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Abstract The solid solution of CaTi1–xZrxO3 (x =

0–0.15) was successfully synthesized by the polymerized

complex (PC) method. This study has exhibited the

advantage of the PC method to prepare a highly active

CaTiO3 compared with the conventional solid-state reac-

tion (SSR) method. More importantly, further improvement

in phase purity and large surface area was achieved by the

doping of Zr4+, leading to remarkable enhancement of

photocatalytic activities compared to pure CaTiO3. The

quantum yield for H2 evolution over the most active pho-

tocatalyst, Pt (1.0 wt%)/CaTi0.93Zr0.07O3, was 1.91% and

13.3% in photoreactions from pure water and aqueous

ethanol solution, respectively for 0.1 g photocatalyst,

which was about 3.3 and 2.5 times compared to that of PC-

derived CaTiO3.
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1 Introduction

Perovskite-type oxide materials based on transition metals

with d(0) electron configuration such as Ti(IV), Nb(V) and

Ta(V) have been investigated as efficient photocatalysts for

photodecomposition of water under UV irradiations [1–7].

CaTiO3 is one of the alkaline earth titanates with

perovskite structure such as SrTiO3 and BaTiO3. These

titanates have various attractive properties from the elec-

trical and optical viewpoints. The crystal structure of

CaTiO3 is, strictly speaking, GdFeO3 type derived from

distorting the ideal cubic perovskite structure [8]. It is

known that the BaTi4O9 compound of pentagonal-prism

tunnel structure, though bringing about a significantly large

distortion of TiO6 octahedra, exhibits much higher activities

in photocatalytic H2 production than the ideal perovskite of

BaTiO3 [9, 10]. Therefore, the investigation concerning the

photocatalytic activity of CaTiO3 is important as well as

other alkaline earth titanates. The studies on photocatalytic

H2 evolution of CaTiO3 were limited in literatures [11, 12],

and new preparation methods or modifications aiming at

high surface area and phase purities were needed for the

enhancement of photoactivities.

The Pechini-type polymerized complex (PC) method is

based on the chelation of metal cations by a hydroxy-

carboxylic acid. It has a great advantage over the con-

ventional solid-state reaction method in that a phase-pure

compound can be prepared at reduced temperatures for a

shorter reaction time, especially in terms of mixing of

elements at a molecular lever [13–17]. In this study, the

feasibility of the PC route for the synthesis of calcium

titantes was conducted. On the other hand, the influences of

Zr4+ doping to CaTiO3 on phase stability, optical properties

and the photocatalytic performance were investigated. A

highly improved photoactivity for H2 evolution over

Pt/CaTi0.93Zr0.07O3 photocatalyst was reported.

2 Experimental

All chemicals were of analytical grade and used without

further purification. Powders of CaTi1–xZrxO3 with x = 0,
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0.01, 0.03, 0.05, 0.07, 0.10, and 0.15 were synthesized by

the polymerized complex method (PCM). Ti(OC4H9)4

(TBOT), Ca(NO3)2, ZrO(Cl2) � 8H2O was selected as

starting materials. An amount of 0.02 mol of TBOT was

first dissolved into 0.8 mol of ethylene glycol (EG), and

subsequently 0.16 mol of citric acid (CA) was added to this

solution. After complete dissolution, a solution containing

0.02 mol of Ca(NO3)2 and the selected doping amount of

ZrO(Cl2) � 8H2O was added in dropwise. The resulted

transparent solution was stirred at 50 �C for 2 h. Then it

was heated at 140–150 �C for several hours with continu-

ous stirring to accelerate polyesterification, resulted in a

highly viscous gel without any visible precipitation. The

precursor of black powder was achieved by charring the gel

at 350 �C for 2 h in an electric furnace. CaTi1–xZrxO3 was

finally synthesized by calcining the precursor at 900 �C for

2 h. For comparison, non-doped CaTiO3 was also prepared

by the conventional solid-state reaction method (SSRM); a

stoichiometric mixture of CaCO3 and TiO2 (P25, Degussa)

was ground mechanically and then calcined at 1,100 �C for

10 h. Pt cocatalysts (1.0 wt%) was loaded from an aqueous

H2PtCl6 � 6H2O solution by a photodeposition method.

The crystal structures of prepared catalysts were char-

acterized by X-ray diffraction (XRD, D/Max-RB, Cu Ka).

