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ABSTRACT

Acetone detection at the parts-per-billion (ppb) level is achieved in this work

using selective and optimized Fe doping of the three-dimensional (3D) flower-

like SnO2 hierarchical microstructures. These structures were successfully syn-

thesized via a one-step hydrothermal route. Detailed information about the

crystal structure, surface morphology and composition of the Fe-doped SnO2

microstructures was investigated using X-ray diffraction (XRD), energy-dis-

persive spectroscopy (EDS), scanning electron microscopy (SEM), transmission

electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) tech-

niques. Gas sensing experiments were conducted on the as-prepared Fe-doped

SnO2 sensors. The measured results show that the incorporation of Fe into the

SnO2 structure can greatly enhance the gas sensing properties of SnO2 sensors

under the optimum working temperature (200 �C). Specifically, the 1.0 mol%

Fe-doped SnO2 microstructures exhibit the highest response, fast response/re-

covery time, lowest detection limit and good selectivity and long-term stability.

The results demonstrate that the developed Fe-doped SnO2 gas sensor has great

potential for ppb-level acetone detection in many practical applications.
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Introduction

Acetone is a highly flammable gas which has been

widely used in industries and scientific laboratories.

Research indicates that people exposure to the high

acetone concentration (more than 173 ppm) may

cause low blood pressure, bronchial irritation, diffi-

culty breathing and abdominal pain [1, 2]. Therefore,

it is very important to detect the concentration of

acetone at the workplace to ensure safety and health.

Apart from that, being an important breath bio-

marker, the exhaled acetone level has been recog-

nized to possess tight and quantitative connection

with the human diabetes. Generally, gaseous acetone

concentration in breath varies between 300 and

900 ppb in healthy people, while the concentration in

diabetes patients is reported to exceed 1.8 ppm [3].

Thus, in order to achieve accurate disease diagnosis

using exhaled breath sensors, the detection limit

should be at ppb level, especially in highly humid

atmospheres. Up to now, although considerable

efforts have been devoted to acetone detection using

analysis equipment such as gas chromatogra-

phy/mass spectrometry (GC/MS) [4] and optical

spectroscopy [5], these techniques still suffer from

disadvantages such as bulky size, high cost and time-

consuming measurement. These drawbacks limit

wider applications of the existing acetone detection

techniques [6]. Therefore, it is highly desirable to

develop high-performance miniature sensors for the

rapid and selective detection of acetone in practical

applications.

Recently, considerable efforts have been made to

develop gas sensors using various oxide semicon-

ductors including SnO2 [7, 8], WO3 [9, 10], In2O3 [11],

ZnO [12], NiO [13], MnO2 [14], V2O5 [15]. In partic-

ular, SnO2 (an n-type semiconductor with a wide

band gap (3.6 eV)) is one of the most studied due to

its better performance and high chemical stability

[16]. However, most sensors based on bulky SnO2

still suffer from numerous problems associated with

relatively poor sensitivity, long response/recovery

time and low reliability [17, 18]. They still can’t meet

these growing demands for fast-responding, accurate

and reliable sensors with ppb-level detection. There-

fore, great efforts have been dedicated to further

improve the acetone sensing capabilities, such as

improvement of the specific surface area, formation

the heterojunction structure and doping with

extrinsic dopants [19–21]. Noteworthy, doping with

extrinsic dopants has been demonstrated as a facile

and effective way to improve the sensitivity of SnO2-

based sensors. It was recently reported that Zn-doped

SnO2 nanostructures exhibited tremendous sensing

performance toward glycol where the sensor’s

response to 100 ppm glycol was about two times

higher than that of undoped SnO2 sensor [22]. It was

also demonstrated that NiO-doped SnO2 polyhedra

has a significantly enhanced response of 6.7–30 ppm

ethanol at 280 �C with the response and recovery

times were shorter than 0.6 and 10 s, which are much

better than that of pure SnO2 [23]. In addition, there

are many other reports about doping nanostructured

SnO2 resulted in the significant improvement of the

sensor’s characteristics [24, 25]. All of those reports

confirm the feasibility of successful doping of SnO2

by nanostructured dopants to achieve the desired

improvements. Despite the tremendous research on

the influence of doping on sensing performances,

only few of the recent reports touched on the opti-

mization of Fe content which might be critical for

SnO2 gas sensing performance.

