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Abstract  

 
 

Rice, as a major staple grain in China, garners significant attention for its flavor and quality. 

The identified volatile organic compounds (VOCs) in cooked rice include aldehydes, ketones, 

acids, esters, alcohols, hydrocarbons, and heterocyclic compounds, with aldehydes and alcohols 

comprising the majority of the flavor profile. Various factors, including rice variety, storage 

time and temperature, degree of milling, amylose content, soaking time, and cooking method, 

influence the VOC components in cooked rice. Clarifying the correlation between the VOCs 

released and the quality of cooked rice can have profound implications for ensuring food 

security and optimizing strategic stockpiles. Traditional methods for testing cooked rice quality, 

such as sensory analysis and physical or chemical evaluations, have notable limitations. These 

include their subjective nature, complex procedures, time-consuming processes, reliance on 

large equipment, and the need for skilled professionals. Consequently, current technologies fall 

short in delivering objective, real-time, low-cost, and rapid testing solutions. With the growth 

of the agricultural economy and advancements in science and technology, intelligent detection 

is emerging as a key trend in the monitoring of the edible agricultural products industry. This 

underscores the urgent need to develop rapid, effective alternative technologies for assessing 

the freshness of cooked rice under varying conditions. In this framework, gas sensor technology 

is gaining prominence in the qualitative and quantitative assessment of agricultural products. 

Among these, ternary semiconductor metal oxide (TSMOX) sensors are particularly promising 
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due to their low cost, compact size, ease of integration, and high sensitivity. However, the 

application of TSMOX sensors for detecting cooked rice quality still faces challenges, including 

high operating temperatures, insufficient detection limits, performance drift, and low accuracy. 

To address these issues, this thesis investigates VOCs emitted during cooked rice storage and 

identifies three characteristic VOCs for evaluation the cooked rice quality. It further designs 

and develops three innovative room-temperature TSMOX-based gas sensors, explores their 

working mechanisms, and validates their feasibility.  

By linking the odor characteristics of cooked rice (specific VOCs) to changes in sensor 

resistance signals, the study seeks to develop a reliable method for evaluating cooked rice 

quality through effective data analysis. Furthermore, it demonstrates the effectiveness of the 

room-temperature semiconductor gas sensor array. The ultimate objective is to establish a 

scientific foundation for the rapid, non-destructive testing of cooked rice quality. The specific 

research focuses are:  

 

(1) Flavor generation mechanism and characteristic odor information extraction of 

cooked rice during storage: 

We explore the mechanisms of flavor generation and extract characteristic odor information of 

cooked rice at different stages of freshness during storage. It briefly describes the main causes 

of cooked rice spoilage, considering factors such as rice variety, environmental conditions, and 

other contributing elements. The types of VOCs detectable in cooked rice, ranging from 

freshness indicators to spoilage markers, were summarized along with their biochemical 

production mechanisms. Specifically, 1-octen-3-ol, benzaldehyde, and nonanal were identified 

as the key indicators of cooked rice quality. This provides a foundational basis for designing 

room-temperature TSMOX gas sensors and sensor arrays for quality detection. 

 

(2) Design and fabrication of a new room-temperature semiconductor nonanal sensor.  

La-decorated Bi2O2CO3 (BCO-La) microspheres were synthesized via a facile wet-chemical 

strategy for low-concentration nonanal sensing at room temperature. The BCO-6La sensor 

demonstrated significantly higher sensitivity compared to the pure BCO sensor, achieving a 

response of 174.6 to 30 ppm nonanal. It also exhibited faster response time (36 s) when exposed 

to 18 ppm of nonanal. Additionally, the sensor showed superior selectivity for nonanal gas 

detection (approximately 4-24 times higher) compared to interfering gases, including 1-octanol, 

geranyl acetone, linalool, hexanal, 2-pentyfuran, and 1-octen-3-ol, during cooked rice quality 



 

VII  

 

detection. The gas sensing mechanism and the factors contributing to the enhanced sensing 

performance of the BCO-La microspheres were demonstrated in a realistic detection scenario.  

 

(3) Design and fabrication of a new room-temperature semiconductor benzaldehyde 

sensor.  

The carbon-functionalized cladding bismuth tungstate-based benzaldehyde sensors are 

produced. A 3D twisted micro-flower structure was obtained, and a uniform carbon cladding 

was applied using a one-pot hydrothermal strategy. The C0.75/WO3/Bi2WO6 sensor exhibits 

excellent benzaldehyde sensing performance across a wide concentration range, with 

remarkable sensitivity (33.7 @ 50 ppm), stability for over 15 days, and robust selectivity, all at 

room temperature. Even under high-humidity conditions, the response value showed minimal 

degradation, decreasing by only 8.96% compared to the dry-condition performance. Density 

functional theory (DFT) calculations revealed that the Cx/WO3/Bi2WO6 sensor exhibited higher 

benzaldehyde adsorption energy and stronger anti-humidity performance than WO3/Bi2WO6, 

thereby contributing to its enhanced gas-sensing efficacy.  

 

(4) Defect engineering strategy for 1-octen-3-ol detection using NiWO4 

microstructures: 

A defect-engineering strategy was employed to modify the electronic and surface properties of 

NiWO4 microstructures through controlled hydrogen reduction for 1-octen-3-ol detection. 

Systematic annealing protocols induced a high density of oxygen vacancy (OV) via selective 

oxygen removal, as confirmed by structural and spectroscopic characterization. The engineered 

OV enhanced bulk electron transport by improving conductivity and boosted surface reactivity 

by optimizing adsorption sites. The optimized NiWO4 sensor demonstrated exceptional 

performance for 1-octen-3-ol detection at 40 ppm, with a high response value (Ra/Rg = 20.6), a 

fast response time (22 s), and strong resilience to relative humidity (19.7% response drift across 

20-80% RH). The enhanced sensing performance was explained using an oxygen adsorption 

model and molecular dynamics (MD) simulations. 

 

(5) Development of a gas sensor array system for cooked rice quality evaluation: 

A high-sensitivity, highly selective gas sensor array was developed to evaluate the quality of 

cooked rice accurately. CuO/Bi2O2CO3 (Cu-BC) p-n heterostructure micro-flowers are used as 

sensing materials to create a four-channel gas sensor array that converts voltage signals into 
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resistance. Individual Cux-BC sensors (x = 10, 20, 30, and 40) exhibited strong responses to 

nonanal, benzaldehyde, and 1-octen-3-ol, with detection specificity confirmed through 

principal component analysis (PCA) and linear discriminant analysis (LDA). This integrated 

gas sensor array effectively identified and distinguished the quality of cooked rice, ranging from 

freshly prepared rice to rice stored for 1 to 6 weeks. The sensing mechanism relies on increased 

OV and improved electron mobility. Additionally, MD simulations were used to explore the 

adsorption and diffusion mechanisms of target gas molecules and oxygen on the materialsô 

surfaces. 

The comprehensive research of this thesis lays the groundwork for developing advanced 

gas-sensing technologies that enable rapid, non-destructive evaluation of cooked rice quality. 
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R®sum® 

 

Le riz, en tant que denr®e de base majeure en Chine, suscite une attention consid®rable en 

raison de son ar¹me et de sa qualit®. Les compos®s organiques volatils (COV) identifi®s dans 

le riz cuit comprennent des ald®hydes, des c®tones, des acides, des esters, des alcools, des 

hydrocarbures et des compos®s h®t®rocycliques, les ald®hydes et les alcools constituant la 

majeure partie du profil aromatique. Divers facteurs, notamment la vari®t® du riz, la dur®e et la 

temp®rature de stockage, le degr® de mouture, la teneur en amylose, le temps de trempage et le 

mode de cuisson, influencent la composition des COV du riz cuit. Clarifier la corr®lation entre 

les COV lib®r®s et la qualit® du riz cuit rev°t une importance majeure pour garantir la s®curit® 

alimentaire et optimiser les r®serves strat®giques. 

 

Les m®thodes traditionnelles dô®valuation de la qualit® du riz cuit, telles que lôanalyse 

sensorielle et les ®valuations physiques ou chimiques, pr®sentent des limites notables. Celles-

ci incluent leur caract¯re subjectif, des proc®dures complexes, des analyses chronophages, une 

d®pendance ¨ lô®gard dô®quipements volumineux, ainsi que la n®cessit® de faire appel ¨ des 

professionnels qualifi®s. Par cons®quent, les technologies actuelles ne permettent pas encore 

dôassurer une ®valuation objective, en temps r®el, ¨ faible co¾t et rapidement. Avec le 

d®veloppement de lô®conomie agricole et les progr¯s des sciences et des technologies, la 

d®tection intelligente sôimpose comme une tendance majeure dans la surveillance des produits 

agricoles destin®s ¨ lôalimentation. Cela souligne lôurgence de d®velopper des technologies 

alternatives, rapides et efficaces pour ®valuer la fra´cheur du riz cuit dans diverses conditions. 

 

Dans ce contexte, la technologie des capteurs de gaz occupe une place de plus en plus 

importante dans lô®valuation qualitative et quantitative des produits agricoles. Parmi eux, les 

capteurs ¨ base dôoxydes m®talliques semi-conducteurs ternaires (TSMOX) apparaissent 

particuli¯rement prometteurs en raison de leur faible co¾t, de leur taille compacte, de leur 

facilit® dôint®gration et de leur haute sensibilit®. Cependant, lôapplication des capteurs TSMOX 

¨ la d®tection de la qualit® du riz cuit se heurte encore ¨ plusieurs d®fis, notamment des 

temp®ratures de fonctionnement ®lev®es, des limites de d®tection insuffisantes, une d®gradation 

des performances et une faible pr®cision. Pour r®pondre ¨ ces probl¯mes, cette th¯se ®tudie les 

COV ®mis lors du stockage du riz cuit et identifie trois COV caract®ristiques pour ®valuer la 

qualit® du riz. Elle con­oit et d®veloppe en outre trois capteurs de gaz innovants ¨ base de 
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TSMOX, fonctionnant ¨ temp®rature ambiante, en explorant les m®canismes de fonctionnement 

et en validant leur faisabilit®. 

 

En reliant les caract®ristiques olfactives du riz cuit (COV sp®cifiques) aux variations des 

signaux de r®sistance des capteurs, cette ®tude vise ¨ d®velopper une m®thode fiable 

dô®valuation de la qualit® du riz cuit, fond®e sur une analyse efficace des donn®es. Par ailleurs, 

elle d®montre lôefficacit® dôun r®seau de capteurs de gaz semi-conducteurs fonctionnant ¨ 

temp®rature ambiante. Lôobjectif ultime est dô®tablir une base scientifique pour un contr¹le 

rapide et non destructif de la qualit® du riz cuit. Les axes sp®cifiques de cette recherche sont les 

suivants : 

 

(1) M®canisme de g®n®ration des ar¹mes et extraction des informations olfactives 

caract®ristiques du riz cuit pendant le stockage : 

Nous avons explor® les m®canismes de g®n®ration des ar¹mes et extrait les informations 

olfactives caract®ristiques du riz cuit ¨ diff®rents stades de fra´cheur au cours du stockage. Les 

principales causes dôalt®ration du riz cuit ont ®t® bri¯vement d®crites, en tenant compte de 

facteurs tels que la vari®t® du riz, les conditions environnementales et dôautres facteurs 

contributifs. Les types de COV d®tectables dans le riz cuit, allant des indicateurs de fra´cheur 

aux marqueurs dôalt®ration, ont ®t® r®sum®s, ainsi que leurs m®canismes biochimiques de 

formation. Plus pr®cis®ment, le 1-oct¯ne-3-ol, le benzald®hyde et le nonanal ont ®t® identifi®s 

comme indicateurs cl®s de la qualit® du riz cuit. Cela fournit une base fondamentale pour la 

conception de capteurs de gaz TSMOX ¨ temp®rature ambiante et de r®seaux de capteurs 

destin®s ¨ la d®tection de la qualit®. 

 

(2) Conception et fabrication dôun nouveau capteur semi-conducteur de nonanal 

fonctionnant ¨ temp®rature ambiante : 

Des microsph¯res de Bi2O2CO3 d®cor®es au La (BCO-La) ont ®t® synth®tis®es par une 

strat®gie simple et humide pour la d®tection de faibles concentrations de nonanal ¨ temp®rature 

ambiante. Le capteur BCO-6La a montr® une sensibilit® significativement sup®rieure ¨ celle du 

capteur BCO pur, atteignant une r®ponse de 174,6 ¨ 30 ppm de nonanal. Il a ®galement pr®sent® 

un temps de r®ponse plus court (36 s) lorsquôil ®tait expos® ¨ 18 ppm de nonanal. De plus, le 

capteur a montr® une excellente s®lectivit® pour la d®tection du nonanal, avec une r®ponse 

environ 4 ¨ 24 fois plus ®lev®e que pour des gaz interf®rents, notamment le 1-octanol, la 
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g®ranylac®tone, le linalol, lôhexanal, le 2-pentylfurane et le 1-oct¯ne-3-ol, dans le cadre de la 

d®tection de la qualit® du riz cuit. Le m®canisme de d®tection gazeuse, ainsi que les facteurs 

responsables de lôam®lioration des performances de d®tection des microsph¯res BCO-La, ont 

®t® d®montr®s dans un sc®nario de d®tection r®aliste. 

 

(3) Conception et fabrication dôun nouveau capteur semi-conducteur de benzald®hyde 

fonctionnant ¨ temp®rature ambiante : 

Des capteurs de benzald®hyde ¨ base de tungstate de bismuth rev°tus de carbone ont ®t® 

®labor®s. Une structure tridimensionnelle en microfleurs torsad®es a ®t® obtenue, et un 

rev°tement carbon® uniforme a ®t® obtenu par une strat®gie hydrothermale en une seule ®tape. 

Le capteur C0.75/WO3/Bi2WO6 pr®sente dôexcellentes performances de d®tection du 

benzald®hyde sur une large gamme de concentrations, avec une sensibilit® remarquable (33,7 ¨ 

50 ppm), une stabilit® sup®rieure ¨ 15 jours et une s®lectivit® robuste, le tout ¨ temp®rature 

ambiante. M°me dans des conditions dôhumidit® ®lev®e, la valeur de r®ponse nôa montr® quôune 

faible d®gradation, diminuant de seulement 8,96 % par rapport aux performances observ®es en 

conditions s¯ches. Les calculs de th®orie de la fonctionnelle de la densit® (DFT) ont r®v®l® que 

le capteur Cx/WO3/Bi2WO6 pr®sentait une ®nergie dôadsorption du benzald®hyde plus ®lev®e et 

de meilleures performances anti-humidit® que WO3/Bi2WO6, ce qui a contribu® ¨ am®liorer son 

efficacit® de d®tection gazeuse. 

 

(4) Strat®gie dôing®nierie des d®fauts pour la d®tection du 1-oct¯ne-3-ol ̈  lôaide de 

microstructures de NiWO4 : 

Une strat®gie dôing®nierie des d®fauts a ®t® adopt®e pour modifier les propri®t®s 

®lectroniques et de surface des microstructures de NiWO4 par r®duction contr¹l®e ¨ lôhydrog¯ne, 

en vue de la d®tection du 1-oct¯ne-3-ol. Des protocoles syst®matiques de recuit ont induit une 

forte densit® de lacunes en oxyg¯ne par ®limination s®lective de lôoxyg¯ne, comme lôont 

confirm® les caract®risations structurales et spectroscopiques. Ces lacunes en oxyg¯ne ont 

am®lior® le transport ®lectronique dans le volume en augmentant la conductivit®, tout en 

renfor­ant la r®activit® de surface par lôoptimisation des sites dôadsorption. Le capteur NiWO4 

optimis® a d®montr® des performances exceptionnelles pour la d®tection du 1-oct¯ne-3-ol ̈ 40 

ppm, avec une valeur de r®ponse ®lev®e (Ra/Rg = 20,6), un temps de r®ponse rapide (22 s) et 

une forte r®sistance ¨ lôhumidit® relative (19,7 % de d®rive de r®ponse entre 20 et 80 % HR). 

Lôam®lioration des performances de d®tection a ®t® expliqu®e ¨ lôaide dôun mod¯le dôadsorption 
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de lôoxyg¯ne et de simulations de dynamique mol®culaire (MD). 

 

(5) D®veloppement dôun syst¯me de r®seau de capteurs de gaz pour lô®valuation de la 

qualit® du riz cuit : 

Un r®seau de capteurs de gaz ¨ haute sensibilit® et haute s®lectivit® a ®t® d®velopp® pour 

®valuer avec pr®cision la qualit® du riz cuit. Des microfleurs ¨ h®t®rojonction p-n 

CuO/Bi2O2CO3 (Cu-BC) ont ®t® utilis®es comme mat®riaux sensibles afin de cr®er un r®seau 

de capteurs de gaz ¨ quatre canaux convertissant les signaux de tension en r®sistance. Les 

capteurs individuels Cux-BC (x = 10, 20, 30 et 40) ont pr®sent® de fortes r®ponses au nonanal, 

au benzald®hyde et au 1-oct¯ne-3-ol, et la sp®cificit® de d®tection a ®t® confirm®e par lôanalyse 

en composantes principales (PCA) et lôanalyse discriminante lin®aire (LDA). Ce r®seau int®gr® 

de capteurs de gaz a permis dôidentifier et de distinguer efficacement la qualit® du riz, du riz 

fra´chement pr®par® au riz stock® pendant 1 ¨ 6 semaines. Le m®canisme de d®tection repose 

sur lôaugmentation des lacunes en oxyg¯ne et sur lôam®lioration de la mobilit® ®lectronique. En 

outre, des simulations de dynamique mol®culaire ont ®t® utilis®es pour explorer les m®canismes 

dôadsorption et de diffusion des mol®cules gazeuses cibles, ainsi que de lôoxyg¯ne, ̈ la surface 

des mat®riaux. 

