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ABSTRACT

Breath gas detection has attracted significant attention for the early screening of

lung cancer. In this paper, we synthesized bismuth ferrite (BiFeO3) nanoparti-

cles via a green and facile microwave hydrothermal method for detecting low

concentration isopropanol. The influence of material’s synthesis process

parameters, including temperature, time and power of synthesis on the

physicochemical properties, has been explored. The structure, morphology and

other material properties of BiFeO3 were analyzed by a series of characterization

methods such as scanning electron microscopy (SEM), X-ray diffraction (XRD),

transmission electron microscopy (TEM) and X-ray electron spectroscopy (XPS).

The effects of synthesis process parameters and testing conditions on gas

sensing performance were investigated by a four-channel testing chamber. In

addition, the mechanism of gas-sensitive response was also discussed. Con-

sidering the authentic situation of exhaled breath of human, we conducted the

experiment of ultralow concentration and high humidity systematically. Typi-

cally, the BiFeO3 gas sensor revealed extraordinary sensitive performance at an

optimal working temperature of 275 �C. An excellent linear relationship existed

in the response and gas concentration, as the response value can reach 3.9

towards 1 ppm isopropanol even if it is in a 100% relative humidity (RH)

atmosphere.

1 Introduction

Lung cancer is one of the most common challenges

around the world, whose mortality rate is rather

higher than other diseases [1]. According to the

report from global cancer database in 2018, more than

2.09 million people have been diagnosed with lung

cancer per year, and 1.76 million people died of it [2].

Studies have shown that the long-term survival rate

after surgery for stage I of lung cancer exceeds 80%,

but that for stage III is only 20% [3]. The 5-year sur-

vival rate of lung cancer is only 18% at present. The

important reason is that nearly 75% of patients are
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already in stage II and stage III of lung cancer when

they are diagnosed, and the best treatment time is

missed. The inability to detect and diagnose in time

has dramatically increased the mortality of lung

cancer [4]. If the tumor can be surgically removed

early, the five-year survival rate can reach 85% [5].

The typical diagnosis methods, mainly classified into

imaging examination, cytology or histopathology

examination and body fluid tumor marker detection,

are essential to diagnose. However, obvious defi-

ciencies exist in these methods, such as radiation,

trauma, complicated process, high technical require-

ments and expensive cost [6]. Therefore, a new

technique with accurate, convenient, and noninva-

sive traits is in urgent need for the preclinical diag-

nosis of lung cancer.

Under pathological conditions, the composition of

volatile organic compounds (VOCs) in exhaled

breath will change. It is reasonable to confirm the

pathophysiological state of humans by exhaled

breath measurement and analysis [7]. Exhaled breath

detection can be used as a safe and convenient dis-

ease diagnosis auxiliary method, which has the

advantages of being simple and noninvasive [8]. In

previous studies, several VOCs which can be defined

as biomarkers for lung cancer, including ethanol,

acetone, n-butanol and isopropanol have been

reported [9]. As a monohydric alcohol, isopropanol is

one of the VOCs in lung cancer patients’ exhaled

breath. Previous studies have found that the average

concentration of isopropanol in the exhaled breath of

healthy people and lung cancer patients is 169 ppb

and 398 ppb, respectively, which has a great differ-

ence between the two situations [1].

In recent years, many gas sensors have served as

potential tools for detecting diseases, such as colori-

metric, quartz crystal microbalance, surface acoustic

wave, and metal oxide semiconductor gas sensors

[10]. Mazzone et al. confirmed that the colorimetric

sensor arrays could identify the biomarkers for lung

cancer in the exhaled breath [11]. The proton con-

duction sensor realized effective detection of NH3 in

exhaled breath [12]. The quartz crystal microbalance

sensor studied by Xu et al. displayed excellent sens-

ing performance for low-concentration acetone [13].

Above all, gas sensing technology is showing great

potential for disease detection applications. Among

the different types of gas sensors, metal oxide semi-

conductor gas sensor technology has the feature of

low cost, high sensitivity, quick response, strong

specificity and simple operation, which provides a

new development idea for exhaled breath detection

in disease screening and diagnosis [14–16].