The surface area was determined by the Brunauer–Em-

mett–Teller method using nitrogen gas as absorbent (BET,

NOVA 4000). The morphology of single crystals was ob-

served by transmission electron microscopy (TEM, JEOL

JEM-200CX). The diffuse reflectance UV–vis absorption

spectra were collected on a UV–vis spectrometer (DRS,

Hitachi U-3010). The photoluminescence emission spectra

were recorded by a fluorescence spectrophotometer (PL,

Perkin-Elmer LS55) with an excitation wavelength of

300 nm at room temperature.

Photocatalytic reactions for H2 evolution were carried

out in a gas-closed circulation system. The photocatalyst

powder (0.1 g) was dispersed in deionized water (100 ml)

or aqueous ethanol solution (100 ml of deionized water,

20 ml of C2H5OH) by means of magnetic stirring in a

390 ml reaction cell made of quartz glass. A 500 W high-

pressure Hg lamp was used as the light source and irradi-

ated from the top of the cell. To avoid the heating of the

solution during illuminations, cool water was circulated

through a quartz jacket around the wall of cell. The reac-

tion temperature was constantly adjusted to 30 ± 2 �C. The

amount of evolved H2 was determined by gas chromatog-

raphy (Shimazu GC-14B; TDX-01 column, TCD, Ar car-

rier) through a gas sampler (0.5 ml) which was directly

connected to the reaction system. The quantum yield is the

more meaningful parameter than the rate of H2 evolution

itself to gauge the performance of a photocatalyst because

the rate is normalized against the absorbed photons [1].

The apparent quantum yield was determined as below.

Quantum yield = [(2 · the amount of evolved H2)/the

number of incident photons]·100%

The number of incident photons was calculated by the

chemical actinometer of potassium ferrioxalate

(K3Fe(C2O4)3 � 3H2O), which was estimated to be

4.07 · 10–6 mol s–1. In this case, it is considered that the

365 nm emission of the high-pressure Hg lamp is the major

promoter of the reaction.

3 Results and Discussion

Figure 1a shows the XRD patterns of CaTi1–xZrxO3 (x =

0–0.15) powders synthesized by PCM and SSRM. All the

samples showed major phase of orthorhombic perovskite

structure in good agreement with the diffraction pattern of

CaTiO3 (JCPDF 42-0423). In the sample prepared by

SSRM at 1,150 �C for 10 h, the three strongest lines of

rutile TiO2 were identified, which was due to impurities

resulting from the difficulty in interdiffusion of the pre-

cursors during calcinations. For the PC sample of CaTiO3,

though a peak around 29.35� was observed as impurity

which might be due to nonstoichiometric byproduct of

calcium titanates, no phases of CaO or TiO2 appeared as

20 30 40 50 60

uncertain impurities
rutile TiO2

JCPDS 42-0423

x=0.15

x=0.10 

x=0.07

x=0.05

x=0.03

x=0.01 

x=0 PC

In
te

n
si

ty
 (

a.
u

.)

2 degree

2 degree

x=0 SSR

(a)

32 33 34

(b)

x=0.15

x=0.10 

x=0.07

x=0.05

x=0.03

x=0.01 

x=0 PC

In
te

ns
ity

 (a
.u

.)

x=0 SSR

(121)

Fig. 1 (a) XRD patterns of CaTiO3 prepared by SSRM at 1,100 �C

for 10 h and CaTi1–xZrxO3 (x = 0–0.15) prepared by PCM at 900 �C

for 2 h; (b) enlargement of the region around 33� (2h)
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distinct impurities, implying an improved homogeneity in

the PC-derived gel precursors.

Both materials of CaTiO3 and CaZrO3 have ortho-

rhombic perovskite structures with similar lattice parame-

ters (CaTiO3: a = 5.4424, b = 7.6417, c = 5.3807.

CaZrO3: a = 5.7558, b = 8.0101, c = 5.5929), indicating

that different composition of CaTi1–xZrxO3 can constitute a

solid solution of CaTiO3 and CaZrO3 in limited ranges of

doping content. As in Fig. 1a, unlike pure CaTiO3, all the

Zr4+ doped samples of different compositions (x = 0.01–

0.15) showed single-phase nature without the identification

of impurity or new phases of zirconia. It suggested that the

solid solution of CaTi(Zr)O3 compounds can stabilize the

ionic bonding between Ca and octahedron Ti(Zr)O6, pre-

venting the crystallization of dissociated impurities and

unstoichiometric byproducts. For CaTi1–xZrxO3, the Ti4+

sites of the bulk center are partially substituted by Zr4+.