 

Les recherches approfondies men®es dans cette th¯se jettent les bases du d®veloppement 

de technologies avanc®es de d®tection gazeuse permettant une ®valuation rapide et non 

destructive de la qualit® du riz cuit. 

 

 

 

 

 

 

 

 

 

 

 



 

XIII  

 

Table of contents 

Chapter 1: Context .......................................................................................................1 

Chapter 2: Theoretical background ...........................................................................5 

2.1 Theoretical basis of cooked rice quality gas analysis................................................... 5 

2.1.1 VOCs for cooked rice flavor ............................................................................. 5 

2.1.2 Cooked rice flavor detection method .............................................................. 19 

2.2 Processing properties for cooked rice flavor .............................................................. 28 

2.2.1 Pressure ........................................................................................................... 29 

2.2.2 Water content ................................................................................................... 30 

2.2.3 Temperature ..................................................................................................... 31 

2.3 State of the art of Semiconductor Metal Oxide-based Gas Sensor for Cooked Rice 

Quality Detection ............................................................................................................. 31 

2.3.1 Generalities on semiconductor metal oxide gas sensors ................................. 32 

2.3.2 Constitution, working principle, and testing procedure of SMOX gas sensors

 .................................................................................................................................. 34 

2.3.3 Criteria of SMOX gas sensor evaluation ......................................................... 37 

2.3.4 General sensing mechanism of SMOX gas sensors ........................................ 41 

2.3.5 Performance enhancement mechanisms of ternary semiconductor metal oxide 

for VOC detection .................................................................................................... 43 

2.4 Characterization Techniques ...................................................................................... 46 

2.5 Challenges faced by TSMOX gas sensor technology and objectives of the thesis .... 48 

2.6 Strategy for this PhD. thesis ....................................................................................... 50 

Chapter 3: La-Decorated Bi2O2CO3 Sensor for Nonanal Detection ......................54 

3.1 Synthesis of La-decorating Bi2O2CO3 microspheres ................................................. 57 

3.2 Results and discussion ................................................................................................ 58 

3.2.1 Characterization results ................................................................................... 58 

3.2.2. Gas sensing performance ............................................................................... 68 

3.2.3 Gas sensing mechanism .................................................................................. 73 

3.3 Practical detection scenario ........................................................................................ 77 



 

XIV  

 

3.4 Conclusions ................................................................................................................ 78 

Chapter 4: Carbon functionalized cladding bismuth tungstate-based 3D twisted micro-

flowers for benzaldehyde detection under ultraviolet light excitation ..................80 

4.1 Synthesis process ........................................................................................................ 84 

4.2 Results and discussion ................................................................................................ 85 

4.2.1. Characterization results .................................................................................. 85 

4.2.2 Gas sensing properties ................................................................................... 109 

4.2.3 Gas sensing mechanism ................................................................................ 123 

4.3 Practical detection scenario ...................................................................................... 126 

4.4 Conclusions .............................................................................................................. 130 

Chapter 5: Defect-Engineered Nickel Tungstate Micro-flowers for 1-Octen-3-ol Detection

 ....................................................................................................................................131 

5.1 Synthesis of defect-rich NiWO4 micro-flowers ....................................................... 134 

5.2 Results and discussion .............................................................................................. 135 

5.2.1 Characterization results ................................................................................. 135 

5.2.2 Gas sensing performance .............................................................................. 145 

5.2.3 Gas sensing mechanism ................................................................................ 151 

5.3 Conclusions .............................................................................................................. 157 

Chapter 6: CuO-Decorated Bismuth Subcarbonate Gas Sensor Arrays for Cooked Rice 

Quality Assessment ...................................................................................................158 

6.1 Synthesis of CuOx-BC Micro-structures ................................................................. 160 

6.2 Results and discussion .............................................................................................. 161 

6.2.1 Characterization results ................................................................................. 161 

6.2.2 Gas sensing performance .............................................................................. 171 

6.2.3 Gas sensing mechanism ................................................................................ 174 

6.2.4 Sensor arrays detection.................................................................................. 178 

6.3 Conclusions .............................................................................................................. 180 

Chapter 7: Conclusions And Perspectives..............................................................182 

APPENDICES ..........................................................................................................185 



 

XV  

 

Appendix A1: Cooked rice quality evaluation ............................................................... 185 

Appendix A2: Specific description of the representation characterization methods. .... 186 

REFERENCES .........................................................................................................193 

SCIENTIFIC CONTRIBUTIONS..........................................................................238 

Peer-reviewed publications ............................................................................................ 238 

Congress proceedings ..................................................................................................... 241 

Project ............................................................................................................................. 241 

Awards ............................................................................................................................ 242 

 

  



 

1 

 

Chapter 1: Context 

Rice is a crucial staple food that feeds more than 4 billion people [1, 2]. By 

steaming or boiling, rice can be transformed into cooked rice, a daily essential for most 

Asians [3]. As a complex carbohydrate rich in protein, sugar, calcium, vitamins, and 

containing the amino acids necessary for human beings, the edible and cooking quality 

of cooked rice has always been the most crucial factor sought by consumers [4]. The 

degree to which various nutrients are retained in rice grains depends on the post-harvest 

processing methods, including hulling, milling, and cooking. The importance of cooked 

rice to human beings is self-evident. The detection and exploration of the quality of 

cooked rice taste are of great significance for promoting healthy competition in the rice 

market and agricultural economic development. Figure 1-1 summarizes the 

multidimensional origins and regulatory factors of cooked rice aroma, including: (1) 

volatile organic compounds (VOCs); (2) processing conditions; and (3) evaluation 

methods. 

 The aroma of cooked rice largely determines its taste quality. Among the 

numerous VOCs, 2-acetyl-1-pyrroline (2-AP) stands out as a principal volatile 

constituent and key indicator in cooked rice, drawing significant attention from 

researchers. This key indicator has been detected in both raw and cooked rice, 

contributing a characteristic popcorn-like aroma [5, 6]. In recent years, a large number 

of researchers have studied the characteristic VOCs and inner formation mechanism of 

cooked rice aroma, as well as the specific factors affecting the flavor of cooked rice, 

including temperature [7], steam pressure [8], and fragmentation degree [9], among 

others. The aroma quality of cooked rice is highly complex due to the complex 

interactions among a large number of VOCs and the influence of numerous factors in 

storage and processing conditions. Before the development of molecular technology, 

the genetic basis of cooked rice aroma, particularly 2-AP, was investigated using 

genetic and molecular mapping techniques. Rice aroma has been identified as a highly 

heritable trait [10]. Repeated genetic analyses of different rice cultivars have 
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demonstrated that the major aroma traits in rice are controlled by recessive single-gene 

inheritance, independent of cytoplasmic genes [11, 12]. Genetic factors are major 

contributors to cooked rice aroma, and the same cultivar may produce distinct cooked 

rice flavors under diverse planting, processing, and storage conditions. Hence, 

monitoring the gases released during the storage of cooked rice has emerged as a 

promising nondestructive approach, characterized by simple operation, rapid response, 

and high sensitivity in assessing cooked rice quality. Therefore, the development of 

rapid and efficient techniques for detecting and evaluating the quality of cooked rice 

under varying storage conditions and durations remains essential.  

  

Figure 1-1 The multidimensional origins and regulatory factors of cooked rice aroma. 

 

Traditional methods for VOC analysis, such as sensory evaluation panels, 

headspace solid-phase microextraction (HS-SPME), and gas chromatographyïmass 

spectrometry (GC-MS), have been widely employed [13]. While these techniques 

provide accurate and detailed chemical information, they suffer from limitations 

including high operational costs, labor-intensive procedures, long analysis times, and 
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the need for specialized expertise. Moreover, they are unsuitable for real-time, on-site 

monitoring of cooked rice quality during storage and distribution. These constraints 

have created a pressing demand for alternative detection approaches that are rapid, 

nondestructive, cost-effective, and adaptable to practical scenarios. Chemiresistive gas 

sensors (CGSs) have garnered considerable attention across various fields due to their 

cost-effectiveness, ease of miniaturization, and environmental sustainability. These 

attributes render CGSs particularly valuable for applications in public security, 

environmental monitoring, and healthcare diagnostics [14-17]. CGSs based on 

semiconductor metal oxide (SMOX) have been widely adopted due to their high 

sensitivity, low cost, ease of use, and long-term stability. Specifically, SMOX-based 

CGSs are widely used and recognized for their high sensitivity, affordability, user-

friendliness, and long-term stability. Numerous studies have documented the 

performance of binary SMOX-based CGSs in gas detection, demonstrating both high 

sensitivity and low detection limits. Ternary semiconductor metal oxide (TSMOX) 

active layers are a fundamental component of CGSs and are widely used for detecting 

various gases. Their widespread application is attributed to several advantages, 

including straightforward preparation methods, cost-effectiveness, and operational 

convenience for users [18-21]. These sensors have applications in non-invasive disease 

detection [22], agricultural product testing [23], and wearable devices [24].  

This thesis aims to advance high-performance, energy-efficient gas-sensing 

technology and address core issues in detecting cooked rice quality, including elevated 

operating temperatures, constrained detection limits, and inadequate accuracy. 

Therefore, three important VOCs (nonanal, benzaldehyde, and 1-octen-3-ol) in cooked 

rice were chosen as target gases. Correspondingly, La-decorated Bi2O2CO3 

microspheres effectively introduced oxygen vacancies, significantly improving 

adsorption strength and enabling ultrasensitive detection of nonanal. Carbon-

functionalized WO3/Bi2WO6 composites enhance benzaldehyde detection under UV-

assisted conditions and exhibit excellent humidity resistance. Defect-engineered 
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NiWO4 microflowers optimized via hydrogen reduction exhibited superior response 

and humidity tolerance for the detection of 1-octen-3-ol. Finally, voltage-controlled 

CuO/Bi2O2CO3 p-n heterostructures were integrated into multi-channel sensor arrays, 

enabling selective recognition of VOCs and comprehensive assessment of cooked rice 

quality across different storage stages. These advances highlight the significant 

potential of TSMOX-based sensor arrays in food quality monitoring. Compared to 

single-sensor systems, sensor arrays mimic the biological olfactory system by 

combining responses from multiple sensing elements, thereby enhancing selectivity and 

enabling the pattern recognition of complex VOC mixtures. By incorporating statistical 

and machine learning techniques, such as principal component analysis (PCA) and 

linear discriminant analysis (LDA), sensor arrays can effectively distinguish subtle 

differences in the aroma and freshness of cooked rice. The integration of sensor arrays 

into portable or embedded devices opens the way for intelligent, real-time food quality 

monitoring, with potential applications extending beyond cooked rice to other 

agricultural and food products. 

This work is supported by UMONS and Yangzhou University. Thanks to the China 

Scholarship Council (No. 202308320445), I have an opportunity to study at UMONS 

for two years as a joint Ph.D candidate.   
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Chapter 2: Theoretical background 

2.1 Theoretical basis of cooked rice quality gas analysis 

2.1.1 VOCs for cooked rice flavor 

It has been identified that there are more than 300 kinds of VOCs in cooked rice, 

and the main components are aldehydes, alcohols, ketones, acids, hydrocarbons, esters, 

and heterocyclic compounds [10, 25]. These odor components can be categorized into 

three parts based on pH: acidic, basic, and neutral. From the perspective of volatile 

compounds, the aroma of cooked rice can be divided into 2-AP, aldehydes, alcohols, 

phenols, and heterocyclic compounds, among others. In general, different types of 

VOCs impart distinct flavor characteristics to cooked rice. Aldehydes imparted a fruity 

aroma to cooked rice, alcohols a floral aroma, and esters a fruity aroma. For example, 

nine VOCs, including 2-AP, (E, E)-2,4-decadienal, 4-vinyl-guaiacol, nonanal, (E)-2-

nonenal, octanal, decanal, hexanal, and 4-vinylphenol in cooked rice were identified by 

Buttery et al. These VOCs are classified as significant contributors to the aroma 

intensity of cooked rice in the 20th century [26]. Protein, starches, and lipids are the 

three main substances in cooked rice. Although lipids are less abundant in cooked rice 

than starches and proteins, they positively relate to the palatability of cooked rice [27]. 

As a kind of starch, amylose can generate complexes with multiple aroma compound 

ligands. VOCs produced by the main components of cooked rice are presented in Table 

2-1.   
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Table 2-1 The flavors produced by the main cooked rice components 

rice 
components 

mainly produced 
substances 

common compounds literature  

protein 

aldehydes and 
ketones, furans, 

pyrrole, and 
sulfurous 

compounds 

2-phenyl ethanol, 
phenylacetic acid, 6-
methyl-5-heptene-2-

ketone, 1-pyrroline, 2-
methyl-3-furanthiol and 

dimethyl sulfide 

[27-35] 

lipids 

aldehydes, ketones, 
furans, alcohols, 

acids, and 
hydrocarbons 

hexanal, valeraldehyde, 
(E)-2-octenal, (E, E)-2, 4-
decdienal, 3-pentene-2-
ketone, 2-pentylfuran, 

amyl alcohol, oleic acid, 
linoleic acid and 

heptadecane 

starch 
aldehydes and 

ketones, furans and 
pyrrole 

nonanal, butanedione, 
furfural, 2-acetyl-1-

pyrroline 

maillard-
derived 
volatiles 

pyrazines, Strecker 
aldehydes, etc 

2-methoxy-3,5-
dimethylpyrazine, 2-

isobutyl-3-
methoxypyrazine, 

benzeneacetaldehyde, 3-
methylbutanal, 2-
methylbutanal, etc 

 

Ma et al. studied the relationship between five aromatic compounds (hexaldehyde, 

1-octen-3-ol, ɔ-decalactone, 2-AP, 2,3-butanedione) and amylose in cooked rice. 

Experimental results showed that, except for 2,3-butanedione, the other four aroma 

components can interact with amylose to form V-type crystal complexes, confirming 

the effect of amylose on aroma release [36]. Table 2-2 summarizes some VOCs released 

from cooked rice. In general, there are many kinds of VOCs in cooked rice, but only a 

few of them affect the overall flavor of cooked rice [37].  
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Table 2-2 Volatile organic compounds in cooked rice 

volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

Hexanal 

leaf-like SDE, DHS 
cooked Korean 

non-aromatic rice 
1078    [38] 

green 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1086 799   [39] 

- GC-O/GC-MS 
japonica cooked 

rice 
  1081  [40] 

green 
HRGC-O/HRGC-

MS 
cooked brown rice    1089 [35] 

Unknown 
earthy, 
sulfury 

SDE 
cooked Korean 

non-aromatic rice 
1096    [38] 

2-
Pentylfura
n 

green bean SDE, DHS 
cooked Korean 

non-aromatic rice 
1224    [38] 

- GC-O/GC-MS 
japonica cooked 

rice 
  1227  [40] 

2-Methyl-
3-

furanthiol 

vitamin, 
meaty, 
cooked rice 

SDE, DHS 
cooked Korean 

non-aromatic rice 
1297    [38] 

meaty 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1313 873   [39] 

meaty, 
sulfurous 

HRGC-O/HRGC-
MS 

cooked brown rice    1319 [35] 

2-Acetyl-
1-

pyrroline 

popcorn SDE, DHS 
cooked Korean 

non-aromatic rice 
1340    [38] 

cooked 
jasmine rice 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

1342    [38] 

popcorn, 
toasted 
grain, nuty 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1354    [41] 
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volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

- GC-O/GC-MS 
japonica cooked 

rice   1353  [40] 

popcorn-like 
HRGC-O/HRGC-

MS 
cooked brown rice    1330 [35] 

Nonanal  

tallowy SDE, DHS 
cooked Korean 

non-aromatic rice 
1401    [38] 

green, 
citrusy, soapy 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

1396 1106   [39] 

green, fatty, 
citrus 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1401    [41] 

- GC-O/GC-MS 
japonica cooked 

rice   1396  [40] 

(E)-2-
Octenal  

fatty SDE 
cooked Korean 

non-aromatic rice 
1427    [38] 

green, nutty 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1435 1062   [39] 

- GC-O/GC-MS 
japonica cooked 

rice 
  1435  [40] 

1-Octen-3-
ol 

mushroom-
like 

SDE 
cooked Korean 

non-aromatic rice 
1445    [38] 

green, 
mushroom, 
earthy, oily 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1455    [41] 

Methional  
baked potato SDE, DHS 

cooked Korean 
non-aromatic rice 

1451    [38] 

cooked 
potato 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

1456 910   [39] 

 Decanal flowery SDE, DHS 
cooked Korean 

non-aromatic rice 
1504    [38] 
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volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

fatty, citrusy 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1506 1202   [39] 

Benzaldeh
yde 

- GC-O/GC-MS 
japonica cooked 

rice 
  1531  [40] 

almond, nutty HS-SPME/GC-MS 
cooked Chinese 

japonica rice  
1541.4

6 
   [42] 