Herein, both pure SnO2 and different contents of

Fe-doped 3D flower-like hierarchical SnO2

microstructures were successfully synthesized by the

hydrothermal process. Their crystal structure, surface

morphology and composition were subsequently

characterized. Meanwhile, the acetone sensing

experiments were conducted on the pure and Fe-

doped SnO2 sensing materials. The measured results

clearly show that the incorporation of Fe into the

structure of SnO2 can greatly improve the gas sensing

performances of SnO2-based acetone sensors. In

particular, the 1.0 mol% Fe-doped SnO2 microstruc-

tures exhibited the highest response, best selectivity

and excellent long-term stability, which indicate that

the Fe-doped 3D SnO2 microstructures can be uti-

lized as a promising sensing material for detection of

ppb-level acetone gas.

Experimental

Materials and reagents

Tin chloride dihydrate (SnCl2�2H2O C 99.9%) and

ferric chloride hexahydrate (FeCl3�6H2O C 99.0%)

were purchased from Sigma–Aldrich (Shanghai,
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China). Sodium citrate dihydrate (C6H5Na3O7�2H2-

O C 99.0%) was obtained from Aladdin Chemistry

Co., Ltd. (Shanghai, China). All chemical reagents in

this experiment were of analytical grade and used

without further purification.

Synthesis of flower-like hierarchical SnO2

microstructures

Pure and Fe-doped SnO2 microstructures were syn-

thesized by hydrothermal method. Typically, 4 mmol

SnCl2 2H2O, 10 mmol C6H5Na3O7 2H2O and a defi-

nite amount of FeCl3 6H2O (Fe/Sn = 0.5 mol%,

1.0 mol%, 3.0 mol%) were dissolved into 40 mL of an

ethanol–water (2:3, v/v) solution magnetic string for

10 min to form a homogeneous solution. Subse-

quently, the resultant mixture solution was trans-

ferred into a 100-mL Teflon-lined stainless steel

autoclave and heated at 210 �C for 12 h. After it was

cooled down to room temperature, the obtained

precipitates were washed thoroughly by adding

deionized water and ethanol, followed by centrifu-

gation at 6000 rpm for 5 min. Finally, the products

were annealed at 600 �C for 2 h with a ramping rate

of 3 �C min-1. Furthermore, the pure SnO2

microstructures were also synthesized using the

same method without addition of FeCl3 6H2O in the

solution.

Characterization

The obtained SnO2 microstructures were examined in

terms of their morphological, crystalline structural,

compositional properties. The crystal structure and

the phase of the as-synthesized products were mea-

sured by X-ray diffractometer (XRD, DRIGC-Y

2000A) with Cu-Ka1 radiation (k = 1.5406 Å) in the

range of 20�–80�. The surface morphologies and

microstructures of the obtained samples were inves-

tigated by field-emission scanning electron micro-

scopy (FESEM, JEM-7100F, operated at 20 kV) and a

high-resolution transmission electron microscope

(HRTEM, JEM-2010, 200 kV with electron diffrac-

tion). The chemical composition elements of the

product were analyzed by the energy-dispersive

spectroscopy (EDS, QUANTAX200). The surface

composition and the chemical state of samples were

studied by X-ray photoelectron spectroscope (XPS,

ESCALAB 250Xi) with Al Ka X-ray radiation at

15 kV. All XPS spectra were accurately calibrated

using the C 1 s peak of graphitic carbon at 284.6 eV as

a reference. The current–voltage (I-V) characteristics

of prepared sensors were tested using the semicon-

ductor device analyzer (Agilent Technologies

B1500A).

Fabrication and measurement of gas sensors

The structure of the gas sensor belongs to the side-

heated type. The fabrication process of acetone sensor

is as follows: The calcined product was firstly mixed

with suitable amount of ethyl cellulose and terpineol

(weight ratio 2:1:8) and hand-ground in an agate

mortar to form a small amount of slurry. Secondly,

the paste was coated on the surface of cylindrical

Al2O3 ceramic tube installed with a pair of Au elec-

trodes and Pt wires. After that, the sensing elements

were dried at the room temperature and annealed at

600 �C for 2 h. Then, a Ni–Cr heating wire was

inserted into the tube to control the operating tem-

perature. Finally, the sensing element was welded

onto the pedestal formation the gas sensor. The gas

sensing properties of the as-prepared pure and Fe-

doped SnO2 sensors were tested using CGS-1TS

intelligent analysis system (Elite, Beijing, China). The

relative humidity in the measurement atmosphere

was maintained at about 35 ± 2%. The sensor

response (S) is defined as the ratio (Ra/Rg) of the

sensor resistance in air (Ra) to that in target gases

(Rg). The time taken for the sensor to achieve 90% of

the total resistance change was defined as the

response time in the case of adsorption or the

recovery time in the case of desorption [26].

