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ABSTRACT 

To improve nitric oxide (NO) gas reaction properties, we synthesized microspherical 

La0.8Sr0.2MnO3 (LSM) particles. We investigated the NO sensing properties of NOx sensors 

fabricated using electrodes based on hollow/porous LSM (hp-LSM) or solid sphere LSM particles. 

The hp-LSM particles were synthesized using a novel process combining spray pyrolysis with 

carbonization using citric acid. The resulting particles were characterized by X-ray diffraction (XRD), 

and scanning electron microscopy (SEM), and their specific surface area was estimated using 

Brunauer-Emmett-Teller (BET) theory. The particle and pore size of the hp-LSM particles were 

estimated to be 1-3 µm and 100-500 nm, respectively, and their highest specific surface area was 

determined to be 6.8 m
2
/g. Sintered pellets made from hp-LSM particles had a relatively high density 

of 68 % and a broad pore size distribution between 100 and 1000 nm, estimated by the Archimedes 

method and mercury intrusion porosimetry measurements. The hp-LSM-based gas sensing electrode 

exhibited a faster NO response/recovery time than the one based on solid LSM. This synthetic 

method is expected to be widely applicable to other materials, and hollow/porous particles may be 

used for various applications such as gas sensors, batteries and chemical reactors. 
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INTRODUCTION 

Perovskite-type oxide materials are very attractive for various applications such as in solar 

cells
1,2

, electrodes
3,4

, and catalysts
5,6

. Lanthanum-based perovskite-type oxides of the composition 

La0.8Sr0.2BO3 (B = Mn, Fe, Co, etc.) have mixed electronic-oxide ionic conductivity, and are used in 

the air electrode of fuel and metal-air batteries. Teraoka et al. have reported that the nitric oxide (NO) 

decomposition reaction in lanthanum-based perovskite oxides occurs through oxide ion vacancies
7
. 

For this reason, La0.8Sr0.2BO3 has been extensively investigated for NOx decomposition catalysis
8, 9 

and for use in NOx sensing electrodes
10,11

. However, for those catalytic reactions, it is of vital 

importance that the gas diffusion and reaction area of La0.8Sr0.2BO3 is improved. 

Hollow spherical particles have been theorized to be superior electrode catalysts because of 

their relatively high specific surface area and low density. To date, such particles have been 

synthesized from metal oxides such as Co3O4
12

, ZnO
13

, TiO2
14

, MnO2
15

,
 
and others, and been applied 

as catalysts
16

, in sensors
17

, and in batteries
18

. Often, spherical particles are obtained by spray 

pyrolysis using conventional template methods
19, 20, 21

. Various template materials have been 

investigated, such as silica beads
22, 23

, polymers
24, 25

 and carbon
26, 27

. However, template methods 

involve harsh chemical processes, are expensive, and suffer from low productivity. Therefore, there 

is a demand for new synthesis procedures that are industrially applicable. Additionally, few studies 

have evaluated the porosity of sintered hollow spherical particles. 

Here, we report a novel process for the synthesis of hollow/spherical La0.8Sr0.2MnO3 
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(hp-LSM) and solid spherical LSM (solid LSM) particles by combining spray pyrolysis with 

carbonization using citric acid. Furthermore, we evaluated the porosity of sintered hp-LSM and solid 

LSM particles. Finally, gas sensing electrodes were fabricated by deposition and calcination of LSM 

particles on yttria-stabilized zirconia (YSZ), and their amperometric gas sensing properties were 

studied.  

  

EXPERIMENTAL 

Chemicals 

La(NO3)3･6H2O (99.9 %), Mn(NO3)2･6H2O (99.9 %) and citric acid (99.9 %) were 

purchased from Wako-Chemicals (Osaka, Japan). Sr(NO3)2 was purchased from Kanto Chemicals 

(Tokyo, Japan). Yttria-stabilized zirconia (8YSZ, 8 mol.% Yttria) was purchased from Japan Fine 

Ceramics (Miyagi, Japan). Pt paste (TR-7070) was purchased from Tanaka Kikinzoku Kogyo 

(Tokyo, Japan). 

