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Abstract. Barium titanate (BaTiO3) and calcium titanate (CaTiO3) are renown perovskite-
structured dielectric materials. Nevertheless, utilization of BaTiO3 and CaTiO3 in sensing 
applications has not been extensive. This study, therefore, aims at examining potential 
usage of BaTiO3 and CaTiO3 as enzyme-less sensors.  BaTiO3, CaTiO3, Fe-doped BaTiO3, 
Co-doped BaTiO3, Fe-doped CaTiO3, and Co-doped CaTiO3 (with Fe and Co 5 at%) were 
synthesized by solution combustion technique, compositionally and microstructurally 
examined, and tested for their electrocatalytic activities. All powders consisted of 
submicrometer-sized particles. Measurements of electrocatalytic activities in 0.01 M 
glutamate solution by cyclic voltammetry were performed. It was found that oxidation 
peaks occurred at applied voltage close to 0.6 V. Peak currents, which denoted 
electrocatalytic performance, were prominent in doped powders. Electrocatalytic activities 
of the powders were discussed with respect to chemical composition, microstructure, and 
electronic characteristics of the materials. 
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1. Introduction 
 
Owing to their unique dielectric properties, perovskite materials such as barium titanate (BaTiO3) and 
calcium titanate (CaTiO3) are extensively exploited in applications such as capacitors, resonators, and 
electronic devices [1-3]. In addition to prominent dielectric properties, catalytic activity and chemical 
stability are also observed in perovskite materials [4]. According to Dai et al., SrTiO3 perovskite ceramics 
exhibited electrochemical activities with glucose oxidase. With the acceptable catalytic performance, BaTiO3 
and CaTiO3 are reported to be candidates for electrochemical and sensing material [5-6]. It is generally 
accepted that chemical composition, doping and microstructure are factors contributing to alteration of 
electrocatalysis.  

As reported by Lee et al., excessive doping of perovskite ceramics, which leads to formation of 
secondary phase, was reported to deteriorate electrocatalysis. However, proper doping of the BaTiO3 or 
CaTiO3 perovskite by divalent and/or trivalent ions introduces lattice distortions and oxygen vacancies. The 
oxygen vacancies are generally accepted as defects that promote charge carriers and ionic conductivity [7]. 

Microstructural control was reported to affect electrocatalysis. According to Zhang et al., 
electrocatalytic activities for the reactions were observed in small-particulate sensing materials [8].  Owing 
to high surface areas and abundant active sites, peak currents for oxidation reactions increase. It was also 
reported that fine particles accommodated transportation of electrogenerated carriers to the surface, which 
consequently led to high mass transfer. Not only does particles size contribute to better catalysis, proper 
interparticle distances are also beneficial to electrocatalytic activities.  

According to Perez et al., ratio of interparticle distances to particle size can be crucial to electrocatalysis. 
As interparticle distance to particle size ratio decreases, diffusion characteristic of the reaction alters from 
the spherical diffusion of isolated particles to planar diffusion [9].  This lead to diminished active area and 
catalysis activities [10-11] 

Electronic structure, specifically of bandgap energy of the perovskite oxide, also affects electrocatalytic 
activity. In general, narrow bandgap promotes electron transfer from bulk to surface of catalyst, which 
results in reduction of the activation energy for electrocatalytic activity [12].  

Through enhancement of electrocatalysis in perovskite materials, their electrochemical sensing efficacy 
is achieved. With extensive concern regarding food quality and safety, development of food sensors 
becomes increasingly vital. One of the ubiquitous food additives used as a flavoring ingredient is 
monosodium glutamate (MSG) [13]. It has been reported that enhanced flavor is generally found in food 
containing 0.1-0.8 wt% glutamate concentrations, whereas a decline in flavor sensing is observed in the 
food with more than 1 wt% of glutamate concentration [14-15]. In addition to flavor enhancement, 
glutamate is also reported to function as an excitatory neurotransmitter. Concentrations of glutamate in 
human brains are in the range between 1 and 300 μM [16]. Nevertheless, excessive glutamate concentration 
in brains can be detrimental. Based on numerous scientific evidences, high doses of glutamate in the 
synaptic cleft result in neurological disorders such as Alzheimer, Parkinson’s diseases, and depression [17-
18]. Additionally, since severe adverse reactions to glutamate were continually reported in people who are 
particularly sensitive to food additives, detection of glutamate becomes crucial. 