Results and discussion

Structural and morphological characteristics

Figure 1a shows the XRD patterns of all samples after

annealing at 600 �C. The measured results exhibit

that all of the detected diffraction peaks are well

matched with the tetragonal SnO2 structure (JCPDS

card no. 41-1445). In addition, no obvious XRD peaks

of Fe element are observed in the Fe-doped SnO2

microstructures, which may be due to the low con-

centration of Fe in the samples. Figure 1b shows the

magnified region of the (110) peaks for the Fe-doped

SnO2 microstructures. All the measured diffraction

angles shift to larger value with the increasing Fe
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concentration. Table S1 (Supporting information)

illustrates the details of the peak position, which

indicates that the Sn ions were partially substituted

by Fe ions in the samples. Similar results have been

previously demonstrated [21, 27, 28]. In the air, Fe3O4

can be converted into Fe2O3 via heat treatment at

450 �C or higher, which indicates that Fe2? can be

converted into Fe3? at temperatures above 450 �C
[29]. All samples prepared were subsequently cal-

cined at 600 �C for 2 h in air prior to gas sensing tests,

to ensure that the doping into SnO2 lattice was Fe3?

ions. In addition, the element composition for

3.0 mol% Fe-doped SnO2 was examined by EDS

analysis (Fig. 1c). As a result, only Fe, Sn and O ele-

ments existed in the sample, which suggests a high

level of purity of the sintered microstructures.

Meanwhile, the chemical compositions of Fe-doped

SnO2 samples were qualitative analyzed as shown in

Fig. S2 (Supporting information), and the atomic

percentage of Fe element in 0.5, 1.0, 3.0 mol% Fe-

doped SnO2 samples is 0.438, 0.812 and 2.842 at.%,

respectively.

The surface morphologies and microstructures of

pure SnO2 and Fe-doped SnO2 were observed by

SEM as shown in Fig. 2. The results show that the

flower-like pure SnO2 microstructures appear to be

assembled together by numerous SnO2 nanosheets

with the average size of approximately 2–3 lm
(Fig. 2a). After the introduction of the Fe dopant, it

seems that there was no apparent influence of the

dopant on both the morphology and dimensions of

the developed SnO2 microstructures, as shown in

Fig. 2b–d. Furthermore, the SEM micrograph and

EDS elemental mapping were performed on the

3.0 mol% Fe-doped SnO2 sample and the results are

illustrated in Fig. 2e–h. The corresponding elemental

mapping images of tin, oxygen and iron reveal an

identical spatial distribution, which suggests that the

Fe element is immobilized at the surface of the SnO2

microstructures.

The morphology and microstructure of the syn-

thesized SnO2 samples were further characterized by

TEM and high-resolution TEM (HRTEM). Figure 3a

depicts the representative TEM images of 3.0 mol%

Fe-doped SnO2. The HRTEM image of the Fe-doped

SnO2 microstructure is shown in Fig. 3b, which

indicates that the inter-planar spacing of the lattice

fringes is 0.238 and 0.264 nm, respectively,
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Figure 1 XRD patterns of as-

synthesized samples for a pure

and Fe-doped SnO2

microstructures, b high

magnification of the (110)

peak, c EDS spectrum of

3.0 mol% Fe-doped SnO2

sample.
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corresponding to the (200) and (101) crystal planes of

tetragonal SnO2 structure. As shown in Fig. 3c, the

lattice fringe spacing of the small nanoparticle on the

SnO2 nanosheet was observed to be 0.208 nm corre-

sponding to the (202) plane of a-Fe2O3, while the

lattice fringe spacing in nanosheet was 0.335 nm

corresponding to the (110) plane of SnO2. A higher-

magnification HRTEM image of the same sample

(Fig. 3d) exhibits sets of lattice fringes with an inter-

planar distance of 0.367 nm, which is attributed to the

(110) plane of a-Fe2O3. These results reveal that the

Fe2O3 nanoparticles were successfully incorporated

into the surface of SnO2, which is consistent with the

previous XRD and EDS analysis.

