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Abstract 

 Calcium titanate (CaTiO3) samples were prepared by a flux method with various 

parameters such as the selection of the flux, presence or absence of the flux, and solute 

concentration in the molten mixture with the flux. These conditions much influenced the 

structural and physical properties like morphology, particle size, specific surface area, and 

photoabsorption bands. The photocatalytic activity of the samples loaded with Pt-

cocatalyst (Pt/CaTiO3) were evaluated for the photocatalytic steam reforming of methane 

around room temperature. It was found that the sample prepared by the flux method 

realized 3.3 times higher photocatalytic activity than that by a conventional solid state 

reaction method. Further, La-doping to the CaTiO3 photocatalyst (Pt/CaTiO3:La) was 

examined. It was revealed that La cation was successfully doped at the Ca site in the 

CaTiO3 lattice. It is observed that small amount of La-doping anomalously enhanced the 

crystal growth although it lowered the photocatalytic activity. In contrast, the sample with 

a moderate amount of La-doping such as 1 mol% exhibited 1.6 times higher 

photocatalytic activity than the non-doped sample. Although most of the structural 

properties such as morphology, particle size and the specific surface area could not simply 

explain the improvement of photocatalytic activity, at least it was revealed that the defects 

giving rise to the absorption bands in visible light region decreased the photocatalytic 

activity. 
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1. Introduction 

Hydrogen has been used as an important chemical intermediate, a reductant, a 

fuel and so on, and recently it has attracted much attention as a clean energy for our daily 

life since it exhausts just water when we use it, which is environment-friendly. Currently, 

most of hydrogen is produced through an industrial process from natural gas, i.e., steam 

reforming of methane (SRM) [1]. The process consists of multiple catalytic reactions and 

the entire chemical equation can be shown as Eq.1 [2]. 

CH4 + 2 H2O → 4 H2 + CO2         ∆G298K
○  = 113.5 kJ mol–1             (1) 

The highly endergonic property of the reaction requires high reaction temperature, 

typically more than 1073 K, even in the presence of practical catalysts [2]. The high 

temperature operation causes several problems such as the large energy consumption, the 

unfavorable carbon formation, and the necessity of expensive reactor [3]. Thus, lowering 

the operation temperature has been highly desired in SRM. In order to decrease the 

reaction temperature and utilize sustainable solar energy, heterogeneous photocatalysis 

has been proposed for SRM as one of possible methods since photocatalysis can take 

place even at a lower temperature under photoirradiation [4–9]. 

We discovered platinum-loaded semiconductor photocatalysts, such as Pt/TiO2 

and Pt/NaTaO3:La, can continuously promote photocatalytic steam reforming of methane 

(PSRM) around room temperature [10–12], and developed several kinds of metal loaded 

photocatalyst such as Pt/CaTiO3 [13,14], Pt/Ga2O3 [15–17], and Rh/K2Ti6O13 [18,19]. 

Among these studies, it is demonstrated that the photocatalytic activity can be improved 

by doping suitable amount of a certain metal cation to the semiconductor, e.g., La3+ to 

NaTaO3 [10,12] and Mg2+ or Zn2+ to Ga2O3 [15,16]. Recently, it was found that fine and 

regularly shaped crystals of photocatalyst such as NaTaO3 [20] and Na2Ti6O13 [21] 
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prepared by a flux method exhibits higher activity in PSRM than untailored particles 

prepared by a conventional solid state reaction method. In the present study, we examined 

a flux method and La3+-doping to improve the photocatalytic activity of Pt/CaTiO3 

photocatalyst. We synthesized several doped and non-doped CaTiO3 photocatalysts by a 

flux method with various conditions and a conventional solid state reaction method, 

characterized them in several methods, and evaluated them in PSRM.  

2. Experimental 

2.1 Catalyst preparation 

A series of La-doped CaTiO3 compounds (denoted as CTO:La hereafter) were 

synthesized by a flux method and a solid state reaction method. The starting materials, 

CaCO3 (Rare Metallic, 99.9%), TiO2 (rutile, Kojundo, 99.9%), and La2O3 (Kishida, 

99.99%) were mixed with a flux, such as NaCl (Kishida, 99.5%), KCl (Kishida, 99.5%), 

and CaCl2 (Kishida, 95.0%): The molar ratio of CaCO3, TiO2, and La2O3 was (100−x) : 

100 : x/2, where x showed the aimed doping amount of La (x = 0, 0.5, 1, 2, 3 and 5 mol%), 

and various concentration (y) of the solute in the molten flux mixture (y = 5, 10, 30, 50, 

