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Abstract
CaTiO3–TiO2 composite oxide films have been employed, for the first time, as photoelectrodes in photoelectrochemical (PEC) 
splitting of water. The transparent methanol solutions of Ti(iPro)4 and newly synthesized calcium complex  [Ca2(TFA)3(OAc)
(iPrOH)(H2O)(THF)3] (1) (where TFA stands for trifluoroacetato; OAc stands for acetate; and iPrOH stands for isopropanol) 
were utilized for aerosol assisted chemical vapor deposition (AACVD) of the target films. The composite electrodes were 
deposited on fluorine doped tin oxide (FTO) coated conducting glass substrates at varying deposition temperatures of 500–
600 °C. The resulting films were extensively characterized by powder X-ray diffraction, X-ray photoelectron spectroscopy, 
energy dispersive X-ray analysis and scanning electron microscopy. PEC responses of all the composite electrodes were 
studied under simulated solar irradiation of AM 1.5 G (100 mW cm−2). The  CaTiO3–TiO2 photoanode formed at 600 °C 
showed higher photocurrent density of 610 µA cm−2 at 0.7 V versus Ag/AgCl/3 M KCl reference electrode as compared to 
the other two electrodes fabricated similarly with only difference of fabrication temperature (i.e., 500 and 550 °C).

1 Introduction

Photoelectrochemical (PEC) splitting of water for generating 
hydrogen is truly believed to be a safe and auspicious route 
for solar energy conversion. This technology relies on the 
sun, a long-lasting source of energy, while using ubiquitous 
water as a renewable energy resource. For the progression of 
PEC technology, gigantic efforts have been made to develop 

a robust and stable photocatalyst that can ideally perform 
water decomposition reaction at milder conditions to pro-
duce hydrogen, thus to meet the industrial demands [1–3]. 
In this regard, titanium dioxide  (TiO2) and various other 
Ti-based oxide semiconductors are extensively researched 
owing to their significant photocatalytic efficiency while 
being non-toxic, chemically stable, and low cost [4–6]. 
Ti-based composites of alkaline earth metal titanates (e.g., 
 CaTiO3,  SrTiO3 and  BaTiO3) are considered better choices 
among them in this splitting of water. The main reason of 
such popularity is their unique perovskite structure [7, 8]. In 
such perovskite structures, the lowest part of the conduction 
band is mainly comprised of empty d orbitals of the tran-
sition-metal (e.g.,  Ti4+) having a potential slightly negative 
than 0 V, which makes them capable of oxidizing water [7]. 
However, a significant drawback of these perovskite pho-
tocatalyts is their limited light absorption capacity which 
is linked to their poor charge separation efficiency. This is 
the result of their large band gap and high trapping density 
[9–11]. Two predominant strategies have been proposed in 
order to tackle these problems [9, 12].

Firstly, the methods of bandgap engineering have been 
employed to have a band edge position alignment by 
the development of heterojunctions or by doping these 
matereials with metal ions so as to configure these materials 
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for spontaneous water splitting [13, 14]. The perovskite 
based photoanodes modified by this strategy (e.g.,  SrTiO3/
Cu2O [15],  BaTiO3/TiO2 [16],  CaTiO3/Pt) [17] have shown 
enhanced photocatalytic activities, thereby utilizing the solar 
spectrum more successfully. Secondly, synthetic strategies 
has been devised to enhance the separation of electron–hole 
pairs in photoanodes by crystal size reduction to the scale 
of the hole diffusion lengths and by increasing the carrier 
conductivity through morphological and crystallographic 
control. However, both approaches are confined by the limits 
of the fabrication method.

In this regard, aerosol assisted chemical vapor deposition 
(AACVD) has shown great promise in engineering the pho-
toelectrodes with novel morphologies, high crystallinity and 
controlled thickness [18–20]. AACVD is highly effective in 
constructing bi/multicomponent photoelectrodes with pre-
cise elemental stoichiometry and ensures the homogenous 
coupling of the bi or tri phases in a single step, leading to the 
reduction of the band gap of the material [14, 21, 22]. The 
homogeneity and the size of the aerosol droplets can easily 
be tuned to have a control on the morphology of the result-
ing films. This is done by controlling the viscosity of the 
precursor solutions and the frequency of the aerosol genera-
tor during the AACVD process [23]. During deposition via 
AACVD, the particle growth and sintering processes simul-
taneously occur on the substrate surface to develop well 
interconnected morphological features and produce adhesive 
film electrodes. This particle–particle or particle–conduct-
ing layer connection improves the electrical contacts and 
hence, the conductivity of the nanoparticle based thin films. 
The result is the enhanced charge transport properties of the 
resulting electrodes, thus exhibiting a better photocatalytic 
performance [24]. The demands of the AACVD technique 
are less stringent as compared to other film deposition meth-
ods; it only requires a metal–organic precursor which should 
be adequately soluble in any organic solvent.

Recently, we observed that magnesium dititanate 
 (MgTi2O5) electrodes produced by AACVD showed 
enhanced PEC water splitting performance and prolonged 
electrochemical stability [25] which motivated us to develop 
and assess the photoelectroactivity of  CaTiO3. Calcium 
titanate  (CaTiO3), again having a perovskite structure, is 
actively involved in photocatalytic activities [26]. It has a 
high reduction potential which is even higher than that of 
the well-known  TiO2 photocatalyst [27]. This has led to 
significant recent research devoted to the photocatalytic 
performances of  CaTiO3 and its doped derivatives either 
for hydrogen production or photodecomposition of organic 
molecules [28–30]. Recently a photocatalyst,  CaTiO3/Pt, 
was designed that demonstrated photocatalytic hydrogen 
production under a flow of water and methane [17]. The 
photocatalytic activity of  CaTiO3 toward the degradation 
of organic pollutants is also well established. Yang et al. 

synthesized the nanocomposite of  CaTiO3–graphene and 
found an improved photocatalytic degradation of methyl 
orange [31].