The chemical composition and chemical valence of

the 3.0 mol% Fe-doped SnO2 sample were measured

by XPS as shown in Fig. 4. In the full range of the XPS

spectrum (Fig. 4a), the binding energies correspond

Figure 2 SEM images of as-prepared samples for a pure SnO2, b 0.5 mol%, c 1.0 mol%, d 3.0 mol% Fe-doped SnO2 microstructures,

e–h element mapping of 3.0 mol% Fe-doped SnO2 sample.
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to different energy levels of O, Sn and C, which are

clearly observed. However, no obvious impurities

other than carbon could be found in the spectrum.

From Fig. 4b, we can find that the peak positions of

Sn 3p3/2 at 716.25 eV located at around 716.25 eV and

464.1 eV, respectively, which is attributed to Sn4? in

the SnO2 lattice. Noteworthy, two very weak peaks at

the lower binding energy of 711.3 and 724.6 eV were

corresponded to the characteristic doublet of Fe 2p3/2

and Fe 2p1/2 spectrum of Fe2O3, implying that the

oxide state of iron is trivalent [30]. Moreover, the

binding energy of 56.2 eV could be ascribed to Fe 3p,

as depicted in Fig. 4c. With respect to O 1 s (Fig. 4d),

its core-level spectrum was resolved into three peaks

at 530.3, 531 and 532 eV, respectively. The peak at the

lower binding energy of 530.3 eV corresponded to the

SnO2 lattice oxygen. The medium binding energy of

531 eV is assigned to the O2- ions in the oxygen

deficient regions. For the high binding energy

(532 eV), it could be attributed to the presence of

oxygen ions chemisorbed on the SnO2 surface. As

discussed above, the XPS results further confirmed

that the Fe dopants were incorporated into SnO2

products.

Gas sensing properties

It is well known that the working temperature plays a

critical role in the response of a semiconductor gas

sensor [31]. That’s why initially both pure SnO2 and

Fe-doped SnO2-based sensors were investigated for

the detection of 100 ppm acetone at different oper-

ating temperatures ranging from 125 to 275 �C, in

order to optimize the working temperature where the

highest sensing capabilities can be obtained. Figure 5

shows that the responses of all sensors increased as

the temperature increased to 200 �C, and then

decreased dramatically. This phenomenon can be

Figure 3 TEM images of a 3.0 mol% Fe-doped SnO2 microstructures, b–d HRTEM image of b SnO2 and Fe2O3 lattice fringes.
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ascribed to both thermodynamics and kinetics of the

acetone adsorption and desorption on the surfaces of

the sensors [32, 33]. When the semiconductor-based

sensor works at the lower temperatures, the thermal

energy of the gas molecules is too low to react with

the surface-adsorbed oxygen species [34, 35]. How-

ever, as the temperature increases, the thermal

energy obtained is high enough to overcome the

potential barrier of the surface reaction. Moreover,

the electron concentration increases due to the con-

version of adsorbed oxygen species, which facilitates

the chemical reaction and leads to a stronger

response. On the contrary, under the higher temper-

atures, the adsorption ability of gas molecules

decreased causing the low utilization rate, which in

turn leads to the decrease in the sensor’s response.

Clearly, 200 �C is the optimum working temperature

for the as-fabricated samples, and unless we stated

otherwise, all following measurements were carried

out at 200 �C. In addition, it was discovered that the

1.0 mol% Fe-doped SnO2 sensor exhibits the highest

response to 100 ppm acetone under the optimum

working temperature of 200 �C, which is almost three

times higher than the response of the pure SnO2-

based sensor. Meanwhile, the response of the sensor

based on SnO2 microstructures to 100 ppm ethanol

was also measured under the different operating

temperatures. The results have also show that the

1.0 mol% Fe-doped SnO2 sensor has excellent sensing

Figure 5 Temperature-dependent response curve of the as-pre-

pared pure SnO2 and Fe-doped SnO2 gas sensors toward 100 ppm

acetone.