Considerable interest has arisen over the area of

chemistry and metal oxide semiconductor materials

as the superior ferroelectric and catalytic perfor-

mance of BiFeO3. In the past decade, many synthesis

techniques such as solid-state [17], sol–gel [18], rapid

liquid-phase sintering [19], co-precipitation [20] and

hydrothermal [21] methods were used to synthesize

BiFeO3. In addition to these methods, the microwave

hydrothermal method can be used to synthesize such

materials quickly, simply, uniformly and energy-

saving [22]. In addition, most researches focused on

ferroelectric properties of BiFeO3, only few researches

about the application in gas sensing field were pub-

lished [23].

As the monitoring of isopropanol vapor still have

drawbacks such as low response, high working

temperature, and low detection limit. Therefore, it is

very crucial to develop an effective sensor for iso-

propanol detection and improve its sensing perfor-

mance. This paper reports on that isopropanol as a

biomarker for lung cancer was detected by a BiFeO3

gas sensor. The microwave-assisted hydrothermal

method proved a one-step and fast method for

preparation of BiFeO3 nanoparticles. The relationship

between synthesis parameters (reaction temperature,

time and power) on the material’s properties and the

gas sensing performance to isopropanol vapor were

studied.

2 Material and methods

2.1 Synthesis of BiFeO3 by microwave
hydrothermal

The chemicals used in the experiment were all pur-

chased from Aladdin Biochemical Technology Co.,

Ltd. without further purification treatment. 2.02 g

Fe(NO3)3�9H2O and 2.43 g Bi(NO3)3�5H2O were dis-

solved in 10 mL HNO3 solution (2 mol/L). After the

dissolution was complete, 10 mL sodium hydroxide

solution (6 mol/L) was added dropwise to generate a

brick-red precipitate. After 20 min vibrant stirring,

deionized water was added for rinsing the precipi-

tate. The obtained solution was subjected to ultra-

sonic treatment and placed in a microwave

hydrothermal synthesizer to react for the 30 min at
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200 �C and 500 W to obtain the BiFeO3 material

which can be defined as BFO-MW. The simplified

synthesis steps are shown in Fig. 1. When exploring

the influence of synthesis procedure conditions on

material properties, the predetermined reaction

parameter needs to be changed (Table 1), and all

other conditions must remain the same. Then the

above experimental steps should be repeated to

obtain materials with different synthetic parameters.

To further explore the characteristics of microwave

hydrothermal synthesis and the feature of BiFeO3,

similar experiments were carried out under ordinary

hydrothermal conditions. The previous steps are

consistent with the microwave hydrothermal

method. After rinsing by deionized water, the

obtained solution was transfered into a stainless steel

autoclave with a Teflon liner of 50 mL capacity and

heated at 200 �C for 12 h. When it comes down to

room temperature, the precipitate obtained was

washed with deionized water and ethanol for several

times. Then, the precipitate was dried for 8 h in an

oven at 80 �C. This material is denoted as BFO-HY.

2.2 Characterization

The diffraction of X-rays (XRD, D8 Advance Bruker)

was used to analyze the phase structure of BiFeO3,

and the Cu-Ka1 radiation is chosen and the scanning

rate is set as 5��min-1. The morphologies were

obtained from the observation results of field-emis-

sion scanning electron microscopy (FESEM, S4800II

Hitachi) and transmission electron microscopy (TEM,

JEM-2100). X-ray photoelectron spectroscopy (XPS,

Thermo Fisher Scientific ESCALAB 250Xi) was used

for determining the chemical states of the elements in

BiFeO3. The specific surface areas were acquired

through N2 adsorption/desorption at 300 �C
according to BET theory. The pore sizes of samples

were calculated by BJH (Barret–Joyner–Halenda)

method using the isotherms (Autosorb IQ3, Quan-

tachrome Instruments).

