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ABSTRACT

Nanostructured materials have attracted considerable research interest over the recent decades because of their potential

applications in nanoengineering and nanotechnology. On the other hand, the developments in nanotechnology are strongly depen-

dent on the availability of new materials with novel and engineered morphologies. Among the novel nanomaterials reported thus

far, composite nanofibers (NFs) have attracted considerable attention in recent years. In particular, metal oxide NFs have great

potential for the development of gas sensors. Highly sensitive and selective gas sensors can be developed by using composite NFs

owing to their large surface area and abundance of grain boundaries. In composite NFs, gas sensing properties can be enhanced

greatly by tailoring the conduction channel and surface properties by compositional modifications using the synergistic effects of

different materials and forming heterointerfaces. This review focuses on the gas sensing properties of composite NFs synthesized

by an electrospinning (ES) method. The synthesis of the composite NFs by the ES method and the sensing mechanisms involved

in different types of composite NFs are presented along with the future perspectives of composite NFs. 
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1. Scope of the review

his paper introduces metal oxide-based gas sensors, the

synthesis of metal oxide composite NFs by electrospin-

ning (ES), and the sensing mechanism involved in compos-

ite NFs gas sensors. Despite the many reviews and books on

gas sensors,1-5) this paper focuses only on the developments

of metal oxide composite NFs for gas sensing applications,

on which no review has been published. Owing to the broad

scope of the topic, other one-dimensional nanostructures

and NFs synthesized by the methods other than ES are not

included. Accordingly, this review is confined to electrospun

metal oxide composite NFs synthesized by ES along with

their gas sensing mechanisms.

2. Metal Oxide-Based Gas Sensors: 
An Introduction

By definition,6) an air pollutant is any substance that can

have detrimental effects on humans, animals, vegetation, or

even materials. Regarding humans, air pollution can cause

or contribute to an increase in mortality or serious illness.

According to Kampa et al.,6) air pollutants can be grouped

into four categories (i) gaseous pollutants (e.g. NOx, SOx,

CO, O3, and volatile organic compounds (VOCs)); (ii) per-

sistent organic pollutants, such as dioxins; (iii) heavy met-

als, such as Pb and Hg; and (iv) particulate matter. Among

these pollutants, toxic gases emitted mainly from the com-

bustion of fossil fuels are the most important contributors to

air pollution, and air pollution due to the presence of toxic

gases is currently one of the main issues associated with

modern life, particularly in big cities. Although the human

nose is an extremely advanced sensor that is capable of

detecting and distinguishing hundreds of different gases

instantly, it fails if the gas concentration is very low or the

gas is odorless, such as CO or H2. 

Accordingly, there is a huge demand for devices that sup-

port the human nose, namely gas sensors.7) Gas sensors are

a subgroup of chemical sensors and by definition, a chemical

gas sensor is a device, which upon exposure to a gas mole-

cule, changes one or more of its physical properties in a way

that can be measured and quantified.8,9) Gas sensors are

currently used extensively in houses, factories, laboratories,

hospitals, and almost all technical installations.10) Today,

the most common gas sensors are surface acoustic waves

gas sensors,11) optical gas sensors,12) catalytic gas sensors,13)

electrochemical gas sensors,14) microwave gas sensors,15) and

metal oxide-based gas sensors.16) 

Metal oxide-based gas sensors are the most widely used

type of gas sensor owing to their strong response, high sta-

bility, and low cost.10,17) Their history dates back to 1952,

T
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when Brattain and Bardin discovered that the resistance of

Ge changes upon exposure to different gases.18-21) Shortly

after this great discovery, Seiyama et al.,22,23) demonstrated

these effects in ZnO, and Taguchi et al.24,25) introduced the

first metal oxide-based gas sensors in Japan. Currently,

SnO2 and ZnO are the most widely studied metal oxides for

gas sensing applications because of their high sensitivity to

different gases along with high stability.26) Nevertheless,

the main problem associated with these metal oxides and

most metal oxides is their poor selectivity.1) Therefore,

many strategies have been proposed to enhance the selectiv-

ity and sensing performance of gas sensors.27-29) The most

common approaches include the use of nanomaterials with

high surface areas;30,31) addition of dopants, such as Fe,32)

Co,33) and Cu (dispersed as ions in the oxide structure);34)

functionalization with noble metals, such as Ag, Au, Pt, and

Pd;35,36) modification of the electric properties of the metal

oxides either by electronic sensitization37,38) or by a spillover

effect;39,40) and formation of heterostructures using compos-

ite materials.41-45) 

Although the aforementioned techniques are effective for

achieving selectivity in metal oxide-based gas sensors,27,46,47)

the sensitivity and selectivity of metal-oxide gas sensors by

these methods are insufficient for all applications, particu-

larly when the interfering gases have similar compositions

or the gas concentration is in the sub-ppm level. Accord-

ingly, a combination of these approaches is used for the fab-

rication of high performance gas sensors. One efficient

combined approach is the fabrication of composite NFs for

sensing applications. 