Instead of metal titanates, other nanostructured mixed 
metal oxides have also shown great promise toward photo-
catalytic applications. Recently, nanostructured  YbVO4 and 
 YbVO4/CuWO4 nanocomposites were successfully synthe-
sized using sonochemical method and their behavior towards 
photo-destruction of methylene blue was evaluated. It has 
been observed that due to coupling of  CuWO4 into  YbVO4 
photocatalytic and optical properties were improved which 
lead to improve photo-destruction efficiency for methylene 
blue from 65 to 100%, during 120 min irradiation [32]. In a 
different study,  YbVO4 and nanocomposite  YbVO4/NiWO4 
in a variety of nano designs and sizes were produced by just 
changing the polymeric capping agents. The resultant photo-
catalysts efficiently performed photo-degradation of many 
organic dyes such as rhodamine B, methylene blue, methyl 
orange, and phenol red, under visible light [33]. Moreover, 
different morphologies of novel  ZnLaFe2O4/NiTiO3 nano-
composites were fabricated by using different surfactant 
agents such as cetrimonium bromide, sodium dodecyl sul-
fate, polyvinylpyrrolidone, polyvinyl alcohol, and oleic acid 
through a polyol assistant sol–gel method. This nanocom-
posite have antibacterial activity against Gram-negative 
Escherchia coli (ATCC 10536) and Gram-positive Staphy-
lococcus aureus (ATCC 29737). Antibacterial results dem-
onstrate that nanocomposite significantly reduced the growth 
rate of E. coli bacteria and S. aureus after 120 min [34].

Furthermore, the literature suggests that it is inter-
esting to improve the photocatalytic performance of 
 CaTiO3–TiO2 composite, which has not been investigated for 
PEC water splitting so far. Herein, we report the fabrication 
of  CaTiO3–TiO2 electrodes by vaporizing a homogenous 
mixture of a self-designed Ca-precursor  [Ca2(TFA)3(OAc)
(iPrOH)(H2O)(THF)3] and commercially available Ti(iPro)4 
in methanol under AACVD conditions. The deposition of 
 CaTiO3–TiO2 was conducted at three different temperatures 
of 500, 550 and 600 °C on fluorine doped tin oxide (FTO) 
coated conducting substrates in air atmosphere. The com-
posite oxide films were investigated by XRD, SEM, EDX, 
XPS, and UV–Vis spectrophotometry. Moreover, the PEC 
properties of  CaTiO3–TiO2 films were also examined in 
order to evaluate their performance toward photocatalytic 
water splitting applications.

2  Experimental

2.1  Materials and methods

All the reagents and chemicals were supplied by Sigma-
Aldrich. All the chemicals were used as received except 
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tetrahydrofuran which was rigorously dried over sodium 
benzophenoate and was distilled immediately before use. 
All the synthetic work was carried out in Schlenk tubes fit-
ted with the vacuum lines using hot plates for temperature 
control and dry argon for an inert atmosphere. The con-
trolled thermal analyses were performed on a Perkin Elmer 
TGA 4000 thermogravimetric analyzer equipped with a 
computer interface. These high temperature measurements 
were carried out in ceramic crucibles under an inert atmos-
phere of flowing nitrogen (flow rate = 25 mL min−1) with 
a temperature ramping of 10 °C min−1. The melting point 
determinations were made in a capillary tube using an elec-
trothermal apparatus from Mitamura Riken Kogyo (Japan) 
Model: MP.D. Fourier transform infra-red (FT-IR) spectra 
were recorded using a single reflectance ATR instrument 
(4000–450 cm−1, resolution 4 cm−1). NMR spectra were 
obtained using a JEOL DELTA2 NMR spectrometer. These 
experiments were performed at field strength of 400 MHz 
in Methanol-D4 used as the solvent.

2.2  Synthesis of  [Ca2(TFA)3(OAc)(iProH)(H2O)(THF)3] 
(1)

In an effort to synthesize a heterobimetallic Ca–Ti complex, 
a mixture of Ca(OAc)2·2H2O (0.5 g, 2.63 mmol), Ti(iPro)4 
(1.55 mL, 5.26 mmol) and trifluoroacetic acid (0.58 mL, 
7.90 mmol) in 20 mL THF was stirred for 2 h in a schlenk 
tube under an inert atmosphere of dry argon.

The reaction mixture was evaporated under vacuum 
which resulted into a white powder. This material was re-
dissolved in THF. The transparent solution so obtained was 
cannula-filtered and placed overnight at room temperature 
to obtain colourless block shaped crystals of complex (1) 
(75% yield).

Mp: 220  °C (decomposition). 1H NMR (MeOH): 
δ = 3.87 ppm [m, H, CH] (iPrOH), δ = 3.68 ppm [t, 12H, 

 OCH2] (THF), δ = 2.12 [s, 1H, OH] (iPrOH), δ = 1.12 ppm 
[d, 6H,  CH3] (iPrOH), δ = 1.83 ppm [s, 12H,  CH2] (THF), 
δ = 1.96 ppm [s, 3H,  CH3] (OAc), 19F NMR (MeOH): 
δ = − 76.94  ppm [s, 9F,  CF3]. IR: νmax/cm−1 3326br, 
2983w, 2886w, 1665s, 1452s, 1194s, 1141s, 1038s, 884s, 
796s, 719s, 652s, 607s, 520w, 463w. TGA: 70–120 °C 
(3.0 wt% loss); 135–235 °C (28.0 wt% loss); 238–500 °C 
(51.0 wt% loss), (Residual mass of 18.0%); (Cal. for 
CaO ≈ 15.0%). All characterization and analysis results 
are summarized in Table 1.

2.3  Single‑crystal X‑ray crystallographic analyses

Single crystal X-ray data was collected at 150 (2) K on 
a Synergy, Dualflex, AtlasS2 diffractometer using  CuKα 
radiation (λ = 1.54184 Å) and was corrected for the effects 
of Lorentz-polarization and absorption. Using ShelXle 
[35], the structure of the resulting crystals was solved and 
refined by dual space methods (SHELXT) [36] as an inver-
sion twin, on  F2 using all the reflections (SHELXL-2014) 
[37]. During the refinement process, all non-hydrogen 
atoms were refined by anisotropic atomic displacement 
parameters whereas the hydrogen atoms were inserted at 
calculated positions using a riding model. The only excep-
tion was the hydrogen atoms coordinated with water mol-
ecule, which were located from difference maps and their 
coordinates were refined. The  CF3 groups on two of the 
 CF3COO− ions were disordered and modelled using two 
positions related by rotation; one of the uncoordinated 
THF molecules was also modelled as disordered over two 
overlapping conformations. All these parameters of data 
collection and refinement are briefly described in Table 2. 
CCDC 1531480 contains the supplementary crystallo-
graphic data for this work. These data can be obtained 
free of charge from The Cambridge Crystallographic Data 
Centre via http://www.ccdc.cam.ac.uk/data_reque st/cif.

