCL, 99.50% , Junsei Chem ical, Tokyo, 

Japan) w ere used as the titanium  and silicon precursors, 

respectively, w ith ethanol as the solvent. 1.0, 2.0, and 5.0  

m ol%  of  the gallium  chloride, and  0.5 m ol TTIP  w ere added  

to 250 m L  distilled w ater stepwise and  then  hom ogeneously  

stirred for 2 h. A m m onium  hydroxide w as added  and  the pH  

m aintained  at 9.0  for rapid  hydrolysis. The final solution  w as 

hom ogeneously stirred and then m oved to an autoclave for 

therm al treatm ent. TTTIP  and gallium  chloride w ere hydro 

lyzed  via the O H  group  during  therm al treatm ent at 200  °C  for 

8 h  under a  nitrogen  environm ent w ith  a  pressure of  about 10  

atm . The  resulting  precipitate  w as w ashed  w ith  distilled  w ater 

until pH  =  7.0 and  then  dried at 100 °C  for 24  h.

Characteristics of TiO2 and Ga-TiO2 photocatalysts. The  

synthesized TiO 2 and G a-incorporated TiO 2 pow ders w ere 

subjected  to  X RD  (m odel PW  1830; Philips, A m sterdam , The  

N etherlands), w ith  nickel-filtered  CuKa radiation  (30 kV , 30  

m A ) at 20  angles from  5 to  70°, w ith  a  scan  speed  of  10° m in -1 

and  tim e constant of 1 s. The sizes and  shapes of the  TiO 2 and  

G a-incorporated TiO 2 particles w ere determ ined by using  

scanning electron m icroscopy (SEM , m odel JEO L-JSM 35  

CF; Tokyo, Japan). H igh-resolution transm ission electron

Figure 1. The preparation of G a-TiO 2 using a conventional sol

votherm al m ethod.

m icroscopy (TEM ) im ages of the nanom eter-sized sam ples 

w ere obtained on a JEO L 2000EX transm ission electron  

m icroscope operated  at 200 kV . The Brunauer, Em m ett and  

Teller (BET) surface areas and  pore size distributions (PSD s) 

