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 The LaCoO3-ss (1:1, 1:5 (high Co), and 5:1 (high La)) perovskites were 

prepared by solid state reaction method.  All LaCoO3 samples were prepared and 

characterized by X-ray diffraction (XRD), X-ray absorption near-edge structure 

(XANES), BET surface area, and scanning electron microscopy (SEM). Their 

properties were compared with those of the samples prepared by co-precipitation 

(LaCoO3-cp) and modified wet powder dispersion (LaCoO3-wd) methods.  The main 

crystalline phase of all prepared LaCoO3 was a rhombohedral perovskite structure.  

The crystallite sizes of LaCoO3-ss (1:1, high Co, and high La) at 850°C were 122, 42, 

and 73 nm and the crystallite sizes at 700°C of LaCoO3-wd and LaCoO3-cp were 28.5 

and 28.2 nm, respectively.  The surface areas were 1.6, 3.9, and 5.2 m2g-1 for 

LaCoO3-ss (1:1, high Co, and high La), respectively.  From co-precipitation and 

modified wet powder dispersion methods, the surface areas were 11.8 and 11.7 m2g-1, 

respectively.  From XANES spectra, the average Co oxidation state of the LaCoO3-ss 

(1:1 and high La) could be ≈ 3 and the average oxidation state of LaCoO3-ss (high 

Co) was from 2 to 8/3.  Moreover, SEM images showed the difference in morphology 

which strongly depended on the preparation methods.  At the voltages of 7.5 volts, 

corresponded to temperature of 133°C measured at the LaCoO3 surface, the resistance 

of prepared LaCoO3 was lowest (highest conductivity).  The fabricated sensors had 

been tested as CO gas sensors with the CO concentration of 1.98-19.84%v/v, 0.39-

99.2%v/v, and 0.006-0.039%v/v at 7.5 volts.  The LaCoO3-ss (1:1) sensor performed 

the highest CO sensing capability compared to LaCoO3-cp and LaCoO3-ss (high Co).  

The detection limits of LaCoO3-ss (1:1) and LaCoO3-cp on CO sensing were of 

0.006% (60 ppm) for CO concentration with the sensitivity of 1.007 and 1.013, 

respectively. 
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PREPARATION OF LaCoO3 PEROVSKITE  

FOR CO GAS SENSOR 

 

INTRODUCTION 

 

Although gas sensors have been developed for some applications fields, there 

are a variety of potential markets which will be substantiated for the newly innovated 

gas sensors.  The materials design in innovating gas sensors is by introducing 

semiconductor gas sensors and solid electrolyte gas sensors as examples.  In addition, 

the importance for further advancements of gas sensor technology attempts to make 

the sensor devices more intelligent and more quantitative, (Yamazoe, 2005).  

 

Gas sensors are increasingly needed for industrial health and safety, 

environmental monitoring, and process control.  The research into new sensors is 

underway; there are efforts to enhance the performance of traditional devices, such as 

resistive metal oxide sensors, through nanoengineering.  Metal oxide materials for gas 

sensors have been used for several decades for low-cost detection of combustible and 

toxic gases. The sensitivity, selectivity, and stability have limited their use, often in 

favor of more expensive approaches.  Nanomaterials provide the opportunity to 

dramatically increase the response of these materials, as their performance is directly 

related to exposed surface volume (Hooker, 2002).   

 

 The mechanism for gas sensor in these materials is based, on reactions that 

occur at the sensor surface, resulting in a change in the concentration of adsorbed 

oxygen.  Oxygen ions adsorb onto the material’s surface, removing electrons from the 

bulk and creating a potential barrier that limits electron movement and conductivity.  

When reactive gases combine with this oxygen, the height of the barrier is reduced, 

increasing conductivity.  This change in conductivity is directly related to the amount 

of a specific gas present in the environment, resulting in a quantitative determination 
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of gas presence and concentration.  These gas-sensor reactions typically occur at 

elevated temperatures (150-600°C), requiring the sensors to be internally heated for 

maximum response.  The operating temperature must be optimized for both the sensor 

material and the gas being detected (Hooker, 2002).  

 

 Gas sensor has been used in several fields such as in industrial processes, the 

emission control for automobiles, and gas leakage detection at home, etc.  The 

research into gas sensors based on semiconducting metal oxides has made several 

kinds of gas such as CO, H2, NH3, alcohol, hydrocarbons, NO2, SO2, and CO2 (Kida, 

2008).  

 

    Carbon monoxide (CO) is an odorless, colorless and toxic gas.  Because it is 

impossible to see, taste or smell the toxic fumes, CO can kill people before ones are 

aware it is in their home.  At lower levels, CO causes mild effects that are often 

mistaken for the flu.  These symptoms include headaches, dizziness, disorientation, 

nausea, and fatigue.  The effects of CO exposure can vary greatly from person to 

person depending on age, health, and the concentration of exposure.  Carbon 

monoxide is found in the following, gas space heaters; leaking chimneys and 

furnaces; gas water heaters, wood stoves, and fireplaces; gas stoves; generators and 

other gasoline powered equipment; automobile exhaust; and tobacco 

smoke.  Incomplete oxidation during combustion in gas ranges and unvented gas or 

kerosene heaters may cause high concentrations of CO in indoor air.  Worn or poorly 

adjusted and maintained combustion devices can be significant sources, or if the flue 

is improperly sized, blocked, disconnected, or is leaking.  Truck, or bus exhaust from 

attached garages, nearby roads, or parking areas can also be a source.  Due to the 

importance of CO detection for health and safety, this studies are focused on CO 

sensing.  

 

          The sensing materials, the metal oxide semiconductors as SnO2, ZnO, In2O3, 

WO3, TiO2, α-Fe2O3, HfO2, BaSnO3, LaMnO3, LaNiO3, and LaSrCoO4 have been 

studied for response of CO gas sensor.  LaCoO3 is a native p-type semiconductor, 
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having high electrical conductivity and exhibiting good oxidation-reduction 

characteristics at high temperature.  LaCoO3 can be prepared by solid-state reaction, 

sol-gel, co-precipitation, the decomposition of precipitate precursors, polymeric gel 

and solution combustion method.  The applications of LaCoO3 materials are for 

catalysts, oxygen sensor, gas sensor in automobiles, electrolyte in solid oxide fuel cell 

(SOFC) and oxygen separation membranes (Haung, 2007).  Since LaCoO3 has a 

variety of uses and good matched properties for sensing, the studies choose LaCoO3 

as sensing material. 

 

In this research, LaCoO3 was prepared by solid-state reaction; the optimum 

conditions for LaCoO3 synthesis were investigated and the characterization was 

performed.  The prepared perovskite was fabricated as a gas sensor and the response 

of the perovskite to CO gas was studied.  Moreover, the sensing capability of LaCoO3 

obtained from the other two methods of co-precipitation and modified wet powder 

dispersion was also presented.  
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OBJECTIVES 

 
1.  To synthesize and characterize the LaCoO3 from the solid state reaction 

method. 

2.   To study the CO gas sensing response of LaCoO3. 

3.  To compare the sensing capability of the LaCoO3 perovskites from the 

solid state reaction, co-precipitation, and modified wet powder dispersion methods.   
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LITERATURE REVIEW 

 
1. Gas sensor 

 

Currently, several types of gas sensor had been created for the necessities of 

modern living reflected in industry, research, health and safety, and care for the 

environment.  These needs could be simply classified into: quality, safety, efficiency 

and environment.  The physical and chemical properties of gas sensors using various 

methods and technologies were studied for utilization in gas response. (Kocache, 

1994).   

 

1.1  Semiconductor gas sensor 

  

       In a semiconductor gas sensor, there were two electrodes buried into a 

semiconductor material.  The presence of gas changed the material resistance.  The 

change in resistance, directly to the gas concentration, was measured through sensor 

corresponding electronic circuitry.  The sensor was kept at a specific operating 

temperature by applying “heater” to it.  The selection of heater voltage was critical to 

the response characteristics of the sensor.  Toxic and explosive gases could be 

detected by varying this voltage and by using different materials and processing 

techniques.  Sensors was fabricated to be sensitive to one gas or group of gases and 

less sensitive to others.  The advantage of semiconductor gas sensor was its long life 

operation.  

 

       The gas sensors worked on the principle that the electrical conductivity of 

a semiconductor material chances when it was exposed to a gas.  The gas adsorbed on 

the surface of the material and surface conductivity, or chances the “defect chemistry” 

of the material and the resistance was changed.  Tin oxide was probably the most used 

metal oxide material.  The selection was dependent on the gas of interest.  A heater 

coil and detection coil were buried in a sinter of mostly tin oxide. The heater coil was 
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energized and the change in resistance between the heater and the detection coil is 

monitored.  Sensors of this type were mostly used as alarms at the home for gas leaks.  

They were also used as personal or area alarms.  They were simple, low cost and 

detection limit for toxic or flammable gases in air.  A great deal of work had been 

going on investigating many families of metal oxides, organic semiconductors and 

polymers for their gas sensitive properties.  There was also work being done on the 

sensor itself such as the inclusion of heaters and use of thick films.  Another rate was 

the use of a number of sensors each mainly sensitive to a different gas, to create an 

“electronic nose” in conjunction with neural network analysis; this gave to a 

qualitative rather than quantitative type of response (Kocache, 1994). 

   

Table 1  Types of gas sensor.  

 

Type Classification Materials Gases 

Gas adsorption Semiconductor SnO2, ZnO 

y-Fe2O3, V2O5 

TiO2, CoO, MgO-CoO 

LPG, CO 

Alcohol 

O2 

 Surface potential Pd-TiO2, Ag2O H2, CO 

Gas reaction Catalytic combustion Pt wire, Pt, Pd+Al2O3 Flamable gases 

 Potentisotatic  Gas electrode CO, NO, NO2, 

S2 

 Galvanic cell Nobie cathode (Pt, 

Au)& base anode (Pb) 

O2 

Selective 

membrane 

Solid electrolyte ZrO2-CaO, ThO2-Y2O3, 

PbCl2, PbBr2, K2SO4 

O2 
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            Elisabetta et al., (2000) studied solid-state ceramic NOx sensors based 

on interfacing an ionic conductor (NASICON) with semiconducting oxides. The 

NASICON pellets were prepared and sintered at 1270°C in air.  A uniform Au/Pd 

coating, permeable to oxygen but not to NOx, was sputtered for 40 min on the sensor 

external surface to allow the exposure of both electrodes to the gas atmosphere 

without using reference air.  Energy-dispersive spectroscopy (EDS) was used to 

evaluate the chemical composition of the Au-Pd layer before and after the sensing 

tests.  Sodalite powder as an auxiliary phase was tightly packed into the NASICON 

thimbles with a Pt lead, as the electrical contact.  LaFeO3, SmFeO3, NdFeO3, and 

LaCoO3 powders prepared by the thermal decomposition of the corresponding 

hexacyanocomplexes, were also used in the electrochemical cells.  The micro- 

structure of the materials tested was evaluated using scanning electron microscopy 

(SEM).  The NO2 sensing properties of the prototype sensors were investigated at 

controlled temperature (in the range 300-600°C) by measuring the electromotive force 

(EMF) at different NO2 concentrations (in the range of 2-2000 ppm in air).  Some 

measurements were done at various NO concentrations diluted with Ar.  The results 

showed a promising NO2 sensing performance when ferrites were used.  The 

perovskite-type oxides were much used as auxiliary phase than sodalite because the 

stability of the electrochemical sensor performances was increased.  

 

      Brosha et al., (2000) had showed a new type of mixed potential, zirconia-

based sensor.  For sensor, dense and thin films of either La–Sr–Co–O or La–Co–O 

perovskite transition metal oxide vs. an Au counter electrode were used to generate an 

EMF that was proportional to the concentration of oxidizable gas species, carbon 

monoxide (CO), C3H6, and C3H8, in a gas stream containing oxygen.  The instruments 

reported in this work were tested at 600°C and 700°C and in gas mixtures containing 

0.1% to 20% O2 concentrations. The material for sensors showed an improvement in 

operating temperature and level stability at high temperatures compared to Au–

zirconia–Pt mixed potential devices reported in the literature.  For Au–zirconia–Pt 

devices, the response behavior reproducibility was dependent on the Au morphology, 

which could vary significantly between samples under same thermal histories.  The 
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changing in Au morphology on both the Au counter electrode and the Au current 

collector on the metal oxide electrode were responsible for sensor aging and changed 

in device response over time.  No change in the crystal structure of the perovskite thin 

film could be seen from XRD.  The Au counter electrode was replaced with a second 

metal oxide thin film, doped LaMnO3, and the operation of a mixed potential sensor 

based on dual metal oxide electrodes was exhibited. 

 

1.2 Carbon monoxide (CO) gas sensor 

 

There were attempts to propose the reaction mechanism on the   

surface.  From the well known Langmuir-Hinshelwood mechanism, the reactant 

species CO and oxygen would be adsorbed on the surface to facilitate the reaction. 

Usually, O2 adsorbs dissociatively on the surface as atomic oxygen species and these 

atomic oxygen species were more reactive than molecular species.  It was well known 

that CO was a reducing agent and reacts with adsorbed oxygen to form CO2.  The 

reaction rate would be controlled by the rate of CO2 desorption from the surface.  The 

simplified reaction scheme could be written as below 

 

S (s) + 1
2

O2 (g)   → S . . . 1
2

O2 (ad)                (1) 

S . . . 1
2

O2 (ad)  → S . . .O−
(ad)                  (2) 

S (s′) + CO(g)   → S . . .CO+
(ad)        (3) 

S . . .O−
(ad) + S . . .CO+

(ad)    → S . . .CO2 (ad) + S (s)              (4) 

S . . .CO2 (ad)  → S (s′) + CO2 (g)                                             (5) 

 

Here, (s) and (s′) represent active sites on the surface for oxygen and 

CO adsorption, respectively, (g) and (ad) were gas and adsorbed form. The active 

sites (s) and (s′) may or may not be the same, depending on the type of materials. 

When the sensor response measurement was carried out at higher temperatures, the 

adsorbed species of oxygen and CO reacts on the surface which requires low 
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activation energy.  This was because the adsorption was exothermic process and the 

reaction activation energy becomes lowered.  The reaction was possible at lower 

temperatures.  Another mechanism was also possible as CO being a reducing gas and 

it had a tendency to take lattice oxygen from the surface.  First, CO had to adsorb on 

the surface and then it will react with the lattice oxygen to form CO2.  The reaction 

scheme could be written as follows: 

 

M−O(s) + CO(g) → M−O. . .CO+
(ad)     (6) 

M−O. . .CO+
(ad) → M+ . . .O CO(ad)               (7) 

       M+ . . .O CO(ad) → M−[ ]+ + CO2(g)                      (8) 

       M−[ ]+ + 1
2

O2(g) → M−[ ]+. . .O−
(ad)            (9) 

          M−[ ]+. . .O−
(ad) → M−O(s)              (10) 

 

        Here, (s) represents an active site on the metal oxide surface, M−[]+as a 

reduced metal oxide site on the surface, (g) and (ad) were gas and adsorbed form 

species.  Eq. (6) represents the adsorption of CO on the active site of the metal oxide 

and it would react with surface lattice oxygen (Eq. (7)).  Adsorbed CO2 would get 

desorbed as shown in Eq. (8) and reduced active site will get regenerated by taking 

oxygen from air as shown in Eqs. (9) and (10) to continue the adsorption and 

desorption cycle.  The rate of the reaction was controlled by active site reduction 

process (Salker., 2005).  

 

1.3  A low-level  carbon monoxide sensor 

 

   Figure 1 showed the effect on the human body of several levels of  

carbon monoxide in the atmosphere.  When carbon monoxide was breathed into the 

body, it was taken up by blood in preference to oxygen, forming carboxylhemoglobin.  