70, and 90 mol%; typically 50 mol%) were examined, where y was defined as: y [mol%] 

= 100 × (amount of CTO:La [mol]) / (amount of CTO:La [mol] + amount of a flux 

[mol]). The mixture of the starting materials and the flux in an aluminum crucible covered 

by a lid was heated at a rate of 200 K h−1 to 1373 K in an electric furnace, held at this 

temperature for 10 h, and then cooled down to 973 K at a cooling rate of 100 K h−1, 

followed by natural cooling to room temperature in the furnace. The obtained product 

was dispersed in hot ion-exchanged water (500 mL, 353 K) and filtrated with suction to 

remove the flux. The washing procedure was repeated three times, and then dried at 323 
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K overnight. These samples are referred to as CTO(flux, y) for non-doped samples like 

CTO(NaCl, 50), and CTO:La(x, flux, y) for La-doped samples, like CTO:La(0.5, KCl, 50).  

Another sample was prepared by a solid state reaction (SS) method without using 

the flux, corresponding to y=100, without La doping. The starting mixture of CaCO3 and 

TiO2 was ground well, followed by calcination in the same manner. The sample is referred 

to as CTO(SS).  

Platinum co-catalyst was loaded onto the prepared CTO and CTO:La samples by 

an impregnation method. The sample was soaked in an aqueous solution of H2PtCl6 

(Wako, 99.9%), evaporated at 331 K to dryness in a rotary evaporator, and then calcined 

at 673 K for 2 h. The samples are referred to as Pt(z)/CTO:La(x, F, y), where z= indicates 

the loading amount of Pt (z = 0, 0.03, 0.05, 0.1, 0.15 and 0.2 wt%; typically 0.05 wt%). 

 

2.2 Characterization 

X-ray diffraction (XRD) measurement was carried out at room temperature with 

a Shimadzu Lab X XRD-6000 using Cu Kα radiation (40 kV, 30 mA). The angle was 

corrected according to a diffraction of Si powder mixed with each sample. The crystallite 

size was determined by Scherrer equation using the full width at half maximum (FWHM) 

of the diffraction line at 2θ=33.1° in the XRD patterns of CaTiO3 only when the average 

crystallite size over the limit of the application of Scherrer equation such as 100-200 nm 

[22].   

Images of scanning electron microscopy (SEM) were taken by a JEOL JSM-890. 

Diffuse reflectance (DR) UV-visible spectrum was recorded on a JASCO V-670 equipped 

with an integrating sphere covered with a BaSO4 reference. The band gap was estimated 

from the spectrum according to Tauc plot. The BET specific surface area was estimated 
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from the amount of N2 adsorption at 77 K measured using a Quantachrome Monosorb 

MS-21. 

X-ray absorption fine structure (XAFS) at La K-edge were recorded using a 

Si(311) monochromator in a transmission mode at NW-10A [23] of Photon Factory, 

Institute of Material Structure Science, High Energy Accelerator Research Organization 

(KEK-PF), Tsukuba, Japan. X-ray photoelectron spectroscopy (XPS) measurements were 

acquired using an X-ray photoelectron spectrometer (ESCA 3400, Shimadzu Corp.). 

 

2.3 Photocatalytic activity tests 

 Photocatalytic reaction tests for the PSRM were carried out with a fixed-bed flow 

reactor as described in our previous studies [20,21]. The catalyst powder was pressed 

under 20 MPa for 1 min and ground into granules of 300–600 μm. The catalyst granules 

(0.7–0.8 g) were put into a quartz reactor (ca. 50 × 20 × 1 mm3), where the irradiation 

area was regulated to be 6.0 cm2 [21]. The reaction gas mixture composed of 25% CH4 

and 0.75% H2O with an argon carrier was introduced at a flow rate of 15 mL min−1 at 

atmospheric pressure under light shielding condition for 30 min, and then the catalyst cell 

was irradiated from a 300 W xenon lamp without using any optical filter, where the light 

intensity was 25 mW cm−2 measured in the range of 254±10 nm. The temperature was 

measured to be around 323 K. The outlet gas was analyzed by online gas chromatography 

with a thermal conductivity detector at an interval of ca. 30 min. Since the sensitivity for 

CO2 in the argon carrier was low, the experimental error for the values of CO2 production 

rate was relatively large. 
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3. Results and discussion 