of the TiO 2 and G a-incorporated TiO 2 pow ders w ere m ea

sured by nitrogen gas adsorption using a continuous flow  

m ethod; a chrom atograph  equipped w ith a therm al conduc

tivity detector (TCD ), at liquid-nitrogen  tem perature, w as 

carried  out. A  m ixture  of  nitrogen  and  helium  w as used  as the  

carrier gas w ith a  M icroM etrics G em ini 2375 (Londonderry, 

N H , U SA ). The sam ple w as treated at 350 °C  for 3 h  prior to  

nitrogen  adsorption. The U V -visible spectra  of  the TiO 2 and  

G a-incorporated  TiO 2 pow ders w ere obtained  using  a Shim - 

adzu M PS-2000 spectrom eter (K yoto, Japan) w ith a reflec

tance sphere, over the special range 200 to 800 nm . Photo

lum inescence (PL) spectroscopy m easurem ents of the TiO 2  

and G a-incorporated TiO 2 pow ders w ere also conducted to  

exam ine the num ber of photo-excited  electron  hole pairs for 

all of  the sam ples. 1.0  m m  pellet type sam ples w ere m easured 

at room  tem perature using a H e-Cd laser source at a w ave

length  of  325  nm . X -ray  photon  spectroscopy  (X PS) m easure

m ents of G a2p , Ti2p, and O 1s w ere recorded  w ith a ESCA  

2000 (V Z  M icroTech, O xford, U K ) system , equipped  w ith  a  

non-m onochrom atic A lKa (1486.6 eV ) X -ray source. The  

TiO 2 and G a-TiO 2 pow ders w ere pelletized, at 1.2 x 104 kPa  

for 1 m in, and  the 1.0-m m  pellets w ere then  m aintained  over

night in  a  vacuum  (1.0 x 10 -7  Pa) to rem ove w ater  m olecules 

from  the surface prior to m easurem ent. The base pressure of 

the ESCA  system  w as below  1 x 10 -9 Pa. Experim ents w ere 

recorded  w ith a 200-W  source pow er and an angular accep

tance of  ±5°. The analyzer axis m ade an  angle of  90° w ith  the 

specim en surface. W ide scan spectra w ere m easured  over a  

binding energy range of 0 to 1200 eV , w ith  pass energy of 

100.0  eV . The  A r+ bom bardm ent of  the  TiO 2 and  G a-TiO 2 w as 

perform ed  w ith  an  ion  current of 70  to 100  nA , over an  area  of 

10.0 x 10.0 m m , w ith a total sputter tim e of  2400 s divided  

into 60 intervals. A  Shirley function  w as used to subtract the

Figure 2. The liquid  photoreactor used  for H 2 production  via photo  

splitting of  w ater.
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Figure 3. X RD  patterns of  pure T1O 2 and G a-TiO 2 as-synthesized: 

(a) TiO 2 , (b) 1.0  m ol%  G a-TiO 2 , (c) 2.0  m ol%  G a-TiO 2 , and  (d) 5.0  

m ol%  G a-TiO 2 .

Table 1. The atom ic com position of the TiO 2 and G a-TiO 2 photo

catalysts.

Catalyst

Characteristics

TiO 2  

A natase

1.0m ol%

G a-TiO 2

2.0m ol%

G a-TiO 2

5.0m ol%

G a-TiO 2

Com position “ 
on surface

Ti 27.21 26.98 25.26 26.04

O 69.23 68.25 69.76 68.35

(atom ic %)
Ca - 0.11 0.24 0.61

Surface  A rea

(m 2/g)
65.56 70.19 83.81 107.07

Pore V olum e 

(m L/g)
0.0235 0.0343 0.0411 0.0522

background in the X PS data analysis. The O 1s, Ti2p, and 

G a2p  X PS  signals  w ere  fitted  using  m ixed  Lorentzian-G aussian  

curves.

H2 production from photo splitting of water over T1O2 and 

Ga-TiO2. The photo  splitting  of  w ater w as perform ed  using  a  

liquid  photo reactor designed in  our laboratory as show n  in  

Figure 2. For photo splitting of w ater, 0.5~2.0 g of the  

pow dered  TiO 2 and  G a-TiO 2 photocatalysts w ere added  to 1.0  

L  of  distilled  w ater in  a  2.0-L  Pyrex  reactor. U V -lam ps (6 x  3 

W  cm -2 = 18  W  cm -2 , 30  cm  length  x 2.0  cm  diam eter; Shinan, 

Sunchun, K orea) w ith  em itting  radiation  at 365  nm  w ere  used. 

The photo splitting of w ater w as conducted  for 1~7 h, w ith  

stirring, w ith hydrogen evolution  determ ined  after 1 h. The  

hydrogen  gas (H 2) produced  during  w ater photo  splitting  w as 

analyzed  using a TCD -type gas chrom atograph (G C, m odel 

D S  6200; D onam  Instrum ents Inc., G yeonngi-do, K orea). To  

determ ine the products and interm ediates, the G C w as 

directly connected  to the w ater decom position reactor. The  

follow ing G C  conditions w ere used: TCD  detector; Carbo

sphere  colum n  (A lltech, D eerfield, IL , U SA ); 140  °C  injection  

tem p: 120  °C  initial tem p.; 120  °C  final tem p.; 150  °C  detector 

tem p.

