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Fabrication of selective gas sensors using Fe3O4 nanoparticles decorated 
with CuO 
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H I G H L I G H T S  

• H2S gas sensors were produced based on nanoparticles of Fe3O4 decorated with CuO. 
• The nanoparticles were synthesized by a coprecipitation method. 
• The sensors were sensitive at room temperature for H2S concentration of 1.0 ppm. 
• The minimum response times was 1.0 min. 
• The sensors were stable for multiple application cycles.  
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A B S T R A C T   

Metal-oxide nanoparticles are regarded as favorable candidates for different device applications including gas 
sensors. Decoration of nanoparticles with smaller ones of different types enables taking advantage of the physical 
and chemical characteristics of both core and decorate nanoparticles. Fe3O4 nanoparticles decorated with CuO 
are produced in this work by a coprecipitation method and investigated for their application for H2S gas sensor 
devices. The average size of Fe3O4 nanoparticles is 33.33 ∓ 5.55 nm while the average grain size of the CuO 
nanoparticles is 9.72 ∓ 1.39 nm. Gas sensors are fabricated by depositing dispersed nanoparticles on substrates 
with pre-printed interdigitated electrodes. Impedance spectroscopy is utilized to investigate the electrical 
characteristics of fabricated devices, where their activation energy is evaluated to 0.386 ± 0.076 eV. The 
fabricated sensors are found to be selective to H2S and sensitive to low concentrations, as low as 1.0 ppm, with 
minimum response time of 1.0 min. The produced sensors indicate potential for field applications due to their 
various features that include simplified and practical fabrication procedure, low power needs, high sensitivity, 
reasonable response time, and magnetic properties of nanoparticles that facilitate their recycling.   

1. Introduction 

Maintaining high quality of air that is suitable for a healthy life style 
is becoming a serious issue considering the increase of industrial activ
ities that extract further hazard gases [1]. Among those gases, hydrogen 
sulfide (H2S) that is produced by human activities such as crude oil 
extraction, petroleum refining activities, mining of natural coal, and 
extraction of sewage water. It is also produced from natural resources 
that include bacterial disintegration of plant and animal waste, slack 
water with low concentration of oxygen, volcanoes, mineral springs, and 
others [2]. Highly sensitive H2S sensors are essential for monitoring and 
control of environmental quality, since H2S presence with 

concentrations of tens of ppm might threaten human life [3]. Conduc
tometric gas sensors represent reliable category of sensors with many 
practical applications since they are portable, have low production cost, 
small in size, and present direct reading [4,5]. The recent developments 
in producing custom-designed nanomaterials vastly enhanced the fea
tures of the produced gas sensors, thanks to their high number of reac
tive sites generated by their high surface area as compared with their 
volume [6,7]. 

Nanoparticles of metal-oxides are known for their semiconductor 
properties and they are implemented in various device applications [8, 
9]. For example, they are utilized for hazardous gas sensors due to their 
effective production with novel features at a practical cost [10,11]. 
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Intrinsic copper oxide of cupric-oxide form (CuO) is known as an p-type 
semiconductor with a band gap in the range 1.21–1.51 eV [12,13]. It is 
also known for its high affinity towards adsorption of H2S gas at low 
temperature [14]. On the other hand, iron oxide (Fe3O4) exhibits a 
magnetic crystal with metal deficient at octahedral sites, and could have 
either n-type or p-type semiconducting properties according to the de
gree of its metallic polarization [15]. Both metal-oxides are known for 
their reasonable synthesis cost, high stability, and environmental suit
ability [16]. Decoration of Fe3O4 with CuO nanoparticles introduces 
new opportunities for producing a new class of novel H2S sensors [17, 
18] that are functional at low temperatures and exhibit magnetic fea
tures that permit manipulating their location and retrieving them after 
utilization for recycling. 