This causes progressively more severe symptoms as its concentration increases, 

causing to death.  The early symptoms were not often recognized by the sufferer, so 
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rendering the danger even greater.  Below 10% carboxylhemoglobin, the 

physiological effect was negligible, and this is shown by the curve “I” in Figure 1.  

The time of exposure was also a factor.  For example, 10% carboxylhemoglobin level 

in the blood of an average adult was touched when exposing at 400 ppm for 15 

minutes.  Hence, a monitor which alarms within 15 minutes at 400 ppm can stimulate 

personnel department long before any danger was happened.  

 

  

 

                Carbon monoxide   

                   concentration  

Figure 1  The relationship between atmospheric carbon monoxide concentration and 

                exposure time leading to carboxylhemoglobin (COHb) concentration in 

                blood. 

 

Source: Adapted from Ihokura (1994) 

 

 Salker et al., (2005) developed perovskite based LaCoO3 as a thermal and 

toxic gas sensor such as carbon monoxide (CO).  Metal oxides such as In2O3, Bi2O3 

and PdO were prepared with 2% by weight of metal in LaCoO3.  The results showed 

that LaCoO3-PdO gave higher sensing response than the others.  These devices had 
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been tested as CO gas sensors in the CO concentration range of 10-40 ppm at 

temperatures between 150 and 300◦C and showed good sensor response as well as 

good recovery.  LaCoO3-PdO gave high CO sensor response but reduced drastically 

in the thermal sensing property.   

 

  Ajami et al., (2006) used LaCoO3 perovskite as an active filter to control 

the sensitivity of the Pt/SnO2 sensor to CO and C2H5OH.  By sol–gel method, SnO2 

fine powder was prepared using hexachloroplatinic acid to get 1.0 wt% Pt on SnO2.  

LaCoO3 perovskite fine powder was prepared by citrate method using nitrate 

precursors of La and Co.  LaCoO3 was an effective catalyst for oxidation of both 

carbon monoxide and ethanol at temperatures lower than 250°C.  The catalyst did not 

convert methane at temperature as high as 400°C.  The perovskite filter eliminated the 

sensitivity of the sensor to CO and C2H5OH, making the sensor highly selective to 

methane in the presence of CO and ethanol in air.  
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       LaCoO3 has a perovskite-type structure, with general formula of ABO3 as 

shown in Figure 2, which presents the large cation A in dodecahedral co-ordination 

and the small cation B in octahedral co-ordination (Well, 1995).  The transition metal 

ion B has several oxidation states that can be reduced and reoxidized. 

  

 

(b) (a) 

Figure 2  Bulk structure of perovskite. (a) atomic positions of the unit cell and (b) 

                structure representing BO6 octahedral. 

 

Source: Adapted from Well (1995) 

  

 A stoichiometric ABO3 compounds, combination of An+and Bm+, are 

given by n+m = 6, such as LaCoO3, CaTiO3, LaMnO3, etc.  The possible combination 

of A and B ions are controlled by the requirement that in the oxide framework the 

radii A and B ions should be more than 0.90 Å and 0.51 Å, respectively (Voorhoeve, 

1977).  In addition the perovskite is formed if the tolerance, t , is in the range of 0.8-

1.0, 
)R(R2

)R  (R 
t 

0B

0A

+

+
=  , where RA, RB  and R0 are the ionic radii for A, B, and O, 

respectively.  For example, the radii of La3+, Co3+ and O2- are 1.32, 0.61, and 1.40 Å, 

respectively, therefore the tolerance of LaCoO3 is 0.96 corresponded to perovskite 

structure (Tejuca and Fierro, 1993). 
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(b) (a) 

 

Figure 3  A crystal structure of LaCoO3 (a) atomic positions of the unit cell  and (b) a 

structure depicting CoO6 corner-sharing octahedral, with the cations A 

occupying the central interstice, and the cations B residing in the centre of 

the octahedral. 

 

Source: Adapted from Read Mark et al. (2002) 

 

        The ideal cubic perovskite structure appears in a few case for t-valve very 

close to unity and at high temperature (Peña and Fierro, 2001).  In most case, different 

distortions of perovskite structure appear as shown in Table 2.  The distorted structure 

may exist at low temperature but it transforms to the cubic structure at high 

temperature.  This transition may occur in several steps through intermediate distorted 

phases.  For example,  the structure of BaTiO3 is orthorhombic in temperature range 

of 193-268 K, it is tetragonal in temperature range of 268-393 K and it transforms to 

cubic at 1733 K (Well, 1995). 
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Table 2  Compounds with the perovskite type of structure. 

 

Ideal structure Perovskite 

Ideal cubic structure SrTiO3, SrZrO3, SrHfO3, SrSnO3, 

SrFeO3, BaZrO3, BaHfO3, BaSnO3, 

EuTiO3, LaMnO3 

At least one form with distorted small 

cell (a ≈ 4 Å) 

BaTiO3 (T, C, O, R) 

Cubic (C) KNbO3 (T, C, O, R) 

Tetragonal (T) KTaO3 (C) 

Orthorhombic (O) RbTaO3 (C, T) 

Rhombohedral (R) PbTiO3, LaCoO3 (C, T) 

Distorted multiple cells CaTiO3, GdFeO3, NaNbO3, PbHfO3, 

LaCrO3 

 

Source: Adapted from Wells (1995) 

 

2. Preparation of perovskite-type oxides 

 

2.1  Solid state reaction 

 

       Solid state reaction, namely ceramic process in which both starting 

materials and products were solid, offers convenient methods to prepare several 

industrial gas sensors.  This method used the starting materials such as metal-

carbonate, hydroxide and oxides, instead of starting with the individual components 

(Smart and Moor, 1995).  It may be advisable to begin with prereacted powders.  The 

prereacted phases facilitate initial homogeneity leading to reduce diffusion paths 

during the formation of products.  Huang et al., (2007) prepared LaCoO3 by reactive 

grinding solid-solid solution which gave smaller particle size as well as higher 

specific surface area than one prepared by citrate method.  LaCoO3 prepared by 
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reactive grinding showed a better stability of perovskite structure under a reducing 

atmosphere.  

 

      Kaliaguine et al., (2001) prepared LaCoO3 and LaCoFeO3 from 

component oxides using mechanochemical synthesis, by a new method of preparation 

designated as reactive grinding.  Additives were added during grinding; the 

perovskites generated by this process were of unprecedently high specific surface area 

(>100 m2/g) and their surface chemical properties were of particular interest.   

 

       Yao et al., (2000) had reported that the methods for forming films from 

aqueous solutions at ambient temperature and pressure were advantageous because no 

vacuum, no high temperature and no expensive devices were needed and substrates 

even with wide areas and complicated shapes were available.  Solid solutions of 

(La,Sr) MeO (Me = Cr, Mn, Fe, Co) were appropriate materials for solid oxide fuel 

cells and high-temperature steam electrolyzers.  (La,Sr)MeO3 solid solutions prepared 

by solid state reaction were dissolved in hydrofluoric acid and the solutions of 

fluorocomplexes were obtained.  Boric acid was added to the solution, the fluoride 

ions were used in the formation of BF4+, and then the fluorocomplexes were 

hydrolyzed to (La,Sr)MeO3 leading to the increases of fluoride ions.  The high 

crystallinity of the solid solutions was showed by sharp and strong X-ray diffraction 

peaks.  The particles of (La,Sr)MeO3 solid solutions were observed on the substrates 

by scanning electron microscope.  

 

 Ito et al., (2004) prepared two different processes for synthesizing fine 

LaCoO3 powder. One was a direct synthesis process, which was to grind a mixture of 

La2O3 and Co2O3 powders using a high-energy mill.  Grinding causes mechanical 

reaction between the two compounds, leading to synthesize LaCoO3 and the reaction 

was facilitated with an increase in milling time.  LaCoO3 agglomerates giving its 

specific surface area of about 3.5 m2/g.  Another process was composed of three steps: 

the first step was to grind a mixture of LaCl3, CoCl2 and NaOH, stimulating a solid-

state reaction to form La(OH)3, Co(OH)2 and NaCl.  The second step was to calcine at 
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873 K to change the hydroxides into complex oxide (LaCoO3), and the final step was 

to wash out NaCl from the heated mixture.  The product forms agglomerates, and its 

specific surface area was about 10 m2/g.  It was concluded that the indirect synthesis 

process was superior to the direct process LaCoO3 powder.  

 

        Ivanova et al., (2007) suggested two methods for the preparation of 

LaCoO3.  The LaCoO3 prepared by freeze-drying the solution and by a solid state 

reaction.  For assignment of the electron paramagnetic resonance spectroscopy EPR 

signals, La1-xSrxCoO3 samples were used as EPR references.  The LaCoO3 oxides 

prepared from citrates and by a solid state reaction showed the difference in respect of 

the mean oxidation state of the cobalt ions, the specific surface area and the particle 

morphology.  EPR spectroscopy showed for LaCoO3 ferromagnetic Co3+ and Co4+ 

coupled ions. For LaCoO3 samples acquired by a solid state reaction, EPR allowed to 

detect Co3O4 impurities.   

 

 The milling had shown to be an important step of preparation.  Rougier et 

al., (2002) investigated the influence of grinding on the properties of La0.8Sr0.2MnO3± 

λ perovskite.  The samples prepared by solid state reaction and by the Pechini method.  

The two methods were followed by a ball-milling.  The XRD pattern showed 

increasing grinding time, the degree of lattice was increased and the crystallite size 

was decreased.  This phenomenon tended to the sol-gel process rather than the 

ceramic process.  BET surface area increased in the process sample from 1 to 6 m2/g 

for ungrounded one and 5 h for grounded one at 1273 K, respectively.  The decrease 

in surface area of the sol-gel process might be resulted from the agglomeration of 

small particles that are formed when the morphology was broken. Therefore, milling 

was a good step for specific method.   

 

       Zhang and Saito.,(2000) synthesized LaMnO3 perovskite powders by 

milling the mixture of La2O3 and Mn2O3 powder using a high energy ball mill at room 

temperature.  The planetary mill was used to grind the starting mixtures at 
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approximately 700 rpm.  The LaMnO3 powder was a form of aggregates composing 

of the fine grains with less than 100 nm in size as investigated by SEM.  The sample 

surface area was approximately 10 m2/g. 

 

2.2  Co-precipitation method 

  

       The preparation of mixed metal by co-precipitation was technically  

important because this technique can be used for simultaneous precipitation of more 

than one component.  

 

 

 
 

Figure 4  The formation of a solid product from solution. 

 

Source: Adapted from Ertl et al. (1999) 

   

      The formation of a solid from solution could be explained by Figure 4.  

Ther are two main steps in precipitation: nucleation and growth.  The metal ions in 

solution could be produced from precursors by hydrolysis or raising the pH.  Only if 

the precursor concentration exceeds a critical threshold, a nucleus would be formed 

and the precipitation begins.  New nuclei were only formed in the shaded area.  The 

nucleus was smallest solid-phase aggregate of atoms, molecules or ions, and the 

process was called nucleation.  The concentration of precursor species falls below the 
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critical concentration due to consumption of precursors by nucleation or by the 

growth process, the latter was preferred.  The size of particles resulting from a 

precipitation process would be dependent on the area of the shaded section between 

the nucleation curve and nucleation threshold.  The larger the area, the more particles 

nucleate and the smaller the resulting particles formed Ertl et al, (1999).  

 

      The homogeneity was possible to increase by taking advantage of the 

difference of the form of nucleation and growth of precipitated crystallites.  

According to the conditions, this growth step was mainly controlled by interface or 

diffusion phenomena.  The first case generally corresponds to the formation of 

complicated solid structures.  The second was more common in the precipitation 

processes used in catalyst preparation.  Only more general statements could be given 

Ertl et al, (1999). 

 

        For nucleation: 

 

        -  The higher the supersaturation was the higher will be the 

 nucleation rate; 

                    -  Any interface may play the role of a heterogeneous nucleus  

by lowering the surface free-energy of the new phase, and thus increase the rate of 

nucleation; 

         -  In general, higher temperatures lower the nucleation rate by  

increasing the critical size of the nuclei-upper left boundary of the homogeneous 

nucleation band reflects this trend. 

 

                 For growth: 

 

          -  The higher the supersaturation was the higher growth rate, but it is 

rapidly limited by diffusion processes; 

 

                    -  Increasing of temperature, the diffusion rates was enhanced and 
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the higher would be the growth rate of the new phase. 

 

          Combining above, some general rules for obtaining a fine  

precipitation could be formulated: 

 

                      -  A vigorous stirring of the solution while adding the precipitant was 

beneficial in two ways: first, each elementary volume of solution reaches rapidly the 

highest degree of supersaturation; second, it comes into contact several times with the 

agitator and the walls of vessel, thereby promoting heterogeneous nucleation also. 

 

                     -  A rapid addition of the precipitating agent ensures a rapid  

reaching of the highest degree of supersaturation in the whole volume of the solution, 

hence a maximum nucleation rate was obtained.  For the same reason, the best 

precipitating agent is the one giving the precipitate with the lowest solubility product. 

 

                     -  Although the situation may be very different from case to  

case, precipitation is often advantageously made at the lowest practical temperature, 

as this often favors nucleation over growth. 

 

      Citrate precursor was investigated by Zhang et al., (1987).  The 

decomposition mechanism of these precursors was studied during the course of 

producing LaCo0.4Fe0.6O3.  By using thermogravimetry (TG), X-ray diffraction 

(XRD) and infrared (IR), it was found that citrate precursors undergo several 

decomposition steps before the perovskite structure was obtained.  These steps 

correspond to the breakup of the citrate complexes, and the elimination of residual 

CO3
2- and NO3

- ions.  The perovskite framework was detected by IR but was not 

observable by XRD, indicating that the perovskite was still lacking of extended 

crystallinity.  When the temperature was raised to 823 or 873 K, the diffractions due 

to perovskite were observed.  The calcination temperature of citrate precursors was 

about 473 to 573 K lower than the acetate preparation for the same compositions.  The 

resulting surface areas of both preparations were measured. Because of the lower 
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calcination temperature, citrate preparations had a surface area increased by a factor 

between 3 and 7.  It was proposed that the citrate complexes at the precursor stage 

have localized the metal ions more effectively, resulting in a more homogeneous 

dispersion at a lower calcination temperature.  Spinicci et al., (2001) prepared the 

LaMO3 (M = Mn, Fe, Co) by the citrate precursors at 800°C.  The catalytic behavior 

was studied in the hexane total oxidation.  The activity scale was put in the order of 

LaFeO3 > LaCoO3 > LaMnO3.  The three LaMO3 catalysts were single phase with 

rhombohedral structure.  Specific surface values were 22, 15, and 3 m2g-1 for 

LaMnO3, LaCoO3, and LaFeO3, respectively.  Barbero et al., (2006) studied the La1-

xCaxFeO3 as catalysts for oxidation of volatile organic compounds.  The La1-xCaxFeO3 

was prepared by the citrate method.  The catalysts were single perovskite phases with 

a slight surface enrichment in lanthanum and calcium.   

 

                 Natile et al., (2007) studied the effect of synthesis conditions on properties 

and reactivity of LaCoO3.  Two nanostructured bulk LaCoO3 were prepared by co-

precipitation and with the citrate gel method and compared with the two 

nanocomposites obtained from depositing, by wet impregnation of cobalt oxide on the 

La2O3 surface.  XRD patterns showed that only the citrate gel method provides a 

single phase LaCoO3 powder having a rhombohedral perovskite structure.  Hexagonal 

lanthanum hydroxide phase was also evident in the sample obtained by co-

precipitation and in the nanocomposite with [Co/La]nominal = 1.0.  Perovskite phase 

does not form when the amount of cobalt is too low ([Co/La]nominal = 0.055).    