Table 1  Analysis and characterization of complex  [Ca2(TFA)3(OAc)(iPrOH)(H2O)(THF)3] (1)

Single crystal analysis 1H-NMR (ppm) 19F-NMR (ppm) IR  (cm−1) TGA temp. versus wt% loss

Determination of 
chemical formula 
 C15H21Ca2F9O11·2(C4H8O)

δ = 3.87
[m, H, CH] (iPrOH)
δ = 2.12
[s, 1H, OH] (iPrOH)
δ = 1.12
[d, 6H,  CH3] (iPrOH)
δ = 3.68
[t, 12H,  OCH2] (THF)
δ = 1.83 ppm [s, 12H,  CH2] 

(THF)
δ = 1.96 ppm [s, 3H,  CH3] 

(OAc)

δ = − 76.94 [s, 9F,  CF3] 3326 (O–H)
2983, 2886
(C–H of iPrOH)
1665, 1452 (C=O of 

 CF3COO−)
1538, 1370 (C=O of 

 CH3COO−)
1194 (C–F)
1141 (C–O)

1st step : 70–120 °C
(3.0 wt% loss)
2nd step: 135–235 °C 

(28.0 wt% loss)
3rd step: 238–500 °C 

(51.0 wt% loss)
Residual mass of 18.0% 

= CaO

http://www.ccdc.cam.ac.uk/data_request/cif
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2.4  Thin film fabrication by AACVD

1:1 ratio  CaTiO3:TiO2 composite oxides films were grown 
on commercially available FTO glass substrates having a 
resistivity of 8 Ω sq−1 using in-house built setup for aer-
osol-assisted chemical vapour deposition. The substrates 
with lateral dimensions 1 × 2 cm2 were ultrasonically and 
sequentially cleaned with doubly distilled water, acetone 
and propan-2-ol, and stored in ethanol until further steps. 
When ready, the substrate slides were removed from etha-
nol and air dried before being transferred to the combustion 
chamber of AACVD (CARBOLITE, Model No. 10/25/130) 
(6"L × 1"D). The substrates were then heated to the desired 
deposition temperature and kept at the same temperature for 
10 min to get the thermal equilibrium. The AACVD setup is 
illustrated in Scheme 1.

During a typical deposition experiment, a homogeneous 
mixture of Ca-precursor  [Ca2(TFA)3(OAc)(iPrOH)(H2O)
(THF)3] (0.5 g, 0.65 mmol) and titanium(IV) isopropoxide 
(0.06 mL, 0.22 mmol) was prepared in 15 mL methanol 
as solvent. This mixture was utilized for the fabrication of 
 CaTiO3–TiO2 composite thin films at three different temper-
atures of 500, 550 and 600 °C. The deposition experiments 
were continued for a fixed time period of 60 min at each 
temperature. Thin film deposition parameters are listed in 
Table 3. Visual examination indicated that films were white, 
uniform and adhered strongly to FTO substrate as confirmed 
by the “Scotch tape test”.

Table 2  Crystal data and refinement parameters for  [Ca2(TFA)3(OAc)
(iPrOH)(H2O)(THF)3] (1) 

Crystal data

Chemical formula C15H21Ca2F9O11·2(C4H8O)
Mr 772.68
Crystal system, space group Orthorhombic, P212121

Temperature (K) 150
a, b, c (Å) 13.4102 (3), 15.5099 (4), 16.8614 

(4)
V (Å3) 3507.02 (15)
Z 4
Radiation type Cu Kα
µ  (mm−1) 3.78
Crystal size (mm) 0.20 × 0.18 × 0.11
Tmin, Tmax 0.512, 0.698
No. of measured, independent 

and observed [I > 2σ(I)] reflec-
tions

20,406, 7209, 6359

Rint 0.037
(sin θ/λ)max (Å−1) 0.631
R[F2 > 2σ(F2)], wR(F2), S 0.050, 0.148, 1.07
No. of reflections 7209
No. of parameters 531
No. of restraints 1219
Δ > max, Δ > min (e Å−3) 1.44, − 0.38
Absolute structure parameter 0.278 (13)

Scheme 1  Schematic illustra-
tion of AACVD setup used 
for synthesis of  CaTiO3–TiO2 
composite films

Table 3  Thin films deposition parameters involved in AACVD synthesis of  CaTiO3–TiO2 composite film

Deposition 
temperatures 
(˚C)

Concentration of precursors Ca-complex + Ti(iPro)4 Solvent (mL) Deposition 
time (min)

Substrate Carrier gas 
(mL min−1)

Resultant material

500 (0.5 g, 0.65 mmol) + (0.06 mL, 0.22 mmol) MeOH (15) 60 FTO 150 CaTiO3–TiO2

550 (0.5 g, 0.65 mmol) + (0.06 mL, 0.22 mmol) MeOH (15) 60 FTO 150 CaTiO3–TiO2

600 (0.5 g, 0.65 mmol) + (0.06 mL, 0.22 mmol) MeOH (15) 60 FTO 150 CaTiO3–TiO2
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2.5  Thin film characterization

The UV–Vis absorption spectra of the thin films were 
recorded on a Lambda 35 Perkin-Elmer spectrophotometer 
in the wavelength range of 300–900 nm. Film thicknesses 
were measured by using a KLA Tencore P-6 surface profiler. 
In order to verify the crystallinity of the formed composite 
oxide, the films were examined by X-ray powder diffraction 
(XRD) using a PANanalytical, X’Pert HighScore diffrac-
tometer with primary monochromatic high intensity CuKα 
(λ = 1.5418 Å) radiation. Energy dispersive X-ray (EDX, 
INCA Energy 200, Oxford Inst.) spectroscopy was also 
carried out in order to determine the metallic ratio of Ca/
Ti in the composite. The microstructure of the thin films 
were investigated using a Lyra 3 Tescan, field emission gun 
(FEG)-SEM at an accelerating voltage of 5 kV and a work-
ing distance of 10 mm. X-ray photoelectron spectroscopy 
(XPS) was undertaken using an ULVAC-PHI Quantera II 
instrument with a 32-channel Spherical Capacitor Energy 
Analyzer under vacuum pressure of 1 × 10−6 Pa using Mono-
chromated Al Kα radiation (1486.8 eV) and natural energy 
width of 680 meV. The carbonaceous C 1s line (284.6 eV) 
was used as a reference to calibrate the binding energies.