(E)-2-
Nonenal 

tallowy, 
green 

SDE, DHS 
cooked Korean 

non-aromatic rice 
1545    [38] 

metallic 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1540 1161   [39] 

Unknown  earthy SDE 
cooked Korean 

non-aromatic rice 
1626    [38] 

(E,Z)-2,4-
Decadiena
l 

waxy, fatty SDE 
cooked Korean 

non-aromatic rice 
1767    [38] 

- GC-O/GC-MS 
japonica cooked 

rice 
  1769  [40] 

(E,E)-2,4-
Decadiena
l 

waxy, fatty SDE, DHS 
cooked Korean 

non-aromatic rice 
1777    [38] 

fatty, metallic 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1820 1318   [39] 

- GC-O/GC-MS 
japonica cooked 

rice 
  1824  [40] 

Unknown 
vitamin, 
meaty, 
cooked rice 

SDE, DHS 
cooked Korean 

non-aromatic rice 
1897    [38] 

4-
Vinylguaia
col  

clove SDE 
cooked Korean 

non-aromatic rice 
2196    [38] 

Dimethyl 
sulphide 

cooked, 
sulfury 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

760 690   [39] 
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volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

3-Methyl-
2-butene-
1-thiol 

nutty, sulfury 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1093 824   [39] 

Octanal 

citrusy 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1290 999   [39] 

citrus-like 
HRGC-O/HRGC-

MS 
cooked brown rice    1284 [35] 

- GC-O/GC-MS 
japonica cooked 

rice 
  1295  [40] 

1-Octen-3-
one 

mushroom 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1303 980   [39] 

mushroom-
like 

HRGC-O/HRGC-
MS 

cooked brown rice    1300 [35] 

Hexanol green 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1376 869   [39] 

Dimethyl 
trisulfide 

sulfury, 
cabbage-like 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

1384 979   [39] 

Unknown musty 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1439 -   [39] 

1-Octanol 

fatty, metallic 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1575 -   [39] 

waxy, green 
citrus 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1564    [41] 

- GC-O/GC-MS 
japonica cooked 

rice   1575  [40] 

(E,Z)-2,6-
Nonadiena

l 

green, 
metallic 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

1593 1157   [39] 

Unknown roasted, nutty 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1635 -   [39] 
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volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

(E)-2-
Decenal 

green herbal 
geranium 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

1656 1275   [39] 

(E,E)-2,4-
Nonadiena

l 
fatty, metallic 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

1711 1218   [39] 

Dodecanal minty, soapy 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1727 1419   [39] 

2-Acetyl-
2-

thiazoline 

cooked 
jasmine rice 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

1766 1112   [39] 

Geranyl 
acetate 

floral 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1780 1382   [39] 

b-
Damascon
e 

sweet honey 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1828 1425   [39] 

b-
Damascen
one 

sweet honey 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1833 1395   [39] 

Ŭ-Ionone floral 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1861 1459   [39] 

Unknown medicine 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1867 -   [39] 

2-
Phenyleth
anol 

floral 
SPME GCïO, GCï

PFPD 
jasmine rice (khao 
dawk mali 105) 

1907 1106   [39] 

b-Ionone 
raspberry, 
floral 

SPME GCïO, GCï
PFPD 

jasmine rice (khao 
dawk mali 105) 

1952 1496   [39] 

Ethyl 
butyrate 

fruity, green, 
apple, fatty 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1046    [41] 
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volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

Ethyl 3- 
methylbut
anoate 

fruity, sweet 
apple, 
pineapple 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1077    [41] 

Ethyl 
hexanoate 

fruity, apple 
peel 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1242    [41] 

(E)-2-
Heptenal  

fruity, green, 
fatty 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1338    [41] 

1-Hexanol 

green, 
herbaceous, 
woody, sweet 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1361    [41] 

- GC-O/GC-MS 
japonica cooked 

rice   1383  [40] 

Ethyl 
octanoate 

fruity, fatty, 
brandy 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1444    [41] 

Ethyl 3- 
hydroxybu
tyrate 

green, fruity, 
waxy, apple 
skin 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1529    [41] 

2,3-
Butanediol 

creamy, 
fruity, 
buttery 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1548    [41] 

2-
Undecano
ne 

waxy, fruity 
creamy, fatty, 
floral 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1606    [41] 

Ethyl 
benzoate 

sweet, fruity, 
wintergreen, 
medicinal, 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1682    [41] 

Naphthale
ne 

pungent, 
tarry 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1764    [41] 

- GC-O/GC-MS 
japonica cooked 

rice   1713  [40] 
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volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

Ethyl 
benzeneac
etate 

- 
HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1798    [41] 

2- 
Methylnap
hthalene 

sweet, floral, 
woody 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1878    [41] 

1- 
Methylnap
h-thalene 

naphthyl, 
medicinal 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1916    [41] 

Phenyleth
yl 

Alcohol 

floral, sweet, 
rosey, honey 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

1929    [41] 

Ethyl 
9-

hexadecen
oate 

- 
HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

2267    [41] 

Indole 

animal, 
floral, 
mothball 

HS-SPME-GC-
MS/MS 

bten cooked rice 
samples 

2475    [41] 

- GC-O/GC-MS 
japonica cooked 

rice   2441  [40] 

1-Butanol - GC-O/GC-MS 
japonica cooked 

rice   1135  [40] 

Pyridine - GC-O/GC-MS 
japonica cooked 

rice   -  [40] 

Acetophen
one 

- GC-O/GC-MS 
japonica cooked 

rice   1615  [40] 

2-
Undecenal 

- GC-O/GC-MS 
japonica cooked 

rice   1748  [40] 
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volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

Hexanoic 
acid 

- GC-O/GC-MS 
japonica cooked 

rice   1855  [40] 

Benzyl 
alcohol 

- GC-O/GC-MS 
japonica cooked 

rice   1855  [40] 

Heptanoic 
acid 

- GC-O/GC-MS 
japonica cooked 

rice   1885  [40] 

Benzothia
zole 

- GC-O/GC-MS 
japonica cooked 

rice   1938  [40] 

1-
Dodecanol 

- GC-O/GC-MS 
japonica cooked 

rice   1965  [40] 

Phenol - GC-O/GC-MS 
japonica cooked 

rice   1998  [40] 

2-
Pentadeca
none 

- GC-O/GC-MS 
japonica cooked 

rice   2016  [40] 

2-
Pyrrolidin
one 

- GC-O/GC-MS 
japonica cooked 

rice   2029  [40] 

Octanoic 
acid 

- GC-O/GC-MS 
japonica cooked 

rice   2088  [40] 

6,10,14-
Trimethyl-
2-

pentadeca
none 

- GC-O/GC-MS 
japonica cooked 

rice   2116  [40] 

2-
Methoxy-
4-

vinylphen
ol 

- GC-O/GC-MS 
japonica cooked 

rice   2173  [40] 
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volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

Nonanoic 
acid 

- GC-O/GC-MS 
japonica cooked 

rice   2183  [40] 

Methyl 
palmitate 

- GC-O/GC-MS 
japonica cooked 

rice   -  [40] 

Decanoic 
acid 

- GC-O/GC-MS 
japonica cooked 

rice   -  [40] 

2-
Tetradecan
one 

- GC-O/GC-MS 
japonica cooked 

rice   -  [40] 

Ethyl 
palmitate 

- GC-O/GC-MS 
japonica cooked 

rice   -  [40] 

4-Methyl-
5-

thiazoleeth
anol 

- GC-O/GC-MS 
japonica cooked 

rice   2299  [40] 

2,4-Di-
tert-

butylphen
ol 

- GC-O/GC-MS 
japonica cooked 

rice   2337  [40] 

2,3-
Dihydrobe
nzofuran 

- GC-O/GC-MS 
japonica cooked 

rice 
  2398  [40] 

Dodecanoi
c acid 

- GC-O/GC-MS 
japonica cooked 

rice 
  2513  [40] 

Tridecanoi
c acid 

- GC-O/GC-MS 
japonica cooked 

rice 
  -  [40] 

Vanillin - GC-O/GC-MS 
japonica cooked 

rice 
  2538  [40] 

Butan-2,3-
dione 

buttery 
HRGC-O/HRGC-

MS 
cooked brown rice    985 [35] 
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volatile 
organic 

compoun
ds 

odor 
description 

extraction method cooked rice types 

cRI 

literature  DB-
WAX  

ZB-
5 

Capillary 
GC 

FFAP 

2-
Methoxy-
3,5-

Dimethylp
yrazine 

earthy 
HRGC-O/HRGC-

MS 
cooked brown rice    1423 [35] 

2-
Isobutyl-
3-

methoxyp
yrazine 

earthy, green 
bell pepper 

HRGC-O/HRGC-
MS 

cooked brown rice    1514 [35] 

Benzeneac
etaldehyde 

 HSSE/GC/MS 
cooked jasmine 

rice 
1045    [34] 

3-Methyl-
butanal 

 HSSE/GC/MS 
cooked jasmine 

rice 
652    [34] 

2-Methyl-
butanal 

 HSSE/GC/MS 
cooked jasmine 

rice 
660    [34] 

aAbbreviations: FFAP, Free fatty acid phase; SDE, Steam distillation and solvent extraction; DHS, Dynamic headspace sampling; SPME GC-O, 

solid phase microextraction gas chromatography-olfactometry; GC-PFPD, gas chromatography-pulsed flame photometric detector; HS-SPME, 

Headspace solid-phase micro-extraction; HS-SPME-GC-MS/MS headspace solidphase microextraction with gas chromatography-tandem mass 

spectrometry; HRGC/O, High-Resolution Gas Chromatography-Olfactometry; HRGC/MS, High-Resolution Gas Chromatography-Mass 

Spectrometry; HSSE/GC/MS, Headspace sorptive extraction Gas Chromatography-Mass Spectrometer; bTen cooked rice samples: IR-64, Pusa 

Basmati-1, Pusa Basmati-1509, and Pusa 1652 (Improved Kala Namak), Jeera 32, Govind Bhog, Kala Jeera, Kala Nuniya, Kala Namak-1, and 

Kala Namak-2; cRI: Retention index. 
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2.1.1.1 Aldehydes 

The aldehydes (hexanal, nonanal, decanal, octanal, Methional, etc.) are thought to 

decompose primarily through lipid oxidation, which accounts for the largest proportion 

of cooked rice flavor content (Table 2-2). Nonanal, with the RI (Retention Index) of 

1401 and concentration of 34.8 Ñ 0.7 ng/g in cooked rice Pusa Basmati-1509, mainly 

contributes to tallowy green, citrusy, soapy, and fatty flavor for cooked rice [41]. 

Meanwhile, hexanal contributes a leaf-like and green for cooked rice, and the odor 

intensity is 9.96 for Basmati cooked rice [38, 39]. After cooking, non-fragrant rice 

contains significantly more nonanal content than fragrant rice, so that cooking can 

distinguish the two kinds of rice [38]. Benzaldehyde, characterized by its almond and 

nut-like aroma [43], has been recognized as a key and abundant VOC widely distributed 

in traditional rice cultivars [44]. Using a metabolomics approach based on headspace 

solid-phase microextraction coupled with GC-MS, Zhao et al. investigated the 

differentiation of japonica rice varieties from various regions of China in both raw and 

cooked states. Their findings revealed that benzaldehyde concentrations showed little 

variation among raw rice samples but differed markedly after cooking. Specifically, the 

study concluded that cooked rice samples from southern China, which contained higher 

amounts of lipid oxidation products, contained the highest levels of benzaldehyde, 

whereas samples from the northeastern region exhibited the lowest concentrations of 

benzaldehyde [42]. 

The odor of cooked rice left over for an extended period may be due to aldehyde 

formation. Therefore, Tsuchida et al. developed a chemical analysis method to 

determine the flavor composition of cooked rice by comparing the chemical 

composition of fresh cooked rice with that of cooked rice stored for a period. The 

bamboo charcoal was used to enhance the flavor of the cooked rice, and a subsequent 

chemical evaluation was conducted. GC-MS analysis revealed that the aroma of the 

stored rice was associated with the generation of aldehydes, including hexanal, heptanal, 

nonanal, and octanal, during storage. These aldehydes were present in the steam before, 

during, and after cooking the rice. Fourier Transform InfraRed (FT-IR) measurements 

showed an obvious ester-based peak before cooking, but it was absent after the rice had 

been left for some time. This peak arose from the formation of a new aldehyde group, 

indicating partial hydrolysis and oxidation of the esters, which were converted to 
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aldehydes. The findings suggested that the odor of cooked rice was closely bound up 

with aldehydes. Bamboo charcoal could adsorb aldehyde compounds during cooking 

and reduce the odor of aged cooked rice, consistent with the results of the sensory 

analysis report [45]. A small portion of aldehydes can impart a pleasant, fruity flavor to 

cooked rice. As storage time increases, cooked rice produces many aldehydes, which 

leads to odor formation. In addition, Strecker aldehydes (2-methylpropanal, 2-

methylbutanal, 3-methylbutanal, etc.) at parts-per-million threshold produced through 

the Maillard reaction primarily contribute malty aroma characteristics to cooked rice 

[34, 46, 47]. Therefore, attention should be paid to controlling the content of aldehydes 

in cooked rice processing.  

2.1.1.2 Alcohols and Heterocyclic Compounds  

Heterocyclic compounds, which consist of monoheterocyclic and gelled 

heterocyclic compounds (furan, Thiazole, pyridine, quinoline, etc.), are identified in 

Table 2-2. Specifically, the degradation of starch occurs primarily through retroaldol 

reactions, which generate small reactive fragments, such as hydroxylated carbonyl 

compounds and Ŭ-diketo compounds, that act on Ŭ-amino acids to form labile 

intermediates. Most of the labile intermediates undergo a specific condensation or 

degradation reaction, resulting in heterocyclic substances that exhibit profound flavor 

properties. Meanwhile, the heterocyclic flavors of cooked rice, found in Maillard flavor 

compounds, include pyridines, thiazoles, pyrazines, furans, oxazoles, and pyrroles, as 

well as their derivatives. [48]. Dihydrobenzofuran, 2-pentylfuran, 2-acetyl-2-thiazoline, 

etc., were produced by lipid reaction and Maillard reaction, and have less overall 

content in cooked rice [49]. In furans, 2-alkyl furans with long side chains are usually 

formed by oxidation of lipids. 2-pentylfuran probably comes from the secondary 

oxidation products of monohydroperoxides, which typically give cooked rice its nutty 

and bean flavor [43]. 2-pentylfuran has also been found in diverse thermally processed 

foods and juices [50], and it can be detected using deuterated analogs [51]. The presence 

of specific lipid oxidation products, e.g., 2-pentylfuran and indole, can reduce the 

aromaticity of cooked rice, thereby negatively affecting consumersô acceptance. 

Excellent rice varieties usually possess a high level of 2-AP and a low concentration of 

lipid-oxidizing compounds.  

As shown in Table 2-2, alcohols (1-octen-3-ol, hexanol, 1-octanol, etc.) have a 
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higher odor threshold, and they are considered to be the most abundant compounds 

except for aldehydes [33]. Meanwhile, the floral and fruity aroma of cooked rice is 

contributed by alcohols [43]. In addition, among all alcohols, 1-octen-3-ol is thought to 

be produced during lipid oxidation; it has a high content and a low threshold for the 

smell of wild mushrooms, contributing most to cooked rice aroma [9]. 

2.1.2 Cooked rice flavor detection method 

The key to detecting the quality of cooked rice lies in identifying its volatile flavor. 

The detection methods for cooked rice flavor can be divided into sensory evaluation 

methods and instrumental analysis methods (e.g., gas chromatography (GC), electronic 

nose (E-nose)). The detection results include qualitative analysis and quantitative 

comparison. From the qualitative analysis, classes of various VOCs can be identified, 

and different rice varieties can be distinguished. The concentration of specific VOCs 

can be obtained from quantitative analysis. 

2.1.2.1 Sensor evaluation method  

Sensory evaluation with human noses as detectors provides direct, intuitive, 

unique, and subjective information about the flavor of cooked rice. This method offers 

the ultimate human sense, while the theoretical odor detection limit of the human nose 

is around 10-19 mol [52]. For the detection of cooked rice flavor, sensory evaluation is 

usually carried out while eating cooked rice [53, 54]. The sensory evaluation method 

enables the subjective assessment of the taste characteristics of cooked rice, typically 

conducted by a trained panel of several members. They will be asked to assess sensory 

information on the taste, aroma, and overall quality of the cooked rice. During the 

sample assessment, each panelist will consume some specific food (such as natural 

mineral water and saltless crackers) to maintain a clean taste. The final sensory scores 

are statistically analyzed to ensure the accuracy of the experiment [55]. 

Honma et al. employed quantitative descriptive analysis (QDA) to study the 

sensory properties of 10 cooked brown rice samples. Eight technical panelists selected 

94 sensory-descriptive terms to evaluate four samples using an open-ended sensory 

evaluation mode. Preliminary sensory testing identified 18 kinds of evaluation criteria 

(Aroma: 3; Appearance: 4; Taste: 4; Taste: 1; Texture: 6), as the aroma includes ñthe 
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smell of green grass after mowingò, ñthe aroma of freshly cooked white riceò, and the 

aroma of sweet boiled red beansò. After multiple comparisons, 18 attributes showed 

evident differences (p < 0.05) among ten cooked brown rice samples [56]. 