Results and Discussion

Characteiistics of TiO2 and Ga-TiO2 photocatalysts. Figure 

3 show s the crystallinity obtained  from  the X RD  patterns of 

TiO 2 and the 1.0, 2.0, and 5.0 m ol%  G a-incorporated TiO 2  

pow ders. The G a-incorporated  TiO 2  particles exhibited  a  pure 

structure of anatase w ithout being therm ally treated above  

500  oC. The  anatase structure  had  peaks at 25.3, 38.0, 48.2, 54, 

63, and 68°, w hich are assigned to the (d101), (d® ), (d 2Q c), 

(d 105), (d211), and (d204) planes, respectively. In spite of the  

addition  of  the  gallium  com ponents to  the  TiO 2 fram ew ork, no  

peaks assigned  to  G a2O 3 (m ainly  peaks: 2theta  =  45  and  52o), 

w hich  w ould  indicate its presence on  the external surface of 

the anatase fram ew ork, w ere show n, indicating that the  

gallium ions w ere safely incorporated into the titanium  

anatase  fram ew ork. H ow ever, the [004] plane  peak  intensities 

w ere sm aller w ith  the am ount of gallium  com ponents com 

pared  to other peaks, indicating  that the sm aller gallium  ions 

insert to [004] site by  substitution  of  the larger titanium  ions, 

as show n  in  fram ew ork  figure  beside. Com pared  w ith  the  line 

w idth  of  peaks for  the anatase structure  of  pure  TiO 2 , those  of 

the  G a-TiO 2s decreased, resulting  from  the  difference  betw een

a) b) c) d)

Figure 4. SEM  and  TEM  im ages of  TiO 2 and  G a-TiO 2 as-synthesized: (a) pure TiO 2 , (b) 1.0 m ol%  G a-TiO 2 , (c) 2.0  m ol%  G a-TiO 2 , and  (d) 

5.0  m ol%  G a-TiO 2 .
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Figure 5. X PS  of  T1O 2 and  G a-TiO 2 as-synthesized: (A ) For Ti2p, (B) For O 1s, and  (C) For G a2p; (a) pure T1O 2 , (b) 1.0  m ol%  G a-TiO 2 , (c) 

2.0  m ol%  G a-TiO 2 , and  (d) 5.0  m ol%  G a-TiO 2 .

the  ionic radii of  Ti4+(68  pm ) and  G a3+(62  pm ). G enerally, the 

larger the line-broadening of the peaks, the sm aller the  

crystalline dom ain sizes. The line broadening of  the peak  of 

the (101) index is related to the size of the hexagonal 

crystalline phase. The full w idth at half  m axim um  (FW H M ) 

height of  the  peak  at 2  theta  =  25.3 o w as observed  to  be 1.593  

degrees. Scherrer's equation, t = 0.9Z/pcos0, w here 入 is the  

w avelength  of  the incident X -rays, pis the full w idth  at half 

m axim um  height in  radians, and  the  0 is  the  diffraction  angle, 

w as used to determ ine the crystalline dom ain size. The  

calculated  crystalline  dom ain  sizes  w ere 17, 25, 24, and  23 nm  

for  TiO 2 and  the 1.0, 2.0, and  5.0  m ol%  G a-incorporated  TiO 2 , 

respectively.

Figure 4 show s the SEM  and TEM  photographs of the  

particle shapes of TiO 2 and the 1.0, 2.0, and 5.0 m ol%  

G a-incorporated TiO 2 . A relatively uniform m ixture of 

rhom bic and cubic particles w hose sizes w ere distributed 

w ithin the range of 10-15 nm  w as show n in these photo

graphs. W hen  the gallium  com ponents w ere added, the par

ticles coagulated  to assum e a  cubic type shape and  their size  

increased slightly, in the order of pure TiO 2 <1.0 m ol%  

G a-TiO 2 >  5.0  m ol%  G a-TiO 2 >  2.0 m ol%  G a-TiO 》 This cor

responds  to  the  results  of  the  X RD  analysis show n  in  Figure 3.

Table 1 sum m arizes the  physical properties  of  the  TiO 2 and  

1.0, 2.0, and  5 .0  m ol%  G a-incorporated  TiO 2 pow ders. From  

the energy dispersive analysis of X -rays (ED A X ), the true 

atom ic  ratios of  gallium /titanium  in  the 1.0, 2.0, and  5.0  m ol%  

G a-incorporated  TiO 2 pow ders w ere found  to  be 0.41, 0.95, 

and  2.34 m ol% , respectively, indicating  that insertion of  the 

gallium  ion into TiO 2 fram ew ork is not facile. The volum e 

increased  w ith  the addition  of  gallium  as did  the  BET  surface  

areas. G enerally, surface  area  is stron^y  related  to  the  particle  

size; w hen the particle size decreases, the surface area 

increases, how ever, w as not the case in  our  results.