2.6  Photoelectrochemical measurements

The photoelectrochemical responses of the resulting 
 CaTiO3–TiO2 composite electrodes were measured using a 
conventional three-electrode cell configuration on a source 
of external potential bias (Princeton Applied Research 
PAR-VersaSTAT-3). Current–voltage characteristics were 
observed using the linear sweep voltammetry (LSV) tech-
nique for a potential range of − 0.5 to + 1.2 V at a scan rate 
of 10 mV s−1. The  CaTiO3–TiO2 thin films were used as 
the working electrode in these experiments while having 
platinum wire as a counter electrode and Ag/AgCl reference 
electrode. The working electrodes (i.e.,  CaTiO3–TiO2 thin 
films) were dipped into 1 M NaOH electrolyte solutions for 
the calculations of the photocurrent, and irradiated with a 
100 mW xenon lamp (Newport, Model 69907) containing a 
simulated AM 1.5 G filter as a light source, during the whole 
length of the experiment.

3  Results and discussion

3.1  An insight into complex (1)

A polymeric complex of calcium  [Ca2(TFA)3(OAc)(iPrOH)
(H2O)(THF)3] (1) (TFA = trifluoroacetato; OAc = acetato; 
iPro= isopropoxy) has been obtained as a result of our 
efforts to synthesize a heterobimetallic Ca–Ti complex. The 
reactants Ca(OAc)2·2H2O and Ti(iPro)4 were mixed in the 

molar ratio of 1:2 in tetrahydrofuran solvent followed by 
subsequent addition of triflouroacetic acid with the aim of 
achieving a Ca–Ti bimetallic compound to be implemented 
in AACVD for the fabrication of  CaTiO3–TiO2 composite 
oxide photelectrodes for PEC water splitting. The synthetic 
pathway did not successfully produce our desired Ca–Ti 
bimetallic complex, but instead produced complex (1) which 
was still interesting with regard to AACVD application. 
Hence we utilized a homogenous methanolic solution of 
complex (1) and Ti(iPro)4 to fabricate  CaTiO3–TiO2 oxide 
thin film electrodes. The complex (1) was produced in the 
form of transparent white crystals having a 75% yield. The 
obtained crystals were quite stable towards air and moisture 
while exhibiting appreciable solubility in routinely used 
organic solvents such as methanol, ethanol and acetonitrile 
etc. The structural composition of the formed complex (1) 
was initially established by single crystal XRD and was fur-
ther ascertained by AT-IR, 1H and 19F NMR and thermo-
gravimetry analyses. The IR spectra of complex (1) indicates 
that different functional moieties are attached to the calcium 
centers in (1). At 3326 cm−1, a broad peak corresponding to 
OH functional group is present and at 2983 and 2886 cm−1, 
there are peaks to indicate the CH group of isopropanol 
[38]. The symmetric and asymmetric υ(C=O) absorption 
signals of the acetato and trifluoroacetato ligands have 
also been observed at 1538 and 1370 cm−1 and 1665 and 
1452 cm−1 respectively. The difference of 168 and 213 cm−1 
between these symmetric and asymmetric υ(C=O) vibra-
tions reveals the bidentate characteristics of the carboxylate 
groups of the acetato and trifluoroacetato groups that are 
coordinated to different calcium atoms [39]. In addition, the 
peaks at 1194 and 1141 cm−1 authenticates the occurrence 
of C–F and C–O bonds in complex (1). 1H-NMR spectra 
measured from d-methanol solution displays three signals 
at, δ = 3.87 ppm [p, 4H, CH] δ = 2.12 ppm [s, 1H, OH]and 
1.12 ppm [d, 6H,  CH3] due to the isopropanol. While two 
signals at δ = 3.68 ppm [t, 12H,  OCH2] and δ = 1.83 ppm 
[t, 12H,  CH2] are for the solvated THF and δ = 1.96 ppm 
[s, 3H,  CH3] are for the acetato groups. Further, the 19F-
NMR spectra recorded in methanol displays a singlet at 
δ = − 76.94 ppm [s, 9F,  CF3] suggesting the presence of a 
trifluoroacetato moiety in the formed complex (1).

3.2  Description of molecular structure of complex 
(1)

The asymmetric unit contains two independent calcium 
ions linked by bridging acetate and trif luoroacetate 
groups as shown in Fig. 1.  Ca2+ and  Ti4+ are isoelec-
tronic, so cannot be readily distinguished only on the 
basis of X-ray data. However, the M–O bond length data 
with related assemblies in the CSD (V5.37 and updates) 
support assignment as  Ca2+ and are inconsistent with  Ti4+ 
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[40]. Furthermore, replacing even one of the  Ca2+ ions 
with  Ti4+ would present difficulties with charge balance, 
since there is only one ionisable proton remaining in the 
asymmetric unit (on the isopropanol).

The two calcium ions are linked on one side by two syn 
bridging bidentate  CF3COO− ions and by a single atom 
bridge from the acetate ligand; on the other by one syn 
bidentate  CF3COO− ion and a single oxygen donor from 
the acetate ligand. The acetate ligand acts as a syn biden-
tate ligand to Ca2 and as an anti bidentate bridge linking 
Ca1 to a symmetry equivalent atom (under synmmetry 
operation x − 1/2, − y + 3/2, − z + 1). Ca1 is 6-coordinate, 
the coordination sphere completed by an isopropanol 
ligand while Ca2 is 7-coordinate, having water and THF 
ligands. Between the coordinated alcohol on Ca1 and the 
water molecule on Ca2 (under x − 1/2, − y + 3/2, − z + 1), 
an intramolecular hydrogen bond is located whereas two 
hydrogen bonds are directed from the coordinated water 
molecule, one to each of the uncoordinated THF mol-
ecules (Table 4).