We report on the synthesis of Fe3O4 nanoparticles decorated with 
CuO and their utilization for H2S sensor applications. Herein, Fe3O4 
nanoparticles are synthesized first and then CuO nanoparticles are 
deposited on their surfaces. The nanoparticles are synthesized by a 
coprecipitation method and deposited on substrates with pre-printed 
interdigitated electrodes to produce the devices. The incorporation of 
Fe3O4 nanoparticles with CuO allows utilization of the magnetite feature 
of Fe3O4 for controlling their location and recycling while taking 
advantage of the high affinity of CuO nanoparticles towards H2S for its 
sensing. The morphology of nanoparticles is tested by scanning and 
transmission electron microscopy, while electrical properties are 
explored by impedance spectroscopy technique. The response of the 
devices toward H2S and H2 gases is inspected as a function of gas con
centration and temperature. The produced sensor devices are discrimi
natory to H2S and sensitive to low concentrations, as low as 1.0 ppm, 
with minimum response time of 1.0 min. 

2. Experimental 

2.1. Materials 

FeCl3.6H2O (99%), FeCl2⋅4H2O (99%), CuNO3 (99.99%), (3-amino
propyl)trimethoxysilane (APTMS) 97%, and sodium hydroxide (98%) 
were all purchased from Sigma-Aldrich. Anhydrous isopropanol, 
NH4OH (25%), and trisodium citrate were acquired from BDH. 

2.2. Synthesis of Fe3O4 nanoparticles decorated with CuO 

This first step was to produce the Fe3O4 nanoparticles. Those nano
particles were synthesized by a coprecipitation method [19], by 2:1 M 
solution of Fe3+ and Fe2+, and 1 wt% of trisodium citrate as a surfactant 
followed by reduction using NaOH. Herein, NaOH was used as a 
reducing agent under vigorous stirring until the pH reached to about 10, 
then kept for 20 min under stirring. The black precipitate was washed 
several times with deionized water and alcohol to remove any reactants 
and impurities. Finally, the precipitate was dried at 80 ◦C for 10 h. 

To decorate the Fe3O4 nanoparticles with CuO, the Fe3O4 surfaces 
were functionalized by amino groups using APTMS in isopropanol to get 
uniform decoration and increase the disparity after the annealing step. 
Herein, 1 wt% of Fe3O4 nanoparticles dispersed in isopropanol was 
sonicated for 20 min 200 μL APTMS was added and refluxed at 80 ◦C 
overnight. The precipitate was washed with ethanol and dispersed in 
0.25 gm of CuNO3 isopropanol solution and stirred for 15 min. Under 
vigorous stirring, NH4OH was added gradually. The precipitate was 
washed with deionized water and alcohol and dried at 80 ◦C. Nano
particles were then annealed at 450 ◦C for 2 h, where the temperature 
was increased at a rate of 5 ◦C/min. This annealing enhanced their 
crystal quality as observed by x-ray diffraction tests below. 

2.3. Sensor fabrication 

To fabricate a gas sensor, small amount of the produced nano
particles’ powder was dispersed in ethanol, and placed on a sonicator 

until dispersed. Few drops of the dispersed solution were deposited on a 
printed substrate that contained interdigitated gold electrodes with 
electrode separation of: 100 μm for H2S response tests, and of 10μm for 
H2 response tests. The 10 μm electrode separation was used for H2 sen
sors since it is suitable for the low sensitivity of nanoparticles toward H2 
gas, while the 100 μm electrode separation was found to be suitable to be 
used to detect low and high H2S concentrations at room temperature 
(25 ◦C) due to the highly sensitivity of nanoparticles toward H2S. It 
should be noted that devices with different contact areas exhibit 
different resistances, but the response measurements are based on 
relative change of resistance. Each device was then dried inside a gas 
chamber with dry flow of nitrogen of 30 sccm for 20 min to clean the 
ambient from any impurities and moister. Electrical wires were con
nected to the interdigitated electrodes by silver paste. Each fabricated 
sensor was placed on top of a ceramic heater fixed inside a Teflon 
chamber for the purpose of gas sensing measurements. A thermocouple 
of K-type was inserted on top of the sensor to quantify its temperature 
and enable temperature control. Pictures of the Teflon chamber and the 
device can be found in references. It should be noted that other gases can 
be tested using the fabricated devices, however, only H2S and H2 gases 
are tested due to the focus of the current work and their availability in 
our lab. 