This study aims at examining potential usage of Fe and Co-doped (Ba, Ca)TiO3 as glutamate sensors.  
Electrocatalytic activities of the materials which indicate the sensing potential, were investigated and 
discussed with respect to chemical composition, microstructure and bandgap energy. 
 

2. Experimental Procedures 
 
Barium titanate, calcium titanate as well as barium titanate and calcium titanate doped with 5 at% of Fe and 
Co were synthesized by solution combustion technique. Barium nitrate (Ba(NO3)2, Deajung), calcium 

nitrate (Ca(NO3)2·4H2O, Deajung), iron (III) nitrate (Fe(NO3)3·9H2O, Deajung), cobalt (II) nitrate 
(Co(NO3)2, Univar), and titanium dioxide (TiO2, Sigma-Aldrich) in nitric acid (HNO3, Univar), were mixed 
together to form an aqueous solution. Glycine (NH2CH2COOH, Deajung), was added to the prepared 
solution to accommodate the combustion process, which occurred at the temperature close to 400°C. The 
powders obtained from the solution combustion process were subsequently calcined at 900°C for 3 hours.  

Chemical composition and microstructural analysis of the calcined powder were conducted using an x-
ray diffractometer (Philips, X’Pert). The measurements were conducted at the 2 theta angle ranging from 20° 
to 80°, with the scanning rate and step sizes of 0.7°/min and 0.02°. Particle morphology was examined by a 
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scanning electron microscope (FEI, Quanta 450). An Image J software was employed in particle size 
analysis, whereas a Brunauer-Emmett-Teller (Micrometrics, 3Flex) was utilized in the measurements of the 
specific surface area of the powders. 

A UV-Vis spectrophotometer (UV-1700) was exploited in determination of optical bandgap energies of 
the synthesized powders. The measurements of optical transmission were conducted within the wavelength 
ranging between 300 and 900 nanometers. The value of optical bandgap is expressed by the following 
Eq. (1): 
 

    Eg = hν/e = hc /e λ     (1) 
 
where Eg is the bandgap energy (eV), h is the Planck’s constant (Js), c is the speed of light (m/s), e is the 
electron charge (C) and λ is the wavelength of the light. 

Cyclic voltammetry technique was used in determination of electrocatalytic activities of the powders. 
The measurements were conducted using Metrohm AutoLab Potentiostat (PGSTAT302N). The 
synthesized powders were impregnated into multi-walled carbon nanotube (MWCNT) at the weight ratio of 
powder to MWCNT equal to 1:1. The powder/MWCNT composites were painted onto the working 
electrode with the area of 5 mm * 5 mm. Voltages ranging between -0.8 to 0.8 V at the scan rate of 0.05 
V/s were applied to the electrodes. Pt and Ag/AgCl were used as the counter electrode and the reference 
electrode, respectively. The working electrode was activated in 0.1 M sodium hydroxide solution. Detection 
of glutamate was conducted in 0.01 M L-glutamic acid monosodium salt monohydrate, (C5H8NNO4 •H2O) 
(98+% Alfa Aesar). 
 

3. Results and Discussion 
 
3.1. Phase Identification 
 
Phase identification analysis of BaTiO3, CaTiO3, BaTiO3 and CaTiO3 powders doped with 5 at% Co and Fe 
were conducted through the x-ray diffraction technique (XRD). The results revealed that all powders 
contained a single phase, which is commonly observed in the powders synthesized by the solution 
combustion technique. The XRD results, as shown in Fig. 1, indicated that the diffraction patterns of the 
BaTiO3 system corresponded to barium titanate (BaTiO3, JCPDS 075-0561). For the CaTiO3 system, the 
diffraction patterns corresponded to calcium titanate (CaTiO3, JCPDS 076-2400), as shown in Fig. 1. No 
secondary phase was observed even in the powders with Co and Fe doping.  