3. Nanofibers (NFs)

As the primary factor for gas sensors is a large surface

area, nano materials with high surface areas have superior

advantages for improving the sensing performances of gas

sensors over their bulk counterparts.48,49) The morphological

engineering of nanomaterials in recent years has led to the

introduction of one-dimensional (1D) nanostructures, such

as nanowires,50) nanobelts,51) nanotubes,52) nanorods,53) and

NFs,54) which have several unique advantages, such as large

surface-to-volume ratio, small dimensions comparable to

the Debye length, superior stability, and ease of fabrication

and functionalization.55-57) Furthermore, they can be inte-

grated with a field-effect transistor (FET) configuration that

allows the use of a gate potential controlling the sensitivity

and selectivity.57,58) On the other hand, NFs among 1D nano-

structures, have been identified as the most promising

structures for gas sensing applications. They have higher

surface-to-volume ratios than other 1D nanostructures due

to the presence of a large number of nanograins and a web

like configuration. Therefore, their surfaces are readily

exposed to gas molecules, resulting in high sensitivity and

rapid response.59) 

4. Synthesis of Electrospun Composite NFs

Although there are other techniques for the synthesis of

NFs, such as solution/melt blowing,60) sol-gel templating,61)

centrifugal spinning,62) and self-assembly,63) most of the

composite metal oxide NFs for gas sensing applications are

synthesized by the ES method. This can be traced back to

1934 when Formhals et al. invented an experimental set-up

for producing polymer filaments.64) Since the 1990s, ES has

been studied extensively.65) ES is the simplest and most ver-

satile technique to generate a range of structures with dif-

ferent configurations, such as normal, aligned, hollow, porous

and core-shell of 1D nanostructures from various materials,

even from ceramics.66) This method is a highly flexible tech-

nique for producing long and continuous NFs using solu-

tions,67,68) gels and liquid crystals,69) melts70) and emulsions.71-73)

Moreover, with the increasing number of ES companies in

recent years, ES is expected to move progressively from a

laboratory bench process to an industrial scale process.74)

From a commercial point of view, ES is the only method of

choice for the large scale preparation of NFs compared to

other available methods, due to the easy handling, mini-

mum consumption of solution, controllable NF diameter,

low cost, simple, and reproducible nature in processing NFs

as well as technical advances over other methods (scale up

process).75) Accordingly, composite metal oxides can be pro-

duced easily and massively on a commercial scale by a

straightforward, very low cost, versatile, and facile ES pro-

cess. This review explains the fundamentals and basic set-

up of the ES process to synthesize the composite metal oxide

NFs for gas sensing applications. The reader can refer to the

other published papers for more information on the ES

method.65,73,76-79)

ES involves the uniaxial stretching of a viscoelastic poly-

meric or melt solution based on electrostatic interactions.

Fig. 1(a) presents the ES set-up, which basically consists of

three components: a high voltage power supply (mostly DC

but AC is also feasible,80,81) a spinneret (a metallic needle),

and a collector that is electrically conductive. The needle is

Fig. 1. Schematic illustration of the ES process for the pro-
duction of NFs.
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attached to a plastic syringe that is loaded with the precur-

sor/polymer solution. Because the quality and final proper-

ties of NFs depends greatly on the quality and size of the

needle, the syringe is mostly connected to a syringe pump

that can maintain a constant feeding rate of the solution

through the spinneret. The collector is usually an aluminum

foil to collect the NFs but it can be of any material and in

any configuration according to the required end product.

The collector is positioned at a certain distance from the

needle. This setup is usually enclosed in a box so that the

atmosphere (humidity) can be controlled and varied accord-

ing to the requirements. Under an applied high voltage

(usually 1 - 30 KV), the drop at the needle tip deforms into a

conical shape, known as a Taylor cone, due to the presence

of two major electrostatic forces: electrostatic repulsion

between the surface charges, and Coulombic forces exerted

by the external electric field. After a certain threshold

value, the applied electric field overcomes the surface ten-

sion of the solution and ejects the drop from the needle

towards the collector in the form of a long and thin thread.

The diameter of the jet decreases as it reaches the ground

target where the NFs are collected. During elongation and

whipping, evaporation of some of the solvent also takes

place which further reduces the diameter of the NFs. Using

this simple ES process, NFs can be produced with a size

range of a few micrometers to tens of nanometers. Gener-

ally, ES can be categorized as horizontal and vertical in

practice. In horizontal type ES, the effective force is the

charged force obtained by the applied voltage and the oppo-

site attractive force in the collector, which pulls the NFs. In

the vertical type, there are two forces that draw the NFs:

the collector charge and the gravitational pull, which pro-

duces narrow NFs with a minimum diameter.75)

In addition to the complex hydrodynamics involved in the

ES process,82,83) there are some process parameters that

affect the final morphology of the NFs. Major process

parameters include the viscosity and surface tension of the

solution, applied voltage, feed rate, distance between the

needle and collector, needle or nozzle size and the environ-

ment (humidity).

Metal oxides are not spinnable directly but it is possible

from their melt at extremely high temperatures. Therefore,

metal oxides need to rely on the use of precursor solutions.