3.3  Pyrolysis of complex (1)

Simultaneous thermogravimetric analysis (TGA) and 
derivative thermogravimetric (DTG) analyses were per-
formed under a flowing dinitrogen atmosphere (flow 
rate = 25 cm3 min−1) and with a temperature ramping of 
10 °C min−1 in order to investigate the thermal stability of 
complex (1). The thermogram thus obtained (Fig. 2) illus-
trates that the decomposition of (1) proceeds into three dis-
crete stages with a continuous weight loss of 3.0%, 28.0% 
and 51.0%, with the maximum heat intake steps at 98 °C, 
220 °C and 272 °C, respectively. At 600 °C, the amount of 
the residue obtained is ~ 18.0%, which suggest the forma-
tion of “n” moles of CaO (calculated percentage ≈ 15.0%). 
Further heating of the residue up to 800 °C bring no signifi-
cant change in mass, indicating complete decomposition of 
complex (1) yielding a stable residue of CaO. Quantitative 
pyrolysis of complex (1) has been indicated in the equation 
below, based on TGA information:

3.4  XRD analysis

Figure  3 shows the XRD patterns of the films of 
 CaTiO3–TiO2 composite formed at three different tempera-
tures. The qualitative phase analysis via XRD indicates the 
formation of “perovskite  CaTiO3” ICSD (98-003-7263) 
and anatase  TiO2 (ICSD = 98-000-9853) phases in all the 
composite oxide films. The diffraction peaks indicated by 
(X) at 2θ = 23.2°, 32.9°, 33.0°, 33.3°, 39.0°, 39.1°, 40.6°, 
41.0°, 47.4°, 47.5°, 58.8°, 59.0°, 59.2°, 59.3°, 68.9°, 69.4°, 

[

Ca
2
(TFA)

3
(OAc)(iPrOH)(H

2
O)(THF)

3

]

n

600
◦
C

������������������→n{CaO + volatiles}

Fig. 1  A section of the 
polymeric chain. H atoms and 
non-coordinated THF molecules 
omitted; hydrogen bonding is 
shown as black dashed lines

Table 4  Hydrogen-bond geometry (Å, °) for  [Ca2(TFA)3(OAc)(iPro)
(H2O)(THF)3]

Symmetry code: (i) x − 1/2, − y + 3/2, − z + 1

D–H…A D–H H…A D…A D–H…A

O1–H2…O71 0.82 (8) 1.88 (8) 2.683 (6) 169 (8)
O1–H1…O81 0.86 (8) 1.92 (8) 2.718 (14) 155 (7)
O1–H1…O81′ 0.86 (8) 1.81 (8) 2.628 (13) 159 (7)
O51–H51A…O1i 0.84 2.07 2.902 (6) 179
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79.0°, 79.2°, 88.0° and 88.9° correspond to the (101), (200), 
(121), (002), (031), (112), (220), (022), (202), (040), (321), 
(240), (042), (123), (400), (242), (323), (161), (440), (044) 
planes, respectively, in good agreement with the orthorhom-
bic  CaTiO3 (Fig. 3). The peaks labelled as (Y) at 2θ = 25.2° 
(011), 36.9° (013), 37.7° (004), 38.5° (112), 48.0° (020), 
53.8° (015), 55.0° (121), 62.6° (024), 68.6° (116), 70.2° 
(220), 75.0° (125) and 82.5° (224) are regarded as the 

attributive indicator of  TiO2 in the tetragonal anatase phase 
(ICSD = 98-000-9853). The Peaks indicated by (*) are dif-
fracted from crystalline tin oxide (ICSD = 01-077-2296) of 
the FTO substrate. The XRD patterns do not show any sort 
of crystalline impurity peak such as from CaO or any other 
type of  TiO2.

Although, all the films demonstrated similar XRD pat-
terns and thus a similar phase of perovskite  CaTiO3 and 

Fig. 2  TGA (black) and DTG 
(dotted red) profiles indicating 
pyrolysis of complex (1) against 
the increasing temperature 
under an inert nitrogen atmos-
phere and temperature ramping 
of 10 °C min−1. (Color figure 
online)

Fig. 3  XRD peak patterns of 
 CaTiO3–TiO2 composite oxide 
films deposited on FTO glass 
substrates at different tempera-
tures via AACVD. Insets in the 
figure shows the crystalline pro-
portion of the phases involved 
in composite films at (i) 500 °C; 
 TiO2 (73%) and  CaTiO3 (27%) 
(ii) 550 °C;  TiO2 (43%) and 
 CaTiO3 (57%) and (iii) 600 °C; 
 TiO2 (17%) and  CaTiO3 (83%)
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anatase  TiO2 in crystalline deposit in each case, however, it 
is perceived from these XRDs that the degree of crystallinity 
of  CaTiO3 and  TiO2 phases are influenced by the tempera-
ture during the deposition. For example, the film deposited 
at 500 °C,  TiO2 peak situated at 25.2° appears as high-
est intensity peak while the characteristics  CaTiO3 peaks 
centered at 47.4° and 47.5° remain low and various other 
peaks are absent. With rise in the deposition temperature the 
intensity of  TiO2 peak (25.2°) is reduced and  CaTiO3 peaks 
become sharp and various other peaks are quite visible in 
the film specimen developed at 600 °C.

To confirm this observation, quantitative phase analysis 
was applied on each XRD pattern and crystalline propor-
tions of perovskite  CaTiO3 and anatase  TiO2 phases were 
measured in each film and are shown in the form of pi-charts 
(insets of Fig. 3).

The XRD quantitative phase analysis reveals that the 
film deposited at 500 °C contains higher percentage of 
crystalline anatase  TiO2 (73%) as compared to perovskite 
 CaTiO3 (27%). The crystalline contents of  TiO2 are observed 
to decrease with increase in deposition temperature and 
 CaTiO3–TiO2 composite prepared at 550 °C is poised at 43% 
of anatase  TiO2 and 57% of perovskite  CaTiO3. The crys-
talline content of anatase  TiO2 further reduces to 17% and 
perovskite  CaTiO3 with 83% becomes as major phase in the 
crystalline  CaTiO3–TiO2 product obtained at 600 °C. Worth 
mentioning here is that the films produced at three different 
temperatures differ in terms of their percentage crystalline 
composition of the two phases, however, the total crystalline 
plus non-crystalline phases of  CaTiO3:TiO2 remain at 1:1 
ratio and can be further ascertained from elemental (EDX 
and XPS) analyses of the films. The variation in crystalline 
contents of the films as a result of change in deposition tem-
perature is a common aspect of AACVD where the reactions 
between precursor gaseous intermediates and substrate sur-
face are profoundly influenced by the deposition temperature 
and thus lead to the formation of oxide products with differ-
ent level of crystalline phases [41, 42].

