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Abstract: TiO, photocatalysts doped with alkaline-earth metal ions were prepared by
the impregnation and coprecipitation methods. The sample were characterized by
XRD, XPS and IR spectroscopy. Their activities were evaluated by the photocatalytic
production of hydrogen. The activities of the doped photocatalysts dopended on the
size of the dopant ions and the doping method. The optimum molar contents of dopant
ions Be2", Mg2", CaZ", Sr2*, Ba2" were 1.25, 1.25, 2.25, 2.25 and 2.25 at. %, respec-
tively. The optimum calcination temperature and time were 400 °C and 1 h.
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INTRODUCTION

Since the first photocatalyst for splitting water into hydrogen and oxygen was de-
veloped in 1972,! semiconductor-based photocatalysis has received a great deal of atten-
tion.2~# Photocatalytic production of hydrogen by water-splitting has been considered a
promising approach, because the attempt was aimed not only at producing hydrogen
from water by utilizing clean solar energy, but also at finding methods of use the
photosynthetic process for green plants. Although many semiconducting oxides have
been investigated as potential photocatalysts,>/ TiO, has been the focus of pho-
tocatalysis under UV irradiation because of its physical and chemical stability, low cost,
ease of availability, non-toxicity, and electronic and optical properties. The photocataly-
tic efficiency of TiO, depends partially on interfacial charge-transfer reactions.8 In order
to slow down the recombination rate of electron-hole pairs and to utilize visible light, re-
searches have modified TiO, particles by selective surface treatments, such as doping
metal ions at TiO,,%10 dye photosensitization on the TiO, surface,!! deposition of noble
metals,!2 efc. There have been many reports on transition metal, rare earth and noble
metal ion doping of TiO,, but studies on alkaline-earch metal ion doping of TiO, and
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their photocatalytic properties have seldom been reported. In this study, alkaline-earth
metal ion doped TiO, photocatalysts were prepared by the impregnation and coprecipi-
tation method and a comparative study of the photocatalytic efficiency of pure TiO, and
doped TiO, was perfomed. The effect of doping TiO, with alkaline-earth metal ions on
its photocatalytic activity was characterized by the photocatalytic generation of hydro-
gen in suspension. It was found that the activities of the doped photocatalysts depended
on the size of the dopant ion and the doping method.

EXPERIMENTAL
Preparation of the photocatalysts

All reagents were of analytic grade. Undoped TiO, was prepared by the sol-gel method using
Ti(OBu), as the precursor. Ti(OBu), (5§ mL) was dissolved in 20 mL ethanol under stirring and then
0.5 mL HNOj3 solution (Vyno,: V0= 1:1) and 1 mL H,O were added dropwise to the above solu-
tion. The mixture was vigorously sfirred at room temperature for 30 min to obtain a transparent sol.
The gel was obtained after aging the sol for 24 h at room temperature. Pure TiO, was prepared by
drying the gel at 100 °C for 24 h and calcinating in air at 400 °C for 1 h.

The alkaline-earth metal ion doped TiO, photocatalysts were prepared by two methods. For
the coprecipitation synthesis of M2*-TiO, photocatalysts (denoted as M2"—CP-TiO,; M=Be, Mg,
Ca, Sr, Ba) the same procedure was adopted as for the pure TiO, except an aqueous MCl,(M= Be,
Mg, Ca, Sr, Ba) solution was used instead of H,O. For the impregnation synthesis of M2*-TiO,
photocatalyst (denoted as M?*—IP-TiO,, M=Be, Mg, Ca, Sr, Ba) the required amount of pure TiO,
powder was added into a given concentration of MCl, (M=Be, Mg, Cr, Sr, Ba) solution. The mixture
was dispersed in an ultrasonic bath for 10 min. After impregnation for 1 h, the mixture was kept at
110 °C to remove water by evaporation. Except when studying the photocatalytic activity vs. calci-
nation temperature and time, the samples were treated at 400 °C in air for 1 h.