 

      Alifanti et al., (2007) prepared the LaCoO3 perovskites with 10 and 20 wt% 

by wet impregnation of Ce1-x ZrxO2 (x = 0-0.3) supports with a solution prepared from 

La and Co nitrates, and citric acid.  Supports were also prepared using the ‘‘citrate 

method’’.   All materials were calcined at 700°C for 6 h and investigated by BET 

measurement, XRD and XPS.  XRD patterns and XPS measurements showed the 

formation of a pure perovskite phase, preferentially accumulated at the outer surface. 

These materials were examined in benzene and toluene oxidation in the temperature 

range of 100-500°C.  All catalysts showed a lower T50 than the corresponding Ce1-x 
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ZrxO2 supports.  Twenty weight percent LaCoO3 catalysts presented lower T50 than 

bulk LaCoO3.  The reaction rates per mass unit of perovskite calculated at 300°C, two 

facts could be notified as  (i) the activity order was more than 10 times higher for 

toluene and (ii) the reverse variation with the loading as a function of the reactant, a 

better activity being observed for low loadings in the case of benzene.  For the same 

loading, the support composition showed drastically the oxidative abilities of LaCoO3 

by the surface area and the oxygen mobility.  

   

     Taguchi et al., (2002) prepared LaCoO3 by citrate method.  Gel was 

preparation by adding citric acid into the aqueous solution of La(NO3)3.6H2O and 

Co(NO3)2.6H2O.  The infrared spectrum showed that the gel prepared with 0.007 mol 

of citric acid was the mixture of  LaCo(C6H5O7)(NO3)3, lanthanum nitrate and cobalt 

nitrate while the gel prepared with 0.011 mol of citric acid was LaCo(C6H5O7)2.  

LaCoO3 was formed by firing the gel above 600°C.  The LaCoO3 surface was 

characterized by XPS and with respect to the catalytic of CO oxidation.  

  

2.3   Modified wet powder dispersion 

 

         In the preparation of perovskite, there were two precursors, one was 

powder which was insoluble or scarcely soluble in water or alcohol (fine particle of 

oxide having submicron order particle size), the other was aqueous solution or 

alcoholic solution (including alkoxide solution).  Mixing these precursors introduced 

dispersing liquid for powder with precipitate forming liquid (e.g. NH3) or mixing 

successively in multistage to prepare intimate precipitate.  The precipitate was 

calcined at 400-1,300°C after drying (Shinichi et al., 1986).  
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2.4  Other methods 

 

        2.4.1  Thermal treatment by combustion  

 

                              A novel combustion process for the synthesis of YBa2Cu3O7 

superconductor involved ignition of a metal nitrates organic salts mixture and resulted 

in an intimate mixture of partially reaction oxides (Tejuca and Fierro, 1993).  Another 

modification used a nitrate-urea mixture.  The other combustion with NH4NO3 and 

urea was followed by subsequent heat treatment and oxygenation.  This produced a 

single phase superconducting YBa2Cu3O7 powder (Varma et al., 1990). 

 

                   Pokhrel et al., (2007) prepared LaCr1−xTixO3 (x≤0.4) by citrate 

combustion method.  XRD patterns showed an orthorhombic structure for all the 

products.  From SEM the sensors heated at 850◦C showed the isolate grain size on the 

surface in the range of 200–340 nm, which was further evidenced by the range of 

210–333 nm calculated by Scherrer equation.  The ac impedance measurement was a 

tool to study the conduction process in the temperature range of 400–600◦C, showed 

by the activation energy (Ea) determination, found to be in the range of 0.05–0.32 eV.  

The sensors responded with in 19–45 s, whereas the recovery time was in the range of 

60–200 s.  The gas response could be from the surface catalytic reaction of alcohol 

vapors with O(ads)− at the operating  temperature of 400◦C.  

 

           Wang et al., (2006) prepared orthorhombic structure LaFeO3 

with size of 59 nm by glycine combustion method.  The as-prepared LaFeO3 

nanocrystals were characterized by X-ray diffraction (XRD), transmission electron 

microscopy (TEM), high reaction transmission electron microscopy (HRTEM), 

energy dispersive X-ray spectrometer (EDS), scanning electron microscope (SEM), 

UV–Visible absorption spectroscopy, Laser Raman Spectroscopy (LRS) and 

Brunauer–Emmett–Teller (BET) nitrogen adsorption.  The preparation process can be 

also applied to the synthesis of other complex oxides such as NdFeO3, LaCoO3 and 

LaNiO3.  
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                Wang et al., (2006) prepared the LaMO3 (M = Fe, Co, Ni) by a 

glycine combustion method using La(NO3)3.6H2O and Fe(NO3)3.9H2O, 

Co(NO3)2.6H2O, and Ni(NO3)2.6H2O as the raw materials, respectively, and C2H5NO2 

as gelating agent.  The products were characterized by XRD, TEM, HRTEM, SEM 

and BET.  DTA and TG were the tools to investigate the thermal decomposition of 

NH4CIO4 (AP) catalyst by LaMO3 (M = Fe, Co, Ni).  The heating rate of the 

propellant modified by obtained LaCoO3 was measured by strand burner method.  

The experimental showed that the obtained products can play a catalytic role in the 

thermal decomposition of AP and combustion of AP-based propellant.  The catalytic 

performance of obtained products on AP thermal decomposition was LaCoO3 > 

LaNiO3 ≈ LaFeO3.  Adding 2% of LaCoO3 nanocrystals to AP, the decomposition 

temperature decreased to 134◦C and the heat of decomposition increased by 0.8 kJ g−1.  

After modifying by 1% LaCoO3 nanocrystals, the heating rate of propellant increased 

around 8%.  

 

                            The Ce1-xNixOy (x = 0.05-0.6) catalysts were prepared by citric acid  

complexation-combustion method (Shan et al., 2006).  The Ce1-xNixOy was used as 

catalysts for partial oxidation of methane (POM) in the temperature range of 500-

900°C.  The Ce1-xNixOy indicated good catalytic activity and stability for the synthesis 

gas production from POM.  The several characterization techniques were used for the 

catalysts prepared before and after use in the temperature range of 500-900°C.  From 

The Ce1-xNixOy catalysts had a low BET surface about 10-20 m2g-1.  The surface area 

of the used samples are lower than the fresh ones due to the sintering effect during the 

reaction at high temperature.   
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2.4.2  Sol-gel method  

 

      Sol-gel process used the mixing of various components into solution 

to prepare the multicomponent oxides including perovskite compounds.  Advantages 

of sol-gel process were high purity, compositional homogeneity at a molecular level, 

and low temperature preparation.  The gel formation had been investigated by several 

researchers.  Yang et al., (2004) investigated functional groups of La0.67Sr0.33MnO3 

polymerizable complex precursors using FTIR.  FTIR spectrum showed sharp 

absorption bands appeared at 1725 and 1190 cm-1 which could be attributed to the 

monodentate ligand of metal ion with a carbonyl group.  The absorption bands 

indicated at 1380 and 1600 cm-1 was due to symmetric and asymmetric vibration of 

the carbonyl group.  A strong absorption band indicated at 1180 cm-1, attributed to the 

C-O structure from ethylene glycol in the polymerization process.  The resin calcined 

at 823 K showed a pure phase of perovskite.  Kao and Yang, (1996) studied the gel 

precursor of SrTiO3 prepared by polymerizable complex method using infrared 

spectroscopy.  The precursor using acetic acid as a chelating ligand was observed 

bands at 1420 cm-1 and 1560 cm-1 corresponding to symmetric and asymmetric 

vibrations of C-H and C=O of acetate, respectively.  The infrared spectra exhibited 

the acetate chelated with a titanium forming titanyl acylate whether it was chelating or 

bridging.  The infrared spectroscopy of gel precursor LaNiO3 prepared by 

polymerizable complex method carried out at 573 K in air (Fernandes et al., 2002) 

was observed at 3700-3000 cm-1 and could be attributed to the O-H stretching of the 

citrate.  Vibrations at 1538-1394 cm-1 were related to C=O of the carboxylic group 

coordinated to Ni3+ cation in the form of a bidentate complex.  The polymerized gel 

was calcined to form the perovskite phase at low temperature relative to that prepared 

from the co-precipitation.  Popa et al., (2002) prepared LaMeO3 (Me: Mn, Fe and Co) 

perovskites, obtained by polymerizable complex method at 900°C for 6 h with the 

grain size of 80 nm and the products were characterized by XRD, scanning electron 

microscopy (SEM), and Raman spectroscopy.  The Raman active phonons in 

perovskites crystallized in rhombohedral symmetry LaMnO3.15, LaCoO3, and 

orthorhombic symmetry LaFeO3 were reported.  Raman spectra were excited using 
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Ar+ laser (wavelength 514.5 nm) with various laser beam powers between 10 and 450 

μW on a sample at room temperature.  Raman bands were compared to those reported 

for other similar systems with the orthorhombic and rhombohedral Pb nm structure.  

Raman spectra obtained for the studied systems are related to many factors as the 

laser irradiation and the structure of LaMnO3.15, LaFeO3 and LaCoO3 which greatly 

depended on the method of preparation, particle size, oxygen content, symmetry, 

temperature or the oxygen partial pressure.  

 

3.  Perovskite  characterization  

 

3.1  X-ray diffraction (XRD)  

 

       X-ray diffraction spectroscopy is a well-known and the most frequently 

applied technique in perovskite characterization.  This technique is a versatile, 

nondestructive analytical technique for identification and quantitative determination 

of the various crystalline forms, known as phase, of compounds present in powder 

and solid samples.  Identification is achieved by comparing x-ray diffraction pattern 

(diffractogram) obtained from an unknown sample with an internationally recognized 

database containing reference patterns.  A crystal lattice is a regular three dimensional 

distribution, cubic, fluorite, etc, of atom in space.  These are arranged so that they 

form a series of parallel planes separated from one another by a distance d, which 

varies according to the nature of the material.  For any crystals, plane exists in a 

number of different orientations, each with its own specific d-spacing.  X-ray 

diffraction is the elastic scattering of x-ray photons by atom in a periodic lattice.  The 

scattered monochromatic x-rays that are in phase give constructive interference 

(Niemantsverdriet, 1995).  Figure 5 illustrates how diffraction of x-rays by crystal 

planes allows one to derive lattice spacing by using the Bragg’s equation: 

 

nλ = 2dsinθ               (11) 

 

 where λ is the wavelength of the x-rays; 
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                      d  is the distance between two lattice planes; 

                      θ is the angle between the incoming x-rays and the normal to the 

reflecting  lattice plane;  

                      n is the integer called of the reflection. 

 

 The primary use of the Bragg’s law is in the determination of the spacing (d) 

between two planes (h k l) in the lattice. 

 

 

X-ray 
souce

X-ray 
detector 

 
 

Figure 5  Derivation of Bragg’s law for x-ray diffraction. 

 

Source: Adapted from Smart and Moore (1995) 
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Figure 6  Diagram of a powder x-ray diffractometer. 

 

Source: Adapted from Smart and Moore (1995) 

 

         The x-ray spectrometer is shown in Figure 6.  X-ray from the x-ray 

source is incident on a sample which is placed on a powder specimen.  The diffracted 

x-ray passes through a slit to a detector.  The sample is positioned so that its 

diffracting planes make some particular angle θ with the incident beam and the 

detector is set at the corresponding angle 2θ.  The detector records the intensity of the 

diffracted beams and these can be plotted out as function of 2θ.  Each crystalline 

substance has its own characteristic powder diffraction pattern which may be used for 

its identification.  Standard patterns are given in the powder diffraction file (known as 

the JCPDS file). 

 

  For standard LaCoO3 file No. 25-1060 shown in Figure 7, the 

characterization used Cu Kα as the x-ray source, of which the wavelength is 1.540 Å. 
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Figure 7  Powder diffraction files (JCPDS) No. 25-1060 of LaCoO3. 

 

         The perovskite structure of LaCoO3 has crystal unit cells as cubic, 

rhombohedral, and hexagonal cells.  The d spacing and the h k l indices correlate with 

the unit cell parameters shown in Table 3. 
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Table 3  Unit cell parameters of crystal structures. 

 

Crystal 

Structure 

Unit cell shape Formula 

Cubic a = b = c 

α = β = γ = 90° 

2 2

2 2

1 h k l
d a

2+ +
=  

Tetragonal 

 

a = b ≠ c 

α = β = γ = 90°

2 2

2 2

1 h k l
d a

+ 2

2c
= +  

Orthorhombic a ≠ b ≠ c 

α = β = γ = 90°

2 2

2 2 2

1 h k l
d a b c

2

2= + +  

Hexagonal a = b ≠ c 

α = β = 90°, 

 γ = 120° 

2 2

2 2

1 4
3

h hk k l
d a

⎛ ⎞+ + 2

2c
= +⎜ ⎟

⎝ ⎠
 

Rhombohedral a = b = c 

α = β = γ ≠ 90°
( ) ( )( )

( )
2 2 2 2 2

2 2 2 3

sin 2 cos cos1
1 3cos 2cos

h k l hk kl hl
d

α α α

α α α

+ + + + + −
=

− +
 

 

Source: Adaped from Cullity and Stock (2001) 

 

 Determination of crystallite size  

 

        Crystallite size can be obtained from the XRD technique by measuring the 

diffraction line broadening.  At the simplest level, the application of the Scherrer’s 

formula led to an estimate of the mean crystallite size.  The breadth of an x-ray 

reflection on the lattice planes of crystallites (small single crystals) depend upon the 

characteristics of crystallites (size and defects in the lattice) and instrumental factors.  

Considering an x-ray reflection, Scherrer first showed that the mean dimension in 

micrometer, D, of the crystallites composing a powder is related to the pure x-ray 

diffraction broadening or the full width at half maximum intensity (FWHM) in 

radians, β, by the Eq. (12) (Klung and Alexander, 1954). 

  



 30

KλD   =   
βcosθ

                                        (12) 

 

 where K is a constant 

                       λ  is the wavelength of the x-ray radiation employed 

                       β  is the full width at half maximum intensity (FWHM), often written as 

β1/2, expresses in radians 

                       θ   is the angular position of the peak maximum 

 

        The constant K depended on the definitions of crystallite size and 

broadening, the shape of crystallites, and the reflection being examined.  When β1/2 is 

used, the value of K should be taken at 0.9. 

 

        The Scherrer’s formula assumed that small crystallite size is the sole 

source of broadening of the diffraction profile.  In fact, there is always a broadening 

due to the various instrumental factors such as slit width, sample size, penetration of 

the x-ray beam into the specimen, imperfect focusing, or misalignment of the 

diffraction.  By measuring experimental and reference lines, the true peak breadth 

which one use in Eq. (12) can be calculated by the Warren formula (Equation 13); 

 

                                               (13)  m s
2 2β   =   β   -   β2

 

 where βm  is the full width at half maximum intensity (FWHM) of measured 

sample peak in radians.  βs is the full width at half maximum intensity (FWHM) of 

standard peak or instrument broadening in radians, which is obtained from diffraction 

pattern of standard.  
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       Single-phase crystallization of pure perovskite LaMeO3 (Me = Co, Mn, 

Fe) phases were studied by Popa et al., (2002).  LaMnO3.15 had a rhombohedral 

symmetry after thermal treatment at 973 K (JCPDS 32-484), LaCoO3 had a 

rhombohedral symmetry after thermal treatment at 923 K (JCPDS 25-1060) and 

LaFeO3 had an orthorhombic symmetry after thermal treatment at 823 K (JCPDS 37-

1493).  Crystallite sizes of samples were calculated based on the FWHM of a 

diffraction peak using the Scherrer equation.  Taguchi et al., (2002) prepared LaCoO3 

by citrate method.  The crystallite sizes of LaCoO3 synthesized at 873, 973, 1073, and 

1173 K were 12.2, 16.4, 18.9, and 21.0 nm, respectively, which increased with 

increased synthetic temperature.  Krupicka et al., (2002) studied the crystallite sizes 

of citrate precursors of LaCoO3 calcined at 873 and 1073 K.  The crystallite sizes 

were 9.7-10.7 nm and 13.5-15.4 nm, respectively.  The LaFeO3 perovskite was 

prepared by polymerizable citrate complex method.  The average size under the 

calcinations temperature of 873 K for 1 h was about 40 nm (Zhao et al., 2000). 