Fig. 2 presents a complete procedure for the fabrication of

composite ceramic NFs by ES. The method consists of three

major steps: 

(i) Preparation of an organic precursor solution containing

an alkoxide of metal or metal salt with a polymer matrix.

Before preparing the solution, the compatibility and solubil-

ity of a certain metal oxide with a polymer solvent or pre-

cursor should be examined to achieve the required viscosity.

Polyvinylpyrrolidone (PVP), polyvinyl acetate (PVAc), poly-

vinyl alcohol (PVA), polyacrylonitrile (PAN), and polyeth-

ylene oxide (PEO)84) are the most common polymers used to

prepare metal oxide composite NFs with the appropriate

rheological properties. 

(ii) ES of the prepared solution to produce the composite

NFs, which also contain the polymer matrix or solvents. For

metal oxide NFs, the ES process is usually carried out at

room temperature in a controlled environment. 

(iii) Calcination or sintering of electrospun NFs at ele-

vated temperatures to obtain the desired crystalline NFs by

the evaporation of all organic components. The diameter of

the calcined NFs is generally smaller than the as-spun NFs

due to the loss of the polymeric solvent during the calcina-

tion process. Moreover, extremely small grains, called nano-

grains, evolve on the NFs during the calcination process,

which play a significant role in the resulting gas sensing

properties of the NFs. 

The size of the nanograins can be manipulated and changed

according to the desired applications of the NFs by con-

trolling the heat treatment conditions (heating tempera-

ture, heating time, heating rate, cooling rate). For gas

sensing applications, the size of the nanograins must be opti-

mized to obtain the best sensing performance. Generally,

NFs with smaller nanograins have better sensitivity and a

faster response than those with larger nanograins due to

the higher surface area. Moreover, nanograins on NFs also

influence their electrical transport, magnetic, optical, and

photocatalytic properties in addition to their gas sensing

properties.85,86) A number of composite oxide-based NFs

including CuO-SnO2,
87) ZnO-CuO,88) TiO2-ZnO,89,90) NiO-

SnO2,
91) ZnO-In2O3,

92,93) In2O3-WO3,
94) La2O3-WO3,

95) SnO2-

CeO2,
96) SnO2-In2O3,

97) and In2-xNixO3,
98) have been prepared

Fig. 2. Complete procedure for the production of composite ceramic NFs (After [59]). 
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by ES for gas sensing applications.

In the ES field, a notable breakthrough is the invention of

the coaxial-ES technique by Sun et al.,99) in which two or

multi-coaxial capillaries have been used instead of the tra-

ditional single spinneret. Therefore, two or multi-fluids can

be used for a core-shell (C-S) or more complicated compound

jets in an electric field and then solidified to the desirable

structures. In this process, two dissimilar materials are

delivered independently through a co-axial capillary and

drawn to generate NFs with a C-S configuration.100) Thus

far, coaxial ES have been exploited to produce different

structures of NF, such as core-shell, hollow, and porous

structures.101) In addition, various types of fiber morpholo-

gies, are accessible by coaxial ES.102) In coaxial ES, the

reduced surface tension at the boundary of two fluids and

the elasticity of the shell fluid delays or suppresses the

Rayleigh instability of the core fluid, enabling NFs forma-

tion of the otherwise non-electrospinnable core materials.103)

5. General Sensing Mechanisms

Although the sensing measurements of metal oxide-based

gas sensors are simple in nature and only the variations of

the resistance of the sensor are needed, the detection mech-

anism of gas sensors is a complex phenomenon that is still

not completely understood. The complexity arises due to a

range of factors, which include the adsorption ability, elec-

trophysical and chemical properties, catalytic activity, ther-

modynamic stability, and adsorption/desorption properties

of the surface.104,105) Metal oxide-based gas sensors are broadly

recognized as “chemiresistive” because of the change in

their electrical conductance/resistance caused by the inter-

action with the target gas molecules. 

As shown in Fig. 3, metal oxides are generally deposited

on an insulating substrate, such as SiO2 or alumina. Subse-

quently, interdigital electrodes for the measurements of the

resistance are deposited on the substrate by a sputtering

process using interdigitated electrode masks. The change in

resistance of the metal oxide depends on the temperature of

the sensor, nature of the target gas (oxidizing or reducing),

and the type of the majority charge carriers. Those metal

oxide semiconductors, in which the majority charge carriers

are electrons, are classified as n-type semiconductors while

p-type semiconductors are those in which the majority

charge carriers are holes. 

At temperatures of 100°C to 500°C, atmospheric oxygen

interacts, adsorbs, and becomes ionized into atomic (O−, O2−)

and molecular ions ( ) by taking electrons from the sur-

face of an n-type semiconductor. Generally, the molecular

form dominates at temperatures below 150°C and the atomic

form dominates at temperatures higher than 150°C.106,107)

This oxygen ionosorption leads to the formation of a region

or layer with a smaller number of electrons near the surface

of the semiconductor than its interior region. This electron-

O2

−

Fig. 3. Schematic representation of fabricating the compos-
ite NFs gas sensor (After [59]).