Since the ionic radius of Zr4+ (0.79 Å) is bigger than that of

Ti4+ (0.68Å), the unit cell will be enlarged and cause slight

changes in crystal parameters. As in Fig. 1b, the broadened

diffraction peaks and gradual shifting of the (121) dif-

fraction peak to lower angles can confirm the deformation

fact of Zr4+ introduction.

Table 1 summarizes the average crystallite size esti-

mated from XRD patterns using the Sherrer formula and

the BET surface area of all samples. In general, the cal-

culated crystal sizes of CaTi1–xZrxO3 showed distinct de-

creases with increasing Zr4+ content, indicating that the

doping of Zr4+ can suppress the grain growth and lead to

smaller grain size, which was in consistent with the results

in literatures [18, 19]. Another important characteristic of

the CaTi1–xZrxO3 powders prepared by PCM is their rela-

tively large surface areas when compared with the SSR

sample. In addition, the surface area showed a dramatic

increase with increasing Zr4+ content to 7 mol% and then a

quick drop when increasing to 15 mol% of Zr4+ substitute.

It is known that having a crystalline material with a larger

surface area is of practical importance for certain appli-

cation, particularly a catalytic application [3]. It can be

anticipated that the solid solution of CaTi(Zr)O3 with

appropriate Zr4+ content with high surface areas would

exhibit higher catalytic activities than pure CaTiO3.

TEM image of CaTiO3 prepared by SSRM, CaTiO3 and

Pt loaded CaTi0.93Zr0.07O3 prepared by PCM is shown in

Fig. 2. A distinct decrease in the particle size of the PC-

derived CaTiO3 is observed compared to the SSR sample,

in which the SSR sample exhibits much larger particle size

than the crystalline size estimated in Table 1, implying the

large particle size of SSR sample is already beyond the

application range of Sherrer’s equation. It is evident for the

size controlling effect of doped Zr4+ to pure CaTiO3 when

comparing Fig. 2b and c. The CaTi0.93Zr0.07O3 sample

exhibited relatively uniform morphology with average

particle size of approximately 32 nm in good accordance

with the crystallite size estimated from XRD, indicating

that each grain can be considered as a single crystallite.

Moreover, a few dark spots can be seen from the image,

representing high electron density, and they correspond to

the deposition of dispersive Pt species with particle size of

2–3 nm.

The diffuse reflection spectra of CaTiO3 prepared by

SSRM and CaTi1–xZrxO3 powders of different composi-

tions (x = 0, 0.03, 0.07, 0.15) prepared by PCM are shown

in Fig. 3. The value of the band gaps for all samples were

shown in Table 1, which was determined from the energy

intercept by extrapolations of the straight regions of the

absorption coefficient (ahm)2 versus hm for a direct allowed

transition [18]. For the SSR sample, a shoulder peak at a

wavelength of about 380 nm is probably associated with

the delocalized electronic levels introduced by crystal de-

fects [20]. In addition, both of the SSR and PC sample of

pure CaTiO3 exhibit relatively higher absorption in the

visible range, which should also be an evidence for the

absorption of impurities. By doping Zr4+, the value of band

gap is found to become slightly larger than that of pure

CaTiO3. This may result of the wider band gap of ZrO2

(~5.50 eV) compared with that of CaTiO3 (~3.55 eV), and

the overall band gap of the CaTi(Zr)O3 solid solution can

be thought to depend on the degree of Ti 3d and Zr 4d

orbitals being involved in the conduction band.