Q uantitative X PS analyses of the TiO 2 and G a-TiO 2 par

ticles w ere perform ed, w ith the typical survey and high- 

resolution spectra show n  in  Figure 5. The Ti2p 1/2 and  Ti2p 3/2  

spin-orbital splitting photoelectrons for anatase TiO 2s w ere 

located at binding energies of 463.9 and 458.2 eV , res

pectively, and assigned to the presence of typical Ti4+ . In  

G a-TiO 2 , the bands w ere broad w hen the gallium  ion w as 

added, and  shifted  slightly  to  a  higher  binding  energy  of  458.6  

and  464.3 eV  for Ti2p3/2 and  Ti2p1/2, respectively, w hich  w as 

assigned  to Ti3+ . The differences (delta) in  binding  energies 

betw een Ti2p3/2 and Ti2p1/2 w ere distributed  in the range of 

5.60 〜5.70 in all catalysts. The m easured FW H M  of the  

Ti2p3/2 peak w as rem arkably larger in the G a-TiO 2 than in  

pure TiO 2 . In general, a greater FW H M  im plies a greater 

am ount of less-oxidized  m etals.15 The FW H M  increased  in  

the  order  of  pure  TiO 2(1.45) < 1.0  m ol%  G a-TiO 2(1.65) <  2.0  
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m ol%  G a-TiO 2(1.68) <  5.0 m ol%  G a-TiO 2(1.72). This indi

cated  that the oxidation  state of  the  Ti ion  w as lessened  w hen  

the gallium  ion  w as added, strongly  effecting  photocatalysis. 

The  bond  distance  betw een  Ti3+  and  O  m aybe  m ore  loose  than  

the  bond  betw een  Ti4+  and  O , and  so  the  electron  transfer from  

oxygen  to  titanium  occurs  readily, and  consequently  the  photo

catalysis could  be im proved. The O 1s region  w as separated  

into  tw o  contributions: m etal (T i4+ or Ti3+)-O  (529.4eV ) in  the  

m etal oxide and m etal-O H  (532.0 eV ). The ratios of m etal- 

O H /m etal-O  in  the O 1s  peaks  w ere  distinguishably  increased  

in  G a-TiO 2 com pared  to that in  pure TiO 2 , increasing in  the  

order of pure TiO 2(0.61) < 1.0 m ol%  G a-TiO 2(0.64) <  2.0  

m ol%  G a-TiO 2(0.68) <  5.0  m ol%  G a-TiO 2(0.97). In  general, 

a  higher m etal-O H  peak  indicates that the particles are m ore 

hydrophilic, and thus produces m uch m ore O H radicals 

during  photocatalysis, consequently, its  photocatalytic activity  

can be im proved. The sam ple should  be m ore hydrophilic  

w hen the gallium  ion is added. In addition, the m easured  

FW H M  of  the O 1s peak  w as larger in  G a-TiO 2 than  in  pure 

TiO 2 , sim ilar to  that show n  for the  FW H M  of  the Ti2p  peaks. 

The G a2p3/2  and  G a2p1/2 spin-orbital splitting photoelectrons 

for anatase G a-TiO 2 w ere located  at binding  energies of 1117  

and 1144 eV , respectively, and  these bands w ere assigned  to  

G a2O 3.16 The differences (delta) in  binding  energies  betw een  

G a2p3/2 and G a2p1/2 w ere about 27.0 for all catalysts. The  

m easured  FW H M  of  the G a2p3/2 peak in  the G a-TiO 2 w as a  

little bit larger  than  that in  pure TiO 2 .