 

Synthesis of La0.8Sr0.2MnO3 hollow/porous sphere particles 

La(NO3)3･6H2O (40 mmol), Sr(NO3)2 (10 mmol), Mn(NO3)2･6H2O (50 mmol) and citric acid 

(500 mmol) were dissolved in water (500 mL). The resulting metal precursor solution was atomized 

using an ultrasonic wave generator, and the mist was reacted in a four-zone furnace at 200, 300 and 

400
 
°C, and at 400 °C under N2 flow (5 L/min). The produced precursor powders were carbonized by 

Page 4 of 21RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

 

decomposition of citric acid at 500-1000 °C for 1 h under N2 flow (0.3 L/min). Finally, in order to 

remove carbon products, samples were heat-treated at 1000 °C for 2 h under air flow conditions (1 

L/min). 

 

Materials Characterization 

The synthesized crystals were analyzed by X-ray diffraction (XRD) using CuKα radiation 

(RINT2100, Rigaku, Tokyo, Japan), scanning electron microscopy (SEM) (JEM-2000EX/T, JEOL, 

and SU-8000, Hitachi, Tokyo, Japan), Brunauer-Emmett-Teller (BET) theory using a sorption 

analyzer (BELSORP-mini II, MicrotracBEL, Osaka, Japan), and mercury intrusion porosimetry 

(Auto Pore 9420, micromeritics, Norcross, GA, USA).  

 

Sensor Fabrication and NO gas sensing Characterization 

 A practical amperometric sensor was fabricated as previously reported
28

. LSM powder and 

ethylene glycol were mixed in a 2:1 weight ratio to prepare an LSM slurry, which was then 

screen-printed on one side of an 8YSZ pellet as the sensing electrode (SE). After LSM deposition, 

pellets were annealed at 1100 °C for 1 h. As the counter electrode (CE), Pt paste was screen-printed 

on the other side of the 8YSZ pellet (ϕ = 9 mm, t = 1 mm), followed by annealing at 1200 °C for 1 h. 

This practical sensor was then attached to the tip of a magnesia tube, and the completed sensor was 

placed on the center part of a tubular electric furnace. The reaction curves for the sensor were 
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measured with a potentiostat (Solartron-1287, Solartron, Farnborough, UK), using an applied 

potential of -50 mV (vs. Pt-CE) at 450 °C. Complex impedance measurements were taken in the 

frequency range of 10
-1

-10
5 

Hz, with an amplitude voltage of 10 mV. It was assumed that the 

electrochemical reaction on each electrode proceeds according to equations 1 and 2
28

. 

SE: 2NO + 4e
-
 → N2 + 2O

2-
     (1) 

CE: 2O
2- → O2 + 4e

-
           (2) 

When a negative voltage is applied to the SE, NO is decomposed into N
2
 and O

2-
, and the O

2-
 is then 

moved to the CE by the potential gradient. The flowing current thus gives a sensor signal output in 

the external circuit. The NO sensitivity was estimated using the following formula:  

NO	sensitivity = 	
�������	

��
	× 100	�%�				     (3) 

with INO the current measured in air containing NO and Iair the current measured in base air.  

 

RESULTS AND DISCUSSION 

 Figure 1(a) shows the XRD patterns of the metal precursor powders after carbonization at 

temperatures of 750, 900, and 1000 °C. Samples at 750 °C exhibited a low crystallite content 

structure with a pattern assigned to MnO. With the higher carbonization temperatures of 900 and 

1000 °C, on the other hand, we observed a pattern of high perovskite oxide and La(OH)3 crystallite 

content. Figure 1(b) shows the XRD pattern of samples carbonized at temperatures of 750, 900, and 

1000 °C, after subsequent removal of the carbon through heat treatment. All sample spectra were in 
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good agreement with the LSM reference pattern (JCPDS No. 89-0648). The crystallite size of the 

750, 900, and 1000 °C samples, estimated using the Scherrer equation, was estimated to be 13.3, 