 

3.2  X-ray absorption near- edge structure (XANES) 

                   When the x-rays hit a sample, the oscillating electric field of the 

electromagnetic radiation interacts with the electrons bound in an atom. Either the 

radiation will be scattered by these electrons, or absorbed and excite the electrons 

shown in Figure 8. 

  

  
                        

Transmitance

Scatter x-ray 

Incident x-ray 

X

Photoelectrons 
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Figure 8  Photoionization  process occurred in XANES. 

 

Source: Adaped from Farideh (2001) 

 

            A narrow parallel monochromatic x-ray beam of intensity I0 passing 

through a sample of thickness x will get a reduced intensity I according to the 

expression:  

 ln (I0 /I) = μ x                                                  (14) 

here μ is the linear absorption coefficient, which depends on the types of atoms and 

rtain energies where the absorption increases 

rastically, and gives rise to an absorption edge. Each such edge occurs when the 

energy

e absorbed radiation at these edges correspond to the binding energies of 

f the absorbing elements. The absorption edges 

responding to 

e excitation of an electron from the 1s (
2
S½), 2s (

2
S½), 2p (

2
P½), 2p (

2
P3/2), 3s (

2
S½), 

   

 

 
w

the density ρ of the material. At ce

d

 of the incident photons is just sufficient to cause excitation of a core electron 

of the absorbing atom to a continuum state, i.e. to produce a photoelectron. Thus, the 

energies of th

electrons in the K, L, M, etc, shells o

are labeled in the order of increasing energy, K, LI, LII, LIII, MI,…., cor

th

… orbitals (states), respectively.  An x-ray absorption spectrum is generally divided 

into 4 sections: 1) pre-edge (E < E0); 2) x-ray absorption near edge structure 

(XANES), where the energy of the incident x-ray beam is E = E0 ± 10 eV; 3) near 

edge x-ray absorption fine structure (NEXAFS), in the region between 10 eV up to 50 

eV above the edge; and 4) extended x-ray absorption fine structure (EXAFS), which 

starts approximately from 50 eV and continues up to 1000 eV above the edge.  

 

3.3  Scanning electron microspore (SEM) 
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             The scanning electron microscope (SEM) is a type of electron microscope 

that uses electrons instead of light to form an image.  SEM uses a highly focused 

electron beam to strike and interact with a sample which is contained in a high 

vacuum environment to form a high resolution image.  The images formed by the 

scanning electron microscope are from secondary electrons, backscattered electrons, 

characteristic x-ray, Auger electrons, and others that are emitted by the sample.  The 

scanning electron microscope has many advantages over traditional microscopes.  The 

SEM h  of a specimen to be in focus at one as a large depth of field, which allows more

time.  The SEM also has much higher resolution, so closely spaced specimens can be 

magnified at much higher levels.  

 

        Advantages of SEM 

-  high depth of focus/field 

-  direct observation of the external form of real objects at high 

 magnifications 

-  wide range of magnifications (below 50,000x to over 100,000x) 

 

       Disadvantages of SEM 

-  high vacuum environment of the specimen 

-  inability to show internal detail 

n highest resolution 

oated with a conductive layer 

       Ap

here are countless applications of SEM.  Some of these applications 

include: 

-  analyzing biological samples (diseases, bacteria) 

ooking for fracture and cracks in/on materials 

 such as polym

attached tissue 

ilure, etc.) 

-  microelectronics failures (printed circuit boards, microship pins and 

-  inability to obtai

-  some samples need to be c

plications of SEM 

              T

- materials sciences, l

ers, metals, ceramics, etc. 

-  inspecting medical devices with 

-  forensic science (causes of failure, modes of fa
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 wiring) 

 

 to the aqueous solution of La(NO3)3.6H2O and Co(NO3)2.6H2O.  To obtain 

LaCoO3, the g .  Both large (> 20 

µm) and smal rge 

.  The nanostructures of LaCoO3 powders 

were prepared  (Natile et al., 2007).  

From SEM res ormed 

a highly poro  

’s diameters ranged from about 60-80 nm.  The large difference between the 

and the particle size determined by SEM can be explained considering 

that the

olecule is known, then the quantity of 

dsorbed material gives directly the total surface area of the perovskite.  The most 

lculated by the Brunauer, Emmett, 

and Teller (BET) equation (Satterfield, 1980).  

 

       Taguchi et al. (2002) synthesized LaCoO3; gel was prepared by adding 

citric acid

el with 0.007 mol of citric acid was fired at 600°C

l (≈1 µm) particles can be observed.  From SEM results, the la

particle consists of many small particles

 by co-precipitation and with the citrate gel method

ults, nanoscaled spherical particles which are clustered together f

us microstructure composed by sheet-like fragments.  However, the

aggregate

Scherrer value 

 SEM images showed a polycrystalline particle composed of many crystallites.  

Moreover, the SEM images revealed a more uniform grain size distribution and 

homogeneous microstructure.  But the sample prepared by co-precipitation, in 

contrast, showed a greater in homogeneity.  

 

3.4  The Brunauer Emmett Teller method  

 

       Adsorption measurements have a variety of uses and applications.  For 

example; powder materials, sinter frits, filters, ceramics, washcoats, catalysts, 

polymers, and coat tape etc.  The most important one is determining surface area of 

perovskites.  The principle method of measuring total surface area of perovskite is by 

adsorption of particular molecular species from gas or liquid onto the surface.  If the 

condition under which a complete adsorption layer, averaging one molecule thick, can 

be established and the area covered per m

a

common method of measuring surface area is ca
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      The bonding in physisorbed system is weak, Van der Waals interaction, 

tends to be reversible, in the sense that the surface layer is always in equilibrium with 

the molecules of the gas phase.  The relation at constant temperature between the 

quantity of gas adsorbed and the pressure with which it is in equilibrium is termed an 

adsorption isotherm.  Most physical adsorption isotherms may be grouped into five 

types, which are frequently referred to as the Brunauer, Deming, Deming and Teller 

(BDDT) classification in Figure 9 (Satterfield, 1980). 

 

 
 

Figure 9  The five types of adsorption isotherms as classified by Brunauer. 

 

Source: Adapted from Satterfield (1991) 

      Type I is frequently called Langmuir type.  However, it also corresponds 

to filling of micropores within the solid rather than monolayer adsorption.  Type II, 

sometimes termed the sigmoid or S-shaped isotherm, is commonly encountered on 

nonporous or macroporous materials.  Point B occurs as a knee and is the stage at 

which monolayer coverage is complete and multilayer adsorption begins.  Type III is 

latively rare and the forces of adsorption are weak. The characteristic hysteresis 

ores 2-50 

m).  A hysteresis effect involves the capillary condensation within the pores.  Type 

ndensation taking place at higher values of 

re

loop of type IV systems is indicative of the presence of narrow pore (mesop

n

V is similar to type III, but with pore co
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P/Po.  It is also relatively rare.  The specific surface area S of the adsorbent is 

calculated from Vm by the equation: 

 

2

0

V σNm AS (m /g)   =   
mV

                                            (15) 

 

where S    =  the specific surface area of adsorbent (m2/g) 

                       Vm =  volume of gas adsorbed in monolayer (cm3) 

                    σ     =  the area of surface occupied by a single adsorbed gas molecule 

(16.2 x10-20 m2/molecule in the case of nitrogen) 

                    NA   =  the Avogadro constant (6.023 x 1023 molecules/mol) 

                   m    =  the mass of the adsorbing sample (g) 

                     V0   =  the molar volume of the gas (22.414 cm3

 

       The range of linearity is always restricted to a limited part of the isotherm. 

Comple dsorption or pore 

  

/mol) 

xities associated with the realities of multilayer a

condensation increase deviation. 
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MATERIALS AND METHODS 
 

Materials 

 

1.  Reagents 

  

 -  Lanthanum oxide (La2O3, >99.99%, Fluka) 

 -  Cobalt oxide (Co3O4, >99.95%, Fluka) 

 -  Lanthanum nitrate hexahydrate [La(NO3)3.6H2O, 99%, Fisher Chemicals] 

 -  Cobalt nitrate hexahydrate [Co(NO3)2.6H2O, 99%, Univar] 

 -  Lanthanum (III) hydroxide [La(OH)3, 99.9%, Aldrich] 

 -  Cobalt (II) hydroxide [Co(OH)2, 95%, Aldrich] 

 -  Acetone (C3H6O, 99.8%, CARLO ERBA) 

 -  Ammonia solution [NH4OH, 29.3%, Baker] 

 -  Nitric acid [HNO3, 65%, Merk] 

 -  Chromosorb G/AW-DMCS 80-100 mesh ASTM (0.15-0.18 mm) [Fluka] 

 -  Ethanol (C2H5OH, 99.8 %, CARLO ERBA) 

 -  Oxygen gas (99.995%) 

 -  Carbon monoxide gas (CO, 99.2%) 

 

2.  Instruments  

 

 -   pH measurements were performed on Consort C830 pH meter. 

 

 -  Solid state reaction (LaCoO3-ss) perovskites  were calcined in a  Eurotherm 

furnace using an alumina crucible.  

 

 - Co-precipitation (LaCoO3-cp) and modified wet powder dispersion 

(LaCoO3-wd) perovskites  were calcined in a Thermolyne 2100 tube furnace using a 

quartz tube. 
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 - X-ray diffraction (XRD) patterns were record on a Shimadzu XRD 6000 

using Cu Kα radiation ( λ = 1.54 Å).  The crystalline phase of sample has been 

indexed by comparison with the JCPDS files (Joint Committee on Powder Diffraction 

Standards).  The experiment was carried out at Material Innovation Department, 

Thailand Institute of Scientific and Technological Research (TISTR). 

  - X-ray absorption (XAS) measurements were carried out on beam line 8 

(BL8) at Siam Photon Laboratory of  National Synchrotron Research Center.  

 

 -  Surface area of the perovskites were measured by the Brunauer Emmett 

Teller (BET) method from nitrogen adsorption isotherms, recorded at liquid nitrogen 

temperature on a QUANTA CHROME apparatus model AUTOSORB-1. 

 - Samples morphology was performed on a scanning electron microscope 

(JEOL  JSM-T330A) at 12 and 17 kV at Material Innovation Department, Thailand 

Institute of Scientific and Technological Research (TISTR). 

 

- The e-corder (EDAQ) equipped with the resistant measuring cable was used 

for data recording at Department of Chemistry, Faculty of Science, Kasetsart 

University.  
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Methods 

 

1.  Perovskite Preparation 

 

LaCoO3-ss (1:1, 1:5 (high Co), and 5:1 (high La )) perovskites were  prepared 

by solid state reaction and LaCoO3-ss (1:1) was also prepared by co-precipitation and 

modified wet powder dispersion.  

1.1 Solid state reaction 

                  The LaCoO3-ss (1:1, high Co, and high La) were prepared by grinding 

La2O3 and Co3O4.  Acetone was added to the mixture of the solid substrate: acetone 

ratio of 1:1.  The mixture was ball-milled for 16 h at 220 rpm.  Then, it was filtered 

off, dried at 80°C for 4 h, and calcined at 700-900°C for 2 h.  A flowchart of 

preparation steps was shown in Figure 10. 

 

 

La2O3 powder 
Mixed 

Co3O4 powder 

Ball-milled 16 h 

Filtered off, dried at 80°C 

Calcined  700-900°C 

LaCoO3 

Acetone 

 

 

 

 

 

 

 

 

Figure 10  A flowchart of LaCoO3 preparation using solid state reaction method. 

                                                                                            



 40

 The calcination steps were set as follows: 

-    The first step: the temperature was increased from room temperature to 300 
°C and held for 1 h .  The ramp rate of process was 5°C min-1. 

 

-    The second step: the temperature was heated up to 700°C to 900°C and held 

for 2 h.  The cooling rate of process was 5°C min-1. 

 

 

300°C, 1 h 

First step 

Second step 

700-900°C, 2 h 

5°C/ min 

in 

 

5°C/ m 

 Room temperature 

 

Figure 11  Calcination diagram for LaCoO3 perovskite using solid state reaction 

method. 

1.2  Co-precipitation method 

Perovskite were prepared from La(NO3)3.6H2O, Co(NO3)2.6H2O with 

ammonium hydroxide (NH4OH) as a precipitating agent as shown in Equation (16). 

La(NO3)3 + Co(NO3)2 + 5OH-                           La(OH)3 + Co(OH)2 + 5NO3
-         (16) 

controlled pH 

Co-precipitation of La(OH)3 and Co(OH)2 for the precipitation of LaCoO3 

can be done by controlling pH of the solution which was calculated from Ksp of each 

salt. 
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1.2.1  Experiments 

 La(NO3)3.6H2O and Co(NO3)2.6H2O were used.  Each metal salt 

was dissolved in distilled water to obtain 25.00 cm3 of  a solution of 0.2000 M.  Both 

solutions were mixed  and 5% NH4OH as a precipitating agent was slowly added into 

the stirring mixture until pH 9.25 was reached (Srichaisiriwech, 2002).  La(OH)3 and 

Co(OH)2 precipitates were formed.  They were filtered off and dried at 110°C for 3 h.  

During calcinations, the hydroxide precipitates were transformed to the LaCoO3 

perovskite-type oxide.  A flowchart of preparation steps was shown in Figure 12.  

 

Mixed Mixed 

                                                                                            

 
La(NO3)3 s

 

 

 

 

 

 

Figure 12  A flowchart of LaCoO3 preparation using co-precipitation method. 

 

1.3 Modified wet powder dispersion method. 

 

        From the Thailand Patent Request No. 0901000358, La(OH)3 was 

dissolved in HNO3 and Co(OH)2 was dispersed in distilled water, then both solutions 

were mixed.  The precipitates were obtained by adding NH4OH as precipitating agent 

until pH 9.2-9.3 was reached.  The precipitates were filtered off, washed, and dried at 

NH4OH 
olution La(NO3)3 s Co(NO3)3 solution 

Adjusted pH, co-precipitated 

Filtered off, washed, dried at 110°C 

Calcined 

LaCoO3 

olution La(NO3)3 solution Co(NO3)3 solution 

Adjusted pH, co-precipitated 

Filtered off, washed, dried at 110°C 

Calcined 

LaCoO3 

Mixed Co(NO3)3 solution 

Adjusted pH, co-precipitated 

Filtered off, washed, dried at 110°C 

Calcined 

LaCoO3 
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110°C.  The LaCoO3 perovskite structure was formed after calcinations at 700°C for 7 

h.  The LaCoO3 synthesis procedure by wet powder dispersion was shown in Figure 

13. 

Co(OH)2 suspension Mixed La(OH)3 solution 

NH4OH 
 

 
Adjusted pH, precipitated 

 
Filtered off, washed, dried at 110°C 

 

Calcined  

 LaCoO3 

Figure 13  A flowchart of LaCoO3 synthesis using modified wet powder dispersion   

                  method. 

 

2. Perovskite characterization 

 

 LaCoO3 perovskites were characterized.  Crystallinity and crystallite size 

analysis were performed using powder x-ray diffraction (XRD).  BET surface area of 

the prepared perovskites was measured by nitrogen adsorption.  SEM and TEM were 

used to characterize the surface and phase compositions of LaCoO3 perovskites. 

 

 2.1  Powder x-ray diffraction (XRD) 

 

2.1.1 Determination of crystal structure 

 

       All calcined samples were analyzed by XRD.  The XRD 

experiments were performed on a Shimadzu XRD 6000  x-ray diffractometer using 

Cu Kα radiation (λ = 1.54 Å) and a curved graphite monochromator.  The x-ray source 
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was operated at 40 kV and 40 mA.  The powder x-ray diffractograms were recorded at 

step size 0.02° an integration time of 1.0 s.  Data were collected between 20 and 80°.  