3.1 Non-doped CTO samples prepared by a flux method with various fluxes. 

The effects of a flux method and the kind of flux were studied before an 

examination of the doping effect. First, several CaTiO3 samples were prepared by a flux 

method using various fluxes with the same solute concentration of 50%, and by a SS 

method. Fig. 1 shows the XRD patterns of these samples. From the diffraction patterns in 

the wide range (Fig. 1A), the crystal structure of these samples can be assigned to the 

orthorhombic perovskite CaTiO3. In Fig. 1B, the diffraction line at 69.5° of these samples 

are shown. For the CTO(NaCl, 50) sample prepared by using a NaCl flux, a slight shift 

to the low angle side was observed (Fig. 1Ba). The ionic radius of Na+ ions (1.39 Å when 

the coordination number (CN) is 12) contained in the flux is larger than that of Ca2+ ions 

(1.34 Å, CN=12), suggesting that Na+ ions partially substituted for Ca2+ ions at the A-site 

of the perovskite structure. The CTO(KCl, 50) sample prepared using a KCl flux 

exhibited no shift (Fig. 1Bb), indicating that K+ ions (1.64 Å, CN=12) were not 

substituted for Ca2+. In addition, the width of the diffraction line was slightly larger than 

that of the CTO(SS) sample prepared by the SS method. This means that the sample 

prepared using the KCl flux consisted of smaller crystallites compared to the sample 

prepared by the SS method, which is consistent with the SEM image as mentioned later 

(Fig. 2). For the CTO(CaCl2, 50) sample prepared using a CaCl2 flux, the diffraction line 

was slightly shifted to the higher angle (Fig. 1Bc). This shift to higher angle was observed 

only when the CaCl2 flux was used. Since the ionic radius of Al3+ ion (0.54 Å, CN=6) is 

smaller than that of Ti4+ ion (0.605 Å, CN=6), it is suggested that Al3+ ions from the 

alumina crucible partially substituted for Ti4+ ions at the B-site of the perovskite structure 

[24]. This would be due to high solubility of Al2O3 in the CaCl2 flux, since Al2O3 can be 
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dissolved in a molten CaCl2, which can be applied to electrochemical aluminum metal 

production [25], but not in molten NaCl and KCl fluxes [26].  

SEM images of these CTO samples are shown in Fig. 2. The particles of the 

sample prepared by the SS method exhibited irregular shape of ca. 0.54 µm on an average 

size. The samples prepared by the flux method consisted of particles with rather 

characteristic shapes, which would be regulated by the employed molten salts. The 

CTO(NaCl, 50) and CTO(KCl, 50) samples showed polyhedral particles, where some 

facets were found on the surface and the average sizes were ca. 0.43 and 0.60 µm, 

respectively. The CaCl2 flux gave well-regulated cubic or rectangular crystals of larger 

size like ca. 9 µm, which is obviously larger than the particles of other samples, which is 

consistent with the smaller BET specific surface area (Table 1). In general, a flux can 

contribute to fabricate well-defined crystals covered with facets. In this method, since 

supersaturation with decreasing temperature or evaporation of flux would be major 

driving forces for crystallization, the solubility of the materials would be an important 

factor. It is known that the presence of common anion or cation in the flux often increase 

the solubility of substrate [27,28]. Thus, the solubility of the Ca2+ cation from the start 

material in the CaCl2 flux is considered to be higher than that in the other fluxes [25,26]. 

As a result, the CaCl2 flux would enhance the crystal growth of CaTiO3.  

In the DR UV-visible spectra (Fig. 3), the CTO(NaCl, 50), CTO(KCl, 50), and 

CTO(SS) samples exhibited the absorption edge around 350 nm in wavelength and the 

estimated band gap was 3.5 eV. The CTO(SS) sample showed additionally a small 

shoulder near the absorption edge at 350–400 nm in wavelength. Although no impurity 

phase was observed in the XRD pattern (Fig. 1), this shoulder would be assigned to 

amorphous-like TiO2, although the other possibilities such as crystal defects could not be 
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excluded. This small absorption has been observed for CaTiO3 samples prepared by solid 

state reaction methods in our previous studies [13,29,30]. The CTO(CaCl2, 50) sample 

exhibited a red-shifted threshold at 360 nm, corresponding to 3.4 eV, and also the similar 

band around absorption edge as well as a broad absorption band in the visible light region 

of 400–800 nm. The latter wide absorption band would derive from defects such as color 

centers [31] or Al3+ impurity from alumina crucible as discussed above [24]. The 

substitution of Al3+ for Ti4+ at the B-site would form residual amorphous-like TiO2 species 

showing the former band around absorption edge. 