3.5  SEM/EDX analysis

The surface and cross sectional FESEM images of 
 CaTiO3–TiO2 composite oxide films developed at 500, 550 
and 600 °C are presented in Fig. 4. The low resolution SEM 
images (Fig. 4a–c) reveal that  CaTiO3–TiO2 crystallites are 
homogeneously distributed on the substrate surface over 
all temperature ranges. The high resolution SEM images 
(Fig. 4a1–c1) unveil the spherical shape of the  CaTiO3–TiO2 
crystallites which are regularly connected with each other 
and it has been observed that size, shape and texture of these 
spheroids are not significantly altered with increase in depo-
sition temperature from 500 to 600 °C. The average diameter 

of the  CaTiO3–TiO2 particles have been measured in the size 
range of 0.3–1.8 µm.

However, SEM cross sectional views, Fig. 4a2–c2, depict 
the variation in film thickness as a function of varying sub-
strate temperature. The  CaTiO3–TiO2 film developed at 
500 °C displayed a layer of spheroid particles of thickness 
around 3.0 µm which almost become double (≈ 6.0 µm) 
when temperature rises to 550 °C, suggesting that film 
growth rates become better with rise in the deposition tem-
perature. The nucleation and growth of spherical particles 
further enhances with increasing deposition temperature up 
to 600 °C. A layer of spheroid objects can be clearly seen on 
the surface with an average thickness of 9.0 µm.

Energy dispersive X-ray analysis (EDX) is used to con-
firm the elemental composition and purity of all the com-
posite films. The EDX spectra (supporting information Fig. 
S1a–c) demonstrate the atomic ratio of Ca to Ti is about 1:2, 
confirming the formation of 1:1 for  CaTiO3:TiO2 composite 
material. EDX patterns also indicate a uniform concentration 
of Ca and Ti in all regions examined, indicating that  CaTiO3 
and  TiO2 phases are uniformly distributed. The various sig-
nals resulted from substrate elements (i.e., Sn, Si, Na, F) and 
Au-coating are not excluded from EDX spectra. Further the 
composite nature of  CaTiO3–TiO2 films were established 
from EDX mapping and results (supporting information Fig. 
S2a–c) indicate that calcium, titanium and oxygen atoms are 
evenly distributed throughout the films matrices confirming 
the composite nature of all films.

3.6  XPS analysis

In order to further confirm the elemental composition and 
the chemical state of  CaTiO3–TiO2 composite, XPS meas-
urements were carried out on the film fabricated at 600 °C 
and XPS spectra are illustrated in Fig. 5. The survey spec-
trum, (Fig. 5a), reveals that Ca, Ti and O are major ele-
ments present on the film surface and Ca/Ti atomic ratio was 
found to be ≈ 1:2 that is consistent with EDX results. The 
high resolution XPS spectrum of Ca (Fig. 5b) displays two 
peaks located at about 346.0 eV and 351.0 eV correspond-
ing to the Ca2p3/2 and Ca2p1/2, respectively and represents 
the chemical state of  Ca2+ [43]. The double peak can be 
de-convoluted from the curve fitting into four sub peaks at 
346.3, 347.9, 349.9 and 351.4 eV, Fig. 5b. These results sug-
gest the presence of  CaTiO3 (347.9 eV) with some  CaCO3 
(349.9 eV) and these data are in accordance with reported 
data for  CaTiO3 [44]. The XPS spectrum of Ti shows two 
main peaks at 458.0 eV and 464.0 eV that can be referred 
to the Ti 2p3/2 and Ti 2p1/2, respectively, confirming the 
presence of  Ti4+ in  CaTiO3–TiO2 composite oxides [45]. 
In Fig. 5d, the O 1s profile can be fitted to two symmetrical 
peaks at 529.2 and 529.8 eV, accredited to Ca–O and Ti–O, 
respectively. The small peaks at 531.1 eV can be assigned 
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to the chemisorbed oxygen caused by the surface hydroxyl 
(OH) [28].

3.7  Optical properties

The optical bandgap  (Eg) of  CaTiO3–TiO2 composite films 
grown at 600 °C was investigated by UV–Vis absorption 
spectrophotometry. UV–Vis absorption spectrum (Fig. 6) of 
 CaTiO3–TiO2 display a steep absorption in the wavelength 
region of 300–470 nm. The optical band gap of the com-
posite films has been graphically determined from Tauc’s 
formula valid for direct bandgap semiconductors (i.e., 
αhv = A(hv − Eg)½) where A is a constant, α is the absorption 

coefficient, hν is the photon energy, and  Eg is the band gap 
energy.

The inset of Fig. 6 shows the corresponding Tauc’s plot 
between (αhν)2 versus  Eg. A direct band gap value for com-
posite oxide film is derived as 3.0 eV from the extrapo-
lated straight lines to the X axis of  Eg at α = 0. The band-
gaps for perovskite  CaTiO3 and anatase  TiO2 are reported 
to be 3.5 eV and 3.2 eV respectively [46, 47]. The optical 
measurements of  CaTiO3–TiO2 composite film show that 
incorporation of  TiO2 into perovskite  CaTiO3 leads to a red 
shift in the optical response and a concomitant reduction 
of 0.5 eV in  Eg of  CaTiO3. It is well established that cou-
pling of two semiconductors results in contraction of optical 
bandgap due to the synergic effect of the two components 

Fig. 4  a–c Low resolution (× 10k), a1–c1 high resolution (× 50k) surface and a2–c2 cross sectional FESEM images of  CaTiO3–TiO2 thin films 
deposited on FTO glass substrates at temperatures a 500 °C, b 550 °C and c 600 °C, respectively
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present in the composite [48, 49]. The positive effect of 
synergic cooperation is commonly explained by the opin-
ion that, in the new equilibrium Fermi energy level of the 
 CaTiO3–TiO2 composite, the photo excited electron on the 
conduction band of  CaTiO3 are readily transferred into the 
 TiO2 particles. The accumulation of excess electrons in  TiO2 
diminishes the recombination of photo-induced electrons 
and holes and thus, improves the photocatalytic activity of 
the films. Similar synergistic effects of  TiO2 with  SrTiO3 and 
 BaTiO3 have been previously reported for their enhanced 
photocatalytic efficiencies [50, 51].