A similar observation related to single phase formation was reported by Y. Liu et al. It was reported 
that a single phase SrTiO3 was present at doping concentration as high as 50 mol% Fe. For the Co doped 
SrTiO3, the single phase still existed as Co doping content increased to 50 mol%. According to S. Qiu et al. 
and A. Murashkina et al. homogenous solid solution can be obtained in Fe doped BaTiO3 system at the 
doping concentration ranging from 20 to 50 mol% [16-18]. 

Results from the current study suggested that extensive metal substitutional upon doping was possible 
in the BaTiO3 and CaTiO3 systems. Considering an atomic size factor, it was generally accepted that high 
solid solubility can be achieved when the atomic radii of the solvent differ from that of the solute by less 
than 15% [19].  

In the system of Fe-doped (Ba, Ca)TiO3, Fe3+ commonly substitutes into Ti4+ sites [20].  Since the ionic 
radii of Fe3+ and Ti4+ are 0.79Ǻ and 0.75 Ǻ, respectively, small difference in solute/solvent ionic radii of 
5.33% accommodate complete substitution, leading to chemical homogeneity of the solid solution. For the 
Co-doped (Ba, Ca)TiO3, Co2+ commonly substitute into Ti4+ sites. With minimal ionic radii difference of 
1.35 %, formation of single-phase was also observed. 
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Fig. 1. XRD patterns of undoped, barium titanate and calcium titanate doped with 5 at% Co, 5 at% Fe. 
 
3.2. Microstructure and Specific Surface Area 
 
The secondary electron mode in a scanning electron microscope was employed in examination of 
microstructure of the powders synthesized by solution combustion technique as shown in Fig. 2. The 
synthesized powders contained equiaxial particles with average sizes ranging from 0.18 ± 0.05 to 0.57 ± 
0.12 micrometer.  

 

   

 
 
Fig. 2. SEM micrographs showing particle morphology of powders synthesized by solution combustion 
technique with following compositions: (a) BaTiO3, (b) BaTiO3 doped 5 at% Fe (c) BaTiO3 doped 5 at% 
Co, (d) CaTiO3, (e) CaTiO3 doped 5 at% Fe and (f) CaTiO3 doped 5 at% Co 
 

As average particle sizes of the Fe-doped BaTiO3 (or CaTiO3) and Co-doped BaTiO3 (or CaTiO3) were 
in close proximity, the results revealed that types of dopants did not significantly affect particle size. 
Nevertheless, compared with undoped powders, discernable particle refinement occurred as a result of 
doping.  

Ca-Fe 5 at% Ca-Co 5 at% 

Ba-Co 5 at% Ba-Fe 5 at% 

CaTiO33 

BaTiO33 
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It was found that doping led to defect formation such as oxygen vacancies. Equations (Eq. (2)-(3)) 
representing doping of Fe3+ and Co 2+ into Ti4+ site in a perovskite structure may be expressed as follows 
[21-22]: 

Fe2O3 ↔ 2FeTi′+ Vö + 3OO
X      (2) 

 

  Co2+
Ti

4+ ↔ Co"Ti
4+ + Vo ̈      (3) 

 
Oxygen vacancy has been reported to create disorder in the crystalline structure as well as lattice 

distortions. Reduction in periodicity in the lattice disrupts crystal continuity and diminishes crystal growth 
[23-25]. Ohno et al., also reported that lower crystal growth was observed in the doped powders. As oxygen 
vacancies were created, pining sites which lead to the decrease of ion mobility were generated. Low ion 
mobility also caused the crystal growth inhibition [26].   

Specific surface areas (SSA) of the synthesized powders were examined. As shown in Table 1, values of 
SSA measured by the Brunauer-Emmett-Teller (BET) technique ranged between 4.998 and 6.39 m2/g. No 
significant difference in specific surface area between the undoped and doped powders was observed. In 
general, non-agglomerated fine particles tend to have a high surface area. In this study, even though particle 
refinement was observed in the doped powders, specific surface area values of the doped powders were in 
comparable range with those of the undoped powders. This observation suggested that doped powders 
exhibited a greater degree of agglomeration. An observation related to agglomeration in Fe-doped 
(Ba,Ca)TiO3 powders was reported. According to Keswani et al. and Medeiros et al., an increase in 
agglomeration was attributed to highly reactive nature of Fe ions [27-28].   

 
Table 1. Particle size and specific surface area of BaTiO3 and CaTiO3 doped with Fe and Co. 