The photocatalytic reaction tests were carried out for these samples, on which 

0.05 wt% of Pt cocatalyst was deposited before the reaction test. Fig. 4 shows a time 

course of the production rate of H2 and CO2 as well as these ratio (H2/CO2) in the 

photocatalytic reaction test with the Pt(0.05)/CTO(KCl, 50) sample as a representative. 

Without photoirradiation, no products were observed. Upon photoirradiation, although 

the production rates of H2 and CO2 initially varied with time, both of them became 

constant after 2 h, and the formation ratio also became stable around 4. These results 

suggest that the PSRM proceeded as expected according to the Eq. 1.  

Fig. 5 shows the H2 production rates in the PSRM with the Pt(0.05)/CTO 

catalysts. The Pt(0.05)/CTO(KCl, 50) sample prepared by the flux method with a KCl 

flux exhibited the highest production rate among them, which was 3.3 times higher than 

the Pt(0.05)/CTO(SS) sample prepared by the conventional SS method. The 

Pt(0.05)/CTO(NaCl, 50) and Pt(0.05)/CTO(CaCl2, 50) samples exhibited lower 

production rates than the Pt(0.05)/CTO(SS) sample.  

The H2 production rate with these photocatalysts are listed in Table 1 entries 1–

4, in which particle size determined from SEM images and specific surface area of these 
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samples are also listed. Although no clear relationship was found between particle size 

and H2 production rate, the sample with larger specific surface area tended to show higher 

photocatalytic activity among them. However, as discussed later, this trend cannot be 

always found, indicating there are some structural factors controlling the photocatalytic 

activity and the most important factor cannot be determined easily. The results of 

characterization revealed that the Pt(0.05)/CTO(KCl, 50) sample had fine polyhedral 

crystals with less impurities substituted and a larger specific surface area. It was proposed 

that less impurities and the larger specific surface area would contribute to the 

improvement of the activity.  

As a conclusion of this section, the sample prepared with a KCl flux can exhibit 

the highest photocatalytic performance in PSRM. Thus, we focused further investigation 

on the samples prepared with the KCl flux. 

 

3.2. Non-doped CTO samples prepared with various solute concentrations. 

In the XRD patterns of the CTO(KCl, y) samples prepared using a KCl flux with 

different solute concentration (y mol%) and the CTO(SS) sample (Fig. S1, in 

Supplementary information), all the samples presented clear diffraction lines assignable 

to CaTiO3 crystal without any impurity phase and any shift. SEM images revealed that 

the CTO(KCl, y) samples consisted of polyhedral particles of 0.4–0.6 µm in size (Fig. S2 

and Table 1 entries, 2 and 5–9). It was found that a moderate concentration of the solutes 

such as 50% gave the largest particle size such as 0.6 µm determined by the SEM images. 

Fig. S3 shows DR UV-visible spectra. All the samples had an absorption edge around 350 

nm. The CTO(KCl, 10) sample showed less absorption at 350–400 nm than others. The 

sample with larger solute concentration exhibited the broad absorption band in 400–800 
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nm, suggesting that the CTO(KCl, y) samples prepared using a larger amount of KCl flux 

tends to have less defects. Since a flux acts as a solvent for crystallization of the aimed 

material [27,28], small amount of flux (90% of solute) would not enough for the complete 

crystallization. A moderate amount of flux would provide a suitable concentrations of the 

starting materials and enough space to achieve a homogenous dispersion of the formed 

particles, which would enhance the crystal growth to give larger size of well-crystallized 

particles covered with well-defined facets. The moderate amount of flux would be 50% 

to fabricate the fine CaTiO3 crystals in the present conditions.  

Fig. 6A shows the hydrogen production rates in the PSRM with the 

Pt(0.05)/CTO(KCl, y) photocatalysts using the KCl flux with different solute 

concentration (y mol%). The H2 production rate increased with increasing the solute 

concentration up to 50 mol%. The sample prepared with a solute concentration of 50 

mol% in a molten mixture gave the highest production rate such as 12 μmol h−1 among 

them. However, higher solute concentrations than 50 mol% decreased the photocatalytic 

activity. As mentioned above, the CTO(KCl, 50) samples had large size of well-

crystallized polyhedral particles with less defects, which would contribute to the highest 

activity among these samples. This is consistent with the previous studies of NaTaO3 [20] 

and Na2Ti6O13 [21] photocatalysts prepared via a flux method for PSRM, where the 

photocatalyst prepared with a moderate solute concentration gave the highest activity. 