2.3 Fabrication and measurement
of sensors

The experimental equipment was built by laboratory

personnel which have been reported via the other

papers written by our research group [24, 25]. It

contained air intake system and signal processing

system, as shown in Fig. 2. High pure air was pur-

chased from Yangzhou Ruite Gas company limited

and mass flow controllers (Bronkhorst, F-201CV-1K0-

RGD-33-V and F-201CV-050-RGD-33-V) were

obtained from Beijing Artim Control Equipment

company limited. The gas-sensing detection system

adopts home-made four-channel testing system.The

Pt/Au heating electrodes and gas testing chamber

(HCRK-SD101, China) were purchased from Wuhan

Huachuang Ruike Technology company limited. By

Fig. 1 The synthetic

schematic of BiFeO3

Table 1 Different microwave process parameters

Number Temperature/oC Time/min Power/W

1 125 30 500

2 150 30 500

3 175 30 500

4 200 30 500

5 225 30 500

6 250 30 500

7 200 10 500

8 200 50 500

9 200 30 100

10 200 30 300

11 200 30 700

12 200 30 900
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dropping the as-prepared BiFeO3 onto the electrodes,

and drying the electrodes at 80 �C for 12 h, the

BiFeO3 gas sensor was made. The concentration of

isopropanol vapor was adjusted by mass flow con-

trollers and the specific control details can be found

in the supplementary materials and our previous

studies [26]. The changes of electrical resistance of the

fabricated sensors were recorded via the home-made

signal processing system. Besides, the gas-sensitive

response value S was defined as the ratio of the

resistance value of the semiconductor material in the

target gas (Rg) and in the standard air (Ra), S = Rg/Ra

[27]. The response or recovery time was defined as

the resistance change of gas sensor reached 90% of

(Rg-Ra) [28]. Gas sensing experiments were carried

out under laboratory conditions with a room tem-

perature of 25 ± 2 �C and of 30 ± 10% RH.

3 Results and discussion

3.1 XRD and TEM analysis

To study the effect of microwave synthesis process on

the properties of materials, BiFeO3 powders synthe-

sized at 125, 150, 175, 200, 225 and 250 �C for 30 min

and 500 W were analyzed by XRD. As shown in

Fig. 3a, when the reaction temperature is below

200 �C, the phase composition is mainly Bi25FeO40.

The diffraction peaks with 2h at 24.7, 27.7, 30.5, 32.9,

35.6, 39.7, 41.7, 52.5, 54.2, 55.8 and 62.0� were

observed in this case, which related to the sillenite-

type phase of Bi25FeO40 (JCPDS 46–0416) [29]. With

the increase of temperature, pure BiFeO3 is easier to

form, and diffraction peaks with 2h at 22.4, 27.7, 31.7,

32.1, 39.0, 39.5, 45.8, 56.5 and 57.1� were observed,

which was assigned to the perovskite phase of BiFeO3

(JCPDS 86–1518, ICSD #82,614) [30]. With the

increasing reaction temperature, the degree of dis-

solution of the precursor was promoted, which is

beneficial to reach the critical supersaturation point

for the formation of BiFeO3. Ponzoni et al. pointed

out that the reaction temperature exerts a significant

influence on the formation of BiFeO3 by affecting the

dissolution–recrystallization process. Only when the

ion concentration in the alkaline environment

reached the saturation point, the thermodynamically

stable BiFeO3 phase started nucleating and growing

[31]. With the increasing reaction temperature, grain

growth direction and selectively oriented crystal

planes changed. The diffraction peak intensity at

2h = 27.7� of the samples synthesized in the temper-

ature range of 125–175 �C gradually became stronger,

indicating that the grains grow along the (310) crystal

plane with the increasing temperature. In the range of

200 to 250 �C, the diffraction peak at 2h = 22.4�
becomes stronger, and the grains grow along the

(101) and (202) crystal planes. In addition, by com-

paring the XRD patterns of the samples synthesized

by microwave-assisted hydrothermal method and

ordinary hydrothermal method, it can be found that

the BFO-HY sample has impure phase composition

and contains at least two phases, BiFeO3 and Bi2Fe4-
O9, as depicted in Fig. 3b. In the research of Wang

et al. on the microwave-assisted synthesis of BiFeO3

nanoparticles, the materials synthesized by micro-

wave have higher crystallinity than those synthesized

by the hydrothermal method [32].