Figure 4 XPS survey spectra

of a 3.0 mol% Fe-doped SnO2

sample, b Sn 3p/Fe2p, c Fe 3p,

d O 1 s.
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properties for ethanol (Fig. S3 in Supporting

information).

To further investigate the sensing properties of as-

prepared gas sensors, dynamic resistance transient

experiments were conducted on both pure SnO2 and

Fe-doped SnO2-based sensors at the optimum work-

ing temperature. Figure 6a–d displays the dynamic

transient curves for all sensors for different acetone

concentrations (1, 5, 10, 50, 100, 200, 400 and

1000 ppm) at 200 �C. It can be seen that the resistance

of the gas sensors decreases sharply when the target

gas (acetone) was injected into the chamber. It reverts

to the initial value after exposure to fresh air. Note-

worthy, the measured resistances of the sensors also

decreased significantly with the increase in acetone

concentration. The initial resistance of as-prepared

sensors increases with the increase in Fe content in

SnO2, which indicates that the introduction of Fe

element has indeed a significant influence on sensor’s

characteristics. Meanwhile, there was no apparent

‘‘baseline drift’’ observed for all sensors, which con-

firmed the great repeatability of their performance. In

addition, all as-fabricated gas sensors were further

tested investigate to the different ethanol concentra-

tions and the results are presented in Fig. S4 (Sup-

porting information). All of the above results have

clearly demonstrated that the sensor based on Fe-

doped SnO2 3D microstructure exhibits superior

sensing capabilities compared with the sensor based

on pure SnO2.

To find out the lowest acetone detection level for

the Fe-doped SnO2 3D microstructure, further tests

were carried out at the optimum working tempera-

ture of 200 �C and the main results are shown in

Fig. 7. It is evident that the sensors based on Fe-

doped SnO2 3D microstructures exhibit better

response/recovery to ppb level of acetone compared

with sensors based on pure SnO2. Specifically,

1.0 mol% Fe-doped SnO2 sensor showed superior

acetone sensing performance than the others, and the

measured response reached to 1.55 even at 100 ppb

acetone at 200 �C. The lowest acetone detection limit

(LOD) was estimated with Ra/Rg[ 1.2 being used as

the criterion for gas detection [36, 37]. When the

acetone concentration is 100 ppb, the corresponding

sensitivity (Ra/Rg) = 1.55[ 1.2. Therefore, it is

appeared to indicate the detection limit of the sensor

based on 1.0 mol% Fe-doped SnO2 could be as low as

100 ppb. Consequently, this doped nanomaterial can

be considered as promising candidate for sensors

measuring traces of acetone in many practical

applications.

Figure 8 plots linear fits for all types of sensors

toward acetone with concentration range from 100 to

Figure 6 Dynamic response–

recovery curves of the as-

fabricated gas sensors to

different concentrations of

acetone at optimum working

temperature, a pure SnO2,

b 0.5 mol%, c 1.0 mol%,

d 3.0 mol% Fe-doped SnO2

microstructures.
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5 ppm. An empirical equation is often used to relate

the response of a metal oxide semiconductor and the

target gas concentration: S = 1?a[C]b [38, 39], where

a and b are constants, C the target gas concentration.

The equation can be rewritten in a linear form:

log (S–1) = blog (C) ? log (a). The measured results

demonstrated that both pure and Fe-doped SnO2 gas

sensors show good linear relationships. In particular,

the correlation coefficient (R2) of the 1.0 mol% Fe-

doped SnO2 sensor is about 0.98954, which exhibits

the best linear relationship for acetone detection.

In practical applications, it is required that acetone

sensors should have quick response and recovery

time. Therefore, the response/recovery characteris-

tics of the acetone sensors based on pure and Fe-

doped SnO2 3D microstructures for 100 ppm acetone

were investigated at the optimum working tempera-

ture. Figure 9a illustrates the dynamic response–re-

covery characteristics of 1.0 mol% Fe-doped SnO2

sensor at 200 �C. The measured results showed that

the response and recovery times for 1.0 mol% Fe-

doped SnO2 sensor were about 1 and 58 s, respec-

tively. In addition, Fig. 9b depicts the response and

recovery time to 100 ppm acetone of all acetone

sensors based on Fe-doped SnO2 with different con-

centration of the dopant. These measurements show

that response/recovery times are similar to the most

of the sensors with exception to the sensor based on

Figure 8 Linear fitting of as-prepared pure and Fe-doped SnO2

gas sensors.