2.4. Characterization 

A scanning electron microscope (SEM) model NanoSEM-450 of Nova 
made that contains an energy dispersive x-ray spectroscopy (EDS) sys
tem was engaged to investigate the morphology and chemical compo
sition of Fe3O4 and CuO nanoparticles. A high resolution transmission 
electron microscope (TEM) of FEI made (model Tecnai TF20 G2) was 
used to determine the nanoparticle size and verify the decoration of 
nanoparticles (CuO on Fe3O4). Nanoparticle sizes were calculated using 
ImageJ software. It should be noted that the lattice fringes could not be 
resolved due to the magnetic effect of the nanoparticles. An EDS system 
for elemental mapping attached to the TEM was also used to further 
confirm the composition of nanoparticles. Molybdenum grids were used 
for TEM imaging along with the associated elemental mapping by EDS. 

The composition of the synthesized Fe3O4/CuO nanoparticles was 
further investigated by x-ray diffraction (XRD) by employing an 
Empyrean XRD system. XRD characterization was also used to identify 
the structure of the synthesized nanoparticles. The XRD measurements 
were performed by taking advantage of Cu-Kα emission peak with a 

characteristic wavelength of λ = 1.5405 ​ Å. During XRD tests, the 
measurements were scanned through the angle range of 2θ = 20.0 −

80.0◦ within a step size of 0.02◦. 
Electrical impedance (Z(ω)) characterization was established using 

an impedance–gain–phase meter of Solarton made (model 1260A). All 
impedance measurements were performed at controlled temperatures 
inside the Teflon chamber. The samples were measured using a two 
points scheme for a granular film of nanoparticles between two gold 
electrodes. The electrical impedance was measured at variable fre
quencies (ω = 2πf , f is the frequency and it was ranged between 1 - 106 

Hz) and resolved into real (Z′

(ω)) and imaginary (Z˝(ω)) elements. 
Therefore, the impedance could be expressed in terms of a complex 
equation as Z(ω) = Z′

(ω) − iZ˝(ω) with i is the complex number. The 
variation of Z˝(ω) as a function of Z′

(ω) was demonstrated by a Nyquist 
plot that involves the frequency as an implicit variable. A Scribner made 
software (Zview) was employed to control the impedance measure
ments, produce Nyquist plots, and fit the dependence of Z˝(ω) on Z′

(ω)

to predict the equivalent circuit of the nanoparticle films. 
Gas response tests were performed by employing mass flow meters 

from Bronkhorst company. Herein, the target gas (H2S or H2) was mixed 
with zero air (without hydrocarbons) at particular ratios [20]. The 
gas/air flow rate was measured by sccm, thus, the concentration of a gas 
relative to air was identified in ppm by dividing its flow rate to that of air 
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multiplied by million. The diluted gas was then injected into the gas test 
Teflon chamber while sealed with continuous flow. The test chamber 
guarantee that the gas response tests are performed at controlled hu
midity. The target gases were selected based on the national interest and 
the availability in our lab. The gas response was measured by a source 
measurement unit (SMU) (Keithley Instruments - model 238) within a 
temperature range of 25–90 ◦C. A fixed bias of 15.0 V was applied 
crosswise the sensor electrodes while electrical current variation was 
observed. The sensor response was denoted as |Rgas − Rair

Rair
|, with Rgas and Rair 

were electrical resistance values of a sensor with the existence of the 
target gas and the reference air, respectively. Current-voltage (I(V)) 
characterization were performed before and after gas sensing cycle for 
each sensor. 