Fig. 2 The four-channel gas sensitivity testing system
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The sample morphology was observed, and the

TEM images indicate that the BiFeO3 products

mainly consist of nanoparticles of around 3 nm when

the temperature is between 125 and 200 �C. Further-
more, as the temperature is between 200–250 �C, it
gradually transforms into a cubic structure. The

existence of hexagons can be observed in the electron

microscope of materials synthesized at 250 �C, as

shown in Fig. 4. With the increase of temperature, the

particle size of nanostructures gradually increases.

It has been reported that the reaction time affects

the phase composition of BiFeO3 [22]. Three samples

were prepared by reacting at 200 �C for 10 min,

30 min, and 50 min with a power of 500 W for

exploring the impact of reaction time on material

properties. From the XRD patterns in Fig. 5a, it can be

found that when the reaction time is 10 min, the

phase composition includes Bi25FeO40 and BiFeO3. As

the reaction time prolonged to 30 min, the charac-

teristic peaks (2h = 24.8�, 27.8�, 30.6�, 33.1�) belonging
to the impurity phase Bi25FeO40 weakened or even

disappeared, and BiFeO3 became the main phase. If

the reaction time continued to extend to 50 min, the

intensity of the peaks related to the impurity phases

increased again, which is consistent with the phe-

nomenon found by Chen et al. [33]. With the pro-

longation of reaction time, the impurity phase has a

state change of existence-disappearance-existence.

The formation of impurity phases may be related to

the decomposition and regeneration of BiFeO3, as

shown in Eq. (1) [22].

6BiFeO3 ! 2Bi2O3 + Bi2Fe4O9 + Fe2O3 ð1Þ

Under the condition of keeping the reaction tem-

perature and time consistent, different microwave

powers (100 W, 500 W, 900 W) were used to syn-

thesize BiFeO3. Comparing the XRD patterns in

Fig. 5b, it is clear that the peak position of the syn-

thesized sample is not obvious when the power is

100 W, while the broadening is obvious and the peak

is weak, indicating that the crystallinity of this sam-

ple is poor. After the power was increased, the

diffraction pattern of the material became sharper.

When the power increases further, the grains grow

along the (310) crystal plane of Bi25FeO40. Therefore,

the corresponding diffraction peak of 27.7� becomes

strong, while the diffraction peaks corresponding to

the two crystal planes (012) and (110) of BiFeO3

become weak. The previous study of Majid et al. also

showed that the increase of microwave power would

make the particle crystal size decrease and the crys-

tallinity increase [34].

3.2 SEM, BET and XPS analysis

The BiFeO3 in the form of nanoparticles was observed

by SEM in Fig. 6a, which was in accordance with the

images from TEM. Through N2 adsorption–desorp-

tion experiments, the specific surface area of the as-

synthesized BFO-MW was 56.1 m2�g-1 under the

conditions of 200 �C and 500 W for 30 min, as shown

in Fig. 6b. The material has a large specific surface

area, which can offer more reaction sites for gas

molecule adsorption, accelerating the gas-sensing

reaction. We define the selected BiFeO3 with the

microwave power of 500 W at 200 �C for 30 min

synthesis process parameters as BFO-MW1.

Fig. 3 X-ray diffraction patterns of BiFeO3 synthesized under different conditions: a BiFeO3 synthesized at 125, 150, 175, 200, 225 and

250 �C; b BiFeO3 synthesized by traditional hydrothermal method

J Mater Sci: Mater Electron



To analyze the elemental composition and element

valence state of the material surface, XPS tests were

carried out on the material and the results are

depicted in Fig. 7, the binding energy of the samples

synthesized by different methods showed that the

survey is in the range of 0.0–1000.0 eV. The XPS

results indicated three elements Bi, Fe, and O exist on

the material surface, and BFO-HY has the same peak

positions as BFO-MW1. It showed that BFO-HY and

BFO-MW1 are composed of the same elements and

valence states (Fig. 7a). The two peak positions of the

Bi 4f7/2 and Bi 4f5/2 spectrum are at 158.5 and

163.9 eV (Fig. 7b), corresponding to Bi3? [35]. The

positions of the two peaks (2p3/2 and 2p1/2) of Fe in

Fig. 4 TEM images of BiFeO3 synthesized at a 125 �C; b 150 �C; c 175 �C; d 200 �C; e 225 �C and f 250 �C

Fig. 5 a XRD patterns of BiFeO3 synthesized with different microwave reaction times (10, 30 and 50 min); b XRD patterns of BiFeO3

synthesized with different microwave powers (100, 500 and 900 W)
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the spectrum indicate the presence of Fe3? (Fig. 7c).