Figure 7 Dynamic resistance

curves of gas sensors to low

concentrations of acetone

(100–500 ppb) at 200 �C,
a pure SnO2, b 0.5 mol%,

c 1.0 mol%, d 3.0 mol% Fe-

doped SnO2 microstructures.
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3.0 mol% Fe-doped SnO2. The longer recovery time

for this sensor may be attributed to the adsorption/

desorption speed of acetone molecules on the surface

of sensing material [40].

Meanwhile, the current–voltage (I-V) characteris-

tics were conducted on the 1.0 mol% Fe-SnO2 sensor

using semiconductor device analyzer, as shown in

Fig. 10. When the as-fabricated gas sensor was

exposed into air (without acetone gas), the measured

current is about 0.16 lA under the applied voltage of

4 V. However, after injection into 100 ppm acetone

gas, the measured current can reach to 21.5 lA for

1.0 mol% Fe-doped SnO2 sensor. The enhancement of

conductance for the sensor can be attributed to the

increases in the charge carriers after exposure into

acetone gas. The similar results have been reported in

previous work [41].

As the selectivity is also one of the main char-

acteristics of gas sensors, it was also tested. All

sensors were exposed to 100 ppm of various gases

at 200 �C, such as acetone (CH3COCH3), ethanol

(C2H5OH), ammonia (NH3), hydrogen (H2), carbon

monoxide (CO), methanol (CH3OH) and methane

(CH4). Figure 11 shows the selectivity of the pure

and Fe-doped SnO2 microstructures sensors to dif-

ferent gases. It can be clearly observed that all

sensors showed very low responses upon exposure

to gases CH4, CO, H2, NH3, while the major

response was detected for the measuring acetone. It

is also clear that the 1.0 mol% Fe-doped SnO2

Figure 9 Transient resistance

of a pure and 1.0 mol% Fe-

doped SnO2 microstructures to

100 ppm acetone at 200 �C,
b response and recovery time

of as-prepared gas sensors

toward 100 ppm acetone at

200 �C.

Figure 10 I-V characteristics of 1.0 mol% Fe-SnO2 sensor before

and after acetone (100 ppm) exposure at 200 �C.
Figure 11 Selectivity of the pure and Fe-doped SnO2 microstruc-

tures sensors to different gases.
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demonstrated the highest response to acetone

among the other gases.

The reversibility and long-term stability are also

very important requirements for the practical appli-

cation of these sensors. To further investigate the

reversibility, cycle sensing experiments were per-

formed on 1.0 mol% Fe-doped SnO2 acetone sensor

as shown in Fig. 12a. After seven cycles between

exposure to acetone and fresh air, both the response

and resistance can recover to their initial values after

removal of acetone, exhibiting an excellent

reversibility. Figure 12b shows the long-term stability

results measured for 100 ppm acetone every ten days

within two months. The measured maximal devia-

tions of the response for 1.0 mol% Fe-doped SnO2 gas

sensor to acetone were\7% over a period of 50 days

testing, which illustrated good long-term stability of

the developed sensing material for practical

applications.

The overall sensing capabilities of the sensor based

on the developed 1.0 mol% Fe-doped 3D SnO2 gas

sensing materials are compared with the best

previous reports for the SnO2–based sensors in

Table 1. The results indicate that the 1.0 mol% Fe-

doped 3D SnO2 acetone sensor has lowest detection

limit (*100 ppb) and operational temperature of

200 �C, high response toward acetone, which clearly

demonstrates excellent sensing capabilities for

acetone.

Gas sensing mechanism

It is well known that the gas sensing mechanism of an

oxide semiconductor is based on the resistance

change through the thickness of the depletion layer,

which varies according to the amount of oxygen

absorbed on the surface [50]. Figure 13 presents

schematic illustration of the gas sensing mechanism

for pure SnO2 and Fe-doped SnO2 3D microstructures

to acetone. When the pure SnO2 microstructures are

exposed to air, oxygen molecules can be adsorbed on

the SnO2 surface and ionized to O2
-, O-, O2- ions by

trapping electrons from the conduction band of SnO2

(Fig. 13a) [51]. As a result, a charge depletion layer is

Figure 12 Reversibility of

a 1.0 mol% Fe-doped SnO2

sensor toward 100 ppm

acetone at 200 �C, b long-term

stability of as-prepared SnO2

gas sensors in 50 days,

respectively.