Characterization of photocatalysts

The X-ray diffraction (XRD) patterns of the prepared photocatalysts were determined on a
D/Max-IIIA diffractometer. The particle lattice parameters were obtained by the Bragg law (2d sin 6
=) and the formula for a tetragonal system: 1/d* = (h>+k?)/a%+12/c2. The contents of Ti and dopants
alkaline-earth metal ions on the photocatalyst surface were measured by X-ray photoelectron spec-
troscopy (XPS) using a UG-ESCALAB 210 instrument. The IR analysis was carried out using KBr
discs in the region of 4000-400 cm™! on a FTIR-NICOLET-740 spectrophotometer.
Photocatalytic activities

The photocatalytic reaction was carried out in a Pyrex flask of ~ 216 cm? with a flat window. In
the cell, 100 mL of an aqueous mixture containing 1 mL C,HsOH (electron donor) and 0.33 mL
1.93x10 M H,PtCl,, (platinum source). In all experiments, 50 mg of the photocatalyst was dispersed
in 100 mL solution using an ultrasonic bath and nitrogen was bubbled through the reaction mixture for
30 min to remove oxygen. Then top of the cell was sealed with a silicone rubber septum. The catalysts
was maintained in suspension by means of magnetic stirring A 250 W high pressure Hg lamp was used
as the light source. The irradiation time was 1 h. Hydrogen was analyzed by gas chromatography (us-
ing a GC102 with a TCD detector, N, as gas carrier, and a 13 X molecular sieve column).

RESULTS AND DISCUSSION
Catalyst characterization

The X-ray diffraction patterns of pure TiO, and the alkaline-earth metal ion
doped TiO, prepared by impregnation method showed that only the anatase phase
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was found in the pure TiO, and in all the samples of M2*-IP-TiO, (M=1.25 at. %
Be, 1.25 at. % Mg, 2.25 at.% Ca, 2.25 at.% Sr, 2.25 at. % Ba), indicating that dop-
ing with alkaline-earth metal ions did not influence the crystal patterns of the TiO,
particle. No M—O peaks could be observed in the XRD and IR spectra of the
MZ*_IP-TiO, samples calcinated at 400 °C and 600 °C. The reason was that the
contents of the alkaline-earth metal ion dopants were very low and possibly the al-
kaline-earth metal ion deposits were well dispersed on the TiO, perticles.

TABLE I. Effect of calcination temperature on TiO, lattice parameters

Sample Calcination temperature/°C Lattice parameters

a/nm c¢/nm

1.25 at % Be?-IP-TiO, 300 0.3785 0.9485
400 0.3788 0.9534
500 0.3789 0.9579

1.25 at % Mg*-IP-TiO, 300 0.3785 0.9405
400 0.3789 0.9396
500 0.3787 0.9389
2.25 at % Ca?*IP-TiO, 300 0.3786 0.9470
400 0.3789 0.9521
500 0.3791 0.9548

2.25 at % Sr?*-IP-TiO, 300 0.3788 0.9431
400 0.3791 0.9435

500 0.3792 0.9441
2.25 at % Ba?™-IP-TiO, 300 0.3788 0.9420
400 0.3791 0.9432
500 0.3789 0.9438
Pure TiO, 400 0.3788 0.9412

The lattice parameters of the M2™IP-TiO, samples calcined at various tem-
peratures and of pure TiO, are presented in Table I. Clearly, there is almost no
change in the lattice parameter a of all samples, but for Be2" and Ca2* doped TiO»,
there are obvious increases in the lattice parameters c; whereas for Mg2* doped
TiO,, there is a very small decrease in the lattice parameter c. These results indicate
that Be2*, Ca2* and Mg2" doping distors the ¢ axis of the TiO,, which causes an
expanding or contraction of the until cell. The ionic radii of Ti4", Be2*, Mg2*,
CaZ", Sr2* and Ba?" are 68.31, 65.99, 113 and 135 pm, respectively.!3 As the ra-
dius of Be?* is much smaller than that of Ti4*, it would be difficult for Be2* to re-
place a Ti** site; instead, it is very likely that Be2" enters into the intersitial site of
the TiO; crystal. The XRD results indicate that with increasing calcination temper-
ature, the expansion of the until cell of Be2™ doped TiO, is much larger than for the
other alkaline-earth metal doped TiO,, which proves that Be2* enters into the inter-
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stitial site. As the radius of Mg2 ™ is only slightly smaller than that of Ti4*, the Mg2*
ion could easily enter into the lattice of TiO, to replace the Ti*" site, which makes
the cell contract. The radius of Ca2™ is rather larger than that of Ti4*, hence the dop-
ant could also be intercalated into the TiO, lattice to some extent and produced a
lattice deformation. The radii of Sr2* and Ba2* are much larger than that of Ti4". It
is clearly shown from Table I that with increasing calcination temperature there is
not much change in the lattice parameters of Sr2* and Ba2™ doped TiO,, which ob-
viously indicates that Sr2* and Ba2* hardly enter into the lattice of TiO,.

