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Magnetite (Fe3O4) nanostructures and their modifications with other materials show proper characteristics to be implemented as a
sensing material. This paper provides a brief review of the application of the Fe3O4 nanostructures and their modifications as
sensitive material for pollutant gas sensors. Several studies were highlighted to explain the past-to-present progress of materials
development. Various synthesis procedures of the materials were also clearly explained. The application of pure Fe3O4

nanostructures and their modification as sensitive materials in gas sensor devices to detect toxic gases is the main section of this
paper. Last, the future prospects section summarized the materials’ development and provided a suggestion for future development.
© 2021 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
abd928]
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For many years, various transition metal oxides such as zinc
oxide (ZnO),1–5 tin oxide (SnO2),

6–8, and iron oxide,9–13 have been
investigated in a wide field such as catalyst sensor, supercapacitor,
medicine, battery, and so on. Among the oxides, iron oxide has
attracted many researchers due to its attractive properties. The oxide
has three phases in nature, namely Magnetite (Fe3O4),

14,15 maghe-
mite (γ-Fe2O3),

16–19, and hematite (α-Fe2O3).
18,19 Both magnetite

and maghemite are ferrimagnetic materials with magnetic behavior
under Curie temperature exposure, while hematite has paramagnetic
properties. As a ferrimagnetic material, Fe3O4 is considered an
attractive material due to its unique physical and chemical properties
and its half-metal property.20,21 With some of these exciting
characteristics, several studies have succeeded in implemented
Fe3O4 nanoparticles as an active material to kill pathogenic
bacteria22,23; in the biomedical dan bioengineering field24,25; gas
sensor26 biomaterials27,28; and bioseparation.29

Fe3O4 has the most potent magnetism among the other iron oxide
phases. The ideal formula of magnetite is Fe2+Fe2

3+O4. The main
details of its structure were first studied in 1915 using X-ray Diffraction,
and one of the first crystal structures evaluated by Bragg analysis.
Magnetite has an inverse-spinel structure that crystallizes in the
isometric space group Fd3m.30 The unit cell of magnetite has a
structural parameter equal to 0.8396 nm and contains 32 close-packed
oxygen ions forming a face-centered cubic lattice and 24 iron cations
occupying the interstitial sites. Eight of the Fe3+ cations occupy all
eight of the tetrahedral sites.9,31,32 Meanwhile, the remaining Fe3+ ions
and Fe2+ ions are distributed randomly toward the octahedral sites. A
view of the magnetite structure in Fig. 1 shows layers of oxygen atoms
alternating with layers of iron cations.

The iron atom has four unpaired electrons in its 3d orbitals,
resulting in an intense magnetic moment. Hematite itself has a
ferrimagnetic at room temperature.33 A ferrimagnetic material is a
material that has two types of atoms with opposing magnetic
moments, as in antiferromagnetism, but the opposing moments are
unequal, and a spontaneous magnetization remains. This phenom-
enon happens when the material consists of different ions; in this
case, Fe2+ and Fe3+. The ordered arrangement of magnetic moments
decreases with increasing temperature due to thermal fluctuations of
the individual moments. Beyond the Curie temperature, the material

becomes disordered and loses its magnetization. Curie temperature
for hematite is 850 K. Hematite also displays superparamagnetic
behavior at room temperature when its particles are smaller than
6 nm,34,35 i.e., can be magnetized under an external magnetic field
and will lose the magnetization when removing the field. This lack
of net magnetization in the absence of field allows Fe3O4 nanopar-
ticles to avoid magnetic aggregation, a common problem with
magnetic particles significantly.

The electronic properties, as well as magnetic properties of
Fe3O4, has been reported to be able to be exploited as a gas sensor.
The relatively low bandgap of the material, i.e., 0.1 eV, makes them
have relatively higher conductivity than other metal oxides. As a
magnetic material, the interaction between the gas and the magne-
tite’s surface will cause changes in the magnetic properties and
affect the gas sensor’s performance, such as sensitivity, selectivity,
response time, and recovery time.36,37 Gas adsorption on the surface
of the material will change the surface state by introducing spin
polarization, destroying the surface structure’s symmetry, or dis-
turbing the surface strain.37,38 Study by Kumar et al. reported that
small particle size supported by high magnetic saturation and low
coercivity would result in high sensor performance.39 as the best of
our knowledge, the use of changes in magnetic properties has not
been widely explored in magnetite material. It is an open opportunity
for further development.

Furthermore, its characteristics allow it to be exploited either as a
supporting material or a host material for gas sensors. This report
contains a brief review of the gas sensor based on Fe3O4 and its
modifications. This review is divided into five sections. The first
section is an introduction containing brief information on Fe3O4

characteristics. The second section discusses several Fe3O4 prepara-
tion methods. The third section contains the discussion of the
development of Fe3O4 as an active material for gas sensors. The
Fourth section discusses the possible sensing mechanism occurring
on the Fe3O4 surface and its modifications. Finally, the fifth section
shows the future perspective of the development of sensor gas based
on Fe3O4. This review is expected to contribute to the effort for the
high performance of Fe3O4 based gas sensors in the future.

Fe3O4 Nanostructures Preparation Methods

In gas sensor materials, the synthesis strategies do not directly
relate to the gas sensor performances. However, the strategy will
affect the size and shape of the resulting Fe3O4 nanoparticles, wherezE-mail: keristasebayang@usu.ac.id; brian@tf.itb.ac.id
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those parameters determine specific surface area and porosity. As we
have known, the gas sensor is a surface phenomenon; the higher the
surface area and porosity, the higher the performance. The effort to
achieve the high performances of gas sensors based on Fe3O4 could
be started by choosing a synthesis strategy to get the nanoscale
particles with good dispersion and a high degree of uniformity. In
other ways, one can choose or modify synthesis strategy to develop
one dimensional, two dimensional, or hierarchical three dimensional
of Fe3O4. This section will review some magnetite preparation
methods based on several reports in the past five years.