3.8  Photoelectrochemical performances

To evaluate the photoelectrochemical (PEC) behavior of the 
 CaTiO3–TiO2 (CT) composite, the films were employed as 
photoanodes in a 3-arm cell. A Pt counter electrode and 1 M 
NaOH as electrolyte were employed, and all  CaTiO3–TiO2 
electrodes (CT-500, CT-550 and CT-600) were illuminated 

Fig. 5  a Survey scan spectrum (XPS) of  CaTiO3–TiO2 composite films prepared at 600 °C; High resolution spectrum of  CaTiO3–TiO2 for b Ca 
2p, c Ti 2p, d O 1s

Fig. 6  UV–Vis absorption spectrum of  CaTiO3–TiO2 composite, 
deposited at 600  °C by AACVD. The inset demonstrates the corre-
sponding Tauc’s plot of (αhν)2 versus E/eV
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with simulated sunlight, (100 mW xenon lamp equipped 
with AM 1.5 filters). The current density–voltage (J–V) char-
acteristics of  CaTiO3–TiO2 electrodes as recorded in dark 
(D) and light (L) conditions are shown in Fig. 7a. The dark 
current coming from each electrode at − 0.4 V to + 0.7 V 
(vs. Ag/AgCl) was almost negligible. A prompt photocur-
rent response in all cases is observed after the illumination, 
however, the magnitude of photocurrent varied depending 
upon the deposition temperature. Notably, the CT-600 elec-
trode deposited at 600 °C exhibited highest photocurrent of 
610 µA cm−2 at 0.7 V compared to the CT-550 and CT-500 
electrodes which produced photocurrent densities of 530 and 
370 µA cm−2, respectively. This reflects that deposition tem-
perature is a significant factor influencing the photocurrent 
density of the film electrode which ultimately affects the 
structural properties of the  CaTiO3–TiO2 electrodes such as 
crystallinity, surface morphology and thickness. It is evident 
from XRD and SEM (surface and cross-sectional) results 
that CT-600 electrode exhibits higher crystallinity and 
denser layer (~ 9 µm) of microspherical particles (Fig. 4c2) 
than the other two electrodes (CT-550 and CT-500) which 
are relatively less crystalline and thinner (~ 6 µm and ~ 3 µm, 
respectively). The improved crystalline pattern of CT 600 
eliminates the distortion and poor lattice mismatching 
between particle–particle or particle–conducting layer con-
nection and develops better linkage between  CaTiO3–TiO2 
crystallites that lead to a reduction in the recombination and 
improved charge transport properties in the electrode, thus 
exhibiting better PEC performance. It is well known that 
the electrode fabrication method has a strong effect on the 
crystalline structure and morphology of the composite film 
system and thus the performance of the PEC cells [7].

To further confirm that photoresponses of  CaTiO3–TiO2 
electrodes are due to the absorption of light, choronoamper-
ometric I–t studies were carried out under the white light 

illumination of 100 mW cm−2 with an on–off illumination 
cycle of 200 s and a bias potential of + 0.7 V (vs. Ag/AgCl). 
Figure 7b illustrates that all  CaTiO3–TiO2 photoanodes were 
able to sustain and replicate their photocurrents during long 
term continuous on–off illumination for 1 h without any 
noticeable deterioration in photocurrent which reveals their 
excellent stabilities during the photo-induced electrochemi-
cal process. Additionally, the transient photocurrent values 
recoded for CT-500 (372 µA cm−2), CT 550 (527 µA cm−2) 
and CT-600 (610 µA cm−2) correspond well with their linear 
sweep voltametry results, thus strengthening the photoelec-
trocatalytic performance of the  CaTiO3–TiO2 electrodes.

Electrochemical impedance spectroscopy (EIS) was also 
performed to probe the resistivity of the electrode materials 
and the interfacial properties between the electrode and the 
electrolyte over a frequency from 10 kHz to 0.1 Hz in the 
presence of 0.1 M NaOH. Figure 8a shows the EIS Nyquist 
plot of  CaTiO3–TiO2 electrodes measured in dark and illu-
mination conditions. In the Nyquist plot, the arc of a semi-
circle at high frequency range represents the typical charge-
transfer process, and the diameter of the semicircle reflects 
the charge-transfer resistance  (Rct).

As shown in Fig. 8a the diameter of all  CaTiO3–TiO2 
electrodes was much larger in the dark offering higher 
 Rct which inhibits the charge transfer process across the 
electrode–electrolyte interface. However in presence of 
light, the Nyquist curves of all  CaTiO3–TiO2 electrodes 
are considerably reduced in size, indicating lowering of 
 Rct that facilitate the fast mobility of electron by reducing 
the recombination of electron–hole pairs. The  Rct values 
measured from Nyquist plots are listed in Table 3. Moreo-
ver, the Table 5 compares the  Rct values of three CT (L) 
electrodes and reveals that influence of illumination on 
CT-600 electrode is more pronounced and results in lowest 
 Rct value representing the efficient rather enhanced charge 

Fig. 7  a LSV curves and b transient photocurrent responses recorded for  CaTiO3–TiO2 electrodes deposited at 550, 590 and 630  °C in 1 M 
NaOH under dark and simulated AM 1.5 illumination of 100 mW cm−2
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separation and transfer across the interface. Moreover, it 
reduces the possibility of charge recombination at the sur-
face of the CT-600 electrode.

Consequently, the EIS findings are completely in agree-
ment with voltammetry results and further endorse the PEC 
capabilities of  CaTiO3–TiO2 electrodes.

The charge-transfer diffusion properties of  CaTiO3–TiO2 
electrodes can be further established by recording the fre-
quency dependent phase angle plots (Bode plot) in dark and 
light conditions (Fig. 8b). In presence of light, the char-
acteristic frequency peak  (fmax) of all  CaTiO3–TiO2 films 
are observed to shift towards low frequency region (0.1 Hz) 
(Table 3), suggesting the fast and facile electron-transfer 
behavior of all CT electrodes. Further, the low resistance 
of CT-600 under light exhibits peak shift more towards the 
low frequency region in the Bode plot (Table 3; Fig. 8b). 
Under illumination, the phase angle of the plot at higher 
frequency is less than 90° and there is lesser log z value in 
low frequency range of 1–100 Hz. This suggests that the 
electrode does not behave as an ideal capacitor.