Fig. 6B shows the hydrogen production rates with the Pt(x)/CTO(KCl, 50) 

photocatalysts of various Pt loading amount (x wt%). The Pt(0.05)/CTO(KCl, 50) sample 

exhibited the highest production rate among them. The samples with Pt loading amount 

lower and higher than 0.05 wt% exhibited lower photocatalytic activity, which is possibly 

caused by some reasons, such as an aggregation of the Pt species [32], an increase of 
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recombination sites [33], shielding light reaching photocatalyst [34], and varying the Pt 

fermi level [32].  

So far we have investigated some photocatalyst systems for PSRM, such as 

NaTaO3:La [20], Na2Ti6O13 [21], and CaTiO3 (This study), prepared by a flux method. In 

any cases, the samples prepared by a flux method exhibited higher activity than the 

samples prepared by a SS method (Table S1). The Pt/NaTaO3:La photocatalyst prepared 

using a NaCl flux exhibited 1.6 times higher activity than the sample prepared by a SS 

method (Table S1 entries 2 and 3). The Rh/Na2Ti6O13 photocatalyst prepared using a NaCl 

flux showed only 1.1 times higher activity than the sample prepared by a SS method 

(Table S1, entries 4 and 5). In the current Pt/CaTiO3 photocatalyst prepared using a KCl 

flux showed 3.3 times higher activity than the sample prepared by a SS method. The flux 

method can be proposed as a superior method than the conventional solid state reaction 

method to provide an active photocatalyst for PSRM. The current CaTiO3 photocatalyst 

was most improved by the flux method among the three photocatalyst systems mentioned 

above. 

In conclusion of this section, the Pt(0.05)/CTO(KCl, 50) sample exhibited the 

highest activity, which would originate from the well-crystalized, large polyhedral 

CaTiO3 crystals with less defects and less impurity, loaded with a moderate amount of Pt 

cocatalyst. Thus, we moved on the investigation of La doping effect on the photocatalyst.  

 

3.3. La-doped CTO samples prepared by a KCl flux. 

La-doped samples were prepared by using a KCl flux with various La doping 

amount. Fig. 7A shows the XRD patterns of the CTO:La(x, KCl, 50) samples with various 

La doping amount. The entire patterns were assignable to the CaTiO3 perovskite structure 
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except for details. In Fig. 7B focuses a diffraction line at 69.5°. With increasing La doping 

amount from 0.5 to 5 mol%, the diffraction line shifted to lower angle. This suggests that 

La3+ (1.36 Å, CN=12) was doped into the CaTiO3 lattice to substitute for Ca2+ (1.34 Å, 

CN=12) at the A-site in the perovskite ABO3 structure by using the flux method. Since 

the ionic radius of the six-coordinated La3+ ion (1.032 Å, CN=6) is much larger than that 

of Ti4+ ion (0.605 A, CN=6) and the observed shift of the diffraction line was not so large, 

it is considered that La3+ could not substitute for Ti4+.  

When the La content was 0.5 mol% (Fig. 7b), the line intensities were higher and 

the widths were lower than those of non-doped sample, indicating the crystal growth with 

less strain was enhanced on the CTO:La(0.5, KCl, 50) sample. The CTO:La(1, KCl, 50) 

sample exhibited almost the same intensity and width as those of the non-doped CTO(KCl, 

50) sample (Fig. 7c), suggesting that the substituted La are present without much 

influence on the crystal growth of CaTiO3. With increasing La doping amount more than 

1 mol%, the diffraction lines became weeker and broader, especially the line at 69.5° 

almost disappeared when 5 mol% La was doped, suggesting that the crystal structure were 

much varied. The substitution by La3+ cation having the slightly larger ionic radius and 

the higher valence than those of Ca2+ would distort the crystal structure, generate many 

crystal defects, and thus make the diffraction line broad and ambiguous. 

Fig. 8 shows their SEM images. The polyhedral morphology was not so changed 

by La doping. However, the particle size was drastically changed by La doping as listed 

in Table 1, entries 10–15 and plotted in Fig. 9. The particle size drastically increased by 

the La doping when the amount of La was less than 1 mol% (Fig. 8b and Table 1, entries 

10–12). The maximum particle size was 1.4 µm on an average for the CTO:La(0.5, KCl, 

50) sample (Table 1 entry 11), which was 2.3 times larger than that of the non-doped 
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CTO(KCl, 50) sample (Table 1, entry 2). Similar observations of this characteristic crystal 

growth have been reported, e.g., for SrTiO3 doped with Y3+, La3+, Nd3+, Ho3+, Nb5+, and 

Sb5+ [35–37], which is well-known as an anomaly of grain growth of donor-doped 

perovskite materials, so-called “donor anomaly”[36], the mechanism of which has been 

thermodynamically explained [38]. Except for the samples with low La doping amount 

less than 1 mol%, the particle size tends to decrease with the increase of the doping 

amount in the range of 1–5 mol% (Fig. 9). This means that small amount of La cations 

enhanced the anomalous crystal growth of CaTiO3 in the molten flux, while larger amount 

of La suppressed it.  