Coprecipitation method.—Coprecipitation is a wet chemical
method used to synthesize nanoparticles. Nanoparticles produced
from the coprecipitation method are normally poly dispersive with
spherical morphology. In general, the yield of Fe3O4 nanoparticles
produced is the most compared to other synthesis methods. The
disadvantages of the coprecipitation method are that the nanoparticles

are easily agglomerated, so surface functionalization or capping agents
are needed to overcome this problem. This method used precursors in
the form of anhydrous metal salts as a source of metal cations and wet
hydroxide compounds such as NaOH and KOH as co-precipitants. The
coprecipitation method is considered the most straightforward method
because it does not require high-temperature treatment (T< 120 °C) for
the synthesis of Fe3O4 particles. There are three main steps in the Fe3O4

synthesis through the coprecipitation method. First, the preparation of
the precursor (metal salt solution). Second, the formation of nanopar-
ticles through alkaline reaction. Third, the process of washing the Fe3O4

nanoparticle slurry and drying process to get the brownish powder.
Using this method, magnetite nanoparticles were prepared with iron
sand used as an iron source in our previous work.14 Fe2+/Fe3+ solution
was obtained by dissolving iron sand in 12M HCl at ±70 °C.
Polyethylene glycol (PEG) was dissolved in the solution in order to
modify the morphology. The co-precipitant of NH4OH was then
dropped slowly under ultrasonication condition until the pH of 10
was obtained. The precipitated product was then washed several times
to get a neutral slurry product. The magnetite powder was collected
after the drying process. The resulting morphologies were found to
depend on the amount of PEG that was added, as seen in Fig. 2.

In the magnetite preparation, one should note that the Fe3O4

phase was formed by a combination between Fe2+ and Fe3+ at a
specific ratio. Hence two iron sources should be employed in the
preparation process. Fe3O4 nanoparticles were successfully synthe-
sized using a combination of FeCl3.6H2O and FeCl2.4H2O with a
ratio of 2:1 in the deoxygenated distilled water.40 In this case, a
certain amount of ammonia was added rapidly under ultrasonic
irradiation at 40 °C. Moreover, N2 gas was also flown to the solution
during the process. The black precipitate was then collected using
magnetic decantation and was dried at 70 °C after the washing
process. The formation of spherical particles with a size of 10 nm
was obtained by this method. The ultrasound that interacts with the
liquid medium is believed can inhibit particle growth. Garcia’s
group used FeCl3 as a Fe3+ source and FeSO4 as a Fe2+ source.41

Their works also used distilled water medium and NH4OH as
precipitant. However, unlike the other works mentioned before, the
final pH was kept at seven or neutral. They proposed to coat the
resulted nanoparticles with two different sodium citrate agents and
silica to induce surface passivation. Based on their result, the
average size of particles decreases from 45.8 nm to 35.7 nm and
38.6, for sodium citrate and silica coating, respectively, indicating
the better action of sodium citrate in growth prevention.

Another route called the reduction-precipitation method for the
preparation of Fe3O4 nanoparticles was proposed by Cao et al.42 The

Figure 1. The crystal structure of magnetite (Fe3O4) in its cubic F3dm
phase. Reprinted from publication35 with permission from Taylor & Francis.

Figure 2. The magnetite particles synthesized by co-precipitation method with the presence of PEG of 5% (a), 10% (b), 15% (c), 20% (d), and 25% (e).
Reprinted from publication14 with permission from The Chemical Society of Japan.
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preparation was succeeded with chitosan assist as a chelating agent,
sodium sulfate as a reducing agent, and ammonia as a precipitant.
Fe3+ that was chelated by the chitosan chain was partially reduced
by sodium sulfate at the first stage. This process was completed by
only adding the reducing agent to the mixture of FeCl3 and chitosan
solution at room temperature. The Fe3O4 nanoparticles of Fe3O4

with the size in the range of 5–8 nm were formed after the ammonia
was added to the final solution. Another group also prepared the
magnetite nanoparticles with a similar method but chose pregnant
leach solution (PLS) of iron ore as an iron source.43 To obtain the
PLS, the iron ore was firstly ball-milled and then leached at 85 °C
using H2SO4(5 M)/NaCl (2 M) for 120 min to decrease impurities.
The resulting PLS was reduced partially by adding sodium thiosul-
fate, and the Fe3O4 precipitate was obtained after the addition of the
ammonia solution.

From the studies explained above, it can be seen that the
synthesis of the Fe3O4 nanoparticles was successfully carried out
through the coprecipitation method. The synthesis of Fe3O4 was
carried out at pH = 7–10 and at relatively low temperature to
produce a precipitate that formed solid black and can be decanted by
magnetism. Pure Fe3O4 nanoparticles are often found to be poor
stability and dispersion characteristics. It is necessary to modify the
synthesis process and choose the right procedure to produce Fe3O4,

which is soluble and compatible so that Fe3O4 can be used for
various applications.

The thermal decomposition method.—The thermal decomposi-
tion method is a synthesis method that uses a high-temperature
environment (T > 200 °C) to obtain Fe3O4 nanoparticles with a tiny
particle size distribution and a high degree of crystallinity. There are
two types of precursors involved in this method, Fe metal precursors
in organometallic compounds and organic surfactants. Organic
surfactants usually act as a stabilizer to prevent particle aggregation.
Organic surfactants such as oleic acid,44,45 oleylamine,46 or
trioctylamine,47 have been reported could stabilize the nanoparticles
and result in mono diversity. Shape, morphology, particle size
distribution, and the degree of crystallinity of Fe3O4 particles
produced through this method are highly dependent on several
synthesis parameters, such as temperature, duration of the synthesis,
solvent, and surfactant used. The thermal decomposition method’s
disadvantages require high-temperature treatment during the synth-
esis process and involving expensive organometallic precursors.