14.8 and 16.6 nm, respectively. Figure 2(a-c) shows the SEM images of synthesized metal precursor 

particles carbonized at 750, 900, and 1000 °C. Particles were spherical in shape, and the secondary 

particle size was ca. 1-3 µm. The particle shape and size were attributed to the mist size of sample 

solutions. Figure 2(d-f) shows the SEM images of LSM particles after carbon removal. At a 

carbonization temperature lower than 750 °C, the final LSM particles were solid spheres, whereas 

they contained voids when temperatures higher than 750 °C were used. To further evaluate the 

microstructure of these LSM particles, we examined their cross-section by focused ion beam 

(FIB)-SEM (Figure 3), which showed that LSM particles can have two types of internal structure: 

porous when the particle size was larger than ca. 1 µm, and hollow when the particle size was 

smaller. Furthermore, the specific surface area of synthesized LSM particles was estimated using the 

Brunauer-Emmett-Teller (BET) theory (table 1), and the highest surface area of 6.8 m
2
/g was 

measured for particles carbonized at 900 °C for 1 h. The lower estimated surface area of particles 

carbonized at 1000 °C suggests an increased density of the particles due to the progression of 

sintering at elevated temperatures. 

 

Table 1. Specific surface area of La0.8Sr0.2MnO3 (LSM) particles estimated using the 

Brunauer-Emmett-Teller theory.    
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Carbonization 

conditions 
500 

°
C for 12 h 750 

°
C for 3 h 800 

°
C for 1 h 900 

°
C for 1 h 1000 

°
C for 1 h 

Specific surface 

area (cm
2
/g) 

3.9 3.8 5.3 6.8 5.8 

 

A schematic illustration of the proposed hp-LSM particle synthesis mechanism, based on the above 

results, is shown in Figure 4. In brief, LSM precursor spherical particles were synthesized by spray 

pyrolysis using a citric acid-containing metal precursor solution. When the obtained particles were 

carbonized at 750 °C, citric acid-derived carbon did not aggregate and grow. As a result, the carbon 

could likely be removed at 1000
 
°C in air, and the void filled up by LSM crystal growth. When 

particles were carbonized at a temperature higher than750 °C, on the other hand, carbon attained a 

large grain size inside the particles, which led to a porous/hollow structure after carbon removal and 

LSM crystallization. We also tried to synthesize hollow/porous particles of various other 

Lanthanum-based perovskite-type oxides using the same procedure. The XRD patterns and SEM 

images of LaFeO3 and LaCoO3, shown in Figures S1and S2, indicate that the reported process might 

be widely applicable for the synthesis of porous metal oxides.   

 To estimate the degree of porosity of sintered pellets of hp-LSM (carbonized at 900 °C) and 

solid LSM particles (carbonized at 750 °C), we performed density measurements using the 

Archimedes method, and measured the pore diameter distributions using mercury intrusion 

porosimetry. Table 2 shows the porosity results using Archimedes measurements for samples 

sintered at 1200 °C. 
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Table 2. Porosity and density of sintered pellets of hp-LSM and solid LSM, estimated by the 

Archimedes method. 

Sample open porosity closed porosity total porosity relative density 

hp-LSM 29.4 % 2.6 % 32 % 68 % 

solid LSM 32.1 % 1.5 % 33.6 % 66.4 % 

 

 After sintering, a slight difference in open and closed porosity could be observed between 

hp-LSM and solid LSM samples, but there was no significant difference in total porosity. However, 

the pore diameter distributions revealed significant differences, as shown in Figure 5. Sintered solid 

LSM had a uniform distribution of small pores in the range of 200-300 nm. The pore size of sintered 

hp-LSM, on the other hand, was broadly distributed in the larger size range of 100-1000 nm.  

 We evaluated the NO sensing properties of amperometric sensors fabricated with either 

hp-LSM (carbonized at 900 °C) or solid LSM particles (carbonized at 750 °C) as their SE component. 