H2 production from photo splitting of water over T1O2 and 

Ga-TiO2. The evolution  of H 2 from  photo splitting of w ater 

over the TiO 2 and G a-TiO 2 photocatalysts w ith a catalyst's 

concentration in a batch-type liquid photo system w as 

sum m arized in  Table 2. In  Figure 6, no  H 2 w as collected  after 

photo-decom position  of  w ater for 7 h  over pure anatase TiO 2  

and  1.0  m ol%  G a-TiO 2 , w hile  a  m arked  am ount of  H 2 gas w as 

collected over other G a-TiO 2s; the am ount of H 2 produced  

reached 3.0 m L over 2.0 m ol% G a-TiO 2 , but decreased  

significantly above 5.0 m ol% G a-TiO 2 . The optim ized  

gallium  concentration in this study w as 2.0 m ol%  vs the  

titanium  m olar concentration. The reasons attributed being  

that 2.0  m ol%  G a-TiO 2  have  m uch  m ore hydrophilic  property, 

less oxidized titanium , and sm aller recom bination betw een  

excited  electrons and  holes. O xygen evolution  corresponded 

to half  the hydrogen, as show n  in  Figure 6B, confirm ing  the  

reliability  of  the experim ent. The evolution  of  H 2 from  w ater 

photo splitting  over the 2.0 m ol%  G a-TiO 2 upon  the am ount

A m ount of  catalyst (g/L)
Reaction  tim e (h)----------------------------------------------------------

0.5 g/L 1.5 g/L 2.0  g/L

Table 2. Collected  H 2  (m L) gases from  photo splitting  of  w ater over 

2.0  m ol%  G a-TiO 2 upon  the am ount of  catalyst used.

A fter 1 h 0.035 0.936 0.505

2h 0.087 2.081 0.891

3h 0.119 3.017 1.191

4h 0.147 3.718 1.422

5h 0.180 4.297 1.620

6h 0.180 4.770 1.803

7h 0.180 5.195 1.985

8h 0.180 5.609 2.138

(
I
l
 트

110

匸=
0

辭
I

B) Collected O, gas 'with photo-splitting time

a) TiO 2

b) 1.0 m ol%  G a-TiO 2

c) 2 .0  m ol%  G a-TiO 2

d) 5.0 m ol%  G a-TiO 2

0  2  4  6  8

Reaction time (h)

Figure 6. The H 2 evolution from  w ater photo splitting over pure 

T1O 2 and G a-TiO ? : (a) pure TiO 2 , (b) 1.0 m ol%  G a-TiO %  (c) 2.0  

m ol%  G a-TiO 2 , and  (d) 5.0  m ol%  G a-TiO 2 .

of  catalyst used  w as sum m arized  in  Table 2. Evolution  of  H 2  

increased as the am ount of  catalyst used  increased, until 1.5  

g/L , but decreased above 2.0 g/L . W hen 0.5 g/L  w as used, 

evolved H 2 gas for 1 h  w as about 0.03〜0.05 m L  that alm ost 

com pletely stopped  after 5 h. H 2 gas w as  noticeably  produced  

w hen  1.5  g/L  of  the  catalyst  w as  used, generating  5.6  m L  after 

8 h, how ever  the  produced  am ount of  H 2 gas decreased to  2.l 

m L  w hen  the  am ount of  catalyst w as 2 .0 g/L , resulting  from  a  

disruption by light scattering. Consequently, the optim ized  

am ount of  catalyst w as 1.5 g/L .

To  know  the relationship betw een  the hydrogen evolution  

and spectroscopic property, the U V -visible spectra and the 

photolum inescence  (PL) spectra  of  the  TiO 2 and 1.0, 2.0, and 

5.0 m ol%  G a-incorporated  TiO 2 pow ders w ere m easured, as 

show n  in  Figure 7. In  Figure 7A , the absorption  band  for the 

tetrahedral sym m etry  of  Ti4+ norm ally appears at around  360  

nm . In  the spectra  of  the G a-incorporated  TiO 2 , the  absorption  

bands w ere slightly  blue-shifted com pared  w ith  that of  pure  

TiO 2 . G enerally, the band  gaps in a sem iconductor m aterial 

are closely related  to the w avelength  range absorbed  w here 

the higher the absorption w avelength, the shorter the band
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Figure 7. U V-visible (A ) and  PL  (B) spectra of  pure TiO 2 and  G a-TiO 2 as-synthesized; (a) pure TiO 2 , (b) 1.0 m ol%  G a-TiO 2 , 

G a-TiO 2 , and  (d) 5.0  m ol%  G a-TiO 2 .