Fig. 10 shows the DR UV-visible spectra of the CTO:La(x, KCl, 50) samples 

with various La doping amount (0–5 mol%). All the samples exhibited the same threshold 

at 350 nm in wavelength, corresponding to the bandgap of 3.5 eV. The non-doped sample 

exhibited a band at 350–400 nm and a very small and broad band centered at 500 nm (Fig. 

10a). The both bands were suppressed by doping 0.5 mol% La, suggesting that La doping 

suppresses the formation of defects in CaTiO3 crystals. Further doping of La more than 1 

mol% increased the band at 350–400 nm without showing another broad band at 500 nm.  

To elucidate the state of the doped La ions, XAFS spectra were measured and 

analyzed. XANES spectra of the CTO:La(x, KCl, 50) samples are resemble to that of 

La2O3 (Fig. 11A), because of the less characteristic feature of La K-edge XANES at high 

energy of incident X-ray such as 39 keV and unchangeable valence of La3+ cation. The 

EXAFS oscillations of the all CTO:La samples (Fig. 11B, a–d), were clearly different 

from that of La2O3 (Fig. 11B, e), indicating the local structure of major La3+ ions in the 

CTO:La(x, KCl, 50) samples, with x=0.5, 1, 3, and 5 mol %, are quite different from that 

in the trigonal structure of La2O3. In the Fourier Transformed EXAFS of the CTO:La(x, 
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KCl, 50) samples (Fig. 11C, a–d), the first and the second neighboring atoms were clearly 

observed around at 1.9 and 2.9 Å, respectively, which were clearly different from and 

closer than that of La2O3 (Fig. 11C, e) and similar to the reported one for a NaTaO3:La(La 

0.5 mol%) photocatalyst [12]. It is clear that the local structure of La3+ cation in each 

CTO:La sample with doping amount of 0.5–5 mol% was similar to each other and 

different from that in La2O3 crystal, supporting that La3+ cation substituted for the Ca2+ 

cation in the CaTiO3 structure. Thus, the absorbing La3+ ions are located at the A-site in 

ABO3 perovskite structure and are coordinated with twelve O2- anions and surrounded by 

eight Ti4+ cations at the B-site, which would correspond to the peaks at 1.9 and 2.9 Å, 

respectively. It was also confirmed that the average local structure of La was not varied 

so much with the La contents in these samples. 

Fig. 12 shows XPS spectra of La 3d bands for the CTO:La(x, KCl, 50) samples 

and La2O3. The 3d5/2 and 3d3/2 bands observed at 835 and 852 eV, respectively, were 

accompanied with each satellite band at higher binding energy side, which are assigned 

to charge-transfer satellite bands from neighboring oxygen to the La [39]. The shapes of 

3d5/2 and 3d3/2 bands of the CTO:La(0.5, KCl, 50) sample (Fig. 12a) were quite different 

from those of La2O3 (Fig. 12d), i.e., the satellite bands were relatively larger than those 

of La2O3. This means that La3+ ions in the CaTiO3 structure had a unique electronic state 

that is different from those in the bulk oxide of La2O3 because of larger interaction with 

surrounding oxygen anions. As shown in the Fourier transformed EXAFS (Fig. 11C), the 

distances between La3+ cation and neighboring oxygen anions in the CaTiO3 lattice, are 

shorter than those in La2O3, which is consistent with the relatively larger satellite bands. 

Thus, it is suggested that the La3+ cation substituted for Ca2+ cation would provide larger 

interaction with oxygen anions. In contrast, a similar band shape to that of La2O3 was 
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found for the CTO:La(5, KCl, 50) sample (Fig. 12c), meaning the La3+ ions in the highly 

La-doped sample are rather similar electronic state with that in the bulk La2O3. As 

mentioned above, the EXAFS analysis (Fig. 11C) clarified that the La3+ cation in the 

samples substituted Ca2+ cation in the CaTiO3 structure. The ambiguous X-ray diffraction 

line (Fig. 7Be) means that the perovskite structure of CaTiO3 was much influenced by the 

5 mol% La doping. These facts propose that the large amount of La3+ cations was 

substituted for Ca2+ cations in the CaTiO3 crystal and they have the similar electronic 

state of La3+ cations to that of La2O3. The CTO:La(1, KCl, 50) sample exhibited similar 

band shape to the low doping sample but also showed slightly similar character to the 

high doping sample.  