Amara et al. produced monodisperse Fe3O4 using thermal
decomposition of organometallic iron.44 The iron complex was
prepared by refluxing tri-iron dodecacarbonyl in diethylene glycol
diethyl ether in the presence of oleic acid at 120 °C for 12 h and
165 °C for another two hours. The black to the brown product was
heated at three different temperature of 300 °C, 700 °C, and 900 °C
for 2.5 h under Argon atmosphere. They found that the formation of
Fe3O4 with the size of 5.41 nm occurred at an annealing temperature
of 300 °C. The increase of the particle size and aggregation were
observed when the annealing temperature rose to 700 °C and 900 °C,
as seen in Fig. 3. At a temperature higher than 300 °C, oleic acid
disappeared and caused the agglomeration. A new route to prepare
Fe3O4 nanoparticles was proposed by Glasgow et al.47 The
nanoparticles were transformed from iron oleate via thermal
decomposition. Iron oleate was prepared by mixing sodium oleate
and iron chloride hexahydrate in the mixture of ethanol, hexane, and
deionized water solution at 70 °C for four hours. After cooling
down, the resulted solution was washed using a separatory funnel;
the solution was evaporated to get solid products. In order to get
Fe3O4, the resulted iron oleate was mixed with oleic acid and
trioctylamin. The solution the transferred to the flask under nitrogen
flow. In their design, the solution was pumped into the coil that was
connected with a salt bath. The hot plate heated the bath at 320 °C,
and the flow was kept at the rate of 0.175 ml min−1. Their study
found that the ratio of iron oleate/oleic acid affects the size of
particles. The best ratio was found to be 2:1, which result in particles
with a size of 6.97 nm.

Synthesis of Fe3O4 through the sol-gel method.—The sol-gel is a
synthesis method that is generally used to produce powder types of
nanomaterials. The term sol-gel is derived from two words. The “sol”
refers to a colloidal solution of precursors that will be used as starting
material for the synthesis of Fe3O4 particles, and the “gel” refers to the
form of the polymeric network of the final product of nanoparticles
synthesized.48,49 This method contains two main stages, hydrolysis, and
condensation. Many synthesis parameters such as hydrolysis rate,
condensation of metal oxides, pH, temperature, stirring method,
oxidation rate, concentration, and precursor properties must be con-
sidered. The sol-gel method has several disadvantages, such as
producing much alcohol during the calcination process, requiring
additional heat treatment at high temperatures, and produce nanopar-
ticles with high permeability and weak nanoparticle bonding powder
characteristics. In the case of magnetite materials, several reports
demonstrate the formation of nanoparticles using this method. For
instance, Hu et al. produced 3–20 nm of magnetite using the sol-gel
explosion-assisted method.50 In their work, the dry gel was prepared by
reacting ferric nitrate, citric acid, and ammonia at 68 °C, followed by
evaporation at 95 °C. Citric acid as an explosion agent mixed with the
dry gel at a specific ratio then is transferred to the autoclave system to
complete carbothermal reaction at 450 °C. The gas generated during the
explosion is believed to deposit on the nanoparticles’ surface and
induce a steric hindrance effect.

Nearly monodisperse Fe3O4 nanoparticles with an average
diameter of 4.9 nm were demonstrated by Cui et al.51 They offered
the sol-gel route without the calcination process. In their typical
procedure, FeCl2 was used as an iron source, and propylene oxide
was used as a Fe-OH generator. Both precursors were reacted in
ethanol medium at 78 °C for 30 min, and the resulted paste-like gel
of Fe3O4 was dried at room temperature. They also reported that
other iron oxide phases like α-Fe2O3 and γ-Fe2O3 were formed if the
drying process is performed at a higher temperature. Another sol-gel
approach was demonstrated by Sciancalepore et al., where like the
one reported by Cui et al., this approach followed a non-hydrolytic
route. Iron (III)-acetylacetonate and 2-ethyl-1,3-hexanediol were
used as a precursor and reactive solvent, respectively.52 The
formation of nanoparticles was induced by the reaction of
Fe(AcAc)3 and 2-ethyl-1,3-hexanediol (HD) at 200 °C for 48 h.
They found that the precursor to solvent ratio affects the size and
morphology of resulting particles. At a low ratio, small and nearly
spherical particle formation were occurred, while at a high ratio,
anisotropic crystal growth and more extensive particle formation
have occurred. Figures 4a and 4b show the resulting Fe3O4

nanoparticles with Fe(AcAc)3:HD ratio of 0.11 and 0.22,
respectively.

Synthesis of Fe3O4 through the hydrothermal/solvothermal
method.—Hydrothermal or solvothermal is a kind of wet synthesis
that involves temperature and pressure in preparing the nanostruc-
ture of materials. Usually, the pressure in the sealed chemical
reaction is controlled by temperature.53,54 Qu et al. performed a
solvothermal reaction to prepare a microsphere of Fe3O4.

55 A
solution contains FeSO4.7H2O, sodium acetate, and trisodium citrate
in ethanol is prepared and transferred to a Teflon-lined stainless
autoclave. The solution is subjected to 160 °C for 5 h. The magnetite
microsphere with diameter size in the range of 600–1000 nm is
produced after calcination of solvothermal product at 300 °C for 2 h.
A relatively low temperature hydrothermal was demonstrated by
Jesus et al.56 The combination of FeCl3 and FeCl2 with a specific
ratio were dissolved in distilled water in the presence of sucrose as a
chelating agent. Sodium hydroxide was employed as a pH controller
with an acidity level target is 12. The mixture solution is subjected to
hydrothermal reaction at 45 °C for 3 h. The particles with a size of
less than 10 nm were produced using this strategy. Sucrose was also
employed by Gao et al. to prepare hollow Fe3O4 nanoparticles, as
seen in Figs. 4c, 4d.57 They used the mixture of FeSO4.7H2O, urea,
sodium hydroxide, PEG-200, and sucrose are used as a precursor and
was subjected to solvothermal reaction at 200 °C for 10 h. In their
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case, PEG-200 and sucrose act as a soft template and capping agent,
respectively. The cavity interior of the particle was formed due to the
combustion of urea that generates CO2 bubbles.