The diffraction patterns have been indexed by comparison with the JCPDS card (Joint 

Committee on Powder Diffraction Standards). 

 

     2.1.2  Determination of crystallite size 

  

                                  Crystallite size (D) was determined from XRD pattern using the 

Scherrer equation (Klung and Alexander, 1954) as previously described in literature 

review section.  For the values of βs, the instrument broadening was obtained using α-

Al2O3 as the reference material, which was prepared by calcinations of Al2O3 at 

1200°C for 4 h. under normal atmospheric pressure.  The structure of α-Al2O3 was 

characterized by an x-ray diffractometer and compared with JCPDS 83-2081 (α-

Al2O3). 

 

2.2  X-ray absorption near- edge structure (XANES) 

 

        XANES experiments were carried out at the Siam Photon Laboratory.  It 

was tunable by a fixed-exit double crystal monochromator (DCM) euipped with 

several types of crystal for covering photon energy from 1250 eV to 10000 eV and 

average stored current of 100 mA.  The x-ray energy was monochromatized with 

channel-cut Ge (220) crystal monochromater.  The Co K-edge XANES spectra were 

recorded in transmission mode, using two ionization chamber filled with argon gas as 

detectors.  The Co K-edge XANES of LaCoO3 sample and that of a 7 μm thin Co foil 

(for purpose of energy calibration) were measured simultaneously in transmission 

mode at room temperature.  K-edge absorption of Magnesium up to Zinc could be 

studied.  Other heavier atomic species could be investigated via L or M edges.  

Transmission mode was suitable for sample having x-ray absorbing atoms (absorbers) 

at high density (>5%wt).  The sample must be layered to have even thickness, and no 

“pinhole”.  Optimal weight of the sample can be calculated by Optmass.  Intensity of 
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the incident x-ray beam (I0) and transmitted x-ray beam (I1) were monitored by a 10-

cm long ion chamber and a 40-cm long ion chamber, respectively.  Absorption is 

defined by ln(I0/I1). 

Ge Detector 

  

Detector (I1) 

I0 I1

X-rays

 
Detector  

         I1             I0 

 
Ge Detector 

 

 

Figure 14  Experimental setup for TM-XANES. 

 

                 Preparing powdered sample for TM-XANES 

 

                             - Put some samples in a small agate mortar, use pestle to grind the 

sample into very fine powder.   

       - Cut a piece of hard paper or plastic sheet to make a sample frame.  

       - Place a piece of thin Kapton (Polyimide) tape on the frame. 

          - Weigh the ground sample to the right amount that equals to the 

optimal mass, a mass of the applied sample on a certain area which its thickness gives 

the absorption length of 2.  Apply the sample over the sticky window area evenly and 

homogeneously and make sure there is no “pinhole” in the sample area.  

       -  Cover the sample area with a Kapton tape as shown in Figure 15. 

                                                                                            



 45

 

Kapton 
tape 

Front side Back side 

                                                                                            

 

Sample

Front side Front side 

Figure 15  Preparing powdered sample for TM-XANES. 

 

2.3   Nitrogen adsorption desorption 

 

         Surface areas of the samples were determined by nitrogen adsorption 

isotherm, evaluated from the BET equation.  The experiment was performed on a 

AUTOSORB-1 instrument.  Prior to each measurement, the sample was degassed for 

180 min at 300°C under vacuum.  The sample cell and P0 cell were immersed into 

liquid nitrogen.  The adsorbing gas was admitted with an increment of 1.0 cm3g-1 

STP.  Adsorption isotherm was a measurement of the accumulated quantity of the 

adsorbed gas and the relative pressure (P/P0) at a constant temperature.  Similarly, 

desorption isotherm was a measure of the mole quantity of nitrogen gas released from 

the sample as the relative pressure.  The surface areas were determined by the BET 

equation yielded a straight line between P/P0 values from about 0.05 to 0.3. 
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2.4   Scanning electron microscope (SEM) 

 

         SEM was used to characterize the perovskite morphology.  The sample 

powders were mixed with ethanol, then dropped on metal stub, dried at 105°C for 2 h 

and coated Au as conductive layer for 10s by sputter coating.  Then sample was 

placed into sample chamber and vacuumed.  SEM was operated at 12 and 17 kV.  The 

sample preparation procedure for SEM was shown in Figure 16. 

stub

sample

                    

Figure 16  Sample preparation for SEM analysis. 

 

3. Carbon monoxide (CO) sensor test 

 

3.1  Fabrication of CO gas sensor 

 

        The prepared LaCoO3 (1:1, high Co and high La), LaCoO3-cp and 

LaCoO3-wd powders were mixed in ethanol solution to form pastes.  The paste was 

coated onto an Al2O3 tube on which two silver paste had been installed at each end.  

The A12O3 tube was about 4.5 mm in length, 2 mm and 1.6 mm in external and 

internal diameter (Figure 17).  A small alloy coil was placed through the tube as a 
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microheater.  The heater provide operating temperatures from 29 to 133°C.  The 

temperature was controlled by adjusting the heating power.   

 

 

 

 

 

 

C 

 

 

Figure 17  Structure of the gas sensor : a) microheater coil, b) silver paste, c) sensing 

                   layer, and d) Al2O3  tube. 

 

3.2   Measurement of CO gas sensor 

 

              Experimental set up for CO sensor was shown in Figure 18.  LaCoO3 was 

coated on alumina tube and the silver paste was used as the electrode material.  The 

fabricated sensor was connected to the measuring cables with four channels, two for 

the heater and two for the resistance/voltage measurement.  The heater was connected 

to the voltage supply.  The test gas was introduced into the closed chamber via a 

stopcock. Carbon monoxide gas was injected into the sensor chamber and the sensor 

resistance was monitored with time. The voltage supply was varied from 0.0 to 7.5 

volts to obtain the optimum working voltage. 
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Figure 18  Experimental setup for CO gas sensor. 
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RESULTS AND DISCUSSION 
 

1. Perovskite Characterization 

  

The LaCoO3 samples obtained from the solid state, co-precipitation, and 

modified wet powder dispersion methods were assigned as LaCoO3-ss (at the La:Co 

molar ratio of 1:1, 1:5 (called high Co) and 5:1 (called high La)), LaCoO3-cp, and 

LaCoO3-wd, respectively.  LaCoO3 perovskites were characterized by XRD, XANES, 

BET and SEM methods. 

 

1.1  X-ray Powder diffraction (XRD) 

              The x-ray diffraction patterns of LaCoO3-ss (1:1) at the calcination 

temperature of 700, 800, 850 and 900°C for 2 h were shown in Figure 19.  As 

increasing the calcination temperature, the LaCoO3-ss (1:1) phase was increased.  At 

700°C, there were the impurity peaks of La2O3 at 2θ of 27.32°, 27.98°, 29.97°, and the 

impurity peaks of Co3O4 at 2θ of 31.49°, 36.88°, and 65.27°as shown in Figure 19 (a).  

As increasing temperature, La2O3 and Co3O4 increasingly reacted and LaCoO3 was 

formed rhombohedral structure.  As increasing the calcination temperature to 900°C, 

the patterns showed the rhombohedral LaCoO3 at 2θ of 33.33°, 47.54°, and 59.02° 

(JCPDS PDF No. 25-1060) and the less impurity peak of La2O3 and Co3O4 as shown 

in Figure 19 (b), (c), and (d).  Phase identification was made by using the JCPDF data 

files No. 05-0602 for La2O3 and No. 42-1467 for Co3O4. 
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Figure 19  XRD patterns of  LaCoO3-ss (1:1) at the calcination temperatures of  700-  

                  900°C for 2 h. 

 

The x-ray diffraction patterns of LaCoO3-ss (high Co) at the calcination 

temperature of 700, 800, 850 and 900°C for 2 h were shown in Figure 20.  At 700°C, 

there were the impurity peaks of La2O3 at 2θ of 26.15°, 26.87° and Co3O4 at 2θ of 

30.93°, 36.54°, 44.43°, and 64.99° as shown in Figure 20 (a).  As increasing the 

calcination temperature to 900°C, there were only the impurity peaks of the excess 

Co3O4 at 2θ of 31.37°, 36.95°, 44.87°, and 65.35° as shown in Fig 20 (b-d).  LaCoO3-ss 

(high Co) was formed in the rhombohedral structure.    
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Figure 20  XRD patterns of LaCoO3-ss (high Co) at the calcination temperatures  

                   of 700-900°C for 2 h. 

 

       The x-ray diffraction patterns of LaCoO3-ss (high La) at the calcination 

temperature of 700, 800, 850 and 900°C for 2 h were shown in Figure 21.  As 

increasing the calcination temperature, the LaCoO3 phase was increased.  At 700-

900°C, there were the impurity peaks of the excess La2O3 at 2θ of 26.14°, 29.18°, 

29.72°, 39.57°, 52.23°, 53.91°, and 55.54° as shown in Figure 21 (a-d).  LaCoO3-ss 

(high La) was formed in the rhombohedral structure.    
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Figure 21  XRD patterns of  LaCoO3 -ss (high La) at the calcination temperatures of    

                  700-900°C for 2 h. 

 

 The XRD patterns of the samples obtained from both the co-precipitation 

and modified wet powder dispersion methods showed the presence of rhombohedral 

LaCoO3 as shown in Figure 22 (Prangsri-aroon 2008).  The information confirmed the 

impurity phase of Co3O4 in LaCoO3-cp and the trace of La(OH)3 in LaCoO3-wd. 
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Figure 22  XRD patterns of LaCoO3-cp and LaCoO3-wd at pH 9.25 after calcination 

at 700°C. 

From XRD patterns, the crystallite size of perovskite can be calculated using 

the Scherrer’s equation as previously stated in literature review. 

    0.9λD  =  
βcosθ

     (17) 

β could be calculated by Warren equation: 

    2 2β  =  β - βm s     (18) 

     where β    is the full width at half maximum intensity (FWHM) 

                           βm is the full width at half maximum intensity (FWHM) of measured 

LaCoO3 peak in radians 
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     βs is the full width at half maximum intensity (FWHM) of measured 

α-Al2O3 standard peak 

- Determination of βs 

         Figure 23 showed the XRD patterns of Al2O3 calcined at 1200°C 

which was corresponded to α-Al2O3 (JCPDS 83-2081). 
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Figure 23  X-ray diffraction patterns of α-Al2O3 calcined at 1200°C. 

 

To determine the full width at half maximum intensity (FWHM or βs), the 

observed peaks at 2θ of 25.61°, 35.18°, 37.81°, 43.38°, 52.58°, and 57.53° have to be 

expanded and calculated in radian.  The FWHM was plotted as a function of 

diffraction angle (2θ).  The data of FWHM, βs of standard Al2O3 at 2θ of 25.61°, 

35.18°, 37.81°, 43.38°, 52.58°, and 57.53° are summarized in Table 4. 
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Table 4  Instrument broadening (FWHM, βs). 

2Theta FWHM βs (2Theta) FWHM βs  (radian) 

25.61 0.111 0.00194 

35.18 0.108 0.00189 

37.81 0.109 0.00190 

43.38 0.110 0.00192 

52.58 0.112 0.00195 

57.53 0.111 0.00207 

  

0

0.001

0.002

0.003

0.004

0.005

20 30 40 50 60

2Theta/degree

FW
H

M
(r

ad
.)

 

Figure 24  Calibration curve for determination of instrumental broadening. 

From Figure 24, the instrumental broadening (βs) of LaCoO3-ss (1:1) was 

0.0020 radian. 

          where βs = 0.0020e-0.0008 × 2θ 
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                        - Determination of βm 

  The highest intensity peak at 2θ of 32.94° was splitted; βm could 

not determined.  In this study, the characteristic peak of LaCoO3-ss (1:1) at the second 

highest intensity diffraction peak of 47.54° was expanded and βm was evaluated to be 

0.0027 radian.  

  - Determination of β according to the Warren equation (Equation 18). 

2 2β =  0.0073 - 0.0020  

       = 0.007020 radian 

  - Determination of particle size by substitute β of 0.001813 radian into 

Scherrer’s equation (Equation 16).    

                
0.9(1.54)D =  47.57×π0.007020[cos( )]

2×180

 

         = 197.5 Å 

         = 19.7 nm 

By using Scherrer’s equation (Equation 17), the crystallite sizes of the 

calcined LaCoO3-ss (1:1, high La and high Co) powders at 700, 800, 850, and 900°C 

were calculated and shown in Table 5.  As increasing the calcination temperature, the 

crystallite size was increased from 19.7 nm to 216.6 nm and 46.2 nm to 74.7 nm for 

LaCoO3-ss (1:1 and high La), respectively.  The crystallite sizes of LaCoO3-ss (high 

Co) were 20.2 nm, and as increasing temperature, the crystallite size was varied 

between 42.3 and 47.4 nm.   

 

 

 



 57

 

Table 5  Crystallite sizes of LaCoO3-ss (1:1, high Co, and high La) perovskites. 

 

Perovskite Calcination temperature 

(°C) 

Crystallite size            

(nm) 

LaCoO3 -ss (1:1) 700 19.7 

 800 76.5 

 850 122.1 

 900 216.6 

LaCoO3 -ss ( high Co) 700 20.2 

 800 45.5 

 850 42.3 

 900 47.4 

LaCoO3 - ss ( high La) 700 46.2 

 800 72.4 

 850 73.2 

 900 74.7 

 

Figure 25 showed the graph of LaCoO3-ss (1:1, high Co and high La).  The 

crystallite sizes of LaCoO3-ss (1:1) was increased with increasing the calcination 

temperature.  The crystallite sizes of LaCoO3-ss (high Co and high La) were slightly 

increased with increasing calcination temperature. 
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Figure 25  The LaCoO3-ss (1:1, high Co, and high La) crystallite size with 

                   temperature.  

 

Table 6  Crystallite sizes of LaCoO3-cp and LaCoO3-wd perovskites. 

 

Perovskite Calcination temperature 

(°C) 

Crystallite size            

(nm) 

LaCoO3-cp 700 

 

28.2 

LaCoO3-wd 700 28.5 
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 The crystallite sizes of LaCoO3 perovskite from other two methods of 

LaCoO3-cp and LaCoO3-wd were shown in Table 6.  The crystallite sizes of LaCoO3-

cp and LaCoO3-wd were 28.2 and 28.5 nm, respectively, at calcination temperature of 

700°C.  From the results in Tables 5 and 6, the crystallite sizes of all LaCoO3 

perovskites were in the order of nanometer and the sizes were dependent on the 

calcination temperature and the method of preparation. 

 

1.2  X-ray absorption near-edge structure (XANES) 

 

        The XANES measurement at Co K-edge were done for LaCoO3-ss (1:1, 

high Co, and high La), LaCoO3-cp and LaCoO3-wd and Co-foil, CoO and Co3O4 as 

were used reference samples.  The XANES data were analyzed by the ATHENA 

program and the spectra had been normalized to unity at 100 eV above the edge.  The 

edge absorption occurred when the energy of the incident photons was just sufficient 

to cause excitation of a core electron of the absorbing atom to a continuum state, i.e. 

to produce a photoelectron.  Thus, the energies of the absorbed radiation at these 

edges corresponded to the binding energies of electron in the K, L, M, etc, shells of 

the absorbing elements.  The K-edge absorption process occurred due to transition of 

electron from s-symmetric state to d-symmetric unoccupied states.  Thus Co K-edge 

absorption could be identified to the electronic transition from Co 1s to 3d states 

(Haas et al., 2004). 
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Figure 26  Molecular orbital scheme of Co(III) and possible XAS transitions. 

 

Source: Adapted from Haas (2004) 

 

       Figure 26 showed the low-spin, intermediate-spin, and high-spin electron 

configuration of Co (III) schematically, together with the main K-edge, which in our 

energy calibrated XANES spectrum with LaCoO3 showed the edge at 7724.0 eV.  