Finally, the photocatalytic activity test in PSRM were carried out for the Pt-

loaded La-doped CaTiO3 photocatalysts with various lanthanum doping amounts (Table 

1, entries 10–15). Fig. 13 depicts the hydrogen production rate over the 

Pt(0.05)/CTO:La(x, KCl, 50) samples and non-doped Pt(0.05)/CTO(KCl, 50) sample. 

Among them, the Pt(0.05)/CTO:La(1, KCl, 50) sample exhibited the highest H2 

production rate such as 19 μmol h−1, which was 1.6 times larger than non-doped 

Pt(0.05)/CTO:La(KCl, 50) sample and the best performance in the present study. The low 

amount of La-doping less than 1 mol% drastically decreased the photocatalytic activity 

such as one fifth of that with the non-doped sample. For the higher amount of La-doping 

more than 1 mol%, the photocatalytic activity decreased with an increase of La-doping 

amount. 

The photocatalytic activity should be related to the structural properties. At least, 

it was clarified that the defects showing the absorption bands in visible light region 

decrease the photocatalytic activity. However, other structural properties could not simply 
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explain the photocatalytic activity. The large size of the particles with a low specific 

surface area according to anomalous crystal growth by small amount of La doping less 

than 1 mol% exhibited low activity (Table 1 entries 10–12). The variation of the specific 

surface area could not quantitatively explain the variation of the photocatalytic activity. 

In the photocatalyst crystal, only the photogenerated electrons and holes reaching the 

surface without recombination can take part in the photocatalytic reaction, and thus the 

crystal edges providing both the reductive and oxidative reaction fields would decrease 

the recombination to increase the photocatalytic activity [40]. Thus, a large crystal having 

less edges would show less activity. The higher amount of La-doping more than 1 mol% 

decreased the crystal size and the photocatalytic activity with an increase of La-doping 

amount (Table 1, entries 13–15). As one possibility, since these samples would be of low 

crystallinity judging from the ambiguous x-ray diffraction lines, these samples might have 

many crystal defects that cannot be detected by DR UV-vis spectra and these defects 

would act as the recombination sites for the photoexcited electrons and holes.  

 

4. CONCLUSIONS 

In the present study, the fine polyhedral CaTiO3 (CTO) crystals were synthesized 

by a flux method and a conventional solid state reaction (SS) method for an application 

to the photocatalytic steam reforming of methane (PSRM). The type of fluxes and the 

solute concentration in the molten mixture much affected the structure of the CTO crystals, 

such as crystal shape, crystal size, crystallinity, specific surface area, and amount of 

defects. The Pt-loaded sample prepared using a KCl flux showed 3.3 times higher H2 

production rate than the sample prepared by the conventional SS method. 
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Furthermore, the lanthanum doped CTO photocatalysts (CTO:La) were prepared 

by the flux method using a KCl flux. La cation was successfully doped at the Ca site in 

the CaTiO3 lattice. The addition of La in small amount induced the crystal growth of the 

CTO, but larger amount of La suppressed the growth. The sample with a moderate amount 

of La, Pt(0.05)/CTO:La(1, KCl, 50), exhibited the highest H2 formation rate in the present 

study, which was 1.6 times higher than the non-doped sample prepared by the flux method, 

Pt(0.05)/CTO(KCl, 50), and 5.3 times higher than non-doped sample prepared by the 

solid state reaction method, Pt(0.05)/CTO(SS).  

The relationship between the photocatalytic activity and the structural properties 

was discussed. At least, it was clarified that the defects giving rise to the absorption bands 

in visible light region decreased the photocatalytic activity. However, other structural 

properties could not simply explain the photocatalytic activity. 
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Table 1  Physical and optical properties of the CaTiO3:La samples prepared by the flux method and the photocatalytic property of the 

Pt(0.05)/CaTiO3:La samples in the photocatalytic steam reforming of methane. 