Fig. 4. Schematic diagram of the sensing mechanism in the presence of reducing and oxidative gas sensors; (a) n-type metal
oxide semiconductors and (b) p-type metal oxide semiconductors.
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depleted region or layer is called the electron depletion layer

and can be understood by considering the electronic core-

shell configuration of the NFs or nanograins of the semicon-

ductor, as shown in Fig. 4(a) in air, where the resistive shell

is the electron depletion layer and the semiconducting core

is usually called the conduction channel because the flow of

the electrons occurs mainly through the semiconducting

core of the n-type metal oxide NFs. In the case of p-type

semiconductors, however, the ionosorption of oxygen leads

to the formation of a hole-accumulation layer near the sur-

face of the NF (Fig. 4(b)) due to the interaction between the

oppositely charged species, which again develops an elec-

tronic core-shell configuration in the NFs or nanograins. In

this case, the resistive or insulating region is the core and

the shell (which is the hole-accumulation layer) is semicon-

ducting, which acts as a conduction channel. 

The surface concentration of oxygen ions changes due to

the interaction of an analyte gas with the semiconductor.

The surface oxygen ion concentration on an n-type semicon-

ductor decreases in the presence of a reducing gas due to

their partial or complete oxidation, injecting the extracted

electrons back to the semiconductor and decreasing the elec-

tron depletion layer thickness (Fig. 4(a)) and increasing the

conductivity of the n-type semiconductor. An oxidizing gas

increases the resistance of an n-type semiconductor by

increasing the thickness of the electron depletion layer (Fig.

4(a)), whereas p-type oxide semiconductors show the oppo-

site response. That is, their resistance increases and

decreases in the presence of a reducing and oxidizing gas,

respectively, due to the opposite effect of these gases on the

surface concentration of oxygen ions and hence on the hole-

accumulation layer (Fig. 4(b)).

The sensing properties of semiconducting materials are

also influenced greatly by the grain size. A low sensitivity is

expected if the grain size (D) is large enough so that the

bulk region remains unaffected by surface reactions (i.e., D

>> λ), where λ is the Debye length, which is typically in the

range of 2-100 nm. A very high sensitivity is expected if D≤

λ (i.e., the whole grain is depleted by the charge carriers and

the surface reactions affect the entire grain/semiconduc-

tor).108,109) The size of the nanograins on the NFs are usually

less than the Debye length and the configuration of NFs is

naturally in such a way that it is almost completely accessi-

ble to the analyte gas molecules. This increases their inter-

actions with the semiconductor, which is advantageous for

the design of highly sensitive gas sensors.

For composite NFs, there are two types of metal oxides.

Suppose that two metal oxides (n-type and p-type) (Fig.

5(a)) are in intimate contact. To equate the Fermi levels,

electrons will flow from the n-type metal oxide to the p-type

metal oxide, resulting in band bending at the heterointer-

faces (Fig. 5(b)). Upon exposure to the reducing gases and

toxic gases, modulation of this heterointerface will cause a

change in the resistance of the composite sensor and a high

response. For the case of similar semiconducting type metal

oxide composites such as n-n type composites, the work

function (WF) difference between two metal oxides (Fig.

5(c)) will cause the band bending at interfaces in n-n metal

oxides (Fig. 5(d)). 

6. n-p Composite NFs Sensors

N-type metal oxide semiconductors are the most com-

monly used materials for gas sensing applications and are

Fig. 5. Band structures of n-type and p-type metal oxides (a) before and (b) after intimate contact. Band structures of two n-type
metal oxides (c) before and (d) after intimate contact.
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still used in most commercialized gas sensors because of

their higher sensitivity than p-type oxide semiconductors.

The response of an n-type metal oxide gas sensor (Rn) is

equal to the square of that of a p-type metal oxide gas sen-

sor (Rp), provided that both sensors have identical morpho-

logical configurations, as follows:110)

(1)

Accordingly, considerable efforts have been made to

enhance the sensitivity of p-type metal oxide-based gas sen-

sors. Despite their shortcomings, most p-type oxides semi-

conductor-based gas sensors have potential for practical

applications, such as promoting the selective oxidation of

various volatile organic compounds.26) Moreover, p-type metal

oxide semiconductors are being applied to develop ultra-sen-

sitive chemiresistive gas sensors by tuning the electrical

properties of the n-type sensing materials by forming p-n

heterojunctions or p-n heterointerfaces. In n-p composite

NFs, the sensing mechanisms are explained by the nature

and number of interfaces between the composite materials.

These n-p heterointerfaces among the nanograins of the

NFs play a substantial role in enhancing the sensitivity of

the metal oxide composites.

p-n composites are the most common composites among

metal oxide semiconductor-based gas sensors. These inter-

faces produce the resistance modulation in the NFs, in addi-

tion to the resistance modulation caused by homointerfaces

and radial resistance modulation present in pristine NFs. 