The  fmax observed for each  CaTiO3–TiO2 electrode can be 
used to determine the electron recombination lifetime (τn) 
using the following equation:

This defines the lifetime of charge carrier inside the bulk 
of the electrode material and higher τn value corresponds to 
the longer lifespan of the charge carrier. The calculated τn 
values for all  CaTiO3–TiO2 electrodes in absence and pres-
ence of light are shown in Table 3. The data depicts that the 
lifetime of charge carriers corresponding to  CaTiO3–TiO2 
electrodes is prolonged effectively under light compared to 
dark conditions. The τn value is highest as calculated for 
CT-600 (L) which in turn confirms the production of highest 
current density in it. Thus, the  CaTiO3–TiO2 electrode made 
at 600 °C shows smaller interface impedance, higher photo-
current density, and better charge transportation properties 
as compared to the electrodes prepared at 500 and 550 °C.

The PEC results of  CaTiO3–TiO2 composite oxide have 
been compared with other calcium titanate based materi-
als. The photocurrent density of 610 µA cm−2 and electro-
chemical stability of 1 h observed in the current studies is 
several time higher than the pristine  CaTiO3 (1.2 µA cm−2) 
[52] and Zr-doped  CaTiO3 (100 µA cm−2) [28] electrodes. 
The other Ag–CaTiO3 [44] and  CaTiO3–graphene [31] com-
posites were investigated for photocatalysis of organic mol-
ecules and are not relevant to the present work. The higher 
photo-response of  CaTiO3–TiO2 composite is attributed 
to better separation and transportation of photo-induced 
holes and electrons at the junction and this mechanism is 
depicted in Fig. 9. The bandgaps of anatase  TiO2 (3.2 eV) 
and perovskite  CaTiO3 (3.5 eV) are aligned in such man-
ner that incident UV light can simultaneously activate both 

�n =
1
/

2�fmax

Fig. 8  a EIS Nyquist plots and b bode phase plots observed for the  CaTiO3–TiO2 films fabricated at different temperatures using a frequency 
range of 0.1 Hz–10 kHz both in dark and light conditions

Table 5  Charge transfer resistance, maximum frequency and recom-
bination lifetime calculated for  CaTiO3–TiO2 film electrodes fabri-
cated at different indicated temperatures via AACVD

Rct charge transfer resistance, fmax maximum frequency, τn recombina-
tion lifetime

Film electrode Rct (ohm) fmax (Hz) τn (ms)

CT 500 (D) 2208 265.4 0.59
CT 500 (L) 442 16.2 9.81
CT 550 (D) 2140 157.6 1.00
CT 550 (L) 442 1.96 81.1
CT 600 (D) 2078 137.9 1.11
CT 600 (L) 295 0.5 318
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semiconductor materials. Upon illumination, electrons from 
VBs of  CaTiO3 and  TiO2 are excited and successively pro-
moted to their respective CBs, leaving behind holes. These 
holes then perform oxidation at semiconductor/electrolyte 
junction [39]. Since the CB of  TiO2 is ~ 0.3 V more posi-
tive [44], the promoted electrons from the CB of  CaTiO3 
are shifted there. The accumulation of excess electrons in 
 TiO2 causes a negative shift in its Fermi levels. In a previous 
photocatalytic investigation based on titanium-oxide-based 
composite of perovskite like structure, it was argued that the 
electrons flow to the CB of  TiO2 through a pn-junction. A 
pn-junction is an interface where the p-type acceptor com-
pound  (CaTiO3) and n-type donor compound  (TiO2) con-
nect electronically [53, 54]. The charge flow through the 
pn-junction may form highly reduced states of  CaTiO3–TiO2 
that are stable even under oxygen saturated conditions by 
inducing an efficient spatial separation of the photogenerated 
interparticle charges. This in turn improves the photocata-
lytic water splitting performance [53, 55]. The Fermi levels 
of the undoped, intrinsic n-type  TiO2 semiconductor lies at 
the minimum of its CB range. The coupling of  CaTiO3 ele-
vates Fermi energy levels to assume a more negative redox 
potential compared to  H+/H2 (0 V vs. NHE). Thus an overall 
higher work function is shown for water reduction reactions 
[55, 56]. The negative shift in Fermi level is indicative of 
a large accumulation of electrons at the heterojunctions of 
 TiO2 and  CaTiO3, reflecting a decrease in recombination of 
charges [57]. For efficient water splitting to produce  H2, the 
CB level should be sufficiently higher (more negative) than 
the reduction potential of  H2O. The theoretical minimum 

bandgap for water splitting has been calculated to be 1.23 eV 
[58]. It is expected that the  CaTiO3–TiO2 composite can 
optimize light harvesting abilities with the incorporation of 
anatase and perovskite crystallites.

4  Conclusions

In the present work, photoelectrochemical water split-
ting has been demonstrated over robust and stable 
 CaTiO3–TiO2 composite electrodes which have been devel-
oped through solution processed AACVD approach utiliz-
ing a mixture of  [Ca2(TFA)3(OAc)(iPrOH)(H2O)(THF)3] 
and Ti((CH3)2CHO)4 as dual source precursors. It has 
been found that the incorporation of  TiO2 into perovskite 
 CaTiO3 leads to decrease in the optical bandgap from 3.5 
to 3.0 eV while reducing the possibility of  e−–h+ recombi-
nation, thereby enhancing photocatalytic activity. The PEC 
experiments on  CaTiO3–TiO2 electrodes at 0.7 V versus. 
Ag/AgCl/3 M KCl under simulated solar irradiation of AM 
1.5 G (100 mW cm−2) show maximum anodic photocur-
rent density of 610 µA cm−2 in 1 M NaOH. This enhanced 
activity of the composite film fabricated at 600 °C is further 
supported by EIS results that show a maximum frequency 
peak below 0.1 Hz. These results demonstrate efficient pho-
tocatalytic cleavage of water using novel  CaTiO3–TiO2 com-
posite films prepared through CVD methods. Such unique 
and efficient composite materials may find application in 
solar energy harvesting via photoelectrochemical cells.

5  Supplementary data

CCDC 1531480 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free 
of charge from the Cambridge Crystallographic Data Centre 
via http://www.ccdc.cam.ac.uk/data_reque st/cif.

Electronic Supplementary Information (ESI) available: 
[AT-IR, 1H-NMR and 19F-NMR spectra’s Energy dispersive 
X-ray spectra].
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