Lapchareonsuk and Sirisomboon et al. proposed exploiting visible light and 

shortwave near-infrared spectroscopy (NIRS) techniques to analyze the aroma quality 

of cooked rice. Four distinct cultivars of polished rice were utilized in this research: 

cooked rice, white rice, fresh jasmine rice, and aged jasmine rice. The organoleptic 

quality of the rice, including stickiness, firmness, dryness, whiteness, and aroma, was 

evaluated by a sensory team, which revealed that these sensory properties were 

correlated with visible light and shortwave NIRS data. Data analysis: visible- and 

shortwave-NIRS models were built using partial least squares regression to predict the 

sensory quality of cooked rice. The R2
val values of the sensory quality prediction results 

all varied from 0.837 to 0.918, among which the cooked rice aroma had the maximum 

R2val value of 0.918 [53]. 

2.1.2.2 Instrumental analysis method  

The GC method is a common method for VOCs identification in cooked rice [43, 

57]. It consists of two important steps: sample pretreatment and final identification. 

Generally, solvent extraction and headspace (HS) methods are used for pretreating 

cooked rice samples. The cooked rice aroma is usually subjected to isotopic dilution 

with the combination of GC-MS, and the detection standards of each VOC are 

individually set to quantify the detected substances accurately [51]. 

Shi et al. employed a combined sensory evaluation technique, incorporating gas 

chromatography-tandem mass spectrometry (GC-MS/MS) and scanning electron 

microscopy (SEM) to study the variation in aromatic constituents and microstructure 

of cooked brown rice during roasting. Roasting, a powerful processing technique for 

increasing the content of aromatic compounds in grains, has been extensively applied 

in rice and cereal products in recent years [58]. GC-MS analysis detected 11 VOCs in 

cooked brown rice samples, and roasting increased the content of heterocyclic 

compounds and decreased the concentrations of hydrocarbons and benzene derivatives 

[59]. The primary flavor substances in roasted brown rice are mainly Maillard-derived 

volatiles, including furfural, 5-methylfurfural, 2,5-dimethylpyrazine, 2-methylpyrazine, 

2-ethyl-6-methylpyrazine, and 2-ethyl-3,5-dimethylpyrazine. In addition, roasting can 
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lead to an uneven surface of cooked brown rice, increase the space between particles, 

and promote the production and distribution of aromatic components. Such 

microstructural variation increases the spillover pathways of aromatic compounds. Qi 

et al. studied the impacts of various processing methods on the fluidity, solubility, 

nutritional components, composition, color, and aroma components of four types of 

ready-to-eat brown rice. GC-MS methods provided quantitative analysis of 18 VOCs, 

including 13 aldehydes, 2 heterocyclic furans, 1 each of ketones, olefins, and acids, and 

no alcohols or esters were detected [60]. 

Dias et al. studied the VOCs produced from fragrant cooked rice (IAC 500) to 

identify compounds that play a pivotal part in cooked rice flavor. The aroma of IAC 

500 rice was mainly described via a carefully selected professional sensory panel, and 

the VOCs of cooked rice extracted by SPME were identified by olfactometry (OSME) 

and GC-MS. 80 volatiles in total were identified through OSME, and 65 compounds in 

total were detected via chromatographic analysis, of which 44 had a certain odor, and 

36 did not. The detected compounds were mainly aldehydes, alkanes, carboxylic acids, 

alcohols, and ketones [61]. The study by Maraval et al. aimed to complete the analysis 

of flavor VOCs released by two fragrant rice samples (Aychade and Fidji) from the 

Camargue region and to compare them with those of a well-known Asian fragrant rice 

cultivar (Thai). In addition, non-aromatic varieties from the Camargue region were 

compared with aromatic varieties. The gas chromatography-olfactometry (GC-O) 

technique was employed to research the odor profile [62] of cooked rice samples, as it 

allows the selection and analysis of odorant-active compounds in complex mixtures [63, 

64], and the working principle is shown in Figure 2-1. In addition, it was more accurate 

to combine with GC-MS to detect various cooked rice flavor compounds [65]. 
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Figure 2-1 Schematic diagram of GC-O system [66]. 

 

Furthermore, Gas Chromatography-Olfactometry-Mass Spectrometry (GC-O-MS) 

integrates the virtues of sensory description analysis and GC-MS. GC-O-MS plays a 

crucial role in identifying pivotal, aromatic, and vigorous compounds in cooked rice, 

providing not only minute sensory evaluation of flavor quality but also quantitative and 

qualitative analyses of compounds. Steam distillation and solvent extraction (SDE) are 

widely used for the identification of cooked rice flavor. However, it is time-consuming 

and tedious, and its reproducibility is poor, so it is easy to lead to errors in the analysis 

process and loss of some compounds [38]. 

Zeng et al. used an improved HS-SPME method to directly extract aroma volatile 

compounds from 3 Japanese rice varieties, namely Nihonbare, Koshihikari, and 

Akitakomachi, during the cooking process, and GC-MS was used to analyze them. 46 

VOCs in total were detected, incorporating aldehydes, ketones, alcohols, heterocyclic 

compounds, fatty acid esters, phenolic compounds, and hydrocarbons. As the cooking 

time was prolonged, the number of significant odor compounds added increased, while 

the quantity of volatiles with low boiling points decreased. Guo et al. used headspace-

gas chromatography-time-of-flight mass spectrometry (HS-GC-TOF MS) combined 

with headspace-solid phase microextraction-gas chromatography-time-of-flight mass 

spectrometry (HS-SPME-GC-TOF MS) for precise and rapid quantification of 2-AP in 

cooked rice [67]. Aseptic-packaged cooked rice (APCR) is a type of rice food with a 
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rapidly expanding market. Compared with rice steamed in electric rice cookers, APCR 

has a longer shelf life (6 months) and only needs to be microwaved for 2 minutes before 

eating [68]. Lee et al. used a standard addition method combined with SPME/GC-MS 

to quantify 2-AP flavor in APCR. The results showed that the content of 2-AP in APCR 

containing 20% fragrant rice stored at 25  for 1 month and 2 months was 15.3 ~ 9.5 

ng/g and 6.1 ng/g, respectively, which proved the practicability of the method [69]. 

An electronic nose is a novel instrument for fast food detection developed in the 

1990s. It uses diverse gas sensors and pattern recognition systems to provide overall 

information quickly about the target sample, and the corresponding data are 

distinguished accurately [70, 71]. SMOX gas sensor-based E-noses have chemical 

imaging capabilities and sensor systems with the advantages of excellent cross-

sensitivity and fast, stable, and broad-spectrum response, which can be used to analyze 

VOCs in cooked rice [72, 73]. Jana et al. introduced an aroma-based detection and 

classification instrument for aromatic rice varieties. It mainly consisted of an odor-

processing module, an olfactory-detection module, a water-bath module, and a 

computing module. The odor processing module mainly transfers the flavor of cooked 

rice to the olfactory detection module. The olfactory detection module is formed by a 

printed circuit board assembled with eight gas sensors and a sensor chamber. The water 

bath module, connected to a heater to facilitate cooking, is used to prepare rice samples. 

The computational module quantifies the smell messages collected via the sensors. 

Principal Component Analysis (PCA) enables data acquisition from sensor arrays and 

clustering. Probabilistic Neural Network (PNN), Back propagation multilayer 

perceptron (BPMLP), and Linear Discriminant Analysis (LDA) were used to identify 

and classify rice varieties [74]. 

Sinelli et al. used an E-nose and near-infrared (NIR) Fourier transform (FT-NIR) 

technology to explore the optimal cooking time (OCT) of unpolished rice, cooked rice, 

and instant rice, and compared it with the gelatinization time and the suggested cooking 

time (SCT) on the packaging label. It was found that the FT-NIR method could 

accurately confirm the OCT of polished and cooked rice. Moreover, the maximum rate 

of aromatic flavor change during cooking, as assessed by E-nose, was associated with 

the SCT of the 3 rice samples. In addition, the combination of the two methods is faster, 

simpler, and more objective, making it ideal for sensory analysis and for determining 

rice gelatinization time [75]. Rok et al. used an E-nose comprising 12 gas sensors to 
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study complex odors emitted by 44 japonica rice varieties and to characterize VOCs 

emitted from Japonica rice and from cooked Japonica rice. The responses of gas sensors 

were evaluated using PCA and clustering analysis (CA) [76]. In addition to traditional 

gas sensors, E-noses are currently combined with mass spectrometry and colorimetric 

sensors, which enhances their innovation and reliability for cooked rice aroma detection. 

As discussed above, this section summarizes the evaluation techniques for cooked rice 

flavor, as shown in Tables 2-3 and 2-4. 
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Table 2-3 Summary of evaluation methods for identifying VOCs in cooked rice  

evaluation method food type (cooked rice) the main VOCs cooking method and instrument literature  

HS-SPME/GC-MS brown rice 
hexanal, nonanal, and 2-

pentylfuran 

the high-pressure cooking (60, 70, and 105 
kpa), the low-pressure cooking (30, 40, 

and 50 kpa) 
[77] 

GC soybean-rice mixture - 
cooked by two types of rice cookers: an erc 
(lj-mg0402) and an eprc (ljp-sa063e) 

[78] 

HS-SPME/GC-MS 
three japanese rice 
cultivars, nihonbare, 

koshihikari, and akitakomachi 
indole and 2-acetyl-1-pyrroline 

cooked by sra18h automatic electric rice 
cooker during four stages 

[79] 

SPME/GC-MS 
the akitakomachi cultivar 

of paddy rice (oryza sativa l.) 
n-nonanal and hexadecanoic 

acid 
cooked by sra18h automatic electric rice 

cooker during four stages 
[80] 

GC-MS/FT-IR koshihikari (polished rice) 
hexanal, heptanal, octanal, 

nonanal 
cooked by ih rice cooker (sr-spx104, 

panasonic) 
[45] 

Sensory evaluation/E-
nose/ HS-SPME/(GC-
MS/MS)/SEM 

brown rice (japonica rice) furans and pyrazines roasted by different time and temperature [59] 

E-nose 
kaminibhog, radhunipagal, 
govindobhog, sitabhog et al 

- cooked at 100oC for 20 minutes [74] 

HS-GC-TOF MS/ HS-
SPME-GC-TOF MS/ 
Sensory evaluation 

eight types of rice samples 
(zhongzao 39, yuexiuyou 
376, nanjingxiangzhan et al) 

2-acetyl-1-pyrroline 
cooked according to the agricultural 

industry standard of china ny/t 596ï2002 
ñaromatic riceò with some modification 

[67] 

OSME/GC-O/ 
SPME/GC-MS 

aromatic rice iac 500 2-acetyl-1-pyrroline 
cooked in an electric pan (mondial, s«o 
paulo, Brazil) with water at a ratio of 1:2.5 

(100 g rice/250 ml water) 
[61] 

FGC E-Nose/HS-
SPME-GC-MS 

rice produced by yihai 
kerry co., ltd. (wuchang, 
heilongjiang, china) 

2-acetyl-1-pyrroline and 
aldehydes 

cooked using an automatic rice cooker 
(cfxb50fc8055-75, zhejiang supor limited 
by share ltd., hangzhou, zhejiang, China) 

[7] 

GC-MS/GC-O 

three scented cultivars 
(aychade, fidji, and giano) 
and a common nonscented 

cultivar (ruille) 

2-acetyl-1-pyrroline, hexan-1-ol, 
indole and phenol 

rice (5 g) and mineral water (volvic, 10 ml) 
were cooked in open steam for 20 min 

[65] 
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aAbbreviations: GC, Gas chromatography; GC-MS/MS, Gas chromatography-tandem mass spectrometer, SEM, Scanning electron microscope; 

HS-GC-TOF MS, Headspace-gas chromatography-time-of-flight mass spectrometry; HS-SPME-GC-TOF MS, Headspace-solid phase micro-

extraction-gas chromatography-time-of-flight mass spectrometry; OSME, Olfactometry; GC-O, GC olfactometry technique; GC-FID, Gas 

chromatograph-flame ionization detector; FGC E-Nose, Flash gas chromatography electronic nose; HS-SPME-GC-MS, Headspace solid-phase 

micro-extraction method combined with gas chromatography-mass spectrometry; QDA, Quantitative Descriptive Analysis; FT-NIR, Fourier 

transformation near infra-red; NIR, Near-Infrared Spectroscopy.  

evaluation method food type (cooked rice) the main VOCs cooking method and instrument literature  
Sensory evaluation 

/QDA 
brown rice - 

cooked using an ih rice cooker (sr-fd106, 
panasonic corporation) without soaking 

[56] 

FT-NIR 
spectroscopy/E-nose 

milled, parboiled and 
quick-cooking rice (oryza 
sativa l. japonica) 

- 
soaked in 1650 ml of water and cooked in 
a rice cooker for times up to 1320, 1200 

and 900 s, respectively.  
[75] 

HS-SPME/GC-MS 
aseptic-packaged cooked 

rice 
2-acetyl-1-pyrroline 

microwaved (model kr-g20ew; daewoo 
electronics co., south korea) for 120 s at 

700 w 
[69] 

Sensory 
evaluation/Shortwave 

NIR 
jasmine rice - 

home electronic rice cookers (rc-10 mm; 
toshiba, thailand) 

[53] 

SDE/GC/GC-MS 
rice (oryza sativa l.  
japonica) harvested in 
niigata prefecture, japan 

- 
cooked in an aluminium cup by an 
automatic electric rice cooker (toshiba 

model rc-4b) 
[81] 

GC-O/GC-MS 
twenty-six japonica rice 

varieties 
2-acetyl-1-pyrroline 

cooked according to a national standard  
method gb/t 15682-2008 

[40] 

SDE/DHS/GC-MS korean non-aromatic rice 
2-methyl-3-furanthiol and 2-

acetyl-1-pyrroline 
boiling by adding 200 ml deodorized 

distilled water  
[38] 

HS-SPME-GC-
MS/MS 

ten cooked rice samples 

2-acetyl-1-pyrroline, ethyl 
butyrate, ethyl 3-
methylbutanoate, ethyl benzoate 
and 2-methylnaphthalene 

boiling by adding 0.25 ml of ultra-pure 
water with 1 g rice grain sample 

[41] 

SPME GCïO, GCï
PFPD 

jasmine rice (khao dawk 
mali 105) 

2-acetyl-1-pyrroline 
cooked in a rice cooker 

(black & decker, model no. rc3406) at 
100oC, for 18 min 

[39] 
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Table 2-4 Overview of detection methods of characteristic flavor in cooked rice 

aAbbreviations: GC-O-MS, Gas Chromatography-Olfactometry-Mass Spectrometry. 

 

Detection 
Method Advantage Disadvantage Reference 

GC-MS 
high sensitivity, strong qualitative ability and 

convenient daily maintenance 

relative high cost for 
purchase and restriction for widely use 
as the operation temperature limit[82, 

83] 

[45, 50, 77, 79] 

HS-SPME 

low detection limit, relative high sensitivity, 
simplicity, speed, wider compound coverage, 

and higher throughput, simple operation and fast 
test speed, basically no solvent, little 

environmental pollution, and less sample 
consumption 

Sulfur and sulfide compounds cannot be 
detected[84] 

[50, 79] 

E-nose  low cost, accurate, fast, reliable, and portable 

Data collection is tedious and labor-
intensive. Data collection from different 

sources, the e-nose performance is 
highly affected by temperature 

modulation[85, 86] 

[74, 87] 

GC-O-MS  
identification of key aroma-active compounds 
accurately, capable of illustrate relationship 

between odorants and sensory properties 

limited scope of application, need to 
train professionals to operate[88] 

[89] 

Sensory 
evaluation 

with subjective characteristics low reproducibility and poor accuracy [7, 67] 
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2.2 Processing properties for cooked rice flavor 

The whole cooking process is usually broken down into 4 phases: (I) 25 minutes 

from the beginning of heating until the steam comes out; (II) the steam starts to come 

out of the pot and ends 13 minutes later; (III) the remaining steam overflows from the 

rice cooker until it stops automatically 10 minutes of heating; (IV) 30 minutes of heat 

preservation starting from automatic stop heating [79]. In addition, rice cooking is a 

gelatinization process: the starch absorbs water. It expands when heated, and then the 

starch is released from the cell wall, destroying the previous crystal structure and 

forming a gel. The difference in the starch of cooked rice can affect the volatilization 

of aroma compounds [90]. A proper cooking process can minimize the nutrient loss of 

food and improve the edible characteristics and quality [91]If the cooking methods are 

inappropriate, the excessive nutrients may be lost, and the edible quality of cooked rice 

could decrease. Cooking rice usually requires five steps: washing rice, adding water, 

flooding, heating, and heat preservation. The purpose of each step in cooking rice is 

shown in Table 2-5, and the last three steps require more attention in the research. 

Different processing properties of cooked rice greatly impact the VOCs produced, as 

shown in Figure 2-2.  

Table 2-5 The purpose of each step of cooking 

steps purpose literature  

wash rise 
remove impurities and odors from rice grains, reduce 

potential arsenic or toxic metal contaminants 

[92, 93] 

add water provides water for starch gelatinization 

flooding 
make rice grain water absorption uniform, conducive 

to heating gelatinization 

heating provides the energy needed for starch gelatinization 

heat 

preservation 

use the remaining temperature in the pot to balance 

the water between rice grains, and make the starch 

gelatinize evenly 
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Figure 2-2 (a) Pre-cooking, cooking and post-cooking technologies with different classifications to 

produce freshly cooked and convenience rice; (b) Effects of processing conditions on cooked rice 

flavor deterioration, measured by sensory analysis and/or instruments [94].  