Table 1 lists some of the highly sensitive p-n composite

NFs reported thus far. Wang et al.111) prepared n-ZnO and

p-Cr2O3 (3.0 wt.%, 4.5 wt.%, and 8.5 wt.%) composite NFs by

ES and tested them for the detection of low concentrations

of ethanol. They reported that the NF with the 4.5 wt.%

Cr2O3 loading showed the best response to 1 ppm ethanol

with response and recovery times of 1 s and 5 s, respec-

tively. In the presence of heterointerfaces, the initial resis-

tance of the sensors is relatively higher compared to the

pristine ZnO NFs sensor. In the presence of an oxidative

gas, such as NO2, the additional increase in resistance is

negligible. On the other hand, with the introduction of a

reducing gas, such as ethanol, a large decrease in the resis-

tance is possible due to the initial high resistance of the p-n

heterojunction sensor, and a strong response is observed.

The C-S configuration is a fascinating nanocomposite for

gas sensing applications because the interfaces are maxi-

mized in this special configuration. In this regard, Katoch et

al.88) prepared n-ZnO/p-CuO NFs with a C-S configuration

for the detection of very low concentrations of reducing

gases. In p/n C-S NFs, if the shell thickness is equivalent to

Debye length of the shell material, the shell layer will be

completely depleted and the sensor shows a higher response

when the shell thickness is less than Debye length. The

Debye length for the ZnO thin films grown by the ALD tech-

nique, at 300°C is estimated to be ~22 nm. Accordingly, in

pCuO/nZnO C-S NFs, the ZnO shell layer had a depletion

layer of approximately 22 nm. The CO gas sensing proper-

ties were examined as a function of the ZnO shell layer

thickness, and it was reported that the response reaches a

maximum for the p/n C-S NFs with a 16 nm thick shell.

This suggests that the p/n C-S NFs with the 16 nm thic

shell were fully depleted, whereas the shells thicker than

Debye length were partially depleted, therefore a higher

response was observed for the p/n C-S NFs with a 16 nm

thick shell.

Similarly, the CuO-SnO2 composite NFs with different

nanograin sizes were prepared for H2S gas sensing.87) The

Rn = Rp

2

Table 1. Some Sensing Properties of n-p Heterojunction Composite Electrospun Metal Oxide NFs Reported in the Literature

Material Gas Conc. (ppm) T (°C) Response (Ra/Rg) Ref

ZnO-rGO NO2 5 400 119 [59]

CuO-SnO2 H2S 10 300 25799 [87]

CuO-ZnO CO 0.1 300 7 [88]

p-NiO/n-SnO2 H2 100 320 13.5 [91]

La2O3-WO3 Acetone 0.8 350 1.8 [95]

SnO2-CeO2 H2S 20 210 90 [96]

In2-xNixO3 Ethanol 100 180 80 [98]

ZnO-CuO H2S 10 150 4489.9 [133]

SnO2-RGO CO 1 200 10 [117]

4.5 wt.% Cr2O3-ZnO Ethanol 100 300 24 [111]

p-In2O3/TiO2 NOx 97 25 40 [134]

α-Fe2O3@NiO HCHO 50 240 12.8 [135]

p-La0.67Sr0.33MnO3/n-CeO2 Propane 20 800 75 [136]

p-NiO/n-ZnO Trimethylamine 100 260 892 [137]

NiO-SnO2 Toluene 50 330 11 [138]

CuO-loaded In2O3 H2S 5 RT 9170 [139]

NiO-doped SnO2 Formaldehyde 10 200 6.3 [140]
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size of the nanograins was controlled by controlling the heat

treatment or calcination conditions. NFs with a smaller

nanograin size showed stronger responses than those with

larger nanograins. The authors attributed this to the large

number of heterointerfaces between CuO and SnO2 smaller

nanograins. Moreover, the high sensitivity of the composite

NFs, particularly towards H2S, was attributed to the trans-

formation of p-CuO to metallic CuS in the presence of H2S.

Recently, graphene has attracted considerable attention

for gas sensing applications. Graphene has unique proper-

ties, such as a huge surface area to volume ratio, excellent

electrical and thermal conductivity, low electronic noise,

and high chemical stability.112) Schedin et al.113) reported the

gas sensing properties of graphene and showed that

graphene could detect individual gas molecules because of

its low electronic noise. Nevertheless, graphene gas sensors

have no sufficient sensitivity to the target gases and its

alternative form, reduced graphene oxide (rGO), is more

beneficial for gas sensing applications114-116) because of its

abundance of oxygen functional groups that provide an

increased number of adsorption sites. 