Octahedral oxygen coordinated Co(III) compounds normally had an undistorted cubic 

symmetry with a low-spin π*(t2g6) configuration, albeit that ligand-to-metal charge 

transfer processes might formally lead to configurations with seven electrons on the 

cobalt and a ligand hole π*(t2g6 eg1) as well.  This was especially true for strong 

covalent bonds between the cobalt and the ligands.  As an exception to the normal 

case LaCoO3 was either in an intermediate, t2g5 eg1, or partially in a high-spin state, 

t2g4 eg2 (Haas et al ., 2004). 
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Figure 27  Normalized absorption spectra for the LaCoO3-ss (1:1, high Co, and high  

                  La) and reference sample of Co, CoO, and Co3O4 at Co K edge. 

 

        Figure 27 showed normalized XANES spectra of LaCoO3-ss (1:1, high 

Co, and high La) calcination at 850°C and XANES from standard Co-foil, CoO, and 

Co3O4 as the references.  The valence state of Co could be estimated from the location 

of the edge (edge energies given in the Table 7).  For the LaCoO3-ss (1:1) and 

LaCoO3-ss (high La) having the edge position of approximately 7723 eV, the average 

Co oxidation state could be ≈ 3, confirmed by the peak edge energy of LaCoO3 

7723.6 eV (Makshina et al., 2006).  The XANES pattern of the LaCoO3-ss (high Co) 

having the edge energy of 7720.9 eV was between the edge energies of 7720.5 eV and 

7721.5 eV from CoO and Co3O4, respectively, which indicated that the average 

oxidation state of LaCoO3-ss (high Co) was from 2 to 8/3. 
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Figure 28  Normalized absorption spectra for the LaCoO3-cp, LaCoO3-wd, and  

                  reference sample of Co, CoO, and Co3O4 at Co K edge. 

   

        For the LaCoO3-cp and LaCoO3-wd, the XANES spectra were shown in 

Figure 28.  The peak edge energy for LaCoO3-cp was 7720.8 eV, giving an average 

Co oxidation state closed to 2.  For the LaCoO3-wd peak edge energy of 7722.0 eV, 

an average Co oxidation was between 2 and 3.  From the XANES edge energy of all 

LaCoO3 samples were summarized in the Table 7.  
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Table 7  Edge energy of LaCoO3-ss (1:1, high Co, and high La), LaCoO3-cp, and 

               LaCoO3- wd perovskites. 

 

Reference* Edge energy 

(eV) 

Sample (experiment) Edge energy (eV) 

Co-foil 7709.0 LaCoO3-ss (1:1) 7723.1 

CoO 7720.5 LaCoO3-ss (high Co) 7720.9 

Co3O4 7721.5 LaCoO3-ss (high La) 7723.8 

LaCoO3 7723.6 LaCoO3-cp 7720.8 

  LaCoO3-wd 7722.0 
 

*Reference from Makshina et al .,(2006) 

 

       From the result of edge energy in the Table 7, the LaCoO3-ss (1:1 and high 

La) had the higher oxidation state than ones from LaCoO3-wd, LaCoO3-ss (high Co), 

and LaCoO3-cp.  

 

 1.3  BET method 

 

  Determination of surface area by BET method 

 

 Surface area of LaCoO3-ss (1:1, high Co and high La) was derived from 

N2 adsorption-desorption isotherm as shown in Table 8.  In BET measurement, the 

samples were outgased at 300°C for 3 hours.   
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Table 8  Surface area of LaCoO3-ss (1:1, high Co and high La) perovskite. 

 

Calcination temperature(°C ) Surface area (m2/g) 

LaCoO3-ss (1:1)      

700 14.1 

800 4.0 

850 1.6 

900 1.3 

LaCoO3-ss (high Co)     

700 8.2 

800 3.0 

850 3.9 

900 1.7 

LaCoO3-ss (high La)     

700 8.2 

800 4.9 

850 5.2 

900 4.5 

    

 

 The surface area of LaCoO3-ss (1:1) calcined at 700, 800, 850, and 900°C 

were 14.1, 4.0, 1.6 and 1.3 m2/g, respectively.  When the temperature of calcination 

increased, the surface area tended to decrease and gradually dropped at the 
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temperature of calcination at 900°C as shown in Figure 29.  The surface area of 

LaCoO3-ss (high Co) calcined at 700, 800, 850 and 900°C were 8.2, 3.0, 3.9, and 1.7 

m2/g, respectively.  The surface area of LaCoO3-ss (high La) calcined at 700, 800, 

850, and 900°C were 8.2, 4.9, 5.2, and 4.5 m2/g, respectively.  The surface area of 

LaCoO3-ss (high La and high Co) were slightly decreased with increasing calcination 

temperature as shown in Figure 29.   

 

700 750 800 850 900 950
0

2

4

6

8

10

12

14

16

high La

high Co

1:1

Su
rf

ac
e 

ar
ea

 (m
2 /g

)

Temperature (OC)

 

 

Figure 29  The LaCoO3-ss (1:1, high Co, and high La) surface area with temperature.  

  

1.4  Particles density 

 

       The particles density of LaCoO3-ss (1:1, high Co and high La), LaCoO3-

cp, and LaCoO3-wd perovskite was determined by using a gas replacement technique.  

The samples were weighed, put in micro cell, and analyzed by ultrapycnometer 1000 
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which operated at 23.5°C.  The results of apparent density of LaCoO3-ss, LaCoO3-cp, 

and LaCoO3-wd samples were shown in Table 9. 

 

Table 9  The results of apparent density of LaCoO3 perovskites. 

 

Perovskite Apparent density (g/cc) 

LaCoO3-ss (1:1)     7.2068 

LaCoO3-ss (high Co)    6.9848 

LaCoO3-ss (highLa)    5.8038 

LaCoO3-cp    7.7885 

LaCoO3-wd    6.4712 

    

The LaCoO3-ss (high La) showed the lowest density of 5.8038 g/cc, whereas 

the LaCoO3-ss (1:1 and high Co), LaCoO3-cp and LaCoO3-wd perovskites showed the 

apparent densities of 7.2068, 6.9848, 7.7885, and 6.4712 g/cc, respectively.   

1.5  Scanning electron microscope (SEM) 

                   For the morphology investigation by SEM, the images of LaCoO3-ss (1:1, 

high Co and high La) showed the aggregation of particles.  From Figures 30-32, the 

SEM image indicated the aggregated particles of the calcined LaCoO3-ss (1:1, high 

Co, and high La) at 850°C with the size of approximately 4.4, 0.8 and 1.2 μm, 

respectively. 
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Figure 30  SEM image of LaCoO3-ss (1:1) particle calcined at 850°C. 

 

 

 

Figure 31  SEM image of LaCoO3-ss (high Co) particle calcined at 850°C.  
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Figure 32  SEM image of LaCoO3-ss (high La) particle calcined at 850°C.  

 

 

 
 

Figure 33  SEM image of LaCoO3-cp particle calcined at 700°C 

                  (Prangsri-aroon 2008). 
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Figure 34  SEM image of LaCoO3-wd particle calcined at 700°C 

                  (Prangsri-aroon 2008).   

 

         The morphology of LaCoO3-cp and LaCoO3-wd before calcination was 

investigated by SEM as shown in Figures 33 and 34, respectively.  The scanning 

electron micrographs revealed the aggregates of LaCoO3-cp consisting of particles in 

the diameter in range of 90-260 nm.  For LaCoO3-wd, the result showed the dispersed 

rods with the diameter of 70-90 nm and the length of 170-440 nm.  SEM images 

confirmed that the morphology strongly depended on the preparation method 

(Prangsri-aroon 2008).   
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2. Carbon monoxide (CO) sensor test 

 

The studies on CO sensors prepared from solid state reaction, modified wet 

powder dispersion, and co-precipitation methods could be summarized as shown in 

the following diagram. 
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[ (  ) represents the corresponding section in Results and Discussion] 

 

Figure 35  Diagram for LaCoO3 CO sensing. 

Effect of applied 
voltage (0-7.5 
volts)  (2.1) 

Resistance 
measurement (2.2) 

Modified wet 
powder dispersion 

Co-precipitation 

Response to 0.039-
99.20%CO (2.4) 

Resistance 
measurement (2.2) 

High Co (1:5) 1:1 High La (5:1) 

Response to 0.39-
99.20%CO (3.3) 

Resistance 
Measurement (2.2)  

Response to 1.98-
19.84%CO Response to 1.98-

19.84%CO  
(2.3)

(2.4) 

Response to 
0.004-0.039%CO 

Resistance 
measurement (3.3) 

Resistance 
measurement (3.1) 

Response to 1.98-
19.84%CO (3.2) 

Prepared   by 

LaCoO3 

Solid state 
reaction 

with molar ratio    (La:Co) of

Response to 0.004-
0.039%CO  (2.4) 



 71

2.1 The effect of applied voltage on the resistance of LaCoO3-ss (molar ratio 

(La:Co) of 1:1) 

 

                  The voltages of 0.0 volt to 7.5 volts, corresponded to temperature of 29°C 

to 133°C measured at the LaCoO3 surface, were applied to LaCoO3 and the resistance 

was investigated on the change with temperature.  At 7.5 volts, the resistance was 

lowest (highest conductivity).  At temperature above 0 K (-273°C), some of the 

valence electrons were thermally activated and excited across the energy band gap 

into the conduction band; electron hole pairs were generated.  The conductivities of 

semiconductors increased with increasing temperatures for the temperature range over 

which this process predominated; the quantity of thermally activated electrons in 

semiconductor was temperature dependent.    The amount of electrons having the 

sufficient thermal energy to jump to the conduction band would produce the same 

amount of holes in the valence band; the concentration of these electrons depended on 

energy band gap and temperature (William et al., 1990). 
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Figure 36  The resistances with time of the LaCoO3-ss (1:1) at 850°C with 0-7.5 volts 

                   applied. 
 



 72

2.2 The response of different molar ratio (La:Co) sensors in oxygen 

atmosphere at different operating temperatures 

 

 The LaCoO3 prepared from solid state reaction had the molar ratio 

(La:Co) of 1:1, 1:5 (high Co), and 5:1 (high La).  These three sensors response to 

oxygen were investigated as shown in Figures 37-39.  
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Figure 37  The resistances with time of the LaCoO3-ss (1:1) calcined at 700, 800,  

                   850, and 900°C with the applied voltage of 7.5 volts. 

 

         From Figure 37, the measured resistances with time for LaCoO3-ss (1:1) 

of  various calcination temperatures of  700, 800, 850 and 900°C were shown.  The 

resistance for all LaCoO3-ss (1:1) sensors decreased exponentially to the lowest 

resistance of approximate 1000 Ω for one at calcination temperature of 850°C and to 

the highest of 1.2 MΩ for the one at calcination temperature of 700°C.  As the 
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calcination temperature increased, LaCoO3 and Co3O4 reacted to form LaCoO3 as 

shown in XRD patterns (Figure 19).  The resistance decreased as the LaCoO3 phase 

was formed during the measuring time of 200s.  At the calcination temperature of 

850°C, LaCoO3-ss (1:1) showed the lowest resistance or highest conductivity.  It 

implied that high number of valence electrons in the valence band were excited to the 

conduction band and created holes in the valence band.  By looking at the structure, 

the prepared LaCoO3-ss (1:1) after calcination at 850°C might have the approximate 

structure of rhombohedral for high conductivity.  The result indicated that the high 

conductivity of LaCoO3 was due to the phase of LaCoO3. 
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Figure 38  The resistance with time of LaCoO3-ss (high Co)  calcined at 700, 800,  

                   850, and 900°C with the applied voltage of 7.5 volts. 

 

        Figure 38 showed the resistance of LaCoO3-ss (high Co) calcined at 700-

900°C which were approximately 30 kΩ for one calcined at 900°C and to 5000 Ω for 
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the one calcined at 850°C.  As increasing calcination temperature from 700°C to 

850°C, the resistance was decreased.  However, when it was continued increasing the 

calcination temperature to 900°C, the resistance was highly increased.    

 

         As the calcination temperature increased to 850°C, the phase of LaCoO3 

in LaCoO3-ss (high Co) increased, confirmed by XRD (Figure 20), leading to the 

decrease of resistance or the increase of conductivity.  If looking at the change in 

Co3O4 phase, the results showed the decrease of the remaining Co3O4 as increasing 

the calcination temperature, which was resulted from the use of Co3O4 in LaCoO3 

formation.  The Co3O4 could possibly undergo oxidation or reduction at the LaCoO3 

surface.    However, the presence of Co3O4 with LaCoO3 made the resistance decrease 

to approximate 5000 Ω for LaCoO3-ss (high Co) at the calcination temperature of 

850°C, which was higher than the resistance of  1000 Ω for LaCoO3-ss (1:1) at the 

same calcination temperature. 

 

         As increasing the calcination temperature to 900°C, although the phase 

of LaCoO3 was increased, the surface area was decreased by half indicating the 

decrease in porosity.  The high resistance of LaCoO3-ss (high Co) at the calcination 

temperature of 900°C implied that not only the presence of LaCoO3 and Co3O4 but 

also the surface area/porosity had the influence on the resistance. 
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Figure 39  The resistance with time of LaCoO3-ss (high La) calcined at 700, 800, 

                  850, and 900°C with the applied voltage of 7.5 volts. 

 

        As shown in Figure 39, the measured resistance of LaCoO3-ss (high La) 

calcined at 700, 800, 850 and 900°C was presented. LaCoO3-ss of high La had highest 

resistance compared to those of LaCoO3-ss (1:1, and high Co).  As increasing the 

calcination temperature, the phase of Co3O4 and the remaining La2O3 were decreased 

due to the formation of LaCoO3 phase as shown in the XRD patterns from Figure 21.  

Although the phase of LaCoO3 was increased, the resistance of LaCoO3-ss (high La) 

was as high as approximate 2 MΩ and fluctuated.  

 

        The electrical conductivity of materials was usually related to their 

morphology, the surface area, the particle size and the pore size.  The micropore 

volume of the LaCoO3 could play an important role on the resistance of LaCoO3.  The 

micropore volume of LaCoO3-ss (high La) is 5x10-5 which was higher when 

compared to 0 of those LaCoO3-ss (high Co and 1:1).  Having micropores, the 
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structure consisting of smaller and deeper pores, may cause the higher resistance due 

to the difficulty of the ions to move or transfer (Frackwiak et al., 2001).  The results 

implied that the presence of excess La2O3 might be the cause of the micropore 

structure and high resistance.  When compared to LaCoO3-ss (1:1 and high Co), 

LaCoO3-ss (high La) showed highest resistance or lowest conductivity which 

indicated the inappropriate use for CO sensor in the further studies. 

 

2.3  The response of LaCoO3-ss (1:1 and high Co) to CO. 

 

       LaCoO3 is a p-type semiconductor.  The resistance of a sensor based on p- 

type semiconducting materials in air containing reducing gases was higher than that in 

pure air, so the sensitivity was defined as follows: 

 

                       S   =   R/R0       (19)  

 

         Where S was the sensitivity, R and R0 were resistance of a sensor in air 

containing reducing gases and in pure air, respectively, at the same temperature.  The 

sensitivity of sensor increased with increasing operating temperature or applied 

voltage (Kong et al., 1996).  

 

         General speaking, semiconductor could be classified according to their  

electron donor or acceptor levels as follows (Ling et al., 1995). 

 

Table 10  Resistance for semiconductor ( Adapted from Ling 1995). 