Table 1 Acetone sensing

performance of typical SnO2

materials and Fe-doped SnO2

in this work

Materials S (C) T (�C) LOD tres/trec Ref.

SnO2 nanoparticles 18 (100 ppm) 240 200 ppb –/– [42]

SnO2 hollow microspheres 30 (160 ppm) 200 5 ppm 5/7 s [43]

SnO2 nanopolyhedrons 30 (100 ppm) 370 1 ppm 9.7/5.8 s [44]

Ce-doped SnO2 hollow spheres 11.9 (100 ppm) 250 – 18/7 s [45]

a-Fe2O3/SnO2 composites 16.8 (100 ppm) 250 10 ppm 3/90 s [46]

ZnO/SnO2 thin film 1.5 (200 ppm) 250 – –/– [47]

Flower-shaped SnO2 nanostructures 20 (100 ppm) 280 – –/– [48]

c-Fe2O3@SnO2 NPs 8 (100 ppm) 370 10 ppm 6/8 s [49]

1.0 mol% Fe-doped SnO2 30 (100 ppm) 200 100 ppb 1/58 s This work

S response, C gas concentration, T working temperature, LOD limit of detection, tres/rec response/

recovery time
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generated at the surface of SnO2, which leads to the

increase in its resistance [52]. When material is

exposed to the reducing gas (acetone, in this

instance), the adsorbed oxygen species react with the

acetone and release electrons into the conduction

band, which will decline the resistance of the sensor

(Fig. 13c). The main reaction on the SnO2 surface is

speculated to be as follows:

CH3COCH3 þ 8O�
ads ! 3CO2 þ 3H2Oþ 8e�: ð1Þ

For the Fe-doped SnO2 microstructures, the

enhanced sensing properties are likely attributed to

the introducing of Fe element on the surface of 3D

SnO2 microstructures, which leads to a larger lattice

distortion, which ultimately enhances oxygen

adsorption and promotes the dissociation process of

the molecular oxygen resulting in the greater and

faster degree of electron depletion from the SnO2

microstructures (Fig. 13b) [53]. On the other hand,

the heterojunction constituted at the surface between

Fe2O3 and SnO2 also enlarges the space charge layer.

When the Fe-doped SnO2-based sensors are exposed

to acetone vapor atmosphere, the depleted layer was

fading away fast, and the trapped electrons were

released back to the conduction band (Fig. 13d).

However, when the SnO2 is over-doped by Fe the

response decreases due to the reducing of the avail-

able adsorption sites. Therefore, we attribute

1.0 mol% Fe-doped SnO2 3D microstructure as the

optimal doped 3D structure providing maxim sensi-

bility and selectivity toward acetone sensing on the

ppb level.

Conclusions

Enhancement of the acetone sensing toward the ppb-

level detection was achieved by modification of the

sensing material representing 1.0 mol% Fe-doped 3D

SnO2 hierarchical microstructures. These new 3D

microstructures were successfully synthesized and

fabricated via one-step hydrothermal method. As-

prepared Fe-doped SnO2 samples consist of 3D

flower-like hierarchical microstructures and have no

Figure 13 Schematic illustration of the mechanism governing the depletion layer for a pure SnO2 and b Fe-doped SnO2 microstructures

in air, c pure SnO2 and d Fe-doped SnO2 microstructures in acetone atmosphere.
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other impurities, which was subsequently confirmed

by the various materials characterization methods.

The sensors based on these newly developed 3D

microstructures have demonstrated that the Fe-

doped of 3D SnO2 can significantly enhance both

response and selectivity of the material toward the

acetone measurement at ppb level compared with the

sensor based on pure SnO2. It was also experimen-

tally found that the 1.0 mol% Fe-doped SnO2

microstructures exhibit the highest response, fast

response/recovery time, lowest detection limit and

good selectivity to acetone at the optimum working

temperature of 200 �C. The excellent sensing capa-

bilities are attributed to the particular unique hier-

archical morphology and incorporation of Fe2O3 to

form the heterojunction interface. The obtained

results evidently demonstrated that the effective

integration of the metal oxide nanoparticles at the

right concentration will be very helpful approach for

development of new semiconductor sensing materi-

als for various devices.
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