The gas sensing behavior of rGO-loaded composite NFs

have been investigated. Lee et al.117) and Ul abideen et al.59)

used p-type rGO nanosheets (0.04 - 1.04 wt.%) in SnO2 NFs

and ZnO, respectively. The rGO nanosheets had no effect on

the size or shape of the nanograins while they enhanced the

sensing properties of both SnO2 and ZnO NFs significantly

compared to their pristine SnO2 and ZnO sensors. In both

cases, the optimal amount of rGO was found to be 0.44

wt.%. The enhanced sensing properties of the rGO-loaded

composite NFs were mainly attributed to the formation of

local p-n heterojunctions among the p-rGO nanosheets and

SnO2 and ZnO NFs grains, which was revealed by TEM

analysis. Fig. 6 shows the sensing mechanism for the rGO

loaded ZnO composite NFs. p-rGO nanosheets formed p-n

heterojunctions and acted as electron acceptors, thereby

producing additional potential barriers in addition to the

potential barriers present between the homojunctions or

nanograins of SnO2 or ZnO. The potential barriers formed

at the p-n heterojunctions was the additional resistance

modulation on the adsorption or desorption of gas mole-

cules. Moreover, rGO nanosheets played a catalytic role in

enhancing the gas reaction with the sensing material by

acting as an electron acceptors. In another study, Ul abid-

den et al.118) prepared rGO-loaded ZnO NFs by ES and it

was reported that the fabricated sensor was ultra-sensitive

to very low concentrations of H2 gas with rapid recovery

times. The response (Ra/Rg) to 100 ppb of H2 gas was 866.

The extraordinary sensing performance was attributed to

the combined effect of hydrogen-induced metallization of

the ZnO surface and the presence of rGO nanosheets along

with the ZnO nanograins. Wang et al.,119) reported the

enhanced HCHO sensing properties of electrospun hollow

SnO2 NFs by graphene oxide (GO). The optimal loading was

1 wt.% GO and the response of SnO2-GO sensor towards 100

ppm HCHO at 120°C was 32, which was 4 times higher

than that of the pristine hollow SnO2 NFs. The enhanced

gas sensing properties were attributed to the synergistic

effects of the hollow SnO2 NFs and GO nanosheet network,

including formation of n-p heterojunctions, large specific

surface area, rich functional groups, and the electric regula-

tion effects of GO.

7. n-n Heterojunction Composite NFs

Additional potential barriers and band bending can also

occur at the n-n and p-p interfaces. In n-p heterointerfaces,

the resistance increases due to the smaller number of elec-

trons due to electron-hole recombination, while in n-n het-

erointerfaces, the number of electrons is greater and they

flow from a higher energy conduction band to a lower energy

conduction band, forming an accumulation layer instead of

a depletion layer.41,120) The accumulation layer can be depleted

by oxygen adsorption, which increases the potential barriers

at the interfaces and enhances the response. Many studies

have reported n-n type composite NFs. Table 2 lists some of

reported papers in this field. Lee et al.93) reported a highly

selective and sensitive n-n type gas sensor composed of

ZnO-In2O3 composite NFs for trimethylamine gas. The com-

posite NFs showed stronger responses to trimethylamine

Fig. 6. Schematic diagram of the sensing mechanisms
involved in (a) pure ZnO NFs (b) RGO-loaded ZnO
composite NFs (After [59]).
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than pristine ZnO and pristine In2O3 NFs. The maximum

response to 5 ppm trimethylamine of the ZnO-In2O3 compos-

ite NFs with (Zn) : (In) = 67 : 33 in at.% was 133.9 at 300°C.

The high sensitivity was attributed to the conduction and

chemiresistive variations at the heterointerfaces, which in

turn was due to the difference in the work functions of ZnO

(4.45 eV)121) and In2O3 (5.0 eV).122)

Similarly, Zhang et al.92) reported the high sensitivity and

rapid responses of ZnO-In2O3 NFs. They compared the

responses of pristine ZnO NFs with the ZnO-In2O3 bi-layer

and ZnO-In2O3-ZnO tri-layer composite NFs. The composite

NFs showed stronger responses compared to pure ZnO NFs

but the best responses (response of 25 to 100 ppm ethanol at

210°C) were achieved by the ZnO-In2O3 bi-layer composite

NFs with response and recovery times of approximately 2 s

and 1 s, respectively. The high sensing performance of ZnO-

In2O3 was related to the web-like structure, large surface

area to volume ratio of the NFs, and the heterojunctions

formed by the double-layer structure. The heterojunctions

between the NFs hindered electron flow by forming a deple-

tion layer at the heterojunctions.123,124) The decreased sensi-

tivity of ZnO-In2O3-ZnO was related to the high film

thickness compared to the ZnO-In2O3 bi-layer, which may

limit the signal transmission from the film surface to the

electrodes,125) leading to a decrease in the film performance. 

Room temperature sensing is of importance for sensing

devices because it greatly decreases the power consumption

of the device. Gao et al.126) reported the significant NOx gas

sensing performances of mesoporous electrospun Al2O3-

In2O3 composite NFs at room temperature. The Al2O3-In2O3

NFs containing 20 at.% Al2O3 exhibited a strong response of

100 to 97 ppm NOx with a detection limit of 291 ppb and

high stability to 0.97 - 9.7 ppm NOx. The enhanced gas sens-

ing was attributed to the synergistic effects between meso-

porous NFs and the modifying role of Al2O3. The mesopores

and unique 1D hollow structure with a high surface-to-vol-

ume ratio provided channels for gas adsorption-desorption

and diffusion, thereby providing more accessible active sites

for the reaction of NOx with surface adsorbed oxygen ions.