 

The aroma of cooked rice is affected by the type of rice, pre-harvest conditions, 

post-harvest conditions, and processing properties [37], as we focus on the effects of 

some vital processing properties (cooking pressure, water content, temperature, etc. 

[95]) on the cooked rice aroma in this section. 

2.2.1 Pressure 

Among most Chinese, ordinary and pressure cooking are the universal home 

processing methods, while pressure cooking can bring better taste [78]. Xu et al. 

analysed the aroma of cooked rice using high-pressure steam (HPS) at different levels. 

The results showed that HPS cooking significantly affected the flavor characteristics of 

cooked rice. As the cooking pressure gradually increased from 0 MPa to 0.18 MPa, the 
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aldehyde content increased, and the alcohols and some heterocyclic compounds initially 

increased and then decreased. For example,  the content of nonanal rose from 5.789% 

(0 Mpa) to 7.009% (0.18 Mpa), and 2-pentylfuranôs level went from 3.819% to 10.106%, 

then down to 8.800% [8]. 

2.2.2 Water content 

Depending on the different cultural backgrounds, rice varieties, and cooking 

methods, there are two main ways to make cooked rice at home [94]: (1) steaming with 

adsorbed pre-determined doses of water; (2) cooking with extra water at a specific 

temperature (higher than gelatinization temperature). The former method is more prone 

to result in insufficient water diffusion through the rice grain, and the starch in the center 

of the granule may not be completely gelatinized during cooking, which will generate 

a harder texture [96]. The larger food industry usually uses excess water to cook rice 

because this continuous cooking process keeps the rice particles fully saturated with 

moisture and uniformly distributed. Additionally, there are two mechanisms in rice 

cooking: (1) the water is absorbed asymptotically from the surface to the inside of the 

rice; (2) the textural composition of grains is changed by heating with water [97]. As 

for rice aroma, 11 rice varieties were soaked in water for 30 min, and a negative effect 

on flavor and sweetness indicates that soaking water could lose a small amount of 

flavor-active metabolites, while the flavor changing was not related to the change of 

grain structure [37, 98]. By adjusting the rice-cooking mechanism, the cooking method 

can be improved and the flavor quality of rice further enhanced. 

Moisture also affects the flavor quality of instant-cooked rice. Dehydrated rice and 

non-dehydrated rice are the two main categories of instant cooked rice. Among them, 

dehydrated rice (Ŭ-rice) is widely popular due to its convenience, low moisture content, 

long shelf life, and straightforward production process. However, processed instant-

cooked rice loses too much flavor and reduces taste quality. The high quality of the 

finished instant cooked rice can be determined by its taste character, and it needs to be 

enhanced [99, 100]. It is crucial to explore the impacts of different cooking methods on 

changes in flavor compounds and the quality of instant-cooked rice after rehydration. 
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2.2.3 Temperature 

Temperature can indirectly affect the flavor of cooked rice by changing the degree 

of lipid oxidation. Through reducing the temperature, rapid cooling helps reduce starch 

degradation during the storage of cooked rice [101], which can add much freshness to 

the cooked rice. 

Ma et al. investigated the relationship between cooling rates (CR) (0.19, 1.27, 1.74, 

and 2.88ÁC/min) and cooked rice flavor during storage. The experimental results of 

flash gas chromatography electronic nose (FGC E-nose) and sensory analysis indicated 

that the faster the cooling rate, the longer the aroma retention time of the rice. In contrast, 

the slower the cooling rate, the faster the acceptability of the cooked rice flavor 

degrades. In the experiment with 17 cooked rice samples in total, the control group 

(freshly boiled rice) had the highest total score, significantly higher than the other 

samples (p < 0.05). The scores for each sample showed significant discrepancies (p < 

0.05) across storage times. With prolonged storage, the flavor of the samples 

deteriorated, and consumer acceptability decreased [7]. The half-boiling method is a 

hydrothermal method widely used in rice cooking. It causes variation in the 

physicochemical and nutritional features of rice particles, which has a huge impact on 

sensory and other taste qualities. Electrostatic interactions, including van der Waals 

forces, hydrogen bonds, and disulfide bonds, primarily mediate the binding between 

proteins and flavor substances in cooked rice. High temperature may weaken or 

disappear these forces, leading to a change in flavor substances [102]. Therefore, 

hydrothermal processing methods during half-boiling can not only passivate lipases in 

cooked rice but also inhibit off-flavor production, which significantly enhances the taste 

quality of cooked rice. 

2.3 State of the art of Semiconductor Metal Oxide-based Gas 

Sensor for Cooked Rice Quality Detection 

Cooked rice quality is governed by texture, aroma, and taste, and directly 

influences consumer acceptance and grading in both domestic and industrial contexts. 

Among these attributes, aroma is particularly critical, since it reflects complex profiles 
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of volatile organic compounds (VOCs) that are highly sensitive to rice variety, 

processing, and storage history, and therefore provides an informative fingerprint of 

cooked rice quality [103-106]. Conventional evaluation relies on trained sensory panels 

in combination with chromatographic techniques such as GC-MS and GC-O, which 

offer accurate characterization of key odorants but are time-consuming, destructive, and 

instrument-intensive, and difficult to deploy for online or at-line quality control of 

cooked rice [104, 107]. Recent studies have demonstrated that the headspace gas above 

cooked rice encodes rich information about eating quality, staling, and off-flavors, and 

that electronic nose systems based on arrays of low-cost gas sensors can already 

discriminate among varieties, storage conditions, and quality grades in both raw and 

cooked rice [108-110]. In general, gas sensors consist of an active sensing layer 

integrated with a transducer and operate by converting chemical interactions with target 

analytes into measurable electrical signals, such as changes in resistance, frequency, 

current, or voltage [111-113]. Within this broader family, semiconductor metal oxide 

(SMOX) chemoresistive gas sensors provide a particularly attractive platform for 

cooked rice quality detection, since they combine high sensitivity to trace VOCs with 

low cost, robustness, miniaturization, and straightforward integration into electronic 

nose architectures and embedded measurement systems that enable non-destructive, 

real-time monitoring of food quality [114-119]. Against this background, a focused 

analysis of SMOX-based gas sensors for cooked rice quality detection is timely. It can 

guide the design of future sensor systems for continuous monitoring of the palatability 

and safety of cooked rice throughout the rice supply chain. [117-119] 

2.3.1 Generalities on semiconductor metal oxide gas sensors 

In contemporary society, the ubiquitous presence of toxic, flammable, and 

explosive gases represents one of the most persistent and deleterious sources of 

atmospheric contamination. These hazardous gases not only accelerate the deterioration 

of ecological systems but also impose profound risks to human health and the survival 

of other living organisms. The deleterious consequences of such emissions have thus 

galvanized intense global efforts to develop highly sophisticated gas-sensing 

technologies. In particular, gas sensors capable of detecting trace-level analytes at 

concentrations well below the threshold of the human respiratory system have emerged 
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as indispensable tools across diverse disciplines, including environmental monitoring, 

agricultural management, industrial process control, and biomedical diagnostics [113, 

120-122]. 

Fundamentally, a gas sensor comprises two principal components: a transducer 

and an active sensing layer. Functioning as a subset of chemical detectors, gas sensors 

transduce molecular interactions at the sensing interface into quantifiable electrical 

outputs. These measurable signals typically manifest as variations in electrical 

resistance, current, frequency, or potential, which serve as proxies for the concentration 

and identity of the target gases [123, 124]. To rigorously assess their efficacy, the 

performance of gas sensors is generally benchmarked against a suite of critical 

parameters, such as sensitivity, detection limit, selectivity, reproducibility, long-term 

stability, operating temperature range, resistance to ambient humidity, as well as 

rapidity of response and recovery dynamics [125, 126]. 

To enhance sensing capabilities, a range of advanced strategies has been 

systematically explored. These include rational heterojunction engineering [127], 

surface morphology modulation [128], defect state engineering [129], catalytic doping 

and surface functionalization [130, 131], physicochemical environment tailoring such 

as pH regulation [132], and the incorporation of highly porous and tunable metal 

organic frameworks (MOFs) [133, 134]. Notably, SMOX-based sensors, especially 

those operating on chemoresistive mechanisms, have demonstrated remarkable 

versatility and adaptability [135, 136]. Their applications now span from real-time 

medical diagnostics and health monitoring [137, 138], to industrial hazard prevention 

[121], crop diseases and insect pests detection [139], and food quality detection [140, 

141]. The exceptional sensing attributes of SMOXs, including high signal-to-noise 

ratios, robustness under fluctuating environmental conditions, and the ability to be 

miniaturized and integrated into flexible or wearable platforms, position them as pivotal 

candidates for next-generation gas-sensing devices [142, 143]. Taken together, the rapid 

advances in material design and sensor engineering underscore the transformative 

potential of SMOX-based chemoresistive gas sensors. Their convergence with 

emerging paradigms such as artificial intelligence (AI), machine-learning-driven signal 

analysis, and the Internet of Things (IoT) promises to usher in a new era of intelligent, 

autonomous, and adaptive gas-sensing networks. These developments not only address 

the pressing global demand for real-time air quality surveillance but also lay the 
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foundation for future innovations in environmental protection, sustainable agriculture, 

industrial safety, and personalized healthcare. 

2.3.2 Constitution, working principle, and testing procedure of SMOX gas sensors 

Semiconductor metal oxide (SMOX) gas sensors are typically fabricated on 

insulating substrates, commonly made of alumina, silica, or flexible organic materials. 

These substrates are integrated with interdigitated metallic electrodes (most often gold 

or platinum) and heating elements, usually composed of platinum or nickel-chromium 

alloys. The active sensing layer, consisting of an SMOX, is deposited onto the substrate. 

While the electrodes enable precise measurement of electrical conductivity, the 

integrated heater regulates the operating temperature, thereby providing the activation 

energy required for gas adsorption and desorption, ultimately optimizing sensing 

performance. 

The sensor electrodes (Figure 2-3(a)) specifically used in this thesis were 

fabricated using an alumina substrate with dimensions of 6 by 30 mm. The substrates 

were screen-printed with platinum paste to form a heater and measurement electrodes. 

A 0.42 mm gap was maintained between the electrodes for gear shaping. Prior to the 

deposition of the sensing film, the sensor substrates underwent a cleaning procedure 

involving sonication in deionized water and absolute alcohol. Specifically, a fixed 

milligram of synthetic gas-sensitive powder material was dispersed in deionized water 

or absolute alcohol to form a homogeneous slurry, which was then uniformly drop-

coated onto the substrates (Figure 2-3(b)). The coated substrates were dried and 

thermally treated in an electric heating forced-air oven to obtain stable sensor elements 

suitable for subsequent gas-sensing measurements. 

 

Figure 2-3 (a) The schematic diagram of sensor electrode and (b) sensing material drop coating 
process. 
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The experimental setup shown in Figure 2-4 allows the study of gas-sensing 

behavior of the sensors in contact with a specific gas or a gas mixture. Gas-sensing tests 

were performed using a four-channel gas sensing tester as shown in Figure 2-5. The 

testing apparatus consists of two main components: an air intake system and a detection 

unit. Synthetic dry air (79% N2 + 21% O2) was sourced from Nanjing Special Gas 

Factory Co., Ltd. The four-channel gas-sensing tester was acquired from Wuhan 

Huachuang Ruike Technology Co., Ltd. To adjust the concentration of the target gas, 

Bronkhorst mass flow controllers in Germany were used to vary the flow rates of 

synthetic dry air. This instrument measures changes in electrical resistance in both high-

purity air and specific VOCs over time, detailing the resistance variation patterns. All 

tests were performed at room temperature (25 Ñ 2 ÁC), and the mean relative humidity 

was approximately 15-20% without any additional moisture control. A desktop 

computer was used to collect response data, equipped with an analog-to-digital (A/D) 

data acquisition board that measures electrical resistance values for the corresponding 

channels, using a laboratory DC power supply (GPS-3303C) with 12 V and 4 A. In 

detail, the data logger supplies a steady voltage of 2.5 V (VEX). This voltage is 

distributed between the reference resistor (Rref), which has a known, constant resistance, 

and the IDA-CR, whose resistance varies with the detected VOC concentration. The 

voltage is relatively distributed according to the resistance of the two circuit 

components. Therefore, given the voltage between VEX and ground (GND), the voltage 

between Vmeas and GND is measurable, and from their ratio, the IDA-CR resistance can 

be calculated, as described in Equation (2-1). 

                 
Vmeas

VEX
=

RCR

RCR+Rref
 Ÿ RCR=

RrefĀ(
Vmeas

VEX
)

1-(
Vmeas

VEX
)
                     (2-1) 

The target gas vapor at a specified concentration was obtained using a simple 

dynamic gas distribution method. The saturated vapor pressures of nonanal, 1-octen-3-

ol, and benzaldehyde liquids are 0.26 mmHg, 0.75 mmHg, and 0.975 mmHg (25 Ñ 2oC). 

The flow (x, unit: sccm) of standard nonanal, 1-octen-3-ol, and benzaldehyde with the 

concentration of 342 ppm, 1090 ppm, and 1283 ppm was calculated by Equation (2-2) 

[144] and controlled by the mass flow controllers. The flows of dry air (y, in sccm) and 

humid air (z, in sccm) from high-purity mixed air were controlled using two mass flow 

controllers. Relative humidity was regulated using two distinct flow meters; one for dry 
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air (flow rate: A sccm) and another for fully humidified air (flow rate: B sccm). The 

relative humidity was determined by the formula B/(A+B)*100%. 

Concentration of VOCs (ppm) =(vapor pressure of VOCs (mmHg)/760)Ĭ10
6
  (2-2) 

 

Figure 2-4 The schematic diagram of the gas sensing test systems. 

 

 

Figure 2-5 The schematic diagram of the sensor testing chamber. 
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The sensing mechanism is governed by the chemisorption of gas molecules onto 

the semiconductor surface, leading to electron transfer processes that modulate the 

materialôs conductivity. The extent of conductivity variation directly correlates with 

both the nature and concentration of the analyte gas, enabling selective and quantitative 

detection. In practice, SMOX-based gas sensing systems are often implemented in static 

configurations, incorporating valve assemblies, flow controllers, gas chambers, power 

supplies, and signal acquisition units [145, 146]. For sensor fabrication, artificial 

analyte samples containing a controlled amount of deionized water are typically ground 

in a mortar to produce a homogeneous mixture, followed by preparation of a paste. This 

paste is uniformly deposited onto the sensor substrate and subsequently aged under 

specific conditions to yield the functional sensing device. The sensor is then mounted 

within a test chamber for performance evaluation. Under controlled operating 

conditions, high-purity air is first introduced to establish a stable baseline resistance, 

after which the target gas is injected for sensing measurements. Upon achieving a steady 

resistance state, the chamber is purged again with high-purity air to restore the baseline. 

Throughout this process, the testing chamber is maintained as a contamination-free 

environment with well-regulated relative humidity and temperature, ensuring 

reproducible raw sensing data and reliable extraction of key performance metrics. 

Moreover, SMOX sensors can be engineered into diverse device architectures, 

including ceramic tube configurations or planar designs fabricated on alumina 

substrates, offering flexibility in structural design and application adaptability. 

2.3.3 Criteria of SMOX gas sensor evaluation 

The performance of SMOX-based gas sensors is commonly assessed by a 

comprehensive set of criteria, including optimum operating temperature, gas response 

(sensitivity), response and recovery dynamics, selectivity and anti-interference 

capability, limit of detection (LoD), long-term stability, reproducibility, moisture 

resistance, and the influence of gas flow rate [147-149], as shown in Figure 2-6. These 
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criteria collectively provide a holistic framework for evaluating the feasibility and 

practical applicability of gas sensors across diverse environments, including 

environmental surveillance, industrial safety monitoring, and biomedical diagnostics. 

The following subsections provide an in-depth analysis of these parameters.  

 

 

Figure 2-6 Schematic demonstration of evaluation parameters for the performance of a gas sensor. 

 

(1) Optimum operating temperature 

Operating temperature profoundly influences the sensing mechanism, as it governs 

the kinetics of chemical interactions between target gas molecules and the SMOX 

surface. While elevated temperatures typically accelerate adsorption-desorption 

processes and enhance sensor response, they also pose considerable drawbacks, 

including excessive power consumption, incompatibility with flexible or wearable 

devices, challenges in sensor miniaturization and integrated circuit compatibility, and 

compromised long-term stability and safety. Consequently, substantial research efforts 

have been directed towards developing sensors that operate efficiently at room 

temperature or even subzero temperatures, thereby offering greater sustainability and 

application potential. 
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(2) Gas response 

Gas response, often equated with sensitivity, is a pivotal parameter that quantifies 

the relative change in electrical signal output as a function of target analyte 

concentration. It essentially reflects the strength of physicochemical interactions 

between gas molecules and the sensing material. For oxidizing gases, the response is 

typically defined as Ra/Rg, where Ra and Rg denote the resistance values in air and in 

the target gas, respectively. For reducing gases, the response is expressed as Rg/Ra [149, 

150]. An alternative expression utilizes the relative resistance variation, ȹR/Ra [148, 

151]. A higher response value is usually indicative of superior sensing performance and 

is considered a benchmark for advanced gas sensor design. 