Synthesis of Fe3O4 through the templating method.—As a
sensitive layer for the gas sensor, morphology is one of the critical
parameters determining its performance due to its relation to the
surface area. As we know, magnetite nanomaterials tend to
agglomerate because of their magnetic properties. The templating
method can be an excellent strategy to control magnetite’s mor-
phology, surface area, pore, and particle size.58,59 The morphology
of materials is controlled during the nucleation and growth stage of
the particle formation. This strategy can be divided into hard and soft
templating method depending on the template’s properties. As its
name, a hard template generally is a rigid material that sacrifices its
structure to grow the desired material with the same structure as
the template.59 In this approach, three steps should typically be done:
template preparation, synthesis material with the template, and
template removal. In the case of Fe3O4 preparation, several studies
report the utilization of a hard template. For instance, Haibo’s group
used the SiO2 template or KIT-6 as a sacrificial template.60 In the
first step, KIT-6 was prepared by combining the P123 and TEOS in
deionized water containing HCl and n-butanol at 35 °C. The KIT-6
solid product was obtained after the solution was treated hydro-
thermally at a specific temperature for 24 h and the precipitated was
calcined at the temperature of 550 °C for 6 h.

The magnetite with the KIT-6 replica structure was prepared by
nano casting technique where the KIT-6 was added to the iron
solution and aged 40 °C. After the calcination process in the
reduction atmosphere, the template was removed by NaOH leaching.
Figure 5 shows the TEM images of the template and Fe3O4 particles
with the structure of KIT-6. The ordered mesoporous Fe3O4 is
completely replicate the KIT-6 structure. A similar approach was
carried out earlier by Zhu et al.61 The differences between the two

works are the chosen temperature for calcination and reduction
process. The calcined and reduction temperatures in Huang’s work
are 550 °C and 450 °C, respectively, while in Zhu’s work, the
chosen temperatures are 600 °C and 350 °C. Both works proved that
the magnetites have structures similar to KIT-6; however, Huang
et al.‘s magnetite particles have a surface area of 980 m2 g−1, about
six times higher than the magnetite by Zhu et al.

In their work, Qin et al. used commercial graphene oxide as a
template.62 The sheet of graphene oxide contain abundant sites for
the magnetite nucleation. A simple approach was conducted in the
preparation, where the iron salt was combined with the graphene
oxide sheets solution in the mixture of ethanol and water.
The mixture was then stirred at the temperature of ∼94 °C until
the solvent was evaporated entirely. In this stage, the red powder
was obtained, indicating the formation of hematite of Fe2O3. The
sheet removal was carried out by heating the powder at the
temperature of 500 °C. The resulted Fe2O3 has a rod-like shape
with the length and diameter sizes of 100 nm and 10 nm, respec-
tively. The rods were observed to attach to the graphene oxide
sheets. Interestingly, after reduction by the mixture of Ar (95 vol%)
and H2 (5 vol%) gases at 400 °C, the Fe2O3 was transformed to the
Fe3O4, followed by the shape transformation from rod-like to cubic
like with the size in the range of 80–120 nm.

Different from hard templating, soft templating does not have a
rigid structure. The template, also known as a surfactant, can interact
with the iron precursor and control the morphology during crystal
growth.59,63 Several surfactant such as sodium dodecyl sulphonate
(SDS),64 poly(acrylic acid),65 polyethylene glycol (PEG),66 etc.
Each surfactant will result in a different morphology of the Fe3O4.
Nanolamelar structure of Fe3O4 was obtained by utilizing SDS as a
soft template.64 The iron precursor was mixed with the surfactant
and NaOH in the medium of ethanol under a nitrogen atmosphere.
The mixing process was conducted at 70 °C to complete the
dissolving, and the solution was subjected to reflux treatment at

Figure 3. (a) Morphology of as-prepared Fe3O4 Morphology of Fe3O4 particles produced by thermal decomposition method with the temperature annealing of
(b) 300 °C, (c) 700 °C, and (d) 900 °C. Reprinted from publication44 with permission from Elsevier.

Journal of The Electrochemical Society, 2021 168 027510



85 °C for 14 h. The nucleation of Fe3O4 was occurred on the
hydrophilic side of SDS or sulfonic groups, while the hydrophobic
side or dodecyl group arranged in back to back manner result in a
layered structure. In another work, Fe3O4 microsphere was prepared
using poly(acrylic acid) by solvothermal method. The process was
carried out for two temperature stages, 120 °C for 2 h in the first
stage and 200 °C for 10 h in the second stage under a nitrogen
atmosphere.65 This strategy results in a uniform sphere with the size
of ∼500 nm.

Furthermore, the oxalic acid was also employed in the post-
treatment to etch the contaminant and result in a porous structure.
Nanowire morphology was obtained by employing PEG as a
template.66 In their work, Zhang et al. prepared two aqueous
solutions where each solution contained sodium hydroxide and the
mixture of iron sulfate and PEG-400, respectively. The later solution
was added to the first solution dropwise at 80 °C. To get Fe3+ state
or Fe(OH)3, NaNO3 was added to the mixture solution. This route
resulted in a nanowire with a diameter in the range of 5–80 nm and a
length up to several micrometers. In this case, PEG-400 is absorbed
on the preferred facet of Fe3O4 and support anisotropy crystal
growth.