In addition, the Al2O3 additive increased the oxygen vacancy/

defect and donor densities, controlled the grain growth and

resistivity, and provided more active sites for gas adsorp-

tion. 

Katoch et al.90) assessed TiO2/ZnO composite hollow NFs

for gas sensing applications. The TiO2/ZnO layers were

deposited by atomic layer deposition technique on sacrificial

polymer NFs prepared by ES. The hollow NFs were pro-

duced by removing the polymer NFs by thermal heat treat-

ment. The gas sensing characteristics were examined as a

function of the outer ZnO layer to NO2 and CO gases as rep-

resentatives of oxidizing and reducing gases, respectively.

The composite hollow NFs showed better sensitivity to CO

gas compared to NO2. The strong response to CO gas was

explained in terms of the work function difference between

TiO2 and ZnO. The TiO2 layer abstracted electrons from the

ZnO layer, making it more depleted and resistive, and upon

the reaction of CO with adsorbed oxygen species, electrons

were released back to the surface of the sensors, resulting in

a strong response to CO. In contrast, for NO2 gas, not enough

electrons could be abstracted by NO2, resulting in a weak

response.

In another study, Li et al.127) synthesized electrospun hol-

low ZnO-SnO2 core-shell NFs for ethanol sensing. At 200°C,

the response of the hollow C-S ZnO-SnO2 sensor towards

Table 2. Some Sensing Properties of n-n Heterojunction Composite Electrospun Metal Oxide NFs Reported in the Literature 

Material gas Conc. (ppm) T (°C) Response (Ra/Rg) Ref

TiO2-ZnO O2 10000 300 20 [89]

TiO2/ZnO CO 0.1 375 15.2 [90]

In2O3/ZnO bi-layer C2H5OH 100 210 25 [92]

ZnO/In2O3/ZnO tri-layer C2H5OH 100 210 17 [92]

ZnO-In2O3 C3H9N 5 375 119.4 [93]

In2O3-WO3 C3H6O 0.4 275 1.3 [94]

SnO2/In2O3 HCHO 0.5 375 2.2 [97]

SnO2-ZnO CO 10 350 11 [141]

SnO2/MWCNT CO 50 25 1.29 [142]

Polyaniline/TiO2 NH3 25 ppb 25 0.41 [143]

SnO2-ZnO CH3OH 10 350 8.5 [144]

Polypyrrole-WO3 NH3 20 100 26 [145]

Sn-SnO2/Carbon C2H5OH 500 240 30 [146]

ZnO-TiO2 C2H5OH 500 320 50.6 [147]

La0.7Sr0.3FeO-In2O3-SnO2 C3H9N 1 80 8 [148]

SnO2-In2O3 NH3 1 25 21 [149]

Al2O3- In2O3 NOx 97 25 100 [126]

SnO2/α-Fe2O3 C3H6O 100 340 30.363 [150]
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100 ppm ethanol was 392.29, which was 11 times larger

than those of the SnO2 sensor. The response and recovery

times of the ZnO-SnO2 sensor were 75 s and 12 s, whereas

that of the SnO2 sensor was 86 s and 14 s, respectively. The

excellent sensing performance was attributed to the unique

hollow structure, oxygen vacancies, and the n-n heterojunc-

tion, which was generated at the interface between ZnO and

SnO2. Furthermore, they reported that a small amount of

Zn2+ ions may diffuse into the lattice of SnO2 and replace the

Sn4+ sites during the hydrothermal process. As a result, the

concentration of oxygen vacancies increased by substitution

of Zn2+ for Sn+4. These oxygen vacancies acted as an electron

donor, and enhanced the adsorption of atmospheric oxygen

on the surface of sensor.

Plasma treatment is an effective method for modifying the

properties of nanomaterials. Using this technique, it is pos-

sible to modify the surface properties of NFs without affect-

ing the bulk properties. In this regards, Du et al.,128) reported

the HCHO sensing properties of electrospun SnO2/In2O3

composite hetero-NFs treated with oxygen plasma in a

radio frequency (RF) plasma treatment chamber at low tem-

peratures. The gas sensors of treated SnO2/In2O3 composite

NFs exhibit strong and rapid response and recovery times

to HCHO, and the sensor showed good selectivity to HCHO.

The enhanced gas response was attributed to the increasing

conducting electron concentrations, porosity, and specific

surface area after treatment with oxygen plasma.

8. Noble Metal-Metal Oxide Composite NFs

To further enhance the sensitivity and lower the operat-

ing temperature of the composite gas sensors, noble metal

nanoparticles (NPs) can be added to NFs as promoters or

activators. In 1983, Yamazoe et al.28,30) proposed two types of

sensitization mechanisms for enhancing the sensing response

of gas sensors due to the presence of noble metals NPs: (i)

chemical sensitization and (ii) electronic sensitization, as

shown in Fig. 7. In chemical sensitization, additives pro-

mote the chemical reaction between the sensing material

and the target gas by a spill-over effect, whereas in elec-

tronic sensitization, the change in the oxidation state of

noble metal NPs occurs because of the electronic interac-

tion, i.e., the noble metal acts as an electron donor or accep-

tor on the surface of the sensing material. 