The high-resolution spectrum of O has two sub-

peaks. The 529.5 eV and 531.8 eV peaks correspond

to lattice oxygen field and oxygen vacancies field

(Fig. 7d) [36]. The proportion of oxygen vacancies

calculated from the integral area is 38.2%. The

chemical adsorption of oxygen exerts an important

impact to the surface reaction with the target gas. The

Fig. 6 BiFeO3 synthesized under the microwave power of 500 W and 200 �C for 30 min of a SEM image; b N2 adsorption–desorption

curve

Fig. 7 a XPS survey spectrum of BFO-HY and BFO-MW1; High-resolution XPS spectra related to b Bi 4f; c Fe 2p and d O 1 s of BFO-

MW1

J Mater Sci: Mater Electron



larger the proportion of the chemical adsorption of

oxygen, the better the gas sensing performance of the

material.

3.3 Gas-sensing performance

The 125, 150, 175, 200, 225 and 250 �C synthesized

BiFeO3 gas sensors were evaluated at different

working temperatures (200, 225, 250, 275, 300 and

325 �C) under 5 and 10 ppm isopropanol and the RH

of the surrounding environment was about 35%. The

working temperature of the sensor affects the gas-

sensing performance by affecting the gas diffusion

process and reaction process [37]. It is found that all

BiFeO3 samples have the highest gas-sensing

response at the 275 �C testing condition, as shown in

Fig. 8a. The BiFeO3 synthesized at 200 �C can detect

5 ppm isopropanol with a response of 6. At the

optimum working temperature of 275 �C, gas-sens-
ing tests were carried out on BiFeO3 materials syn-

thesized by different processes.

The samples with the synthesis temperature range

of 125–250 �C show different gas-sensing properties

under the same test conditions (275 �C). Among

them, the BiFeO3 synthesized at 200 �C presented the

highest response to 10 ppm isopropanol, with a value

of 14.1, significantly higher than that of other samples

shown in Fig. 8b, c.

In the experiment on the influence of power

parameters, the gas sensing performance of samples

synthesized at 100 W was poor, and the response

improved when the power increased as a whole, as

shown in Fig. 8d. The gas sensitivity test was carried

out for samples with different reaction times (10, 30

and 50 min) as well, which is depicted in Fig. 8e, f,

and the 30-min sample showed better gas sensing

performance and higher sensitivity. Above all,

500 W, 200 �C and 30 min are the overall best syn-

thesis parameters, which are consistent with XRD

results.

Exhaled breath detection conditions are harsh,

while the breath contains a large amounts of water

molecules and the ultra-low concentration of the

biomarkers. Therefore, this paper simulates exhaled

breath detection under experimental conditions. The

synthetic materials with the best gas-sensing prop-

erties (BFO-MW1) were selected from the above

samples for simulation experiments. The BFO-MW1

gas sensor was prepared for the gas-sensing research

under the optimal working temperature (275 �C), and

the results for low-concentration (0.2–1 ppm) iso-

propanol vapor are shown in Fig. 9a, b. Under the

condition of 80% RH, BFO-MW1 showed excellent

gas-sensing performance, which still had a high

response value (3.62) to 0.2 ppm isopropanol, and the

response value and concentration had an excellent

linear relationship. In addition, BFO-MW1 gas sensor

responds quickly to low concentrations of iso-

propanol. It only takes 45 s and 14 s to respond to

ultra-low concentrations of 0.2 ppm (Fig. 9c) and

1 ppm isopropanol (Fig. 9d), and it also reveals a

good recovery speed (118 s and 58 s).