 

(3) Response and recovery time 

The response time is defined as the interval during which the sensor resistance 

undergoes 90% of its total change upon exposure to the target gas, whereas the recovery 

time represents the duration required for the resistance to return 90% towards its 

baseline upon removal of the analyte [152]. These kinetic parameters provide a direct 

measure of adsorptionïdesorption processes at the gasïsolid interface. Sensors with 

rapid response and recovery are essential for real-time monitoring applications, 

especially in dynamic or hazardous environments. 

 

(4) Selectivity and Anti-Interference Performance 

Selectivity represents the ability of a sensor to preferentially detect a target gas 

while minimizing cross-sensitivity to interfering species, including environmental 

humidity [153]. However, due to the chemically resistive nature of SMOX sensors, 

complete elimination of cross-selectivity is inherently challenging. To overcome this 

limitation, hybrid approaches have been adopted, such as electronic nose (E-nose) 

systems based on SMOX arrays coupled with advanced pattern recognition algorithms. 

Additionally, kinetic modeling approaches, such as the Eley-Rideal mechanism, have 
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been integrated to improve discrimination performance in multi-analyte scenarios [115, 

154, 155]. 

 

(5) Limit of Detection (LoD) 

The lowest detectable concentration of the target gas, discernible against the 

background signal at a signal-to-noise ratio of three, is a critical parameter. Optimizing 

the lower detection limit is essential in specific domains, such as microenvironmental 

monitoring and medical diagnostics. Achieving ultra-low detection limits is pivotal for 

expanding the applicability of gas sensors, particularly given the current paucity of 

sensors operating at the ppb and ppt levels [156]. The theoretical LoD could be 

calculated as: 

,Ï$ÐÐÍ σ           (2-3) 

ʎ
В

           (2-4) 

where k is the slope of the linear calibration curve of response value vs. gas 

concentration (ppm), ʎ is the sensor noise. y, yi, N are the baseline data point (100), 

the average, and the number of data points, respectively.  

 

(6) Stability 

Stability is a multidimensional concept encompassing both reproducibility and 

long-term operational reliability. Reproducibility refers to the consistency of sensor 

responses across repeated dynamic response-recovery cycles under identical conditions, 

while long-term stability assesses sensitivity fluctuations over extended periods (Ó15 

days) [157]. Stability directly impacts the reliability, durability, and service lifetime of 

sensors, making it one of the most decisive parameters for practical deployment. 

 

(7) Resistance to Humidity Interference 

Water vapor in the ambient environment competes with target gas molecules for 

adsorption sites on the sensing surface, often leading to baseline resistance drift and 

attenuated sensitivity. The impact of humidity is particularly detrimental in real-world 
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applications where relative humidity fluctuates widely [158, 159]. Consequently, 

strategies such as surface hydrophobic functionalization, nanocomposite integration, 

and heterostructure engineering are actively employed to enhance moisture tolerance, 

thereby improving overall reliability. 

 

(8) Gas flow rate 

Accurate control of gas flow rate is indispensable for reliable sensing. Deviations 

in flow rate can significantly alter diffusion profiles, residence times, and effective 

analyte concentrations at the sensor surface, thereby impacting response values. On one 

hand, statistical methods can be used to decouple sensitivity from flow-related artifacts. 

On the other hand, material engineering approaches, such as designing stable and 

porous gas-sensitive matrices, can mitigate the impact of excessive or insufficient flow 

rates at the fundamental level. 

 

In summary, the aforementioned criteria collectively define the operational 

boundaries and performance potential of SMOX gas sensors. Optimization of these 

parameters is not only crucial for laboratory-scale evaluations but also determines the 

feasibility of real-world applications in environmental monitoring, industrial safety, and 

healthcare diagnostics. The synergistic consideration of thermal management, 

sensitivity enhancement, dynamic response tuning, and robustness against 

environmental perturbations will pave the way for the next generation of high-

performance, reliable, and multifunctional SMOX-based sensing platforms. 

2.3.4 General sensing mechanism of SMOX gas sensors 

The adsorbed oxygen model is widely employed to interpret gas-sensing responses 

in SMOX. In this framework, the sensing signal originates from surface redox reactions 

between oxygen species pre-adsorbed on the oxide surface and incoming target gas 

molecules, which modulate the near-surface charge distribution and thereby alter the 
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electrical conductivity. Under an oxidative atmosphere (air) and at elevated operating 

temperatures, oxygen molecules are first adsorbed on the SMOX surface and 

subsequently extract electrons from the semiconductor, yielding negatively charged 

chemisorbed oxygen species whose dominant form depends on temperature (O2-, O-, O2-) 

[125, 160-162]: 

 

O2(gas) Ÿ O2(ads)                              (2-5)  

O2(ads) + e- Ÿ O-(ads)         T < 150               (2-6)  

O2-(ads) + e- Ÿ 2O-(ads)        150 < T < 400                 (2-7)  

O-(ads) + e- Ÿ O2-(ads)         T > 400                        (2-8)  

 

In detail, the sensing mechanism for reducing VOCs by SMOX follows a unified 

mechanistic framework, as illustrated in Figure 2-7. The process sequentially includes 

surface reactions, the establishment of a space charge layer, the modulation of 

interfacial barriers and conductive channels, and ultimately manifests as a measurable 

electrical readout [162]. Within a suitable operating temperature range, ambient oxygen 

molecules are first adsorbed and activated into surface-active oxygen species, which 

capture charge carriers and establish a surface charge layer and band bending, making 

polycrystalline grain boundaries and device interfaces extremely sensitive to surface 

charge. n-type SMOX materials form an electron depletion layer in air, resulting in a 

high baseline resistance. Upon exposure to reducing VOCs, the surface oxidation 

reaction returns electrons to the semiconductor materials, causing the depletion layer to 

shrink. This reduces grain-boundary and contact barriers, which macroscopically 

manifests as a decrease in resistance. p-type SMOX materials form a hole accumulation 

layer in air, resulting in a low baseline resistance. Upon contact with reducing gases, 

electrons are released and recombine with holes, thereby relaxing the hole accumulation 

layer. As a result, the effective conduction channels are limited, leading to an increase 

in resistance [163]. 
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Figure 2-7 The sensing mechanism of (a) n-type and (b) p-type SMOX in the presence of reducing 

VOCs. 

2.3.5 Performance enhancement mechanisms of ternary semiconductor metal 

oxide for VOC detection 

In this thesis, ternary semiconductor metal oxide resistive (TSMOX) was selected 

among SMOX. TSMOX expands the design space beyond binary limits by enabling 

simultaneous control of A/B site chemistry, valence distribution, oxygen-vacancy 

populations, and heterointerface density [164-166]. These degrees of freedom can 

modulate band alignment, carrier density, the acidity and basicity of the surface, and 

catalytic activity, which together govern adsorption, activation barriers, and 

transduction efficiency [167, 168]. Multiphase and heterojunction architectures (p-n, p-

p, n-n) further introduce depletion regions and interfacial polarization, thereby 

amplifying signals at lower temperatures [169, 170]. As a result, TSMOX can deliver 

enhanced selectivity (via site/acid-based matching and molecular sieving), improved 

humidity tolerance (via hydrophobic microstructures and tuned hydroxyl chemistry), 
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and reduced power consumption (via photoactivation or spillover-assisted low-

temperature operation). These characteristics make TSMOX more suitable for detecting 

VOCs with higher molecular weights. The performance enhancement method of 

TSMOX for VOC detection is listed below. 

2.3.5.1 Surface Modification and Catalytic Promoters 

Surface modification and catalytic promoters provide the ñlast-mileò in enabling 

selective switching and low-temperature activation in TSMOX. Noble-metal nanodots 

and single-atom sites (Pt, Pd, Au, Ag) facilitate H*/O*/OH* spillover and accelerate key 

steps, such as Ŭ-C-H activation in acetone and dehydrogenation/C-C scission in ethanol, 

while engaging in synergy with the hostôs reversible redox couples [171-173]. 

Transition-metal promoters (Cu, Co, Ni, Mn, Mo) or porphyrin/phthalocyanine sites 

can bias pre-activation of aromatic VOCs, delivering high signal-to-noise at 80-120ÁC 

[174, 175]. Tuning acid/base sites enables chemoselective adsorption among 

alcohols/ketones/aromatics; fluorinated/silanized hydrophobic coatings mitigate water 

competition without impeding target VOC transport, thereby improving selectivity and 

baseline stability under high humidity. Promoter loading must balance dispersion, 

sintering resistance, and low cross-talk, as mesopore or micropore confinement and 

defect or step anchoring may enhance anti-agglomeration and tolerance to sulfur or 

chlorine poisoning [176-178].  

2.3.5.2 Interface and Grain Boundary Engineering 

Interface and grain-boundary engineering govern baseline resistance and response 

amplitude in polycrystalline and heterostructured ternary semiconductor metal oxide 

(TSMOX). TSMOX often exhibits dual grain/grain-boundary conduction, such as 

space-charge layers and band bending at boundaries that are dynamically modulated by 

adsorbate-induced surface charge redistribution, yielding a ñgate-likeò amplification of 

VOC responses [179, 180]. Preferentially oriented growth, controlled sintering necks, 

and boundary-site-targeted dopants enable fine-tuning of barrier heights and 

stabilization of contact type (ohmic vs Schottky) [181, 182]. In ternary/ternary or 
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ternary/binary composites (e.g., ZnFe2O4/ZnSnO3 [23], LaFeO3@TiO2 [183], 

NiFe2O4@NiO [184]), interface cleanliness and interdiffusion control dictate 

reproducibility and aging. Conformal atomic-layer-deposited interlayers can suppress 

trap-assisted tunneling, set band offsets, and tailor selective permeability [185, 186]. 

Guided by this framework, device geometry and bias strategies can be optimized to 

shorten response/recovery times and reduce drift. 

2.3.5.3 Defect Engineering 

In TSMOX, aimed at VOC detection (e.g., perovskite-type ABO3, spinel-type 

AB2O4, and mixed nickelates/cobaltates), defect engineering is the primary method that 

enhances low-temperature activation and selectivity. Oxygen vacancies, cation 

vacancies, and aliovalent dopants co-modulate carrier density, surface chemisorption 

strength, and reaction pathways [187-189]. In systems such as LaFeO3, NiFe2O4, or 

CoMn2O4, the reversible redox couples on the B-site transition metals correlate strongly 

with the formation of reactive surface oxygen species (O-/O2
-), thereby lowering the 

onset barriers for oxidizing alcohols (ethanol, isopropanol), ketones (acetone, methyl 

ethyl ketone), and aromatics (toluene, xylene) [190-193]. Reducing or oxidizing 

anneals, cooling rate, and dopant concentration set the amount and spatial distribution 

of equilibrium defects. When the oxygen-vacancy density lies within a ñresponse-

powerò compromise window, one can simultaneously achieve high sensitivity and a 

low operating temperature (Ò150ÁC, even at room temperature with photo/thermal 

assistance). It is recommended to combine XPS, EPR, steady-state or time-resolved PL 

to detect defect levels, and thermogravimetric oxygen non-stoichiometry measurements, 

complemented by temperature-dependent conductivity or Seebeck analyses to extract 

small-polaron hopping barriers. These tools define an ñoptimal defect windowò that 

maximizes signal gain per unit power while maintaining stability across varying 

humidity and time conditions. 
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2.4 Characterization Techniques 

Crystal structures and phases of the samples were characterized using X-ray 

diffraction (XRD, Bruker D8 Advance), and the micromorphology was analyzed using 

a field emission-scanning electron microscope (FE-SEM, model S4800) and 

transmission electron microscopy (TEM, Tecnai model). Infrared spectral data were 

acquired using Fourier transform infrared (FTIR) spectroscopy on an Agilent 660-IR. 

The UV-Vis absorption spectra and bandgap were obtained via a UV-Vis-NIR 

spectrophotometer (Cary 5000, Varian, USA). Chemical states of relevant elements and 

their distribution uniformity were observed using X-ray photoelectron spectroscopy 

(XPS, Thermo Fisher ESCALAB250Xi) and high-angle annular dark-field scanning 

transmission electron microscopy (HAADFSTEM) with energy-dispersive 

spectroscopy (EDS), respectively. Calibration of the spectrometer was based on the C 

1s peak at 284.8 eV. Electron paramagnetic resonance (EPR, Bruker A300-10/12) was 

employed to verify the presence of surface oxygen vacancies. At the same time, 

rotational and vibrational modes and Raman mapping images were analyzed by a laser 

confocal Raman spectrometer (Renishaw in Via) and a microscopic Raman imaging 

spectrometer (DXRxi, Thermofisher, USA). BrunauerïEmmettïTeller (BET) surface 

area, pore-size distribution, and N2 adsorption/desorption isotherms were investigated 

using a specific surface and aperture analyzer (Autosorb IQ3, Quantachrome 

Instruments). The mass variation as a function of temperature during the heating 

process was studied through Thermogravimetric (TGA) analysis (Pyris 1 TGA, 

PerkinElmer, USA). Water contact angle (WCA) measurements were conducted using 

a LAUDA Scientific GmbH LAUDA OSA 100 system to assess surface hydrophobicity. 

The metal content in the samples was determined using inductively coupled plasma 

mass spectrometry (ICP-MS, Optima 7300 DV, PerkinElmer, USA) and a flame atomic 

absorption spectrophotometer (FLAA, PinAAcle 900F, PerkinElmer, USA). The in-

Situ FT-IR spectra were recorded using a Bruker INVENIO S infrared spectrometer 

with a 0.4 cm-1 resolution, equipped with a DTGS detector and a liquid nitrogen-cooled 

MCT detector. Volatile compounds were extracted by headspace solid-phase 

microextraction (HS-SPME) and analyzed by a gas chromatograph coupled with a mass 

spectrometer (Trace ISQ, Thermo Fisher, USA). The SPME device contained a fused-
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silica fiber (Supelco, Bellefonte, PA, USA) coated with DVB/CAR/PDMS 

(Divinylbenzene/Carboxen/Polydimethylsiloxane, 50/30 ɛm thickness, 10 mm length). 

The cooked rice samples (20 g) were weighed and placed into 20 mL headspace vials 

(sealed with a PTFE silicone septum). The vials were maintained at 50°C for 60 min to 

equilibrate the absorption of volatile compounds onto the SPME fiber. Then the fiber 

was desorbed at the GC-MS injection port for 5 min at 250°C. The volatiles were 

separated by a DB-5MS capillary column (30 m Ĭ 0.25 mm Ĭ 0.25 ɛm) at a column 

velocity of 6 PSI. The injection port was in a splitless mode. The temperature program 

was firstly set at 40°C for 5 min, raised to 125°C at a rate of 8°C/min, and kept for 3 

min, then raised to 165°C at a rate of 4°C/min, and kept for 3 min, then raised to 250°C 

at a rate of 3°C/min, and kept for 2 min. The MS detector conditions were as follows: 

mass spectra were acquired in the electron ionization mode with an electron energy of 

70 eV, the ion source temperature was 250°C, the multiplier voltage was 1000 V, and 

the mass range was from 20 to 400 m/z. Compounds were identified by comparing their 

mass spectra with those in the mass spectral libraries (NIST 11, WILEY 07), calculating 

their linear retention index (RI) relative to standard n-alkanes (C7-C40), and matching 

them with literature data.  

XRD with a Cu-KŬ anode source (ɚ=0.15406 nm) was operated at 40 kV and 40 

mA, with a scanning step of 5 Á/min. HRTEM and SAED were operated at an 

accelerating voltage of 200 kV, and interplanar spacings were analyzed using the Gatan 

Digital Micrograph software. All of the binding energies of XPS analysis with 

monochromatic Al-KŬ radiation were calibrated by the signal of the carbon C 1s peak 

with a binding energy of 284.8 eV. FTIR spectra were recorded using the KBr pellet 

method on an infrared spectrophotometer with a resolution of 0.1 cm-1 in the range of 

4000-400 cm-1. The BET and pore size distributions were obtained from nitrogen 

physisorption isotherms acquired at 77 K. The TGA analysis was performed from 30 ÁC 

to 800 ÁC in N2 with a heating rate of 10 ÁC/min. 

A detailed description of the techniques used to characterize the materials is 

presented in the Appendix. 
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2.5 Challenges faced by TSMOX gas sensor technology and 

objectives of the thesis 

(1) The biggest challenge in TSMOX gas sensor technology is their poor 

selectivity and cross-sensitivity in complex atmospheric environments. Due to the 

intrinsic chemoresistive mechanism, oxygen adsorption-desorption processes on the 

sensor surface are easily disturbed by multiple coexisting gases and fluctuating 

humidity. This results in difficulties in discriminating target VOCs, such as nonanal, 

benzaldehyde, and 1-octen-3-ol, which are critical key indicators for assessing cooked 

rice. To overcome this limitation, integration of different TSMOX materials into array 

platforms, combined with advanced data analysis methods such as principal component 

analysis (PCA), linear discriminant analysis (LDA), and machine learning algorithms, 

provides a promising approach to enhance selectivity and improve recognition accuracy 

in complex environments.  

(2) Another persistent bottleneck lies in the high working temperature and power 

consumption of conventional TSMOX sensors. Most TSMOX-based devices require 

elevated temperatures (200-400ÁC) to generate oxygen species, leading to prolonged 

response/recovery times, rapid material degradation, and incompatibility with wearable 

or portable devices. In this regard, rational material design strategies-such as oxygen 

vacancy engineering, heterojunction construction, noble metal decoration, and carbon 

cladding-are effective in lowering activation barriers and enabling room-temperature 

operation. 