Noble metals possess high electrical conductivity to facili-

tate rapid electron transfer and catalyze the oxidation of

reducing gas molecules. In addition, metal oxide NFs have a

large specific surface area to provide efficient catalytic par-

ticle dispersion, a high capacity for storing and releasing

oxygen, and a porous structure to promote gas flow. There-

fore, combining the excellent features of 1D metal oxide NFs

and the outstanding catalytic oxidation activity of noble

metals NPs has promising effects for gas sensing applica-

tions. In particular, noble metals promote gas sensing reac-

tions by reducing the activation energy, and increase the

sensing response and selectivity while also decreasing the

maximum working temperature of the sensors.129)

Because metal oxides generally have a lower work func-

tion than metals, upon intimate contact of the metal oxide

with noble metals, electrons will transfer from metal oxides

to the noble metals, resulting in contraction of conduction

channels inside the metal oxide NFs. Accordingly, upon

exposure to target gases a larger change in the diameter of

conduction channel will result in a higher response in noble

metal decorated metal oxide NFs relative to pristine metal

oxide NFs. Fig. 8 schematically shows the positive effect of

noble metals. A comparison between the conduction chan-

nels of pristine and noble metal decorated metal oxide sen-

sors (Figs. 8(a) and (b)), show that the diameter of conduction

channel decreases significantly in the presence of noble

metal NPs. When the sensors are exposed to the reducing

gas, the diameter of conduction channel in both pristine and

noble metal decorated metal oxide NFs sensors increases

(Figs. 8(c) and (d)). However, the ratio of changes in the

diameter of conduction channel in air and the reducing gas

atmosphere is larger than the case of pristine metal oxide

NF sensor. 

Lin et al.130) prepared electrospun Pd NPs-decorated hol-

low SnO2 NFs and examined their HCHO sensing proper-

ties. Compared to the pristine SnO2 NFs gas sensor, the

optimal operating temperature of Pd-decorated hollow SnO2

NFs gas sensor decreased to 160°C from 180°C and the

response to 100 ppm HCHO increased to 18.8 from 5.4.

Moreover, the response and recovery times were shortened

Fig. 7. Chemical and electronic sensitizations in noble metal-
functionalized metal oxide NFs (Adopted from [30]).

Fig. 8. Change of conduction channel in metal oxide NFs
due to presence of noble metal; (a) pristine metal
oxide NF in air, (b) noble metal-metal oxide NF in
air, (c) pristine metal oxide NF in reducing gas atmo-
sphere, and (d) noble metal-metal oxide NF in reduc-
ing gas atmosphere.
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considerably. The strong sensing performance was attributed

to the hollow structure of the sensor, formation of Schottky

barriers, and the spillover effect of Pd NPs. In another

study, Xu et al.131) reported the acetone gas sensing proper-

ties of Ag-decorated SnO2 hollow NFs. The sensor could

detect the 5 ppm acetone. The high sensing performance

was attributed to the unique 1D hollow nanostructure, the

outstanding catalytic oxidation activity of Ag NPs, and the

p-n heterointerface formed between p-type Ag2O and n-type

SnO2. 

The WO3 NFs for gas sensing studies are rarely reported.

Yong et al.129) reported Au-functionalized WO3 composite

NFs by ES for the sensing of n-butanol. The enhanced

response of the WO3-Au composite NF sensor toward n-

butanol was related to the excellent catalytic activity of the

Au NPs, which enhanced the oxygen molecule to an ion con-

version rate and the existence of multiple depletion layers

at the surface of the WO3-Au composite NFs, which resulted

in a larger change in resistance upon exposure to n-butanol.

In another study, Kim et al.132) showed a detection limit of

20 ppb with a gas response of 1.32 towards toluene at 350°C

by Pd NP-embedded WO3 NFs for the possible detection of

lung cancer.

9. Conclusions and Future Outlooks

This review explained the ES principles for the synthesis

of NFs and showed that composite metal oxide electrospun

NF-based gas sensors have great potential for sensing appli-

cations for the detection of toxic gases. Different composite

NFs systems, such as n-p and n-n composite heterojunc-

tions, as well as noble metal-metal oxide composite NFs

were discussed. The enhanced gas response in the compos-

ite NFs was attributed to the high surface area, presence of

many grain boundaries, the existence of heterojunctions in

n-p and n-n composite NFs, and the promotional role of

noble metals in terms of chemical and electronic sensitiza-

tion. By morphological engineering of NFs, different struc-

tures, such as hollow NFs, C-S NFs, and hollow C-S NFs

can be synthesized by the ES method. These structures

show very good sensing performance and can detect sub-

ppm concentrations of toxic gases. 

Because the NFs area is a rapidly growing field with

many applications, in addition to gas sensors, it is expected

that by the design of new ES set-ups, more complex compos-

ite NFs could be synthesized with larger surface areas,

more porous structures and more heterojunctions. These

properties will allow the fabrication of novel high perfor-

mance gas sensors. 
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