Synthesis of Fe3O4 through the molten salt method.—The
molten salt method is one of the simple strategies to produce metal
oxides without solvent employment. This method offers the low-
temperature synthesis of material with good crystallization, good
morphology, high phase purity, and less defect.67,68 Generally, one
or several salts with low melting temperature points are used, and the
reactants have high solubility in the molten salt. The usage of several

salts has a proposal to lower the melting temperature. At a specific
condition, the precipitate product is then formed after saturation is
achieved. There are only a few works that reported the preparation of
Fe3O4 using this method. For example, a combination of NaCl and
KCl salts with the ratio of 1:1 was used as a medium for the
formation of octahedral Fe3O4 with ferric acetate as an iron source.

64

In the typical procedure, the salts and the ferric acetate were ground
to achieve a homogeneous distribution. The final mixture was
calcined at various temperatures of 700 °C, 800 °C, and 900 °C.
The formation of the octahedral shape of Fe3O4 with a uniform size
of 1–2 μm was obtained when the calcined temperature is 800 °C, as
seen in Fig. 6. In this case, the salts also have a role as a stabilizing
agent to decrease the specific facet’s surface energy. Iron oleate and
sodium sulfate have been used as an iron oxide precursor and salt,
respectively, in another report.69 In their preparation process, both
compounds with the ratio of 1:15 was ground and heat to 600 °C for
3 h with the heating rate of 10 °C under Ar atmosphere. The
nanocubes of Fe3O4 embedded in carbon support with an
average size of 20 nm were observed in the TEM and FESEM
characterization.

Fe3O4 as Sensitive Material for Gas Sensors

Fe3O4-based gas sensors.—Compared with other metal oxides,
magnetite Fe3O4 has unique properties as a half-metallic, where it
can be metal or semiconductor depend on its spin direction.70–74

This property is believed can result in rapid and high sensitivity in
gas detection.72 Therefore, a gas sensor based on the magneto
resistor technique can be an alternative strategy to achieve a

Figure 4. Nanoparticles of Fe3O4 synthesized by sol-gel method with the Fe(AcAc)3:HD ratio of 0.11 (a) and 0.22 (b). Reprinted from publication52 with
permission from Elsevier. A hollow sphere of Fe3O4 synthesized by PEG-200 assisted hydrothermally (c), (d), Reprinted from publication57 with permission
from Elsevier.
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Figure 5. Template of KIT-6 with different aging temperatures of 40 °C (a), 80 °C (b), and 120 °C, respectively, along with the related ordered mesoporous
Fe3O4, replicate the KIT-6 structure (c)–(e). Reprinted from publication60 with permission from Elsevier.

Figure 6. The particles of Fe3O4 synthesized by direct calcination of ferric acetate at 700 °C (a). The particles of Fe3O4 synthesized by the molten salt method
with calcination temperatures of 700 °C (b), 800 °C (c), and 900 °C (d). Reproduced from Ref. 68 with permission from the Royal Society of Chemistry.
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high-performance gas sensor. Daniel et al. demonstrated this
technique to detect NO gas down to 1.69 ppb.72 The Fe3O4

microspheres with a size of 430 nm were prepared using a hydro-
thermal method. The presence of NO on the microsphere’s surface
changes the oxidation state from Fe2+(d6) to Fe3+ (d5) along with
the transformation of spin moments s = 2 to s = 5/2. This
transformation changes its conductivity and delivers it as a sensor
signal. Their work reported the sensitivity of 14.43% to 500 ppb of
NO with a response time of 10–20 s. N-type chemiresistive behavior
of Fe3O4 was observed by Bertocci et al.75 The prepared Fe3O4

nanoparticles or nanograin with the average size of 16.3 nm success
to detect CO and NO2 at optimal operating temperatures of 260 °C
and 220 °C respectively. As a half metal, the magnetite’s con-
ductivity is mainly contributed by minority spin channels where
hopping electrons from Fe2+ to Fe3+ occurred and act as electron
donors to oxygen ion sorption. Another chemiresistive based on
magnetite materials was reported by Ai et al. and Cao et al.76,77

Fe3O4 nanorose and sphere-like particles were prepared to detect
ethanol vapor. Two different morphologies were found can deliver
different responses. The nanorose exhibited a response of ∼4.4 at
room temperature and comparable with the sphere-like that exhibited
a response of <10 at 300 °C toward 100 ppm of ethanol. The
difference of performances might be contributed by the difference of
surface area where the specific surface areas of nanorose and sphere-
like Fe3O4 are 77 m2 g−1 and 18.6 m2 g−1, respectively. As seen in
Fig. 7, the nanorose was arranged by particles in nanoscale that
cause its high specific surface area. It is already well accepted that
morphologies directly affect the surface area that determines sensing
performance.3,78,79 However, both reports did not intensely discuss
the magnetic factor that might involve in the sensing mechanism.

Metal doped Fe3O4 based gas sensors.—Pure Fe3O4 based gas
sensors typically suffer from the low response and low selectivity. One
strategy to improve the gas sensor performance is to add noble metal to
the magnetite’s surface. The noble metal acts as a catalyst that can
convert unreactive analyte to its reactive form leading to an increase in
the surface reaction rate, and as a consequence, the sensitivity will
increase, and operating temperature will shift to a lower number.80–83

The increasing response or sensitivity is well believed caused by the
increasing number of oxygen ion species on the material surface; the
noble metal surface activates the O2 gas by dissociating it to O species
and accelerating the chemisorption process. The vast number of
adsorbed oxygen ions associated with a considerable number of active
sites provide for the surface reaction. Aside from chemical sensitization,
electronic sensitization can be induced by forming Schottky barriers at
the interface of noble metal/Fe3O4. The gas presence’s barrier height
can be changed, leading to a change in the magnetite’s conductance.
However, all benefits that are caused by noble metal may not be
achieved simultaneously. For instance, response improvement without
reducing operating temperature and response time was observed by
Zhai et al. Pd metal was dispersed on the particle surface of Fe3O4 and
applied to detect ethanol and acetone.84 Three and five times responses
to ethanol and acetone, respectively, compared to the pure counterpart,
were observed after dispersing Pd particles at 300 °C. The improving
performances are reported due to the increasing oxygen active sites and
the Schottky barrier formation at the Pd/Fe3O4 interface. The catalyst
properties of Pd induce the widening of Fe3O4 due to more electron
consumption by the dissociated oxygen species (Fig. 8).