For instance, engineered oxygen vacancies in NiWO4 microflowers or La-

decoration in Bi2O2CO3 microspheres can significantly enhance electron transport and 

adsorption reactivity, thereby improving response values and lowering detection limits 

under mild conditions. These strategies not only reduce power consumption but also 

prolong sensor lifetime and broaden practical applicability. 

(3) Beyond selectivity and power issues, real-world applications of TSMOX gas 
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sensors face further challenges related to stability, repeatability, and environmental 

tolerance. Agricultural quality detection, environmental monitoring, and medical 

diagnostics demand sensors capable of long-term, reliable operation under varying 

humidity, temperature, and chemical backgrounds. However, TSMOX sensors often 

suffer from signal drift, poor anti-humidity performance, and insufficient durability, 

which limit their industrial translation. In particular, moisture competition with oxygen 

adsorption sites substantially deteriorates sensitivity. At the same time, low VOC 

volatility and interference from complex sample matrices hinder accurate assessment 

of food products such as cooked rice. 

Therefore, new material systems and device structures are required to ensure 

robustness, high reproducibility, and resistance against environmental perturbations. In 

this context, the purpose of this thesis is to design TSMOX gas sensors with superior 

sensitivity, selectivity, stability, and environmental adaptability for detecting VOCs 

released during the storage of cooked rice. Accordingly, the main objectives of this 

thesis are as follows: 

(1) To design and synthesize advanced nanostructured SMOX-based sensing 

layers (e.g., La-decorated Bi2O2CO3, carbon-functionalized WO3/Bi2WO6, defect-

engineered NiWO4, CuO/Bi2O2CO3 heterostructures) with enriched oxygen vacancies, 

heterojunction interfaces, and high surface reactivity, enabling low-temperature or 

room-temperature operation with enhanced anti-humidity features. 

(2) To elucidate the fundamental gas-sensing mechanisms of these engineered 

nanomaterials by combining in-situ spectroscopic characterization, density functional 

theory (DFT) calculations, and molecular dynamics (MD) simulations, thereby 

clarifying the interplay between oxygen vacancy chemistry, electron transport, and 

VOC adsorptionïdesorption dynamics. 

(3) To construct multi-channel TSMOX sensor arrays integrated with pattern 

recognition algorithms, enabling discrimination of multiple cooked rice-related VOC 

key indicators (nonanal, benzaldehyde, and 1-octen-3-ol) in simulated cooked rice 

storage environments, and to correlate sensor responses with cooked rice quality degree 
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for early-warning applications. 

(4) To explore the practical applicability of the proposed TSMOX sensors in food 

safety and agricultural storage monitoring by assessing their sensitivity, selectivity, and 

stability in complex environments, thereby providing new strategies for the 

development of intelligent, low-power, and environmentally robust sensing systems. 

2.6 Strategy for this PhD. thesis 

This thesis aims to establish an integrated strategy for developing efficient, low-

power, and highly selective semiconductor gas sensors to address critical challenges in 

agricultural product storage and quality evaluation, particularly in detecting cooked rice 

quality. The overall goal is to overcome the inherent limitations of conventional 

TSMOX sensors, including high operating temperature, instability under humidity, 

limited selectivity, and insufficient sensitivity at trace VOC concentrations. 

 

(1) To target ultra-low concentrations of nonanal under room-temperature and food-

compatible conditions, Bi2O2CO3 is first selected because it is an environmentally 

benign bismuth-based oxide with an Aurivillius-type layered structure, abundant 

exposed Bi-O active sites, and a moderate band gap that allows efficient surface charge 

transfer. In particular, its layered framework can readily host aliovalent rare-earth 

dopants, thereby facilitating the creation and control of oxygen vacancies, which are 

crucial for aldehyde adsorption and reaction. Building on these advantages, the research 

begins by designing La-decorated Bi2O2CO3 microspheres to detect ultra-low 

concentrations of nonanal, a key volatile aldehyde associated with cooked rice flavor. 

Decoration-induced oxygen vacancy engineering enhances surface activity, thereby 

achieving room-temperature operation with high sensitivity, rapid response, and 

improved selectivity. 

 

(2) For selective benzaldehyde sensing under ultraviolet excitation, the 
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WO3/Bi2WO6 system is chosen because both components are chemically stable 

tungstate semiconductors with compatible crystal structures, strong UV photo-response, 

and staggered band alignment that favors interfacial charge separation. At the same time, 

WO3 and Bi2WO6-based materials have shown promising photocatalytic activity 

toward aromatic compounds, yet their use in gas sensing of benzaldehyde under high 

humidity remains insufficiently explored. To exploit the strong UV photo-response and 

favorable band alignment of the WO3/Bi2WO6 system for aromatic aldehyde sensing, 

the strategy next advances to carbon-cladded WO3/Bi2WO6 heterostructures, tailored 

for benzaldehyde detection under ultraviolet excitation. The introduction of carbon 

cladding improves electron transport, enhances photocatalytic activity, and 

significantly reduces interference from humidity, enabling robust detection 

performance in realistic environments. 

 

(3) To further clarify and optimize the role of defect chemistry and surface oxygen 

species in alcohol sensing, NiWO4 is selected as a model tungstate because it possesses 

a relatively narrow band gap, a high density of surface hydroxyl and chemisorbed 

oxygen species, and a robust microcrystalline framework that can tolerate controlled 

reduction without structural collapse. The flower-like morphology that NiWO4 readily 

forms also offers a high specific surface area and abundant accessible active sites, which 

are advantageous for interaction with 1-octen-3-ol. In view of the narrow band gap, 

abundant surface chemisorbed oxygen species, and good chemical stability of NiWO4 

toward alcohol vapors, the work then develops defect-engineered NiWO4 micro-

flowers through controlled hydrogen reduction. This defect-engineering strategy 

optimizes oxygen vacancy density, thereby enhancing both conductivity and surface 

reactivity. The resulting sensors exhibit superior detection of 1-octen-3-ol, a critical key 

indicator in cooked rice quality, while maintaining stability across varying humidity 

conditions. Molecular dynamics (MD) simulations further elucidate the adsorption and 

diffusion processes, strengthening the mechanistic understanding of sensing behavior. 

 



 

52 

 

(4) To move from single-material optimization toward a practical platform for 

comprehensive quality evaluation of cooked rice, CuO-decorated Bi2O2CO3 is selected 

as the basis for constructing a sensor array. CuO is a prototypical p-type oxide that 

exhibits strong responses to VOCs, and its coupling with n-type Bi2O2CO3 forms a 

well-defined p-n heterostructure with tunable junction properties. At the same time, 

both components are low-cost, non-toxic, and compatible with scalable fabrication. On 

this basis, a CuO-decorated Bi2O2CO3 p-n heterostructured sensor array is finally 

established. By integrating four individual sensors into a voltage-controlled array, this 

system achieves multidimensional detection of aldehydes and alcohols (nonanal, 

benzaldehyde, and 1-octen-3-ol). Coupled with PCA and LDA, the array enables the 

precise classification of cooked rice made from rice with varying storage times, 

providing a validated platform for quality assessment in agricultural applications. 

 

Collectively, this thesis develops a systematic material engineering framework, 

ranging from surface decoration, carbon cladding, and defect engineering to 

heterostructure array integration, to construct a new generation of room-temperature 

semiconductor gas sensors and related sensor arrays. The outcomes provide both 

theoretical insights and practical solutions for agricultural storage monitoring, food 

safety evaluation, and VOC key indicator detection. The overall strategy of the PhD 

thesis is summarized in Figure 2-8. 
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Figure 2-8 The strategy of the PhD thesis. 
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Chapter 3: La-Decorated Bi2O2CO3 Sensor for  Nonanal 

Detection 

 

In this chapter, we proposed a novel one-step hydrothermal method for the 

synthesis of La-decorated bismuth subcarbonate (Bi2O2CO3) microspheres, achieved 

by controlling reaction kinetics using urea as a stabilizer and trisodium citrate as a 

precipitant. The resulting material, optimized for nonanal detection, exhibited a 

spherical morphology with an average diameter of 3.5 ɛm and a highly permeable 

lamellar structure composed of 2D nanosheets. The gas-sensing tests demonstrated that 

sensors with 6 at% La-decorated BCO active layers exhibited exceptional detection 

capabilities for nonanal, achieving a sensitivity of 174.6 towards 30 ppm of nonanal at 

room temperature, a rapid response time of 36 s at 18 ppm, and good long-term stability.  

 

 

Schematic diagram 3-1 Graphical abstract of this chapter.  
 

As the target VOC in this chapter, nonanal (C9H18O) is primarily produced through 

the reduction of the carboxyl group in nonanoic acid (C9H18O2). Nonanal has been 
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reported to play a crucial role in influencing the flavor characteristics of cooked rice 

and other agricultural products [13, 33, 194]. A subtle aroma in rice is associated with 

low aldehyde concentrations, whereas elevated levels contribute to a pronounced, fatty 

flavor [80]. Secondly, it has been identified as a metabolite in cancer cell metabolism 

and serves as a biomarker in breath analysis for COVID-19 [195, 196]. The 

concentration of nonanal in the exhaled breath of lung cancer patients is significantly 

elevated compared to that of healthy individuals [197, 198]. The Cancer Odor Database 

also indicates that nonanal levels are markedly higher in biological samples from 

patients with colorectal, breast, ovarian, gastric, and esophageal cancers compared with 

healthy controls [199].  

A significant limitation of TSMOX-based CGSs is their requirement for elevated 

operating temperatures, typically exceeding 250ÁC, which constrains their practical 

applications [143]. To address this limitation, our research focuses on Bi2O2CO3, a 

TSMOX, as the active layer material for the detection of nonanal at room temperature. 

Bi2O2CO3 (BCO) is classified as an n-type TSMOX with a structure related to the 

Aurivillius/Sill®n phases, and it has attracted considerable interest as a functional 

semiconductor material. Huang et al. synthesized Bi2O2CO3 nanosheets coated with 

In(OH)3ĿxH2O nanocomposites via a two-step hydrothermal method for the engineering 

of sensing layers for real-time detection of isopropanol. These sensors exhibited an 

extraordinary response value of 20.39 at 100 ppm, with detection capabilities spanning 

1-1000 ppm, operating at a reduced temperature of 100 ÁC [200]. To enhance the 

photocatalytic stability of oxygen vacancies (OV) in BCO, Chen et al. developed an 

effective method for preparing Bi-metal nanoparticle-modified BCO nanosheets, which 

exhibited high photocatalytic activity and stability. The synergistic interaction between 

Bi-metal nanoparticles and induced OV suppresses the formation of poisonous 

intermediate (NO2), facilitating the conversion to the final product, NO3
ī [201]. Zai et 

al. reported that Iī can partially substitute CO3
2- in BCO, resulting in a reduced bandgap 

and increased visible light absorption, leading to the synthesis of rose-like I-doped BCO 

microstructures via a hydrothermal strategy. Photoelectrochemical testing confirmed 

that Iī doping reduces the bandgap by introducing intermediate energy levels within the 

bandgap. Optimized I-doped microspheres exhibited superior photocatalytic 

performance, degrading Rhodamine B in 6 minutes and reducing Cr(VI) by 

approximately 90% in 25 minutes under visible light (ɚ > 400 nm) [202]. Notably, 
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BCO-based materials have demonstrated exceptional catalytic performance. Given the 

similarity between catalytic reactions and gas-sensing mechanisms, which involve the 

chemical interaction of target molecules with the sensor active-layer material, BCO 

presents substantial potential for diverse gas-sensing technologies. The structural 

characteristics of BCO, comprising alternating layers of [Bi2O2]
2+ and CO3

2-, facilitate 

the formation of two-dimensional nanosheet structures [203, 204]. However, these 

densely packed nanosheet structures may not provide sufficient active sites for effective 

interactions between the active layer surface and target molecules. Consequently, it is 

imperative to explore the engineering of BCO-based materials with three-dimensional 

porous structures enhanced by the addition of transition metal atoms to improve their 

functional performance.  

Among various strategies to improve the performance of sensing materials, the 

incorporation of transition metal atoms is used to optimize grain size, create OV, and 

modify surface states, thereby enhancing the interaction between the material surface 

and target molecules and, consequently, the catalytic activity. In particular, lanthanide 

(La) has been identified as an efficient catalyst for achieving the requisite selectivity 

and sensibility for practical applications, in addition to reported improvements in the 

physicochemical properties of SMOX [205-207]. Gao et al. synthesized La-doped 

cadmium tin oxide microcubes via coprecipitation and annealing, exhibiting excellent 

ethanol gas-sensing properties. The La@CdSnO3 sensor exhibited a response value of 

115.2 to 100 ppm ethanol, approximately 19 times higher than that of pure CdSnO3 at 

an optimal working temperature of 300ÁC, alongside rapid response-recovery rates and 

good stability [208]. Shingange et al. investigated the H2S-sensing potential of ZnO 

nanofibers (NFs) synthesized via electrospinning, followed by La doping and post-

calcination treatments at different doping concentrations. Their comparative analysis 

demonstrated that La-doped ZnO NF-based sensors exhibited enhanced response and 

faster response/recovery times while exhibiting high selectivity towards H2S [209]. 

Additionally, Wang et al. reported that carboxylated graphene oxide decorated with La 

particles displayed enhanced antibacterial properties [210]. Furthermore, Yuksel et al. 

investigated H2 adsorption and sensing on La-doped/decorated carbon nanotube and 

graphene structures, revealing that La modification significantly enhances H2 

interactions in both materials [211].  
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3.1 Synthesis of La-decorating Bi2O2CO3 microspheres 

All the reagents employed in this study were of analytical grade and used without 

further purification. The following chemicals were purchased from Aladdin 

Biochemical Technology Co., Ltd., China: Bismuth nitrate pentahydrate 

(Bi(NO3)3Ŀ5H2O) (AR grade, CAS: 10035-06-0), lanthanum nitrate hexahydrate 

(La(NO3)3Ŀ6H2O) (AR grade, CAS: 10277-43-7), urea (CH4N2O) (AR grade, CAS: 57-

13-6), trisodium citrate dihydrate (C6H5Na3O7Ŀ2H2O) (AR grade, CAS: 6132-04-3), 

and nonanal (C9H18O) (AR grade, CAS: 124-19-6). The synthesis of Bi2O2CO3 

microspheres was performed following the procedure reported by Huang et al. [212]. 

As shown in Figure 3-1, 0.97 g of Bi(NO3)3Ŀ5H2O and varying quantities of 

La(NO3)3Ŀ6H2O (0 g, 0.018 g, 0.036 g, 0.052 g, 0.070 g, and 0.866 g) were individually 

and uniformly dispersed in 70 mL of deionized water in separate containers. 

Subsequently, 0.30 g of CH4N2O and 1 g of C6H5Na3O7Ŀ2H2O were added to each 

solution. The ratio of La with respect to Bi was adjusted to obtain x% (La/Bi = 2 at%, 

4 at%, 6 at%, 8 at%, and 10 at%). Following sonication for 5 minutes and magnetic 

stirring for 60 minutes to ensure homogeneity, the resulting solution was transferred to 

a 100 mL Teflon-lined stainless-steel autoclave and heated at 180ÁC for 20 hours. After 

undergoing six washes through centrifugation with ethanol and deionized water, the 

samples were collected and dried at 70ÁC. The obtained precursor was then 

subsequently calcined at 300ÁC for 30 minutes under atmospheric conditions, with a 

heating rate of 2ÁC per minute. The resulting products, including pure BCO and La-

decorating BCO variants, were labeled as BCO, BCO-2La, BCO-4La, BCO-6La, BCO-

8La, and BCO-10La, respectively. 

 

 

Figure 3-1 Schematic illustration for fabricating La-decorating Bi2O2CO3 microspheres.  
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3.2 Results and discussion 

3.2.1 Characterization results 

XRD analysis was used to determine the crystal structures of the samples. As 

depicted in Figure 3-2, the XRD patterns of the samples exhibited a high degree of 

correlation with the orthorhombic Bi2O2CO3 phase (JCPDS Card No. 84-1752) [213], 

thereby confirming their high purity, consistent with TEM results. With an increase in 

La decoration, the characteristic peaks gradually broaden, particularly in the BCO-8La 

and BCO-10La samples, indicating reduced crystalline quality and a tendency towards 

atomic disorder.  

 

Figure 3-2 XRD patterns of all samples. 

 

To further understand the crystal structure of the samples and their correlation with 

gas-sensing performance, we calculated the crystallite sizes for all samples, as detailed 

in Tables 3-1 to 3-6.  
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Table 3-1 XRD parameters of BCO. 

Peak 2u (°)  ɓ (°)  D (nm) d×10 -3 (nm-2) ŮĬ10-3 

1 12.69023 1.44401 5.535455953 32.63572022 56.66177971 

2 24.02729 0.7192 11.29335447 7.84068634 14.74633987 

3 30.07053 1.42166 5.786117186 29.86933473 23.09365054 

4 32.73249 0.43114 19.20439923 2.711430948 6.405710598 

5 35.14151 0.45604 18.27267206 2.994993471 6.28392844 

6 42.32227 1.29602 6.572981512 23.14595895 14.60872581 

7 46.92176 0.66093 13.10306731 5.824438398 6.644806747 

8 48.64232 1.06312 8.200392049 14.87067795 10.26355355 

9 51.99659 1.62754 5.43071328 33.9067568 14.56129747 

10 53.38077 0.88625 10.03298356 9.934357833 7.69187939 

11 56.76314 1.10159 8.196913333 14.88330266 8.896446676 

In Tables 3-1 to 3-6, 2u is the peak position, and ɓ is the corresponding FWHM. From 

XRD data, D (nm) is the crystallite size calculated through the Scherer equation (Ὀ

l

b u
). d (nm-2) is the dislocation density calculated through d  equation. Ů is the 

microstrain calculated by ʀ
 u 
. 