Figure 6(a, b) shows low and high magnification SEM images of the solid LSM SE surface 

morphology. The initial film consisted of 0.5-3 µm aggregated particles and showed cracks on the 

film surface, suggesting film shrinkage after electrode sintering. The surface morphology of the 

hp-LSM SE, on the other hand, indicated that a porous membrane had formed (Figure 6(c, d)), with 

an estimated pore size of 100-500 nm. 
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Figure 7(a) shows the comparison between the response currents and NO sensitivities for 

electrodes with either hp-LSM or solid LSM as their SE, when exposed to base air or air containing 

500 ppm NO. Solid LSM-based electrodes exhibited greater response currents than hp-LSM-based 

ones. In order to understand these results, we studied the complex impedance measurements, shown 

in Figure 7(b). Semi-circles at lower frequencies were observed, which we interpreted as the 

resistance gas reaction
28

. This result also suggests that the surface area of sintered hp-LSM was 

smaller than that of solid LSM; as a result, its response currents were low. However, the hp-LSM SE 

did exhibit greater NO sensitivity than the SE made from solid LSM. The mechanism leading to this 

improved NO sensitivity is currently under consideration. Finally, we estimated the response and 

recovery time of the sensors when exposure changed from base air to sample gas containing 500 ppm 

NO at 450 °C.As shown in Fig. S2, the response and recovery time was estimated at 10-30 s and 

16-39 s for hp-LSM and solid LSM electrodes, respectively. The faster response and recovery times 

for hp-LSM electrodes might be due to their broad pore size distribution. Careful control of the 

particle size and pore size may be necessary to improve the catalytic gas reaction. 

 

CONCLUSIONS 

Hollow/porous La0.8Sr0.2MnO3 (hp-LSM) particles were synthesized by a combination of spray 

pyrolysis with carbonization using citric acid. The hp-LSM particles and their pores were 

approximately 1-3 µm and 100-500 nm in size, respectively, with a highest measured specific 
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surface area of 6.8 m
2
/g when the carbonization step was done at 900 

°
C for 1 h. A nitric oxide (NO) 

sensing electrode was fabricated by screen-printed deposition of an hp-LSM slurry on 

Yttria-stabilized zirconia. Despite the baking procedure, a porous membrane electrode was formed. 

Compared to the response currents of electrodes prepared from solid sphere LSM particles, those of 

hp-LSM electrode were low due to hp-LSM’s decreased specific surface area after sintering. 

However, the NO-sensing electrode made from hp-LSM particles did demonstrate a relatively 

shorter NO response/recovery time, which might be due to the broad pore size distribution in the 

sintered hp-LSM. In conclusion, hollow/porous particles may be effective for gas reaction 

applications, and the reported process for their synthesis can potentially be applied for other porous 

materials as well. 
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Figure1. X-ray 

diffraction patterns of as-synthesized particles after carbonization at 750, 900 and 1000 °C (a), and 

the same carbonized particles after heat treatment at 1000 °C in air (b). 
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Figure 2. Scanning electron microscopy (SEM) images of as-synthesized particles after carbonization 

(a-c), and after subsequent heat treatment at 1000 °C in air (d-f). Particles were carbonized at750 (a, 

d), 900 (b, e) and 1000 °C (c, f). 
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Figure 3. Focused ion beam (FIB)-SEM images of synthesized hollow/porous La0.8Sr0.2MnO3 

(hp-LSM) particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Schematic illustration of the possible mechanism of hp-LSM particle synthesis.  
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Figure 5. Pore size distributions of sintered pellets made from either hp-LSM or solid LSM, 

estimated by mercury intrusion porosimetry. 
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Figure 6. High and low magnification SEM images of the surface morphology of screen-printed 

La0.8Sr0.2MnO3 (LSM) electrodes using either solid sphere LSM (a, b) or hp-LSM particles (c, d). 
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Figure 7. Response currents (bar graph) (a), NO sensitivity (◆) (a), and Nyquist plot (b) of sensors 

fabricated using either solid LSM or hp-LSM, exposed to air or sample gas containing 500 ppm NO. 
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