Aside from noble metal that can contribute its catalytic properties
in analyte detection, transition metal can also be exploited as a
dopant. Hwang et al. decorated magnetite nanowire with Mn metal
and used it as a CO gas sensor.85 Interestingly, Fe3O4 nanowire did
not respond until the operating temperature reached 200 oC. At the
same time, Mn-doped Fe3O4 displayed a relatively good response at
room temperature with the response and recovery times of 15 s ad
100 s, respectively. The substitution of Mn ion to the Fe sites
increases the Fe3+ number leading to an increase in the conductivity
by a factor of ∼50. Moreover, the substitution also induces the
formation of holes as a consequence of charge balancing. Other

works also reported this phenomenon.86 Therefore, Mn-doped Fe3O4

has p-type behavior.

Fe3O4 composite based gas sensor.—It has been widely reported
that combining two different metal oxides to modify electronic
structure via fermi alignment can significantly improve gas sensor
performance.87–91 The sensing behavior of composite is determined
by the ratio of the two metal oxides. A small amount of modifier will
have the same role as a noble metal, where the metal oxide
contributes to dissociation of oxygen gas or analyte gas while
sensing behavior follows the host counterpart.92 Moreover, sensing
behavior typically follows the primary or significant metal oxide.80

As an n-type semiconductor, Fe3O4 can be combined with a p-type
metal oxide to get p-n heterojunction or n-type metal oxide to get n-n
heterojunction. Tunable built-in potential in the presence of analyte
is believed as a reason for sensor sensitization.

Qu et al. reported the preparation of Fe3O4@Co3O4 core–shell
microspheres through the hydrothermal method as an acetone sensor.55

Co3O4 and Fe3O4 themselves show the best performance at operating
temperatures of 140 °C and 240 °C, respectively. The oxides’ synergy
effect causes the core-shell to display its best performance at an
operating temperature of 160 °C, where the response value is 102.6 to
100 ppm of acetone. The synergy effect is contributed by the Co3O4

shell that is believed to have a thickness close to its debye length (λD).
Debye length itself is known as the thickness of the layer in which
electrons exchange from bulk to surface state.93 Therefore, the sensitive
material’s size is pursued close to the length so that the electrons can be
fully depleted by the adsorbed oxygens leading to maximizing sensor
performance.93–95 Moreover, the catalytic properties of Co3O4 cause an
abundance of oxygen ion that, along with the oxygen on the magnetite
core, will cause the modulation of sensing performance. Another core-
shell system of F3O4@NiO was prepared by the same group and
applied as a toluene sensor.96 core-shell with the size of 700 nm
displays the response of ∼14 to 100 ppm of toluene at an optimal
temperature of 280 °C. However, the sensor might have low selectivity,
especially against xylene, because the response value to toluene is only
double that of xylene.

Beautiful three-dimensional inverse opal (3DIO) ZnO-Fe3O4 has
been prepared by Zhang et al. for acetone sensor.119 Macropores
structure was observed due to the template structure’s replica (PMMA),
see Fig. 9. It was found that the mesoporous structure in the skeleton
was increased as the Fe3O4 concentration increased to 20%. The
combination of macropores and mesopores structures increases the
number of active sites significantly. As a consequence, the gas sensor
performances increase. They also claimed that the magnetite acts as a
surface-depletion controlled type of sensor material that also contributes
to the sensor improvement. The composite shows its best performance
at 485 °C with the response of 47 to 50 ppm of acetone. In this case, the
magnetite is present as a supporting material of the ZnO.

Aside from metal oxide-Fe3O4, the composite based on magnetite
material can be built by the combination of Fe3O4 and carbon
nanomaterials such as Reduced Graphene Oxide (rGO) and
Multiwalled Carbon Nanotubes (MWCNT). It is well known that
both carbons have p-type semiconductor characteristic and its
arrangement with n-type material such as F3O4 will generate a
tunable space charge region in the heterojunction which contribute in
the enhancement of gas sensor performance.5,97–101 For instance, the
Fe3O4, which has a work function of 5.2 eV, was contacted with
rGO, which has a work function of 6.8 eV in core@shell
formation.102 Due to its difference, Fermi alignment occurred as
the electrons in the Fe3O4 conduction band transferred to the rGO
result in a space charge region associated with built-in potential. The
change in the potential during NO2 exposure is believed to be one
reason for the high response of the core@shell to NO2 at room
temperature. The heterojunction phenomenon is also observed in
Fe3O4-MWCNT-PhCOOH based ammonia sensor.103 Aside from
the phenyl group with a particular interaction with ammonia, the
change in barrier height during ammonia detection results in a high
electrical resistance chance. In their case, the composite displays a
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relatively high response to 4000 ppm of ammonia at 50 °C compare
to MWCNT and MWCNT-COOH, indicating both the phenyl group
and Fe3O4 give a vital role in ammonia detection.