The radius of Mg2* is close to that of Ti4", it can be introduced substitutional-
ly in the TiO, lattice. When Mg2" replaces a Ti*" site, the defective reaction can be
expressed as follows:14

MgO + 1/2 0y — 192 5 Mgy "+2h + 20, (1

Where Mgy represents Mg2* in a Ti4" lattice site; O X represents O%~ in a normal
lattice site. Thus, when Mg2* replaces Ti** site, the hole density of Mg2" doped
TiO, increases and the electron density decreases. When Ca2* replaces a Ti** site,
the defective reaction in similar to (1).

When Be?" enters into an interstitial site of TiO, the defective reaction as fol-
lows occurs:

BeO + 1/2 0, — 192 5 Be."+20, X + V5" )
The formed V;" can dissociate to produce two electrons:
Vi = Vri*+ 2¢7 (3)

where Be;" represents Be2" in an interstitial site of the TiO, lattice; O,X represents
0% in anormal lattice site; Vi and VX represent a titanium vacancy. With the pro-
duction of a titanium vacancy, the electron density of Be2" doped TiO, increases.

TABLE II. The oxidation state and amount of metal element on the surface of the catalyst deter-
mined by XPS

Catalyst Ep/eV Oxidation state [M]:[Ti]
400 °C 600 °C
1.25 at.% Be?*-IP-TiO, 113.68 +2 4.3 at. % 1.67 at.%
1.25 at % Mg>*-IP-TiO, 49.26 +2 4.41 at. % 1.75 at.%
1.25 at % Ca?*~IP-TiO, 346.14 +2 4.62 at. % 3.06 at.%

The amount of surface and the state of beryllium, magnesium, calcium and ti-
tanium of M2*—IP-TiO, (M=1.25 at. % Be, 1.25 at. % Mg and 1.25 at. % Ca)
photocatalysts were analyzed by XPS. The results given in Table 11 show the Be/Ti,
Mg/Ti and Ca/Ti ratios of the samples calcinated at 400 °C were 4.34, 4.41 and
4.62 at %, respectively, while the ratios at 600 °C were 1.67, 1.75 and 3.06 at. %,
respectively. The surface Be/Ti and Mg/Ti ratios were much lower at 600 °C than
at 400 °C, which indicates that with increasing temperature, the contents of Be2™
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and Mg2" ions permeating into TiO, lattice should be larger. The results also indi-
cate that Be2" and Mg2" reside mainly on the surface and near the surface of TiO,
at the lower calcination temperature, while they enter into the deep bulk phase at
the higher temperature. The change of the Ca/Ti ratio was smaller between 400 °C
and 600 °C, indicating that the dopant Ca" ion enters into the lattice of TiO, with
more difficultly than the Be2* and Mg2* ion. The result of the XPS analysis
basically agreed with those from XRD.

Comparison of the photocatalytic activities

The change in the photocatalytic activity of TiO, prepared by the impregna-
tion method with various contents of alkaline-earth metal ions is shown in Fig. 1.
At lower concentrations, the hydrogen production activity increase with increasing
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Fig. 1. Effect of different content of doping ions on the photocatalytic production of hydrogen.

concentration of dopant, but decreases at higher concentrations. The optimum mo-
lar contents of the dopants Be2*, Mg2*, Ca2*, Sr2* and Ba2" ions are 1.25, 1.25,
2.25,2.25 and 2.25 at. %, respectively. Several factors can have a positive impact
on the photocatalytic activity doped TiO,. Firstly, the MO deposited on the TiO,
particles can form a space charge layer, which can separate the photoinduced elec-
tron-hole pairs. As the concentration of dopant ions increases, the surface barrier
becomes higher and the electron-hole pairs within the region are efficiently sepa-
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rated by the large electric field.!> Secondly, due to the difference of the electron
negativity between Ti and M, the Ti—-O-M formed via M2* entering into the shal-
low surface of TiO, could promote the charges to transfer, resulting in an increase
of the photocatalytic activity. Thirdly, alkaline-earth metal ion doping can cause a
lattice deformation and produce defects in the crystal.!® The defects can inhibit the
recombination of the electron-hole pairs and, eventually, enhance the activity.
However, an excess amount of alkaline-earth metal oxides at the surface of TiO,
could notably screen the TiO, from the UV light and inhibit the interfacial electron
and hole to transfer, which would result in a low photoactivity. Consequently, there
are optimum concentrations for the dopants.