 
Composition Particle size (μm) SSA (m2/g) 

Undoped Fe 5  at% Co 5 at% Undoped Fe 5 at% Co 5 at% 

BaTiO3 0.57 ± 0.12 0.23 ± 0.06 0.23 ± 0.06 5.22 4.99 6.39 

CaTiO3 0.40 ± 0.01 0.18 ± 0.04 0.18 ± 0.05 5.99 6.19 5.51 

 
Size uniformity with narrower particle size distribution were also observed in Fe and Co-doped BaTiO3 

and CaTiO3 powders, as shown in Fig. 3. It has been reported that uniform particle size can result in 
enhanced electrocatalytic activity. Higher activity and stability, commonly observed in powders with narrow 
particle size distribution, are attributed to the fact that coarsen particles with low activity are rarely present 
in the powders with size uniformity [29]. Results related to particle size distribution therefore suggested that 
improved electrocatalytic performance might occur in doped powders [30-31].  

 

 
 

Fig. 3. Particle size distribution of (a) BaTiO3 and (b) CaTiO3 powder synthesized by solution combustion 
technique 
 

a 

 

b 
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3.3. Bandgap Energy 
 
UV-Vis Spectrometry technique was employed in determination of bandgap energy. Bandgap values of 
synthesized powders were calculated according to Eq. (1). As shown in tauc plots (Fig. 4.), bandgap energy 
values of the BaTiO3 powder slightly decreased from 3.17 eV for BaTiO3 to 3.14 eV and 3.15 eV as the 
powder was doped with 5 at% of Fe and Co, respectively. A similar result was observed in the CaTiO3 
system. Bandgap energy reduced from 3.18 eV to 3.08 and 2.88 eV as the CaTiO3 was doped with Fe and 
Co, respectively.  

The results suggested that doping could result in slight minimization of bandgap energy. The 
observation was being agreed with various findings previously reported. According to A. Rothschild et al. 
and C.W. Bark et al., Co-doped BiTiO3 and Fe-doped SrTiO3 exhibited bandgap energy reduction [32-34]. 

Bandgap narrowing in metal doped ceramics has been reported to be associated with formation of a 
new dopant energy level below the conduction band and upward shift of the valence band edge. According 
to Z. Chao et al., bandgap reduction of Fe-doped BaTiO3 and SrTiO3 powders was associated with 
formation of the impurity states due to oxygen vacancies below the conduction band and Fe doping level 
above the valence band edge [35]. An upward shift of the valence band edge in PbSrTi1-x FexO3 was also 
reported by Pontes et al.  According to Y.W. Li et al., doping Co in perovskite-structure ceramics also 
exhibits a decline of the conduction band bottom which results in bandgap energy reduction [36-37]. 
 
3.4. Electrocatalytic Activity 
 
Electrocatalytic activities of the powder were examined by cyclic voltammetry technique as shown in Fig. 5. 
the I-V measurements of the synthesized powder in glutamate solution demonstrated peak currents 
corresponding to oxidation reactions at applied voltage close to 0.6 V. Oxidation peak occurring as a result 
of multiwalled carbon nanotubes (MWCNTs) reaction with the solution were evident at 0.2 V. A similar 
observation was reported in the study related to electrocatalytic properties of MWCNTs/polypyrrole 
composite [38]. 

Potential oxidation reactions related to glutamate detection by Fe-doped perovskite materials can be 
expressed by Eq. (4) – (6): [39-40] 

 
ATiO3 - Fe2+

 + OH-  →  ATiO3 - Fe3+- OH-  + e-  (where A is alkali earth metals such as Ba, Ca) (4) 
ATiO3 - Fe3+ + L-glutamate + O2 + H2O → ATiO3 - Fe2+

 + 2 ketoglutarate + H2O2           (5) 
H2O2 → 2H+ + O2 + 2e-      (6) 

 
In the current study, BaTiO3, Fe-doped BaTiO3 and Co doped BaTiO3 exhibited oxidation peak 

currents of 0.262, 0.609, and 0.508 mA, respectively. For the CaTiO3, Fe doped CaTiO3 and Co doped 
CaTiO3, oxidation peak currents of 0.052, 0.249, and 0.229 mA were detected, respectively, as shown in 
Table 3. The results suggested that enhancement of electrocatalytic activity could be achieved through 
doping.  