Table 1 Physical properties

evaluated from XRD patterns,

BET method and DRS of the

CaTi1–xZrxO3 photocatalysts

a Estimated from line

broadening of d (121)

diffraction peak using Sherrer

formula
b Calculated from the straight

regions of the absorption

coefficient (ahm)2 versus hm near

the band edge

x in

CaTi1–xZrxO3

Synthesis

method

Position

of d (121)

(2h/degree)

Crystallite

sizea

(nm)

BET surface

area

(m2 g–1)

Band

gapb

(eV)

0 SSR 33.07 68.3 5.29 3.550

0 PC 33.05 58.5 8.23 3.567

0.01 PC 33.02 51.2 10.68 3.571

0.03 PC 33.02 45.5 16.16 3.572

0.05 PC 32.97 34.1 25.75 3.598

0.07 PC 33.00 29.3 29.07 3.592

0.10 PC 32.94 24.1 28.37 3.599

0.15 PC 32.84 34.1 10.66 3.622
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The photoluminescence emission spectra have been

widely used to investigate the efficiency of charge carrier

trapping, immigration and transfer, and to understand the

fate of electron/hole pairs in semiconductor particles [21].

Figure 4 shows the PL emission spectra with an excitation

wavelength of 300 nm at room temperature. All the sam-

ples exhibit in approximately the same shape. The main

emission peak at about 366 nm was attributed to a direct

recombination of a conduction electron in Ti 3d orbital and

a hole in O 2p valence band. The difference between the

bandgap energy (~3.55 eV) and the emission peak energy

(~3.39 eV), which is around 0.16 eV, is described as the

Stokes shift due to the Frank–Condon effect [22]. The blue

band at about 423 nm and a green band at about 485 nm

can be associated with the radiative recombination process

of self-trapped excitons or hydroxylated Ti3+ surface

complexs located in the forbidden gap [23]. It was found

that the PL intensity of the PC-derived CaTiO3 was greatly

increased compared with the SSR sample, and the increase

in intensity went on with the doping of Zr4+ up to 7 mol%.

The variation in PL intensity may result from the change of

defect state on the surface [24]. The smaller the grain size,

the greater the number of the d-surface states and thus of

the localized sensitizing centers, so that the recombination

via self-trapped excitons is enhanced. Finally, the emission

band increases in intensity with decreasing grain size. In

addition, impurities in bulk can enhance non-radiative

recombination of the excited electrons, leading to decrease

in emission intensity [22], which could also explain the low

PL intensity of the SSR sample.

In photocatalytic experiments, the loading of reduced Pt

was quite effective for CaTiO3 to promote hydrogen pro-

duction, but the formation of O2 was not detected during

photodecomposition of water. It has been concerned that

catalyst may be deactivated by accumulations of a perox-

idized phase. Therefore, catalysts which form a stoichi-

ometric amount of O2 are required from a long-term

stability point of view [25]. NiOx was reported to be an

efficient cocatalyst for overall water splitting into H2 and

O2, but it was found to be ineffective for H2 evolution over

CaTi(Zr)O3. Further study on effective modifications of

CaTiO3 for overall water splitting is under investigations.

In this article, the modification of Pt loading was focused.

Figure 5 shows typical time courses of H2 evolution from

Fig. 2 TEM images of (a)

CaTiO3 prepared by SSRM, (b)

CaTiO3 and (c) Pt (1.0 wt%)/

CaTi0.93Zr0.07O3 prepared by

PCM
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Fig. 3 Diffuse reflectance spectra of CaTiO3 prepared by SSRM and

CaTi1–xZrxO3 powders of different compositions (x = 0, 0.03, 0.07,

0.15) prepared by PCM
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Fig. 4 Room-temperature PL spectra (kex = 300 nm) of CaTiO3

prepared by SSRM and CaTi1–xZrxO3 powders of different compo-

sitions (x = 0, 0.03, 0.07, 0.15) prepared by PCM
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photodecomposition of water over Pt-loaded SSR and PC

samples. It is clear that, compared to SSRM, the PC

method has the advantage of obtaining higher photocata-

lytic activities with large surface area and low lattice de-

fects. The CaTiO3 prepared by PCM produced nearly twice

amount of H2 compared to the SSR sample. Another

inspiring fact is that with the doping of Zr4+ up to 7 mol%,

the photocatalytic hydrogen production reached a rate of

140 lmol h–1, about 3.3 times compared to that of PC-

derived CaTiO3. As discussed above, the improvement in

crystal integrity, suppression in grain growth and increase

in surface area were caused by the doping of Zr4+. It favors

faster arrival of photoexcited electrons from bulk to surface

reactive sites and reduces the amounts of recombination

centers for photogenerated electron-hole pairs [26], which

greatly enhanced the photocatalytic activities.