Sensing mechanism of Fe3O4 and its modification.—In general,
metal oxide gas sensors, including Fe3O4, have both receptor and
transducer functions. As a receptor, the oxide surface facilitates the
reaction between oxygen ion species and the gas, while as a transducer,
the oxide will deliver the change of electrical properties due to the
surface reaction as a signal.78,104–106 In the receptor function, the
sensing mechanism highly depends on the oxygen species number on
the oxide surface. At a specific temperature, the oxygens from the air
will be adsorbed, dissociated, and ionized by extracting electrons from
oxide surfaces leading to a change in the resistance of metal oxides. In
Fe3O4, its n-type behavior causes the resistance to increase when the
ion sorption occurs. The kind of oxygen species on the surfaces is

highly dependent on temperature due to its creation is categorized as an
activated reaction.3,5,107,108 At below 100 °C, O2

− will be created
(Eq. 2); at 100 °C–300 °C and above 300 °C, the species of O2

− will be
reduced to O− (Eq. 3) and O2− (Eq. 4), respectively.

gas adsO O 12 2( ) ( ) [ ]

ads adsO e O 22 2( ) ( ) [ ]+ - -

ads adsO e 2O 32 ( ) ( ) [ ]+ - - -

adsO e O 42 ( ) [ ]+ - - -

In the electron trapping process by the adsorbed oxygen, the
electron depletion layer is generated, and the change of width layer

Figure 7. TEM image of Fe3O4 nanoparticles that arranged the nanorose structure (a), (b) and its performances as ethanol sensor (c). Reprinted from
publication76 with permission from copyright 2010 American Chemical Society.
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is delivered by the transducer function. The width layer that is
associated with the Schottky barrier determines the sensor perfor-
mance, especially if it is related to the particle size. As in D-L
theory, when D (particle diameter) ? 2 L (width layer), the sensing
performances are determined by the change of the double Schottky
barriers at magnetite grain boundaries.78,109,110 When D = 2 L, the
performances are determined by the necks between grains, and
finally, when D = 2 L, the performances are determined by each
particle or grain. Therefore, the development of magnetite-based

sensors nowadays is focused on size control or morphological
control.

During gas exposure, the width layer can be narrowing or
widening, depending on the type of gas. Surface interaction with
reducing gas such as CO, CO2, and SO2 will cause the layer’s
narrowing and reduce resistance as a result. The example of the
responsible surface reaction between reduction gas and oxygen ions
can be seen in Eq. 5.111,112 On the other hand, surface interaction
with an oxidizing gas such as NO and NO2 will cause layer widening

Figure 8. Sensing performance of Pd doped Fe3O4 to 100 ppm ethanol (a) and 100 ppm acetone (b) at different temperatures. The effect of Pd nanoparticles on
the surface of Fe3O4 (c). Reproduced from Ref. 84 with permission from the Royal Society of Chemistry.

Figure 9. Morphologies of pure ZnO (a), ZnO:Fe3O4 with ratio of 1:10 (b), 2:10 (c), and 3:10 (d). Sensing performance comparison of pure ZnO (S0),
ZnO:Fe3O4 with a ratio of 1:10 (S1), 2:10 (S2), 3:10 (S3), and ZnO without template (S4) (e). Reprinted from publication119 with permission from Elsevier.
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and increase resistance. The example of the responsible surface
reaction can be seen in Eqs. 6 and 7.102,113,114

ads ads adsCO O CO e 52( ) ( ) ( ) [ ]+  +- -

ads ads adsNO e NO 62 2( ) ( ) ( ) [ ]+ - -

ads ads gasNO O NO O 72 2( ) ( ) ( ) [ ]+  +- -

Incorporating other constituents such as doping or composite can
improve the magnetite sensing performances by contributing to the
mechanism. Metal doping contributes to chemical and electronic
sensitization.84,115–117 The transformation of unreactive gas to
reactive gas by spillover phenomenon on the metal surface can
improve sensitivity and selectivity and increase the rate reaction
leading to reduce its response time.80 Moreover, the additional
Schottky barrier located on the metal/Fe3O4 interface as generated
by the difference between metal work function and Fe3O4 electron
affinity can improve the transducer function leading to improve
sensing performances.80 As proposed by Zhai et al.84, the presence
of noble metal nanoparticles on the surface of Fe3O4 catalyzes the
oxygen molecule’s dissociation to increase electron consumption by
the oxygen itself. Under ambient atmosphere, similar to the pure
Fe3O4, oxygen molecules are adsorbed, dissociated, and ionized by
taking electrons from the oxide’s surface; with a noble metal such as

Pd, the dissociation becomes faster, leading to more oxygen species
on the magnetite surface. With the more electrons that are consumed
by the oxygen, the depletion layer becomes wider. As a conse-
quence, its change due to gas-surface interaction becomes higher.

The presence of the second phase (X) in the Fe3O4 system will cause
the heterojunction to occur on both interfaces. This heterojunction is
reported to contribute to the additional barrier that causes a more
considerable change in their resistance during the detection. Moreover,
the second phase’s defect can also increase the number of oxygen species
on the surface. As stated earlier, Fe3O4 can be combined with p-type
semiconductor such as rGO forming p–n heterojunction, and with n-type
such as ZnO forming n-n heterojunction. The gas sensor improvement is
achieved due to the addition of the depletion layer located on the
interface of X/Fe3O4. Since there are differences between the two energy
levels, electron transfer and fermi alignment occur along with the
depletion layer’s generation.87,118 The depletion layer’s width is sensitive
to gas, hence contributing to the gas sensor performances. An example of
an illustration of the sensing mechanism can be seen in Fig. 10.

As a part of magnetic materials, the sensing mechanism can be
contributed by the change in magnetite properties such as magne-
tization saturation and coercivity that induce the change in
conductivity.72 The reducing or oxidizing Fe ion in the Fe3O4 by
gas interaction changes its spin state, leading to a change in the
conductivity. The change of conductivity is then delivered as a
sensor signal.

Figure 10. Illustration of sensing mechanism of the p-n junction of RGO-Fe3O4 before (a) and during (b) fermi alignment. Reprinted from publication102 with
permission from Frontiers.