It has been reported that electrochemical reactions of the electrode are associated with electron 
exchange reactions between neighbouring redox sites (electron hopping effect) and electronic conduction 
[41]. Enhancement of electrocatalytic activity via electron hopping effect was reported in metal oxide doped 
by transition elements such as Co2+, Fe3+, Mn3+, Zn2+, Ni2+, and Cu2+ [42-44]. It was also reported that the 
electron hopping abilities are dependent on electron transfer properties [45-46]. In addition, enhanced 
electron transfer from bulk to surface of catalyst also results in reduction of the activation energy for 
electrocatalytic activity [47]. 

For these reasons, doping of BaTiO3 and CaTiO3 by Fe and Co, which results in bandgap narrowing 
and enhanced electron transfer, could exhibit improved electrocatalytic performance. Observations from 
this study were being agreed with the study reported by B. Sawicki et al. and Y. Wang et al., which stated 
that lower bandgap improve the electrocatalytic activity [48-49]. 

The cyclic voltammograms also revealed peaks associated with reduction reactions. In this study, the 
ratio of oxidation peak current to reduction peak current ranged from 0.2 to 0.54. With the ratio lower than 
unity, the results suggested quasi-reversible reactions [50]. Since the irreversible systems generally yield 
products that are incapable of converting back to the original reactants, a reversible system is preferred to 
the irreversible one [51]. According to E.P. Randviir et al., irreversibility might be attributed to low reaction 
kinetics and limited electron transfer rate [52]. 
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Fig. 4. Tauc plot of synthesized powders with following composition: (a) BaTiO3, (b) BaTiO3 doped with 
5 at% Fe, (c) BaTiO3 doped with 5 at% Co, (d) CaTiO3, (e) CaTiO3 doped with 5 at% Fe and (f) CaTiO3 

doped with 5 at% Co. 
 

Table 2. The bandgap energy values of BaTiO3 and CaTiO3 doped with Fe and Co. 

 

Composition 
Band gap energy (eV) 

Undoped Fe 5 at% Co 5 at% 

BaTiO3 3.17 3.14 3.15 

CaTiO3 3.18 3.08 2.83 

 
 

a 

 

b

 
 

 a 

c
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Fig. 5. Cyclic voltammogram of BaTiO3 and CaTiO3 doped with 5 at% Fe and 5 at% Co, measured in 
glutamate solution with concentration of 0.01M. 
 

Table 3. Peak current of BaTiO3 and CaTiO3 doped with 5 at% Fe and Co measured in glutamate 

solution. 

 

Compositions 
Peak current (Ip) (mA) 

Oxidation Reduction 

BaTiO3  0.262 0.064 

BaTiO3 doped 5 at% Fe 0.609 0.256 

BaTiO3 doped 5 at% Co 0.508 0.273 

CaTiO3 0.052 0.024 

CaTiO3 doped 5 at% Fe 0.249 0.050 

CaTiO3 doped 5 at% Co 0.229 0.060 
 

Since Fe and Co doped powders exhibited superior performance in electrocatalytic measurements, Fe-
doped BaTiO3, Co doped BaTiO3, Fe-doped CaTiO3 and Co doped CaTiO3 were employed in 
determination of sensitivity of glutamate detection. Relationships between current density (J) and 
concentration of glutamate solution in concentrations ranging from 0.1 to 100 mM, were shown in Fig. 6. 
The equations representing the current densities and solution concentration as well as R2 values in various 
ranges of concentrations were expressed in Table 4. According to Table 4, all R2

 
values ranged from 0.76 to 

0.98, which exceed the accepted value of 0.75 [53]. The overall results, hence, suggested that current 
densities and glutamate concentration exhibited good linear relationship. 

The relationship between current density and glutamate concentrations, specifically slopes of the 
calibration curves, were employed in determination of sensitivity of the detection. The results, as shown in 
Table 4, indicated sensitivity values in the range between 8.2x10-4 and 3.1x10-2 mA/(mMcm2). It was found 
that superior sensitivity values were observed at low concentration detection. This observation was being 
agreed with the study reported by N. Shen et al., According to M. Metto et al., at high analyte 
concentrations, surface deactivation originated by competitive adsorption of reaction products was possible. 
Limited reactive surface subsequently led to diminished electrochemical reactions [54-55]. 