Entry Flux reagent 
Solute 

concentration a 
(mol%) 

La content 
(mol%) 

Crystallite 
size (XRD) b  

/ nm 

Particle size 
(SEM) c  

/ µm 

SBET 
d / 

m2g–1 
H2 production 

rate e / μmol h–1 

1 NaCl 50 0 – f 0.43 1.16 1.2 

2 KCl 50 0 – 0.60 2.30 12 

3 CaCl2 50 0 – 9.0 0.35 1.2 
4 (SS method) 100 0 – 0.54 1.58 3.6 

5 KCl 10 0 – 0.37 2.54 1.2 

6 KCl 30 0 – 0.38 2.75 1.2 

8 KCl 70 0 – 0.4 2.22 5.4 
9 KCl 90 0 – 0.47 2.11 7.8 

10 KCl 50 0.1 – 1.1 1.37 4.2 

11 KCl 50 0.5 – 1.4 0.92 2.4 

12 KCl 50 0.7 – 1.1 1.41 6.6 

13 KCl 50 1 – 0.45 1.85 19 

14 KCl 50 3 36.2 0.21 4.40 14 

15 KCl 50 5 30.5 0.2 4.73 6.0 
a Solute concentration in the molten mixture. See the text for the calculation. b Average crystallite size of CaTiO3 calculated from a line 

width at 2θ=33.1° in the XRD patterns. c Average particle size of CaTiO3 estimated from the SEM images. d Specific surface area obtained 

from the BET method. e The hydrogen production rate was evaluated at 3 h later from the start of photoirradiation. f Average crystallite 

size over the limit of the application of Scherrer equation such as 100–200 nm [22].   
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Fig. 1. XRD patterns of the CTO(flux, 50) samples, (a) CTO(NaCl, 50), (b) CTO(KCl, 

50), and (c) CTO(CaCl2, 50), and (d) the CTO(SS) sample. The angle was corrected 

according to a diffraction of Si powder mixed with each sample.  

 

 

Fig. 2. SEM images of the CTO(flux, 50) samples, (a) CTO(NaCl, 50), (b) CTO(KCl, 

50), and (c) CTO(CaCl2, 50), and (d) the CTO(SS) sample. 
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Fig. 3. DR UV-visible spectra of the CTO(flux, 50) samples, (a) CTO(NaCl, 50), (b) 

CTO(KCl, 50), and (c) CTO(CaCl2, 50), and (d) the CTO(SS) sample. 

 

 

Fig. 4. Time course of the production rates of (a) H2 and (b) CO2 (left), and (c) the ratio 

of H2/CO2 (right) in the photocatalytic reaction test with Pt(0.05)/CTO(KCl, 50) 

sample. 
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Fig. 5. Hydrogen production rate in PSRM with the Pt(0.05)/CTO(flux, 50) samples, 

(a) Pt(0.05)/CTO(NaCl, 50), (b) Pt(0.05)/CTO(KCl, 50), and (c) Pt(0.05)/CTO(CaCl2, 

50), and (d) the Pt(0.05)/CTO(SS) sample.  

 
 

 
 

  
Fig. 6. Hydrogen production rate in PSRM with (A) the Pt(0.05)/CTO(KCl, y) samples 

prepared by a flux method with various solute concentration (y mol%) in a KCl flux, and 

(B) the Pt(x)/CTO(KCl, 50) samples of various Pt loading amount (x wt%). 
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Fig. 7. XRD patterns of the CTO:La(x, KCl, 50) samples in the range of (A) 10°–80° 

and (B) 69°–70°, where La doping amount x was (a) 0, (b) 0.5, (c) 1, (d) 3, and (e) 5 

mol %, and (f) La2O3 as a reference.   
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Fig. 8. SEM images of the CTO:La(x, KCl, 50) samples with different La doping 

amount x; (a) 0, (b) 0.1, (c) 0.5, (d) 0.7, (e) 1, (f) 3, and (g) 5 mol%.  
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Fig. 9. The average particle size determined from SEM images of the CTO:La(x, KCl, 

50) samples with different La doping amount (x mol%).  

 

 

Fig. 10. DR UV-visible spectra of the CTO:La(x, KCl, 50) samples with different La 

doping amount x; (a) 0, (b) 0.5, (c) 1, (d) 3, and (e) 5 mol%.  
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Fig. 11. (A) La K-edge XANES spectra, (B) EXAFS oscillations, and (C) Fourier 

transforms of the EXAFS oscillation for the CTO(x, KCl, 50) samples, where La doping 

amount x was (a) 0.5, (b) 1, (c) 3, and (d) 5 mol%, and (e) those for La2O3 as a reference.  
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Fig. 12. La 3d bands XPS spectra of the CTO(x, KCl, 50) samples with La doping 

amount x; (a) 0.5, (b) 1, and (c) 5 mol%, and (d) that of La2O3 as a reference. 
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Fig. 13. Hydrogen production rate in PSRM with the Pt(0.05)/CTO:La(x, KCl, 50) 
samples prepared by a flux method with various La contents (x mol%). 

 

 