 

Semiconductor Oxidizing condition,  

Oxygen added 

Reducing condition,  

Oxygen reduced 

p-type Resistance falls Resistance rises 

n-type Resistance rises Resistance falls 
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                     The sensitivity (R/R0) vs. times of the LaCoO3-ss (1:1 and high Co) 

sensor were shown in Figures 40-41.  Both sensors were tested with CO gas with the 

concentrations of 1.98, 5.95, 9.92, 13.89, and 19.84% v/v using the applied voltage of 

7.5 volts. 
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Figure 40  The sensitivity (R/R0) of LaCoO3-ss (1:1) with time on exposing to CO 

                   concentrations of 1.98-19.84% v/v. 

 

          Figure 40 showed that the sensitivity (R/R0) of LaCoO3-ss (1:1) sensor 

was increased with increasing CO concentrations.  The response time was about 20s 

when the resistance was stable due to complete CO oxidation.  Oxygen gas was 

purged through the sensor chamber, before the gas sample was introduced, to supply 

the surface oxygen of the LaCoO3-ss (1:1) perovskite.  
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         It was well known that CO was a reducing agent and reacted with 

adsorbed oxygen to form CO2.  Here, rates of the reaction would be controlled by the 

rate of desorption of CO2 from the surface.  One of the simplified reaction scheme 

could be highlighted as below (Salker et al., 2005).   

 

( ) 2( ) ( )
1 ...
2s gS O S O−+ ⎯⎯→ ad           (20) 

' 2( ) ( )( )
...g ads

S CO S CO++ ⎯⎯→          (21) 

( ) ( ) 2( ) ( )... ... ...ad ad ad sS O S CO S CO S− ++ ⎯⎯→ +         (22) 

 

         Where S was metal oxide site on the surface, (s) and (s') represented 

active site on the surface for oxygen and CO adsorption, (g) and (ad) were shown as 

gas and adsorbed form (Isupova et al ., 2000).  

 

         According to equations 20-22, the mechanism on active site of LaCoO3 

could be written as shown in equations 23-25.  The active site of LaCoO3 perovskite 

was Co3+, which was capable for receiving electrons.  It had been shown that cobalt 

on the surface was usually in the +3 oxidation state. 

 

3( ) 2( ) 3 ( )
1 ...
2s gLaCoO O LaCoO O−+ ⎯⎯→ ad

( )

               (23) 

            '3 2( ) 3( )
...g ads

LaCoO CO LaCoO CO++ ⎯⎯→               (24) 

3 ( ) 3 ( ) 3 2( ) 3(... ... ...ad ad ad sLaCoO O LaCoO CO LaCoO CO LaCoO− ++ ⎯⎯→ + )    (25) 

 

         For LaCoO3-ss (high Co), the sensitivity (R/R0) was fluctuated with time 

after 20s of measuring time as shown in Figure 41.  From the XRD pattern of 

LaCoO3-ss (high Co), there were the impurity peaks of Co3O4, and the XANES 

pattern indicated that average oxidation state of LaCoO3-ss (high Co) was from 2 to 

8/3.  Due to the presence of Co3O4, the oxidation-reduction of Co3O4 site along with 
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the surface reaction on LaCoO3 site could be resulted in the fluctuation of LaCoO3-ss 

(high Co) sensitivity. 
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Figure 41  The sensitivity (R/R0) of LaCoO3-ss (high Co) with time on exposing to 

                   CO  concentrations of 1.98-19.84% v/v.  
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Table 11  The sensitivity (R/R0) of LaCoO3-ss (1:1, high Co, and high La).   

 

  R/R0 

CO (ml) CO (%) 1:1 high Co high La 

1 1.98 1.06 1.09 N/A 

3 5.95 1.10 1.16 N/A 

5 9.92 1.14 1.13 N/A 

7 13.89 1.22 1.15 N/A 

10 19.84 1.28 1.23 N/A 

           *N/A – could not be measured 

                      

           For all LaCoO3-ss (1:1, high Co, and high La) samples, the R/R0 

measured for CO concentration of 1.98-19.84% were shown in Table 11.  The 

sensitivity (R/R0) of LaCoO3-ss (1:1) was slightly increased with the increase of CO 

concentration.  The sensitivity (R/R0) of LaCoO3-ss (high Co) was increased but 

fluctuated.  For LaCoO3-ss (high La), the resistance was too high (approximate 2 MΩ) 

and the sensitivity could not be measured.   
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Figure 42  The sensitivity and the CO concentrations of LaCoO3-ss (1:1 and high Co) 

                   to 19.84% v/v at 20s. 

 

                      Figure 42 showed the sensitivity (R/R0) at 20 seconds on various CO 

concentrations for LaCoO3-ss (1:1 and high Co) sensors.  From the plot, the 

sensitivity (R/R0) of LaCoO3-ss (1:1) was linearly fit to 19.84% v/v CO.  For 

LaCoO3-ss (high Co), the sensitivity (R/R0) was non-linear with CO concentration 

resulting from the resistance fluctuation as shown in Figure 41. 

 

         2.3  Study of the quantification range of CO sensing 

 

                      For the LaCoO3-ss (1:1), the best operating temperature for CO gas 

was 133°C (at applied voltage of 7.5 volts) and the resistance corresponding to CO 
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concentrations of 0.39-99% v/v were measured after injecting oxygen.  The 

mechanism of oxidation with LaCoO3 p-type semiconductor was presented according 

to equation 23-25. 

                    

Table 12 The sensitivity (R/R0) of LaCoO3-ss (1:1) at 0.39-99.2% v/v CO. 

 

CO (ml) CO (%) R/R0 

0.2 
 

0.39 1.05 

0.4 
 

0.79 1.09 

0.6 
 

1.19 1.11 

0.8 
 

1.58 1.13 

1 
 

1.98 1.17 

2 
 

3.96 1.22 

5 
 

9.92 1.51 

10 
 

19.84 1.55 

15 
 

29.76 1.60 

20 
 

38.63 1.78 

25 
 

49.60 1.88 

30 
 

59.52 1.96 

35 
 

69.44 1.99 

40 
 

79.36 1.85 

45 
 

89.28 2.01 

50 
 

99.20 1.60 

                      



 83

 

 Table 12 showed the sensitivity of LaCoO3-ss (1:1) after injecting CO gas at 

the concentration of 0.39-99.2% v/v.  From Table 12, the sensitivity results of 

LaCoO3-ss (1:1) could be plotted showing the relation between R/R0 and %CO 

concentration as shown in Figure 43.  Figure 43 showed the sensitivity of LaCoO3-ss 

(1:1) with 0.39-99.20% CO v/v in air.  At 0.39-3.96% CO, the sensitivity (R/R0) were 

low from 1.05 to 1.22.  At 9.92% CO, the sensitivity increased to 1.51.  As increasing 

CO concentration to 69.44%, the response increased slowly with increasing CO 

concentration and then tented to decrease as the CO concentration went from 69.44% 

to 99.20%.  This dramatically improved sensitivity of LaCoO3-ss (1:1) for CO was 

due to the oxidation state of Co3+.  This could be stated that in the low concentration 

range (0.39-3.96% CO), the active site (Co3+) were initially vacant, the CO gas could 

rapidly fill the surface.  At 9.92-69.44% CO, the CO gas was also adsorbed on the 

surface but with competition.  In the high concentration range (79.36-99.20% CO), 

the CO gas approached the active sites which might be fully occupied causing the 

decrease in sensitivity.  The CO2 product formed at higher CO concentration could be 

more adsorbed on the sensor surface causing the LaCoO3 to be less active and the rate 

of the reaction would be controlled by the rate of desorption of CO2 from the surface 

(Salker et al., 2005). 
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Figure 43  The sensitivity with the CO concentrations of LaCoO3-ss (1:1) 0.39- 

                   99.20% v/v at 20s.  The inset represented the enlargement of the  

                   sensitivity with the low CO concentrations of 0.39-3.96% v/v at 20s. 

 

         To study the detection limit of LaCoO3-ss (1:1), the experiments were 

performed using the low CO concentration of 0.004-0.039% v/v.  Table 13 showed 

the result of the sensitivity (R/R0) of LaCoO3-ss (1:1), having the sensitivity (R/R0) of 

0.977-1.027.   
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Table 13  The sensitivity (R/R0) of LaCoO3-ss (1:1) at 0.004-0.039% v/v CO. 

 

CO (ml) 

(diluted 0.99% CO)   

CO (%) R/R0 

0.2 
 

0.004 0.977 

0.3 
 

0.006 1.007 

0.4 
 

0.008 1.006 

0.6 
 

0.012 1.011 

0.8 
 

0.016 1.014 

1 
 

0.019 1.015 

2 
 

0.039 1.027 

 

 

 From Table 13, the sensitivity results of LaCoO3-ss (1:1) could be plotted 

showing the relation between R/R0 and 0.004-0.039% CO concentration at 20s as 

shown in Figure 44.  The detection limit of LaCoO3-ss (1:1) obtained from the graph 

was about 0.006% v/v (60 ppm).  At higher CO concentration, the results showed 

high sensitivity which fitted to be linear with CO concentration.  As increasing CO 

concentration to 0.039% v/v, the R/R0 increased; it could be resulted that the active 

sites (Co3+) were vacant and the number of vacant sites was plentiful for CO 

adsorption leading to the slightly increase in the sensitivity (R/R0). 
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Figure 44  The sensitivity (R/R0) of LaCoO3-ss (1:1) with the 0.004-0.039 % v/v CO 

                   concentrations at 20s. 

 

Table 14  Chemical and physical properties and CO sensing capability of prepared  

                 LaCoO3-ss perovskite. 

 

Perovskite Oxidation 

state 

Crystallite 

size (nm) 

Grain 

size 

(μm) 

Surface 

area 

(m2/g) 

Relative 

density* 

(%) 

Density 

(g/cm3) 

CO 

sensing 

1:1 +3 122.1 4.4 1.6 98.89 7.2068 Good 

High Co +2, +8/3 42.3 0.2 3.9 95.85 6.9848 Medium

High La +3, +8/3 73.2 1.2 5.2 79.85 5.8038 N/A** 

 *relative density to the theoretical density of 7.287 (Appendix Figure B1) 
 **N/A – could not be measured 
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 Table 14 showed the chemical and physical properties as well as CO sensing 

capability prepared from LaCoO3-ss (1:1, high Co, and high La).  LaCoO3-ss (1:1) 

showed good sensing response than others due to the average Co oxidation number of 

+3, which was the most active site, although its crystallite and grain sizes were large 

and its surface area was low.  The results showed its high density of 7.2068 g/cm3 

approaching the theoretical density of 7.287 g/cm3, which indicated that the LaCoO3-

ss (1:1) samples were very dense.  For LaCoO3-ss (high Co), its sensing response was 

quite good due to its small crystallite and grain sizes.  Because of its Co oxidation 

state of +2 and +8/3, the Co site was not as active as Co3+.  By looking at its relative 

density of 95.85% theoretical density, the result indicated a small deviation from 

theoretical density which implied that there was a small amount of Co3O4 (density of 

6.056 g/cm3 from Appendix Figure B3) remaining in LaCoO3-ss (high Co).  For 

LaCoO3-ss (high La), the sensing capability was less compared to other LaCoO3-ss 

perovskites.  Although it had small grain size, relatively moderate crystallite size, 

higher surface area compared to the others, and the oxidation state of +3 and +8/3, its 

relative density of 79.85% theoretical density indicated that there was high La2O3 

content (density of 6.574 g/cm3 from Appendix Figure B2) left in the LaCoO3 phase 

and the perovskite was porous.  The remaining La2O3 could be scattered on the 

surface of LaCoO3-ss (high La) caused the incapability of the sensing characterize in 

the material. 

   

 3.  CO responses of LaCoO3-cp prepared by co-precipitation and modified wet   

 powder dispersion method 

 

3.1  The response of LaCoO3-cp and LaCoO3-wd in oxygen at 7.5 volts 

 

        Figure 45 showed the relation between the resistance and time of 

LaCoO3-cp and LaCoO3-wd in oxygen atmosphere at the calcination temperature of 

700°C, the results showed that the resistance of LaCoO3-cp was much lower than its 

of LaCoO3-wd.  The low resistance of LaCoO3-cp was approximately 6000 Ω which 

closed to that of LaCoO3-ss (high Co), whereas the low resistance of LaCoO3-wd was 
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about 2 MΩ.  XRD of both LaCoO3-cp and LaCoO3-ss (high Co) showed Co3O4 as 

the impurities left on the LaCoO3 surface.   
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Figure 45  LaCoO3-cp and LaCoO3-wd resistance with time.  

 

   The low resistance LaCoO3-cp could be resulted from the surface 

oxidation state of 2 and 8/3 as shown in the XRD results.  From XRD pattern of 

LaCoO3-cp, the peaks showed the presence of Co3O4 and the active LaCoO3.  For 

LaCoO3-wd, the resistance was very high about 2 MΩ.  This could be resulted from 

the small amount of Co3+
 in LaCoO3 and the presence of La(OH)3 on surface as shown 

in the XRD patterns.  The high resistance of LaCoO3-wd indicated that LaCoO3-wd 

might not be appropriate to use as CO gas sensor. 
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3.2  The response of LaCoO3-cp to CO sensing 
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Figure 46  LaCoO3-cp sensor response with time on exposing to CO concentrations  

                  of 1.98-19.84% v/v. 

 

       To further study the CO sensing capability of LaCoO3-cp, the experiments 

were performed at various %CO concentration.  Figure 46 represented the sensitivity 

with time on exposing to CO concentration of 1.98-19.84%.  The sensitivity increased 

with the increase of CO concentrations.  At 1.98% CO, the sensitivity was low.  For 

5.95-19.84% CO, the sensitivity was slightly increased.  The interaction of CO on 

active site (Co3+) was less on surface LaCoO3-cp compare to that of LaCoO3-ss(1:1) 

due to the Co3O4 impurity on the LaCoO3-cp surface, leading to the slight increase in 

R/R0 sensing. 
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3.3  The CO quantitative range of LaCoO3-cp sensor 

 

         For the studies of LaCoO3-cp performance on CO sensing, Table 15 

showed the sensitivity on exposing to 0.39-99.2%CO v/v.  The sensitivity of LaCoO3-

cp was slightly fluctuation between 1.13-1.29 when CO concentrations of 0.39-

38.63% were injected and the sensitivity was continued to increase as the CO 

concentration was increased to 99.20%. 

 

Table 15  The sensitivity (R/R0) of  LaCoO3-cp at 0.39-99.2% v/vCO. 

 
CO (ml) CO (%) R/R0 

0.2 
 

0.39 1.13 

0.4 
 

0.79 1.20 

0.6 
 

1.19 1.22 

0.8 
 

1.58 1.22 

1 
 

1.98 1.21 

2 
 

3.96 1.25 

5 
 

9.92 1.25 

10 
 

19.84 1.29 

15 
 

29.76 1.21 

20 
 

38.63 1.21 

25 
 

49.60 1.35 

30 
 

59.52 1.37 

35 
 

69.44 1.47 

40 
 

79.36 1.52 

45 
 

89.28 1.51 

50 
 

99.20 1.78 
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      From Table 15, the relation between sensitivity and CO concentration 

could be presented in Figure 47.  Figure 47 showed that the sensitivity (R/R0) trended 

to increase up to 99.20% CO exposing.  The fluctuated of R/R0 might due to the 

incomplete reaction of LaCoO3 with CO at some CO injection.  Also, the incomplete 

desorption of CO2 product from the surface could also be the reason of fluctuation. 
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Figure 47  The sensitivity of LaCoO3-cp on exposing to CO concentrations of 0.39-  

                  99.2% v/v at 20s. 

 

 Table 16 showed the sensitivity (R/R0) of LaCoO3-cp on exposing to low 

CO concentration of 0.004 to 0.039% v/v.  LaCoO3-cp had the detection limit of 

approximate 0.006% (60 ppm).  The sensitivity was slowly increased from 0.996-

1.046 as increasing CO concentration from 0.004% to 0.039%; but the relation 
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between the sensitivity and CO concentration was linear up to approximate 0.02% as 

shown in Figure 48.   