It can be seen from Fig. 1 that among all the doping samples, Be2* doped TiO, has
the highest photocatalytic activity. TiO, is an n type semiconductor. As shown in Eq.
(1), Eq. (2) and Eq. (3), when a Be2" ion is located in an interstitial site of TiO,, the
electron density of the doped TiO, increases, which would increase the photocatalytic
activity; while when a Mg2™ or Ca2* ion is located in a substitutional site of TiO,, the
electron density of the doped TiO, decreases and even the TiO, could change into a p
type semiconductor, which would decrease the photocatalytic activity. Thus, the activ-
ity of TiO, doped with Be?" is the highest. As the radius of Ca2* is larger than that of
Ti#", the number of doping Ca2" ions entering into the lattice of TiO, is smaller than
that of doping Mg, and the above detrimental effect is smaller. Therefore, the
photocatalytic activity of Mg2" doped TiO, is lower than that of Ca2* doped TiO, and
the amount of doping Ca2* is larger. The radii of Sr?™ and Ba2* are too large for the
ions to enter into the lattice of TiO,. Therefore, Sr2™ and Ba2* are mainly on the sur-
face of TiO,, which might favor separation of the charge carriers to some extent, and
eventually cause a slight enhancement of the reactivity. Hence, photocatalytic activi-
ties of the doped TiO, are in the order: Be2™>>Ca2">Mg2">Sr2*~Ba?",

TABLE III. Comparison of the metal element on the surface of the catalyst, determined by XPS

Catalyst [M]:[Ti]
1.25 at. % Be?'—IP-TiO, 434 at. %
1.25 at. % Be?"~CP-TiO, 1.67 at. %
1.25 at. % Ca>*-IP-TiO, 4.62 at. %
1.25 at. % Ca>*~CP-TiO, 3.33 at. %

The influence of the doping method on the photoactivity for hydrogen produc-
tion is shown in Fig. 2. The activities of 1.25 at. % Be2*—IP, 1.25 at. % Mg2™—IP,
2.25 at. % Ca2™IP, 2.25 at. % Sr2*—IP and 2.25 at. % Ba2™—IP-TiO, samples in-
crease 80.8,21.9,31.5,11.0 and 7.1 % compared to pure TiO,, respectively. How-
ever, the activities of the 1.25 at. % Be2"—CP, 1.25 at. % Mg2*—CP, 2.25 at. %
Ca2™—CP, 2.25 at. % Sr2*—CP and 2.25 at. % Ba2*—CP-TiO, samples decrease
39.7, 17.8, 10.1, 6.8 and 3.3 %, compared to pure TiO,, respectively.
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Fig. 2. Effect of doping method on photocatalytic production of hydrogen: a—pure TiO,; b—1.25
at. % Be?'-IP-TiO,; c—1.25 at. % Be?'—CP-TiO,; d-1.25 at. % Mg?"—IP-TiO,; e~1.25 at. %
MgZ"—CP-TiO,; £-2.25 at. % Ca2" —IP-TiO,; g-2.25 at. % Ca*'—C'P-TiO,; h-2.25 at. %
Sr2*-IP-Ti0,, i-2.25 at. % Sr2*—CP-TiO,; j—2.25 at. % Ba?"—IP-TiO,, k-2.25 at. %
BaZ'—CP-TiO,.

As shown in Table III the samples prepared by the coprecipitation method had
fewer alkaline-earth metal ions on the TiO, surface than by impregnation method.
This indicates that the ions can exist more easily in the bulk of the TiO, in form of
doping ions or in form of very small oxide particles.

A prerequisite for an effective dopant involves the possibility of charge
detrapping and migration to the surface of catalysts. For the sample prepared by
impregnation, the doping metal ions are located mainly on the shallow surface of
TiO, and can induce defects. The defects could become the centers of shallow elec-
trons or holes traps, which would improve efficiently of the separate of the elec-
trons and holes. Hence the photocatalyst has a high photocatalytic activity. For the
sample prepared by coprecipitation, because the doping metal ions reside in the
deep bulk phase by entering the TiO, lattice (by doping Be?™, Mg2" and Ca?") or
the formation of a few small Ca2*, Sr2* and Ba2* oxide particles inside TiO,, de-
fects can be induced in the bulk TiO,, which become trapping centers of the
photoexcited electrons or holes. The trapped electrons or holes can then not easily
migrate to the TiO, surface, so that the photocatalytic reaction hardly occurred, or
the trapped electrons or holes became centers of electron—hole recombination.
Thus, the photocatalyst has a low photocatalytic activity.
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Fig. 3. Photocatalytic production of hydrogen as a function of the calcination temperature with
calcination time 1 h.