In overall water splitting, oxidation of water by holes is

a slower process than reduction by electrons. In order to

facilitate the oxidation, hole-scavengers are often intro-

duced. An additional 20 ml of ethanol was applied here to

obtain improved H2 evolution. Figure 6 shows the depen-

dence of Zr4+ content on the rate of H2 evolution from pure

water and aqueous ethanol solution. The remarkable

increase of photoactivity was achieved in ethanol solution.

Both of the two lines showed that the photoactivity was

greatly enhanced with the increase of Zr4+ content up to

7 mol%, and then decreased to the level close to undoped

CaTiO3 when Zr4+ content was increased to 15 mol%. The

quantum yield for H2 evolution over the most active pho-

tocatalyst, Pt/CaTi0.93Zr0.07O3, was 1.91% and 13.3% in

photoreactions from pure water and aqueous ethanol

solution, respectively for 0.1 g photocatalyst. The changes

in photoactivity for Pt/ CaTi1–xZrxO3 can be best explained

by the terms of surface area, which exhibits the same trend

in accordance with the rates of evolved H2. In addition,

appropriate amounts of Zr4+ have good effects on improved

crystal perfection, which may also accounts for the rapid

increase in photoactivities. However, with the doping of

excessive Zr4+ content, the solid solution of CaTi(Zr)O3

turned to be unstable for overlarge deformations introduced

by Zr4+, the lattice distortion of crystal structure by

excessive Zr4+ substitutions may act as recombination

centers [3], leading to a dramatic drop on the photocatalytic

acitivity when Zr4+ content was over 10 mol%.

In order to investigate the stability of the PC-derived

sample under photocatalytic conditions, the crystal struc-

ture of CaTi0.93Zr0.07O3 was studied before and after

photoreactions. The XRD pattern of CaTi0.93Zr0.07O3

before the reaction was identical to that measured after a

prolonged photoreaction for 10 h (in Fig. 7), suggesting

that the catalyst is stable under UV light and in the aqueous

medium.

0 100 150 200 250 300
0

100

200

300

400

500

600

700

800
A

m
o

u
n

t 
o

f 
H

2 
ev

o
lv

ed
 (

m
o

l)

Photoreaction time (min)

Pt/CaTiO3  SSR

Pt/CaTiO3  PC

Pt/CaTi0.93Zr0.07O3  PC

50

Fig. 5 Time courses of H2 evolution from pure water over (h) Pt/

CaTiO3 prepared by SSRM, (s) Pt/CaTiO3 and (D) Pt/CaTi0.93Z-

r0.07O3 prepared by PCM. Reaction conditions: Pt loading 1 wt%;

catalyst 0.1 g; deionized water 100 ml; Outer irradiation of 500 W

high-pressure Hg lamp from the top of the cell made of quartz

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
0

200

400

600

800

1000

R
at

e 
o

f 
H

2 
ev

o
lu

ti
o

n
 

m
o

l h
-1

x in CaTi
1-x

Zr
x
O3

 Ethanol solution
 Pure water

Fig. 6 Effects of composition x on the photocatalytic H2 evolution

from pure water (100 ml) or aqueous ethanol solution (100 ml of

deionized water, 20 ml of C2H5OH) over Pt/CaTi1–xZrxO3 synthe-

sized by PCM (x = 0–0.15)

20 30 40 50 60

(b)

(a)In
te

n
si

ty
 (

a.
u

.)

2 (degree)

Fig. 7 XRD patterns of Pt(1.0 wt%)/CaTi0.93Zr0.07O3 (a) before, and

(b) after photoreaction of 10 h irradiation

152 W. Sun et al.

123



4 Conclusions

In summary, the solid solution of CaTi1–xZrxO3 (x =

0–0.15) was successfully synthesized by the PC method at

900 �C for 2 h. Compared to the traditional SSR method,

the advantage of PC method to prepare a crystallite

material of improved homogeneity with high surface area

resulted in enhanced photoactivity in photodecomposition

of water. Moreover, It revealed that doping of a appropriate

amount of Zr4+ (5–7 mol%) was highly effective for

increasing the activity of photocatalytic H2 evolution over

Pt/CaTiO3 catalyst. The results showed good respondence

with the improvement in crystal integrity, suppression in

grain growth and increase in surface area caused by Zr4+

substitutions. Consequently, this study exhibited that the

doping of Zr4+ to subsitiute appropriate amounts of Ti4+

would be an efficient way to promote photocatalytic

activities.
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