Table I. Summary of gas sensors based on Fe3O4 nanomaterials.

Materials Gas and concentration Tsens (°C) Response References

Fe3O4 microsphere NO, 500 ppb RT 14.43% 72
Fe3O4 nanoparticles CO, 1000 ppm 260 55% 75
Fe3O4 nanoparticles NO2, 12 ppm 220 180% 75
Fe3O4 nanorose Ethanol, 100 ppm RT ∼4.4 76
Fe3O4 sphere Ethanol, 100 ppm 300 <10 77
Fe3O4 nanoparticles Ethanol, 100 ppm 300 ∼10 84
Fe3O4 nanoparticles Acetone, 100 ppm 300 ∼5 84
Pd-doped Fe3O4 Ethanol, 100 ppm 300 ∼28 84
Pd-doped Fe3O4 Acetone, 100 ppm 300 ∼28 84
Pd-doped Fe3O4 halloysite nanotubes H2, 100 ppm 400 19.8 117
Fe3O4-HNTs-APTES-Palladium (M-HNTs-A-Pd) nanocomposite H2, 50 ppm 300 80.1 120
Fe3O4/MWCNT-PhCOOH NH3, 2000 ppm 50 ∼2 103
Cu2O@Fe3O4 Ethanol, 360 ppm 250 10.84 121
Fe3O4/C nanoflakes Ethyl acetate, 100 ppm 370 ∼7 69
Fe3O4@Co3O4 core–shell microspheres Acetone, 100 ppm 160 102.6 55
F3O4@NiO core–shell Toluene, 100 ppm 280 ∼14 96
three-dimensional inverse opal (3DIO)ZnO-Fe3O4 Acetone, 50 ppm 485 47 119
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Future Perspective

Based on the performance summary of gas sensors based on
Fe3O4 in Table I, the development of Fe3O4 as a gas sensor material
in the future still has a very high prospect. Fe3O4 can be developed
as a gas sensor in two aspects: a metal oxide gas sensor and a
magnonic sensor. As a typical metal oxide sensor, its surface is
sensitive to the presence of gas; however, selectivity is also an
obstacle for its development as a gas sensor. Moreover, due to the
change in magnetic properties unique for each type of gas,
selectivity should not be a problem as a magnonic sensor. The
combination of the high sensitivity of the metal oxide sensor and the
high selectivity of the magnonic sensor possessed by Fe3O4 is
believed to produce a superior gas sensor in the future. Improving
Fe3O4-based gas sensors’ performance can also be focused on
optimizing the synergy effect of Fe3O4 and other metal oxides or
carbon nanomaterials in composite form. The low bandgap of Fe3O4

compared to other metal oxides can generate heterojunctions that
contribute to the detection mechanism. That property can be utilized
in forming p–n junctions and n-n junctions. To maximize the
resulting junction, one should pay attention to the second phase
dispersion or connection with Fe3O4 particles, which, of course, can
be achieved by optimizing the synthesis method used. Other
nanoparticles are still very wide opened in composites with Fe3O4

as a gas sensor material such as ZnO, SnO2, and others. Furthermore,
a combination of metal dispersion over Fe3O4 particles and connec-
tion of Fe3O4 with metal oxides or other carbon nanomaterials can
be made to maximize receptor and transducer functions. This has the
potential to produce a gas sensor with high sensitivity and
selectivity.

Also, exploration of these materials’ morphology is still limited,
and the seeking of the unique morphologies that involve the usage of
capping agent, complexing agent, or soft template, is still a wide-
open challenge. Indeed, the challenge can also be completed by a
new strategy or route in their preparation. Several challenges still
exist in the preparation, including suppressing grain growth,
preventing agglomeration, and determining the architecture of the
Fe3O4 particles.
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SJR

The SJR is a size-independent prestige indicator that
ranks journals by their 'average prestige per article'. It is
based on the idea that 'all citations are not created
equal'. SJR is a measure of scienti�c in�uence of
journals that accounts for both the number of citations
received by a journal and the importance or prestige of
the journals where such citations come from It
measures the scienti�c in�uence of the average article
in a journal it expresses how central to the global

Citations per document

This indicator counts the number of citations received
by documents from a journal and divides them by the
total number of documents published in that journal.
The chart shows the evolution of the average number
of times documents published in a journal in the past
two, three and four years have been cited in the current
year. The two years line is equivalent to journal impact
factor ™ (Thomson Reuters) metric.

Cites per document Year Value
Cites / Doc. (4 years) 1999 4.773
Cites / Doc. (4 years) 2000 4.506
Cites / Doc. (4 years) 2001 4.750
Cites / Doc. (4 years) 2002 5.055
Cites / Doc. (4 years) 2003 5.443
Cites / Doc. (4 years) 2004 5.664
Cites / Doc. (4 years) 2005 5.819
Cites / Doc. (4 years) 2006 6.273
Cites / Doc. (4 years) 2007 6.455
Cites / Doc. (4 years) 2008 6.334

Total Cites Self-Cites

Evolution of the total number of citations and journal's
self-citations received by a journal's published
documents during the three previous years.
Journal Self-citation is de�ned as the number of
citation from a journal citing article to articles
published by the same journal.

Cites Year Value
S lf Cit 1999 1458

External Cites per Doc Cites per Doc

Evolution of the number of total citation per document
and external citation per document (i.e. journal self-
citations removed) received by a journal's published
documents during the three previous years. External
citations are calculated by subtracting the number of
self-citations from the total number of citations
received by the journal’s documents.

Cit Y V l

% International Collaboration

International Collaboration accounts for the articles
that have been produced by researchers from several
countries. The chart shows the ratio of a journal's
documents signed by researchers from more than one
country; that is including more than one country
address.

Year International Collaboration
1999 15 82
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