 

 With the high resistance (low conductivity) of LaCoO3-wd, it could not be 

an appropriate material for CO sensor.   

 

Table 16  The sensitivity (R/R0) of LaCoO3-cp at 0.004-0.039% v/v CO. 

 

CO (ml) CO (%) R/R0 (20s) 

(diluted 0.99% CO)  LaCoO3-cp LaCoO3-wd 

0.2 0.004 0.996 N/A* 

0.3 
 

0.006 1.013 N/A 

0.4 
 

0.008 1.015 N/A 

0.6 
 

0.012 1.038 N/A 

0.8 
 

0.016 1.028 N/A 

1 
 

0.019 1.033 N/A 

2 
 

0.039 1.046 N/A 

                         *N/A – could not be measured 

  

  



 93

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045
0.95

0.96

0.97

0.98

0.99

1.00

1.01

1.02

1.03

1.04

1.05

1.06

 

R
/R

0

CO concentration (%)

 

 

Figure 48   The sensitivity of LaCoO3-cp on exposing to CO concentrations 0.004- 

                   0.039% v/v at 20s. 

 

        From the experimental as results, both LaCoO3-ss (1:1) and LaCoO3-cp 

had the detection limit of approximate 0.006% (60 ppm).  Compared to commercial 

ones, one from Futurlec ($ 8.90) (www.futurlec.com) could detect CO concentration 

range of 10-1000 ppm, another from DEPOT-MQ7 ($ 7.95) (www.hwsensor.com) 

could be used in the CO concentration range of 20-2000 ppm, and the other from 

BRK-CO5120BN ($56.00) (www.brkeletronics.com) could be used in the range of 

30-400 ppm.  The prepared CO sensor from LaCoO3-ss (1:1) and LaCoO3-cp could go 

to the lowest CO concentration of 60 ppm, which the value was higher than the 

detection limit of other commercial ones.  However, the 60 ppm detection limit of the 

prepared sensor was still lower than 100 ppm (Ihokura., 1994), which was the toxic 

CO concentration level for health and safety at 90 minutes exposure and the cost of 

the fabricated one was less approximately $7.50. 

http://www.futurlec.com/
http://www.hwsensor.com/
http://www.brkeletronics.com/
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CONCLUSION 

 
LaCoO3-ss (1:1, 1:5 (high Co) and 5:1(high La)) perovskites were prepared by 

the solid state reaction and calcined for 2 h at temperature of 700-900°C using 

lanthanum oxide (La2O3) and cobalt oxide (Co3O4) as starting materials.  The XRD 

patterns of all LaCoO3-ss corresponded to the perovskites with the rhombohedral 

geometry and with the impurity of Co3O4 for LaCoO3-ss (high Co) and La2O3 for 

LaCoO3-ss (high La).  From other methods of co-precipitation and modified wet 

powder dispersion, the XRD patterns of LaCoO3-wd and LaCoO3-cp corresponded to 

the perovskite with the rhombohedral geometry with the impurity of La(OH)3 for 

LaCoO3-wd and Co3O4 for LaCoO3-cp.  The crystallite sizes of  LaCoO3-ss (1:1), 

LaCoO3-ss (high Co), and LaCoO3-ss (high La) at the calcination temperature of  

850°C were calculated by Scherrer’s equation giving the crystallite size of 122, 42, 

and 73 nm from solid state reaction method and of about 28 nm from both co-

precipitation and modified wet powder dispersion methods.  Both LaCoO3-cp and 

LaCoO3-wd methods gave the same order of crystallite size but having different 

morphology. For XANES spectra of the LaCoO3-ss (1:1 and high La) having the edge 

position of approximate 7723 eV, the average Co oxidation state could be +3.  The 

average oxidation state of LaCoO3-ss (high Co) was in the range of 2 to 8/3.  The 

peak edge energy for LaCoO3-cp and LaCoO3-wd were 7720.8 and 7722.0 eV, giving 

an average Co oxidation state closed to 2 and between 2 and 3, respectively.  From 

BET surface area analysis, the surface area was 3.9, 5.2, 11.75, and 11.69 m2g-1 for 

LaCoO3-ss (high Co), LaCoO3-ss (high La), modified wet powder dispersion, and co-

precipitation methods, respectively.  For LaCoO3-ss (1:1), it gave rather low specific 

surface area of 1.6 m2g-1.   

 

 To study the CO sensing response, the resistance of LaCoO3-ss (1:1, high Co, 

and high La), LaCoO3-cp, and LaCoO3-wd perovskites were measured.  At the  

applied voltages of 7.5 volts, corresponded to temperature of 133°C measured at the 

LaCoO3-ss (1:1) surface calcined at 850°C, the resistance was decreased to 

approximate 1000 Ω.  At the same condition, the resistance of LaCoO3-cp was 
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approximately 6000 Ω which closed to that of LaCoO3-ss (high Co), whereas the 

resistance of LaCoO3-ss (high La) and LaCoO3-wd was about 2 MΩ.  Due to the high 

resistance (low conductivity) of LaCoO3-ss (high La) and LaCoO3-wd, both 

perovskites were discontinued for the further studies. 

 

 From the sensitivity (R/R0) of LaCoO3-ss (1:1 and high Co) on exposing to the 

CO concentration of 1.98-19.84% v/v, the results found that the sensitivity (R/R0) of 

LaCoO3-ss (1:1) sensor was increased with increasing CO concentration and the 

sensitivity (R/R0) of LaCoO3-ss (high Co) was fluctuated with time after 20s.  From 

the sensitivity (R/R0) of LaCoO3-ss (1:1) in the overall range of 0.39-99.2%v/v CO 

concentration, the sensitivity showed as high as 1.99.  To study the detection limit of 

LaCoO3-ss (1:1), the experiments were performed using the low CO concentration of 

0.004-0.039%v/v and the result showed the sensitivity (R/R0) of 0.9770-1.027 giving 

the detection limit of 0.006% (60ppm).  From the sensitivity of LaCoO3-cp on 

exposing to the CO concentration of 1.98-19.84%v/v, the result showed the increase 

of sensitivity with the increase of CO concentration.  At 1.98%v/v CO, the sensitivity 

was low.  For 5.95-19.84%v/v CO, the sensitivity was slightly increased.  The 

sensitivity (R/R0) of LaCoO3-cp at 0.39-99.2%v/v CO concentration trended to 

increase up to 99.2%v/v.  The fluctuated of R/R0 might be due to the incomplete 

reaction of LaCoO3 with CO at some CO injection.  The sensitivity (R/R0) of 

LaCoO3-cp on exposing to low CO concentration of 0.004-0.039%v/v was slowly 

increased from 0.9960 to 1.046 giving the detection limit of 0.006% (60ppm).  After 

CO sensor testing, the LaCoO3-ss (1:1) gave better results than others followed by 

LaCoO3-ss (high Co) and LaCoO3-cp perovskites. 

  

 From the experiments, both LaCoO3-ss (1:1) and LaCoO3-cp exhibited the 

detection limit of approximate 0.006% (60 ppm).  Compared to the commercial ones, 

the cost could be in ranged of $7.95-$56.00 with the detection limit of 10-30 ppm.  

The 60 ppm detection limit of the prepared CO sensor was higher than that of the 

commercial ones.  However the value of 60 ppm was lower than 100 ppm, which was 
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the toxic CO concentration level for health and safety at 90 minutes exposure and the 

cost of the fabricated was less (approximately $7.50). 
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Appendix A 

Apparent density measurement 
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Appendix Table A1  The results of apparent density of LaCoO3-ss (1:1, 850°C). 

 

Mass          

(g) 

No. of 

experiments 

Volume       

(cc) 

Apparent density 

(g/cc) 

SD 

1 0.1388 7.2107 

2 0.1397 7.1656 

3 0.1386 7.2214 

4 0.1389 7.2064 

5 0.1385 7.2280 

 

1.0010 

Average 0.1389 7.2068 

 

0.0244 

 

Appendix Table A2  The results of apparent density of LaCoO3-ss ( high Co, 850°C). 

 

Mass          

(g) 

No. of 

experiments 

Volume       

(cc) 

Apparent density 

(g/cc) 

SD 

1 0.1441 6.9552 

2 0.1427 7.0269 

3 0.1437 6.9749 

4 0.1437 6.9759 

5 0.1434 6.9911 

 

1.0025 

Average 0.1435 6.9848 

 

0.0268 
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Appendix Table A3  The results of apparent density of LaCoO3-ss ( high La, 850°C). 

 

Mass          

(g) 

No. of 

experiments 

Volume       

(cc) 

Apparent density 

(g/cc) 

SD 

1 0.1715 5.8047 

2 0.1727 5.7978 

3 0.1734 5.7737 

4 0.1719 5.8228 

5 0.1720 5.8200 

 

1.0012 

Average 0.1725 5.8038 

 

0.0198 

 

Appendix Table A4  The results of apparent density of LaCoO3-cp. 

 

Mass          

(g) 

No. of 

experiments 

Volume       

(cc) 

Apparent density 

(g/cc) 

SD 

1 0.0787 7.8697 

2 0.0779 7.9434 

3 0.0816 7.5858 

4 0.0820 7.5530 

5 0.0775 7.9905 

 

0.6191 

Average 0.0795 7.7885 

 

0.2049 

 

Appendix Table A5  The results of apparent density of LaCoO3-wd. 

Mass          

(g) 

No. of 

experiments 

Volume       

(cc) 

Apparent density 

(g/cc) 

SD 

1 0.1626 6.6302 

2 0.1637 6.5862 

3 0.1639 6.5778 

4 0.1701 6.3375 

5 0.1732 6.6302 

 

1.0779 

Average 0.1667 6.4712 

 

0.1793 
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Appendix B 

XRD reference 
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Appendix Figure B1  XRD reference data of lanthanum cobalt oxide (48-0123). 

 

 

 

Appendix Figure B2  XRD reference data of lanthanum oxide (05-0602). 
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Appendix Figure B3  XRD reference data of cobalt oxide (42-1467). 

 

 

Appendix Figure B4  XRD reference data of aluminum oxide  (42-1467). 
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Appendix Figure B5  XRD reference data of cobalt oxide d-spacing values.  

 

 

Appendix Figure B6  XRD reference data of lanthanum cobalt oxide d-spacing 

                                     values. 
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Appendix C 

K-edge XANES spectra 
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Appendix Figure C1  Co K-edge XANES spectra. 

 

 

 

Appendix Figure C2  CoO K-edge XANES spectra. 
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Appendix Figure C3  Co3O4 K-edge XANES spectra. 
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Appendix D 

BET analysis  
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Appendix Figure D1  BET analysis of LaCoO3-ss (1:1, 700°C).  
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Appendix Figure D2  BET analysis of LaCoO3-ss (1:1, 800°C).  

 

 

 

 

 

 

 

 



 
 

122

 

 

Appendix Figure D3  BET analysis of LaCoO3-ss (1:1, 850°C).  
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Appendix Figure D4  BET analysis of LaCoO3-ss (1:1, 900°C). 
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Appendix Figure D5  BET analysis of LaCoO3-ss (high Co, 700°C). 
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Appendix Figure D6  BET analysis of LaCoO3-ss (high Co, 800°C). 
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Appendix Figure D7  BET analysis of LaCoO3-ss (high Co, 850°C). 
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Appendix Figure D8  BET analysis of LaCoO3-ss (high Co, 900°C). 
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Appendix Figure D9  BET analysis of LaCoO3-ss (high La, 800°C). 
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Appendix Figure D10  BET analysis of LaCoO3-ss (high La, 900°C). 
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Appendix E 

The resistance from e-corder 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

131

 

 

Appendix Figure E1  The LaCoO3-ss (1:1 and high Co) resistance from e-corder. 

 

 

 

Appendix Figure E2  The LaCoO3-ss (high La) resistance from e-corder. 
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Appendix Figure E3  The LaCoO3-cp resistance from e-corder. 

 

 

 

Appendix Figure E4  The LaCoO3-wd resistance from e-corder. 
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Appendix Figure E5  The LaCoO3-ss (1:1) resistance for CO sensor from e-corder. 

 

 
 

Appendix Figure E6  The LaCoO3-ss (high Co) resistance for CO sensor from   

                                     e-corder. 
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Appendix Figure E7  The LaCoO3-cp resistance for CO sensor from e-corder. 
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Appendix F 

The calculation of LaCoO3-ss preparation 
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1.  The calculation of LaCoO3-ss (1:1) preparation               

 

                        La               M.W   = 138.91  g 

                        Co                     M.W   =  58.93   g 

                        O                       M.W   =  15.99  g 

                       LaCoO3                    M.W     =  245.84 g  = 1 mole 

Amount of mole  1:1 LaCoO3 onto 20 g  = 
1 20

245.84
mole g

g
×

  

       = 0.0813 mole 

      La2O3  M.W   = 325.82 g 

Amount of gram La2O3 onto 0.0813 mole             =     325.82 0.08132
2

g m× ole  

                                                           =    13.2478 g 

       Co3O4  M.W   = 240.78 g 

Amount of gram Co3O4 onto 0.0813 mole             =           240.78 0.08132
3

g m× ole
                          

                                                                                    =           6.5267 g 
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2.  The calculation of LaCoO3-ss (1:5 high Co) preparation  

              

                        La           M.W   = 138.91  g 

                       Co                   M.W   =  58.93   g 

                       O                     M.W   =  15.99  g 

                       La0.2CoO3           M.W   =   134.66 g  = 1 mole 

Amount of mole LaCoO3-ss (high Co) onto 20 g = 
1 20

134.66
mole g

g
×

  

       = 0.1485 mole 

      La2O3  M.W   = 325.82 g 

Amount of gram La2O3 onto 0.1485 mole             =     325.82 0.1485
2

g m× ole  

                                                           =    24.1953 g 

       Co3O4  M.W   = 240.78 g 

Amount of gram Co3O4 onto 0.1485 mole             =       240.78 0.1485
3

g m× ole
                                

                                                                                    =           11.9186 g 
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3.  The calculation of LaCoO3-ss (5:1 high La) preparation  

              

                    La           M.W   = 138.91  g 

                    Co                     M.W   =  58.93   g 

                     O                      M.W   =  15.99  g 

                   LaCo0.2O3             M.W     =   198.66 g  = 1 mole 

Amount of mole  LaCoO3(high La) onto 20 g = 
1 20

198.66
mole g

g
×

  

       = 0.1006 mole 

      La2O3  M.W   = 325.82 g 

Amount of gram La2O3 onto 0.1006 mole             =     325.82 0.1006
2

g m× ole  

                                                           =    16.4007 g 

       Co3O4  M.W   = 240.78 g 

Amount of gram Co3O4 onto 0.1006 mole             =           240.78 0.1006
3

g m× ole
                            

                                                                                    =           8.0741 g 
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Appendix G 

The calculation of the carbon monoxide (CO)  
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1.  The calculation of the carbon monoxide (CO)  percentage.  

The percentage of the carbon monoxide was calculated by using Equation 1. 

                   C1V1 =  C2V2     Equation 1 

                              1 1
2

2

CVC
V

=  

    Where C1 is the concentration of the carbon monoxide in stock (%). 

         V1 is volume of the carbon monoxide inject in the flask (ml). 

         V2 is volume in the flask 50 ml. 

         C2 is the concentration of the carbon monoxide in the flask 50 ml (%). 

Example      Stock  CO 99.2%   

                    
 

2
(99.2%) (CO 1ml)

(50 )
C

ml
=  

                     2 1.98%C =

2.  The calculation of the carbon monoxide (CO) ppm   

     Stock CO 99.2%  by volume   

                   
610L Lppm

L L
μ −

= =                  Equation 2  

                     
99.2 1000 1000
100 1 1

L ml ml
L ml L ml

Lμ μ
= × ×  

                      499.2 10L L
L L
μ μ

= ×  

                     499.2 10 Lppm
L
μ

= ×  
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