The change of the photocatalytic activity of the M2+ —-IP-TiO, with calcina-
tion temperature and time are shown in Fig. 3 and Fig. 4, respectively. It can be
seen that the photocatalytic activity increases at first and then decrease. The opti-
mum calcination temperature and time are 400 °C and 1 h, respectively. At the
lower temperature and shorter time, the doping ions were mainly on the surface
and in the near surface of the sample; with increasing temperature and time, more
doping ions could enter into the bulk. As discussed above, doping alkaline-earth
metal ions on or in the shallow surface are beneficial, while in the bulk phase they
are determined. When calcination temperature and time are below 400 °C and 1 h,
respectively, the former factor is dominant, but above 400 °C and 1 h, respectively,
the latter is important. The radius of Be2" is the smallest among all the alka-
line-earth metal ions, hence the Be2" enters most easily into the lattice of TiO»;
thus the influence of calcination temperature and time on the activity of Be2*
doped TiO, is the largest. As Mg2* and Ca2* ions can also enter the lattice of TiO,
easily, the influence of calcination temperature and time was large. Sr2* and Ba2™
ions only enter with difficulty into the lattice of TiO,. Thus, the consequence of in-
creasing the calcination temperature and time had the smallest effect on the activity
of Sr2*and Ba2* doped TiO,. In addition, with increasing calcination temperature,
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Fig. 4. Photocatalytic production of hydrogen as a function of the calcination time with calcina-
tion temperature 400 °C.

the particle size of the samples should increase, which would also result in a
decrease of the photocatalytic activities. Thus an optimum calcination temperature
and time exist.

CONCLUSION

Doping TiO, with alkaline-earth metal ions can increase the photocatalytic ac-
tivity. The optimum doping molar contents of Be2", Mg2*, Ca2*, Sr2* and Ba2"
were 1.25, 1.25, 2.25, 2.25 and 2.25 at. %, respectively. The optimum calcination
temperature and time of doping TiO, were 400 °C and 1 h. The photocatalytic ac-
tivities of doped TiO, photocatalysts depended on the size of the dopant ions and
the doping method. When the radius of the doping ion was smaller than or similar
to that of Ti4", the doping effect was obvious; while when the radius of the doping
ion was much larger than that of Ti**, the effect of doping was smaller. In particu-
lar, when the doping ion was in the shallow surface, doping was beneficial; while
when it was in the deep bulk, the doping was detrimental.
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U3BO

EPEKAT JOITOBABA TiO, JOHMMA 3EMHOAIJIKAJIIHMX METAIJIA HA
BETOBY ®OTOKATAIIMTUYKY AKTMBHOCT

YEXIANG LI"!, SHAOQIN PENG,! FENGYI JIANG,2 GONGXUAN LU> 1 SHUBEN LI

IDepartment of Chemistry, Nanchang University, Nahchang 330047, PR China, 2 Institute of Materials Science, Nanchang
University, Nanchang 330047 i IState Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of
Chemical Phusics, Chinese Academy of Sciences, Lanzhou 730000, PR China)

dorokaranuzarop TiO, [ONOBaH jOHUMA 3€MHOATIKAIHUX MeTasa IPUIPEMIBEH je Me-
ToflaMa UMIIperHaluyje U Kolpeuunurangje. Y3opuu cy okapakrepucanu XRD, XPS u IR
cnekTpockonujoM. VcnmTuBaHa je HUXOBa AKTHBHOCT Y (POTOKATATUTHUKOM JIOOHUjamy
BOJIOHMKA. AKTUBHOCT JIOMOBaHUX (POTOKATATIN3ATOPA 3aBHCUIIA j€ Off BEJIMUUHE jOHA JO-
NaHTa U METOJie 0NoBamha. ONTUMATHE MOJICKM cajipKaju joHa gomanta Be?', Mg?t, CaZ",
Sr2*, 1 Ba?* 6unn cy 1,25,1,25,2,25,2,25 12,25 at.%, pecnektuBHO. ONTUMAaIHA TeMIepaTypa
7 BpeMe KajuuHanyje u3nocuiu cy 400 °C, ogrocHo 1 h.

(ITpumibeno 29. mapTa, pesuanpano 10. aBrycra 2006)
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