Humidity affects the overall gas-sensing properties

of materials by affecting the adsorption of oxygen on

the material surface [38]. Figure 10a, b shows the

comparison of the response of BFO-MW1 sensor to

1 ppm isopropanol under different humidity condi-

tions. As the humidity increases, the response value

decreases. By feeding only wet air to the gas-sensitive

test system, RH can be adjusted to 100%. However,

even at 100% RH, which is close to the humidity in

human exhaled breath, BiFeO3 still has good sensi-

tivity to 1 ppm isopropanol, with a response value of

3.9.

The selectivity of the gas sensor to the target gas is

an important indicator for the sensor to be used for

disease detection. Further selectivity tests of BFO-

MW1 sensor were carried out, as shown in Fig. 10c.

BFO-MW1 sensor has low sensitivity to methane,

carbon dioxide, NH3, hydrogen, nonanal, ethanol and

acetone. Meanwhile, BiFeO3 shows excellent

repeatability and long-term stability, as shown in

Fig. 10d to Fig. 10f. The changes in response values

towards 1 ppm isopropanol did not exceed 5% for

BFO-MW1 gas sensor, indicating that the BFO-MW1

gas sensor can keep a stable response for at least half

a month. Compared with the performance of other

isopropanol metal oxide semiconductor sensors, as

shown in Table 2, the as-prepared BiFeO3 gas sensor

exhibits excellent gas-sensing performance, which

has a lower operating temperature, an ultra-low

detection limit, and has considerable application

prospects for breath gas detection.

3.4 Gas-sensing mechanism

Gas-sensing reactions are generally accounted for the

physical and chemical reactions of gas molecules on

the surface of sensing layers. BiFeO3 gas sensor is a p-

type semiconductor gas sensor based on the electrical

J Mater Sci: Mater Electron



resistance change of the material, and the there are

existing gas molecule adsorption and desorption onto

the BiFeO3 surface in different atmospheres. A lot of

researches have been focusing on BiFeO3 due to its

intrinsic and relatively low bandgap (2.67–3.1 eV)

[45]. Taking the BiFeO3 of 2.8 eV for example, the

schematic diagram of gas sensing mechanism is

shown in Fig. 11. When the gas-sensitive material is

in air, the oxygen molecules adsorbed on the surface

of BiFeO3, converted into oxygen ions after the elec-

trons are taken from the material surface [46]. The

ionized adsorption of oxygen on BiFeO3 leads to

hole-accumulation layers (HALs) [47]. Therefore, the

electron concentration on the surface of the material

increases, and the hole concentration increases,

resulting to the decline of material resistance. The

process of oxygen adsorption and ionization on the

material surface is affected by temperature. In gen-

eral, the ionosorption species of O2
-, O-, and O2- are

dominant at\ 200 �C, between 200 and 300 �C, and
at[ 300 �C, respectively, as shown in Eqs. (2–5).

[26, 48, 49].

Fig. 8 a Responses of 125, 150, 175, 200, 225 and 250 �C
synthesized materials to 5 ppm isopropanol at different working

temperatures (200, 225, 250, 275, 300 and 325 �C); b resistance

and c response curve of synthesized materials under different

temperature conditions to 10 ppm isopropanol at the optimal

working temperature; d response comparison of synthesized

materials to 10 ppm isopropanol under different power (100,

300, 500, 700 and 900 W); e resistance and f response curve of

synthesized materials in response to 10 ppm isopropanol at

different reaction time (10, 30 and 50 min)

J Mater Sci: Mater Electron



O2(gas) ! O2(ads) ð2Þ

O2(ads) + e� ! O�
2 ð\200 �C) ð3Þ

O2(gas) + 2e� ! 2O�ð200�300 �C) ð4Þ

O�(ads) + e� ! O2�ð[ 300 �C) ð5Þ

When isopropanol enters the test chamber, iso-

propanol molecules will contact with reactive oxygen

ions to generate CO2 and H2O, releasing free elec-

trons, and the hole concentration on the surface of the

material will decrease, causing the resistance value to

increase. When it is in the air environment again, the

resistance value of the material will decrease due to a

large amount of adsorption of oxygen. The general

reaction Eqs. (6–9) are as follows [50]:

C3H8O(gas) ! C3H8O(ads) ð6Þ

C3H8O(ads) + 9O�(ads) ! 3CO2(gas) + 4H2O(gas) + 9e� ð7Þ

C3H8O(ads) + 9O�
2 (ads) ! 3CO2(gas) + 4H2O(gas) + 18e� ð8Þ

e� + hþ ! Null ð9Þ

The air contains a certain amount of water mole-

cules, and the water molecules will also be adsorbed

on the surface of the material, occupying the reaction

sites, and forming a competitive relationship with

oxygen [51]. The number of water molecules in dry

air is small, and the adsorption of oxygen on the

material surface is not hindered. When the humidity

increases, the number of water molecules increases,

while the water molecules compete with oxygen for

adsorption sites, hindering the chemical adsorption

of oxygen and reducing the amount of oxygen

adsorption. In the gas-sensitive layer, the electron

consumption decreases while the electron concen-

tration increases and the hole concentration decrea-

ses, therefore, the reference resistance value of the

Fig. 9 a Response curve and b response–concentration linear

relationship of BFO-MW1 to low concentrations of isopropanol

vapor (0.2 ppm—1 ppm) at 275 �C under 80% RH; response/

recovery process of BFO-MW1 gas sensor to c 0.2 ppm and

d 1 ppm isopropanol vapor at 275 �C under 80% RH
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material increases, and the response value of the

target molecule decreases.

4 Conclusion

In this paper, BiFeO3 was synthesized by the micro-

wave-assisted hydrothermal method, and the factors

affecting the synthesis conditions on the material

microstructure was studied. The pure phase BiFeO3

can be formed only when the temperature reaches

about 200 �C based on XRD patterns. At the same

time, the material morphology changes as synthesis

temperature increases. When the temperature is in

range of 150–200 �C, the material is in the form of fine

nanoparticles. After the temperature gradually

increases to 225 �C, the BiFeO3 begins to have a cubic

Fig. 10 a Response curve and b response value of BFO-MW1 gas

sensor to 1 ppm isopropanol at 275 �C and different humidity

(20%, 50%, 80% and 100% RH); c response of BFO-MW1 gas

sensor to different types and concentrations of gases at 275 �C

under 80% RH; d five cycles of resistance curve, e response curve

and f half-month stability of BFO-MW1 gas sensor to 1 ppm

isopropanol at 275 �C under 80% RH

J Mater Sci: Mater Electron



structure. The presence of hexagonal structures can

be observed at 250 �C. The length of the reaction time

also affects the phase composition. As the reaction

time increases from 10 to 50 min, the impurity phase

will undergo the process of existence-disappearance-

existence. The material obtained by the synthetic

parameters of 500 W at 200 �C for 30 min has the best

gas-sensing performance, and it has good sensitivity

to the lung cancer marker VOCs isopropanol. Anti-

humidity performance of the material was also

Table 2 Performance

comparison of isopropanol

metal oxide semiconductor

sensors

Sensing materials concentration Operating temperature Response Refs

SnO2 nanorods 100 ppm 325 �C 12 [39]

PbO-doped SnO2 500 ppm 350 �C 16 [40]

CdS/ZnO 10 ppm 320 �C 6.97 [41]

Fe-ZnO 0.25 ppm 275 �C 3.95 [26]

ZnO/NiO 20 ppm 280 �C 8 [42]

g-C3N4/SnO2 1 ppm 200 �C 4.61 [43]

Ag–In2O3 1 ppm 300 �C 3.2 [44]

BiFeO3 Nanoparticles 10 ppm 275 �C 14.1 This work

Fig. 11 Schematic diagram of the gas-sensing mechanism for the BiFeO3 gas sensor towards isopropanol gas

J Mater Sci: Mater Electron



displayed. Even at 100% RH, the sensor still has a

response value of 3.9 to 1 ppm isopropanol. On

account of the BiFeO3 gas sensor operating in a high

humidity environment with a good stability and

capable of realizing excellent response for ultralow

concentration of isopropanol, BiFeO3 is a promising

material for the development of devices utilized in

medical respiratory detection, especially in preclini-

cal diagnosis of lung cancer.
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