Table 3-2 XRD parameters of BCO-2La. 

Peak 2u (°)  ɓ (°)  D (nm) d×10 -3 (nm-2) ŮĬ10-3 

1 12.65575 1.03541 7.719634421 16.78056317 40.74024737 

2 23.99391 0.79293 10.24261589 9.531872548 16.28138009 

3 30.02862 1.39182 5.909588798 28.63422772 22.64197531 

4 32.69429 0.4213 19.65101979 2.589582872 6.26723858 

5 35.05813 0.51904 16.05107892 3.881428046 7.170150378 

6 42.28197 1.36942 6.219827731 25.84897267 15.45223004 

7 46.87816 0.65501 13.21931128 5.722454412 6.592155376 

8 48.39075 1.41252 6.165845557 26.30357117 13.71688383 

9 51.98088 1.47633 5.986542473 27.90280499 13.21304718 
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Peak 2u (°)  ɓ (°)  D (nm) d×10 -3 (nm-2) ŮĬ10-3 

10 53.32824 0.89423 9.941160431 10.11872598 7.770012412 

11 56.73578 1.06525 8.47545023 13.92112856 8.607878397 

 

Table 3-3 XRD parameters of BCO-4La. 

Peak 2u (°)  ɓ (°)  D (nm) d×10 -3 (nm-2) ŮĬ10-3 

1 12.66555 1.15146 6.941676228 20.75254159 45.27112057 

2 24.0309 0.76278 10.6482013 8.819571684 15.63747611 

3 30.07621 1.4251 5.772227136 30.01326036 23.14495116 

4 32.7378 0.43396 19.07986305 2.746942026 6.44650414 

5 35.06466 0.66998 12.43515026 6.466926499 9.253437834 

6 42.3154 1.40955 6.043430758 27.37996564 15.89126487 

7 46.91862 0.60109 14.40733882 4.817619111 6.043645446 

8 48.81045 0.45446 19.19595814 2.71381608 4.370342439 

9 51.9963 1.58584 5.573508161 32.19161145 14.18830647 

10 53.34656 0.90427 9.831574357 10.34555666 7.854119223 

11 56.7736 1.03744 8.704197964 13.19904411 8.376542519 

 

Table 3-4 XRD parameters of BCO-6La. 

Peak 2u (°)  ɓ (°)  D (nm) d×10 -3 (nm-2) ŮĬ10-3 

1 12.56939 1.41952 5.630298272 31.54548395 56.24069263 

2 24.07105 0.78365 10.36539429 9.307399304 16.03772504 

3 30.11184 1.41764 5.803087178 29.69489611 22.99525744 

4 32.77612 0.43908 18.8592311 2.811590292 6.514504692 

5 35.146 0.61979 13.44515524 5.531824048 8.539132146 

6 42.37022 1.26365 6.742449494 21.99705781 14.22616603 

7 46.95964 0.62035 13.96220419 5.129700744 6.231185814 

8 48.83795 0.40817 21.37527355 2.188651618 3.92268966 
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Peak 2u (°)  ɓ (°)  D (nm) d×10 -3 (nm-2) ŮĬ10-3 

9 52.02679 1.52305 5.804037674 29.68517096 13.61733485 

10 53.39904 0.90116 9.867775487 10.26978805 7.818178894 

11 56.80025 1.06366 8.490700419 13.87116585 8.583475851 

 

Table 3-5 XRD parameters of BCO-8La. 

Peak 2u (°)  ɓ (°)  D (nm) d×10 -3 (nm-2) ŮĬ10-3 

1 24.34566 1.09432 7.426545155 18.13119163 22.13547036 

2 29.33996 2.48899 3.299328375 91.86475391 41.48542167 

3 32.70133 0.51104 16.20053977 3.810140853 7.600477576 

4 42.71274 2.01033 4.243092563 55.54372321 22.43305869 

5 46.88054 0.89147 9.713012275 10.59966464 8.971426886 

6 53.36292 1.26441 7.031766209 20.22419081 10.97824032 

7 56.4755 1.53065 5.891246797 28.81280677 12.43607972 

 

Table 3-6 XRD parameters of BCO-10La. 

Peak 2u (°)  ɓ (°)  D (nm) d×10 -3 (nm-2) ŮĬ10-3 

1 29.14384 5.07344 1.617902196 382.0282431 85.1565443 

2 31.30176 1.53261 5.383090099 34.50934388 23.86926359 

3 46.93435 0.97755 8.859519504 12.74030024 9.825060463 

4 53.48595 2.4501 3.630807061 75.85664962 21.21618975 

5 56.55071 2.68359 3.361399628 88.50334897 21.76908749 

 

The average crystallite sizes were determined to be 10.15 nm for BCO, 9.96 nm 

for BCO-2La, 10.78 nm for BCO-4La, 10.94 nm for BCO-6La, 7.69 nm for BCO-8La, 

and 4.57 nm for BCO-10La, with BCO-6La exhibiting the largest crystallite size. Given 

its superior response to nonanal, it can be suggested that the increased crystallite size 

facilitates the continuity of the conductive pathways, thereby enhancing sensitivity and 

conferring improved stability and selectivity.  
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The FESEM images of BCO-6La, a representative sample, reveal the presence of 

non-aggregated spherical particles (Figure 3-3a), indicating a homogeneous dispersion 

of particles without agglomeration. Statistical analysis indicates an average diameter of 

3.49 Õm, as shown in Figure 3-4. Detailed SEM images at higher magnification reveal 

that each microsphere exhibits a highly permeable, layered microstructure consisting of 

loosely stacked two-dimensional nanosheets (Figure 3-3b and Figure 3-3c). HRTEM 

and high-resolution SEM characterization confirm that the loose stacking of nanosheets 

(with a spacing of å 150 nm) within individual microspheres forms a lamellar structure, 

enhancing the permeability of BCO-6La (Figure 3-3d and Figure 3-5). As shown in 

Figure 3-3e and Figure 3-3f, some evenly distributed La nanoparticles can be observed 

on the surface of bismuth subcarbonate. Additionally, the examination of BCO 

decorated with varying La concentrations (2-10 at%) indicates that La decorating did 

not significantly alter the layered structure (Figure 3-6). Distinct lattice fringes were 

observed for BCO-6La, with lattice spacings of 0.270 nm and 0.195 nm corresponding 

to the (002) and (202) planes of BCO, respectively (Figure 3-3g). HAADF and EDS 

mapping of BCO-6La demonstrate a uniform distribution of Bi, C, O, and La, 

confirming effective decorating (Figure 3-3h to Figure 3-3l). 
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Figure 3-3 (a-c) FESEM image of BCO-6La, (d-g) high-resolution TEM images of BCO-6La, (h-l) 

EDS elemental mapping results of BCO-6La. 

 

 

 

Figure 3-4 FESEM image of (a) BCO-6La, (b) the particle size distribution of BCO-6La. 
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Figure 3-5 FESEM image of BCO-6La. 

 

 

 
Figure 3-6 FESEM image of (a) BCO, (b) BCO-2La, (c) BCO-4La, (d) BCO-8La, and (e) BCO-

10La. 

 

XPS analysis was used to determine the chemical states of elements present in the 

sample. The XPS spectra of BCO-6La (Figure 3-7) exhibited peaks corresponding to 

Bi 4f, C 1s, O 1s, and La 3d, indicating the presence of these elements, in agreement 

with EDS analysis.  
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Figure 3-7 XPS survey spectrum of BCO and BCO-6La. 

 

 

The fitting analysis of the O 1s spectra in Figure 3-8a shows three components: 

lattice oxygen (OL), OV, and chemisorbed oxygen (OC). Specifically, OL refers to 

oxygen atoms that occupy lattice positions within the crystal structure of solid materials, 

while OV refers to oxygen vacancies, which are characterized by the absence or 

displacement of oxygen atoms from their positions within the crystal structure. This 

defect manifests as the absence of one or more oxygen atoms in the lattice. The presence 

of oxygen vacancies may lead to a lower binding energy peak due to the reduced 

oxidation state of surrounding metal ions. OC denotes molecular oxygen or oxygen 

atoms that are adsorbed onto the surface or interface of a material [214-216]. For BCO-

6La, these components are centered at 529.3 eV, 530.7 eV, and 531.5 eV, respectively, 

while for BCO, the corresponding values are 529.3 eV, 530.6 eV, and 531.6 eV, 

respectively. From this analysis, the amount of OV in BCO-6La was 32.4 %, higher than 

that in the BCO sample (29.3 %). The higher OV content can be linked to enhanced gas 

sensitivity [115, 217]. Furthermore, in Figure 3-8b, the La 3d spectrum of BCO-6La 

exhibits the spin-orbit components (3d3/2 and 3d5/2) accompanied by their multiplet 

splitting, with the La 3d5/2 peak at 834.2 eV indicating the presence of La in La-O bonds, 

suggesting the successful decorating of Bi2O2CO3 with La
3+ ions [208, 218]. Figure 3-

8c presents the high-resolution Bi 4f spectra for both BCO and BCO-6La samples. The 

components of the Bi 4f doublet, in the BCO spectrum, are located at 158.4 eV (Bi 4f7/2) 

and 163.7 eV (Bi 4f5/2). These components are shifted by 0.2 eV towards higher binding 
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energy in the BCO-6La spectrum, indicating successful La decoration in the BCO 

lattice [219]. The C 1s spectrum of BCO-6La (Figure 3-8d) was fitted with three 

components. The one centered at 284.6 eV was attributed to adventitious carbon (AC) 

species, while the components at 286.0 eV and 288.3 eV were attributed to ether and 

ester groups, respectively, consistent with the C 1s recorded on the BCO sample [220, 

221]. 

 

 

Figure 3-8 High-resolution XPS spectrum of BCO and BCO-6La for (a) O 1s, (b) La 3d, (c) Bi 4f, 

and (d) C 1s. 

 

UV-Vis analysis demonstrates that La decorating enhances light absorption within 

the 500-675 nm range (see Figure 3-9a inset). The band gap of the samples was 

determined to be 2.35 eV for BCO, 1.93 eV for BCO-2La, 1.73 eV for BCO-4La, 0.92 

eV for BCO-6La, 1.49 eV for BCO-8La, and 2.06 eV for BCO-10La [202]. Figure 3-

9a indicates that La-decorating significantly affects the UV-visible absorption 

characteristics. Therefore, the improved sensing performance of BCO-6La is primarily 
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due to its high OV concentration (as determined by XPS) and narrow band gaps, which 

facilitate oxygen adsorption and carrier transfer. During synthesis, decorating La 

particles on the surface of BCO can enhance the OV in the material, mainly by 

promoting oxygen diffusion and migration. The electronic structure and chemical 

environment at the interface between La metal particles and BCO can reduce the 

diffusion energy barrier for oxygen ions, making it easier for them to escape from the 

lattice and thereby form OV. Furthermore, the presence of La metal particles can 

introduce local stress or generate local structure distortions on the surface of BCO. Such 

stress and distortions can alter the material's lattice energy, reduce the formation energy 

of OV, and make it easier to generate OV. The abundance of OV in BCO-6La promotes 

charge spacing and the formation of an electron depletion layer, thereby enhancing 

sensing capabilities [222-224].  

EPR spectroscopy was used to evaluate the OV. As illustrated in Figure 3-9b, BCO-

6La exhibits a distinct peak (g = 2.003), significantly more intense than that of BCO, 

suggesting that La decorating induces more OV in Bi2O2CO3 microspheres, which is in 

agreement with XPS results [208]. FT-IR measurement (Figure 3-9c) shows absorption 

bands at 848 cm-1 corresponding to CO3
2ī bending modes. Bands at 1380 and 1534 cm-

1 are associated with CO3
2ī antisymmetric vibration modes [225]. Additionally, the 

broad absorption bands at around 3342 cm-1 are assigned to O-H vibrations [226]. These 

findings, supported by XRD, XPS, EPR, and FT-IR analyses, confirm the successful 

synthesis and La-decorating of BCO. 

The N2 adsorption-desorption isotherms observed for BCO and BCO-6La in 

Figures 1-9d and 1-9e fall under type IV-H3, indicating the synthesis of mesoporous 

materials characterized by slit pore structures resulting from the stacking of particles. 

Calculations demonstrate specific surface areas of 18.154 m2/g for BCO and 31.303 

m2/g for BCO-6La. A larger specific surface area provides more active sites, which 

enhances the gas-sensing properties of materials [227]. Additionally, ICP-MS and 

FLAA analyses were conducted to investigate metal elements in all samples, as shown 

in Figure 3-9f. These analyses revealed that the La-to-Bi ratio aligns with the initial 

experimental design, providing further evidence of the successful incorporation of La. 
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Figure 3-9 (a) Tauc curve (inset: UV-Vis absorption spectrum), (b) EPR spectra, and (c) the FT-IR 

spectroscopy of all samples, nitrogen sorption isotherms and pore size distributions (inset) of the 

(d) BCO and (e) BCO-6La. The pore size distributions are determined by the BJH model based on 

the absorption branches, (f) The La/Bi proportion of all samples analyzed by ICP-MS and FLAA. 

3.2.2. Gas sensing performance 

In this section, the performance of La-decorated Bi2O2CO3 microspheres in 

nonanal sensing was evaluated. The sensor response value was defined as Ra/Rg, and 
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the definitions of response and recovery time were consistent with those of Jeong et al. 

[14]. The transient curves illustrated in Figure 3-10a to 1-10b and Figure 3-10c 

demonstrate fluctuations in response and resistance, respectively, when the BCO-xLa 

gas sensors are exposed to different concentrations of nonanal gas (3, 6, 9, 12, 15, 18, 

21, 24, 27, and 30 ppm). Sensing for each gas concentration was measured for 6 minutes 

and 12 minutes, in the presence and absence of gas. Upon exposure to nonanal gas as 

an electron donor, the electron concentration within BCO-xLa increased, resulting in a 

decrease in resistance (Figure 3-10c). Consequently, the gas-sensing response of the 

optimal BCO-6La sensor progressed from a low level (4.9 at 3 ppm) to a high level 

(174.6 at 30 ppm), with a relatively wide detection range. The measured minimum 

detection limit of the BCO-6La sensor (4.9 at 3 ppm) enhances sensitivity and accuracy, 

thereby improving reliability and efficiency in practical applications, particularly in 

scenarios where high precision and rapid response are required. All the tested sensors' 

responses demonstrate good linearity, as shown in Figure 3-10d. Furthermore, the limit 

of detection (LOD) for BCO-6La is estimated to be 117.3 ppb for nonanal. 

 

 

Figure 3-10 (a) Transient response BCO-xLa film to nonanal concentrations of 3-30 ppm at room 
temperature (25Ñ2ÁC), (b) magnified area of Figure 3-10a, (c) resistive response of BCO-xLa gas 
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sensors toward exposure to 3-30 ppm of nonanal at room temperature (25Ñ2ÁC), (d) linear 

relationship between response verse nonanal vapor concentrations. 

 

 

For real-time gas monitoring applications, stable performance is crucial to ensure 

reliable measurements over extended periods. The BCO-6La sensor demonstrated 

highly reproducible sensing characteristics even after undergoing twenty repetitive 

cycles, as illustrated in Figure 3-11. Additionally, the BCO-6La sensor performance 

was evaluated over a 3-week period at 9 ppm nonanal exposure, as shown in Figure 3-

12. The sensorôs response remains stable with variations Ò 5% (standard deviation), 

which can be attributed to minor environmental fluctuations (such as humidity or 

temperature) within the gas mixing setup. Notably, the absence of a decrease in sensor 

performance emphasizes the reversibility of nonanal interaction. The response and 

recovery times of BCO-6La to 18 ppm nonanal gas were determined, as shown in 

Figure 3-13. The response time for nonanal gas was 36 seconds, while the recovery 

time exceeded 1500 seconds, highlighting rapid response capabilities and strong 

adsorption energy towards nonanal molecules. The swift response time is adequate for 

periodic nonanal monitoring in critical environments. Furthermore, the detection 

capabilities of the BCO and BCO-6La sensors were validated by testing their 

performance against various VOCs that significantly contribute to the flavor of cooked 

rice, as illustrated in Figure 3-14. The BCO-6La sensor demonstrated enhanced 

responsiveness to nonanal gas compared to other interfering gases, highlighting 

improved selectivity over the BCO. This enhanced selectivity may be attributed to the 

relatively low bond energy of C-H-O in nonanal (approximately 312.8 kJ/mol), making 

it susceptible to bond cleavage when reacting with oxygen species [228, 229]. 
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Figure 3-11 Repeatability of the BCO-6La sensor under 9 and 18 ppm nonanal (20 cycles). 

 

 

 
Figure 3-12 Long-term stability of the BCO-6La gas sensor to 9 ppm nonanal at room temperature 

(25Ñ2ÁC). 
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