Scheme 1. Expected  m odel for hydrogen  production  from  photo splitting of  w ater.
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gap. H ow ever, herein  it is postulated  that the addition  of  the  

gallium  com ponent did change the band gap energy of the  

TiO 2 sem iconductor rather significantly. Figure 7B  presents 

the photolum inescence (PL) spectra of pure TiO 2 and the  

G a-incorporated TiO 2s. The PL curve indicates that the  

electrons in the valence band  transferred to the conduction  

band, and then the excited electrons w ere stabilized by  

photoem ission. In general, if the num ber of the em itted  

electrons resulting  from  the recom bination  betw een  excited  

electrons and holes is increased, the PL  intensity increases, 

and consequently, the photoactivity decreases.17 Therefore, 

there is a strong relationship betw een PL intensity and  

photoactivity. In  particular, w hen  m etal  that can  capture  excited  

electrons or exhibit conductivity, can called to relaxation  

process, is present, the PL intensity decreases to a greater 

extent. In  Figure 7B, the  PL  curve of  G a-TiO 2 w as sim ilar  to  

that of  pure  anatase  titania  w ith  an  em ission  at 450 nm . The  PL  

intensity  of  2.0  m ol%  G a-TiO 2 w as the  sm allest  and  sharpest, 

m ost likely due to the gallium atom s playing the role of 

electron capturers, thereby depressing the recom bination  

process. Consequently, higher photocatalytic  activities are to  

be expected. In  the case of  pure TiO 2 , broad  em issions w ere 

shown; the band  w as attributed to the overlapped  em ission  

from  the higher and  lower  excited  states to  the  ground  states. 

Consequently, the  PL  intensity varied  depending  on  w hether 

the added  m etal acted  as an  electron  capturer or not.

Based on the characteristics, a m odel is suggested in  

Schem e 1 to explain the effect of the gallium  com ponent 

existing  in  the [004] plane of anatase structure for high  H 2  

production from  the photo splitting of  w ater. G enerally it is 

w ell-know n that alum inum  or gallium  com ponents strongly  

react w ith  w ater m olecules. If  G a(III) exists  in  the  fram ew ork, 

it easily attracts w ater m olecules. The w ater m olecules are 

broken  by U V -radiation, sim ultaneously reducing G a(III) to  

G a(I), and  transferred  to oxygen  per radicals. O therw ise the  

electrons and holes, w hich generated on the valence and  

conduction bands on TiO 2 , produce O H and H radicals 

respectively. The O H  radicals are  transferred  to  O O H  radicals 

by  reaction  w ith  oxygen  per radicals, and  then  the hydrogen 

and  oxygen  gases evolve  by  reaction  of  O O H  radicals  and  H  

radicals. Finally, G a(I) is recovered to G a(III) by decom 

position  of  hydrogen  gas.

Conclusions

TiO 2 photocatalysts incorporated w ith gallium  ions w ere 

prepared for the production of H 2 gas from  photodecom 

position  of w ater in a batch-type liquid photo system . The  

follow ing conclusions can be draw n from  this study: the 

hydrogen production from photo splitting of w ater w as 

enhanced  over  the 2.0 m ol%  G a-incorporated  TiO 2 com pared  

w ith  that over  pure  TiO ? ; 5.6  m L  of  H 2 gas  w as collected  after 

8  h  over the 2.0  m ol%  G a-incorporated  TiO 2 w hen  1.5 g/L  of 

catalyst w as  used. From  these  results, w e  suggest  that hydrogen  

production  from  w ater  splitting  can  be m ore readily  achieved  

over the G a-incorporated TiO 2 than over pure TiO 2 . Conse

quently, w e found herein that the low er band gap did not 

alw ays affect the photocatalytic activity and  that depressing  

the recom bination betw een electrons and holes, the hydro

philic properties, and the less-oxidized  titanium  w ere m ore 

im portant.
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