Sensitivity results obtained from the current study were in comparable ranges with the results 
previously reported. Good linear relationship between J (current density)-vs-C (concentration) was also 
observed. With acceptable detection sensitivity at various concentration ranges, the findings suggested that 
Fe-doped BaTiO3, Co doped BaTiO3, Fe-doped CaTiO3 and Co doped CaTiO3 have potential usage for 
glutamate sensing. 
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Fig. 6. (Left) Relationships between current density (J) and glutamate solution concentration (in log-scale), 
and (Right) calibration curves of the powders with following compositions: (a) BaTiO3 doped 5 at% Fe, (b) 
BaTiO3 doped 5 at% Co, (c) CaTiO3 doped 5 at% Fe and (d) CaTiO3 doped 5 at% Co. 

a 

c 

d 

b 
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Table 4. Sensitivity of BaTiO3, CaTiO3 doped with Fe, Co 5 at% when measured in glutamate solution. 
 

Compositions Concentration of 
glutamate (mM) 

Equations Representing 
Current Density (J) 

R2 Sensitivity 
(mA mM-1cm-2) 

BaTiO3 doped 5 
at% Fe 

0-1 J= 0.031C+1.188 0.92 3.1x10-2 

1-10 J= 0.003C+1.214 0.87 3x10-3 

10-100 J=1.837x10-4C + 1.244 0.78 1.837x10-4 

BaTiO3 doped 5 
at% Co 

0-1 J= 0.007C+0.532 0.85 7x10-3 

1-10 J= 0.002C+0.536 0.98 2x10-3 

10-100 J=2.755x10-4C + 0.547 0.93 2.755x10-4 

CaTiO3 doped 
5 at% Fe 

0-1 J= 0.029C+1.743 0.76 2.9x10-2 

1-10 J=8.061x10-4C + 1.768 0.89 8.061x10-4 

10-100 J=2.755x10-4C + 1.768 0.81 2.755x10-4 

CaTiO3 doped 
5 at% Co 

0-1 J= 0.017C+0.408 0.97 1.7x10-2 

1-10 J=8.163x10-4C + 0.440 0.92 8.163x10-4 

10-100 J=2.143x10-4C + 0.443 0.82 2.143x10-4 

 
Table 5. Performance of glutamate detection, measured by various types of electrodes. 
 

Electrodes Concentration 
range (mM) 

Sensitivity 

(mA mM-1cm-2) 
Ref. 

CNT 0.05-5 0.71x10-4 [56] 

Pt/ta-C/APTES/GlOx 0.01-5 2.9x10-3 [57] 

CeO2/TiO2/GmOx/Chit/o-

PD/Pt 
0.005-0.05 3.95 x10-4 [58] 

Au 0.25-2.7 3.4 x10-2 [59] 

Co3O4/GCE 10-5 - 100 9.5x10-5 [60] 

 

4. Conclusions 
 
Barium titanate and calcium titanate and barium titanate and calcium titanate doped with 5 at% Fe and Co 
powders were successfully synthesized by a solution combustion technique. Fine particles with average 
sizes smaller than 0.6 micrometer were attained. Effects of Fe and Co doping on phase homogeneity, 
microstructure, and bandgap energy were examined. Experimental results revealed that homogeneous 
single phase remained in doped powders, while particle refinement with narrow size distribution, as well as 
reduction of bandgap energy occurred as a result of doping. Electrocatalytic activities, which revealed 
sensing ability of the powders, were also examined using cyclic voltammetry technique. Attributed to size 
uniformity and bandgap narrowing, superior oxidation peak currents were observed in the doped powders. 
The results also indicated moderate electrocatalytic activities of the synthesized powder in glutamic acid 
solutions with concentration ranging from 0.1 to 100 mM. Good linear relationship between J (current 
density)-vs-C (concentration) as well as moderate detection sensitivity at various concentration ranges 
suggested that Fe-doped BaTiO3, Co doped BaTiO3, Fe-doped CaTiO3 and Co doped CaTiO3 had potential 
usage for glutamate sensing.  
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