3. Results and discussion 

Nanoparticles of Fe3O4 decorated with CuO are synthesized by 
coprecipitation procedure. The morphology of the produced Fe3O4 
nanoparticles is depicted in Fig. 1(a). Their composition is by EDS 
analysis in Fig. 1(b). Furthermore, the morphology of the synthesized 
Fe3O4 nanoparticles decorated by CuO is shown in Fig. 1(c). Fig. 1(a)–(c) 
reveal individual nanoparticles of semicircular shapes as well as their 
agglomerates. The addition of APTMS decrease the agglomeration as 
shown by the SEM image, while the mild agglomeration of the nano
particles may be referred to the magnetic nature of the Fe3O4 particles. 
The composition of the produced nanoparticles is confirmed by EDS 
measurements as demonstrated in Fig. 1(d). The EDS elemental mapping 
(inset of Fig. 1(c)) further confirms the composition of the synthesized 
nanoparticles. The uniform elemental distribution is an indication of the 
uniform decoration and homogeneity distribution. TEM images in Fig. 1 
(e) – 1(f) reveal agglomerates of nanoparticles. The figures show large 
nanoparticles of Fe3O4 decorated with smaller nanoparticles of CuO (the 
circles in Fig. 1(f) that highlight an example of the decoration). The 
average grain size of Fe3O4 nanoparticles is 33.33 ∓ 5.55 nm while the 
average size of the CuO nanoparticles is 9.72 ∓ 1.39 nm. The error of 
both sizes is taken as the stander deviation of the distribution. 

The composition of the CuO/Fe3O4 nanoparticles and their crystal 
structures are further investigated by XRD analysis. Fig. 2 illustrates the 

XRD spectra of as prepared Fe3O4 and decorated CuO/Fe3O4 nano
particles as well as the reference patterns of Fe3O4 and CuO. The XRD 
spectrum of Fe3O4 nanoparticles exhibits a low strength that is due to the 
poor crystallinity of Fe3O4 which are related to the used preparation 
method. Therefore, the observed broadening of the XRD peaks could be 
misleading if utilized to calculate the nanoparticle size. This synthesis 
procedure of nanoparticles involves the functionalization with Fe3O4 
amino groups using APTMS and the formation of SiO2 on their outer 
layer as revealed by the SiO2 peak in Fig. 2. The XRD spectrum of CuO/ 
Fe3O4 nanoparticles on the other hand exhibits higher strength due to 
the dilution of Fe3O4 nanoparticles by the crystalline CuO as well as the 
effect of annealing process which increase the crystallinity degree of 
Fe3O4 without changing the other phases. The figure also reveals the 

Fig. 1. (a) SEM image of the synthesized Fe3O4 nanoparticles. (b) EDS analysis of Fe3O4 nanoparticles. (c) SEM image of the synthesized CuO/Fe3O4 nanoparticles. (d) 
EDS along with elemental composition analysis of CuO/Fe3O4 nanoparticles. (e) and (f) TEM images at different magnifications of synthesized CuO/Fe3O4 nanoparticles. The 
circles in (f) show examples of Fe3O4 and CuO nanoparticles. 

Fig. 2. XRD spectra of both Fe3O4 and CuO/Fe3O4 nanoparticles together with 
Miller indices and reference patterns ICSD:250,540 for Fe3O4 and ICSD:67,850 
for CuO17. 
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referral patterns of Miller indices for the individual Fe3O4 nanoparticles 
(ICSD:250,540, ICDD:98-025-0540) [21] and CuO nanoparticles 
(ICSD:67,850, ICDD:98-006-7850) [22]. The Fe3O4 nanoparticles 
exhibit cubic crystal structure, while CuO nanoparticles exhibit mono
clinic crystal structure. The good matching between the XRD spectrum 
of CuO/Fe3O4 and the individual references of CuO and Fe3O4 indicates 
that each type of nanoparticles maintain its integrity during the 
decoration. 

Electrical characterizations are investigated for CuO/Fe3O4 nano
particles at different temperatures by means of impedance measure
ments under a continuous flow of zero air inward the test chamber to 
eliminate the effect of ambient moisture. The tests are performed for 
samples of the parallel plate capacitor structure by scanning ω and 
measuring both Z˝(ω) and Z′

(ω). Fig. 3(a) shows the Nyquist plots of 
CuO/Fe3O4 nanoparticles at different temperatures. The figure illus
trates that the dependence of Z˝(ω) on Z′

(ω) can be represented by a 
single semicircle at each temperature. The unique semicircles illustrate 
that each CuO/Fe3O4 nanoparticles’ film may be represented by an 
equivalent of a single pair of resistive and capacitive components that 
are connected into parallel [23]. It should be noted her that the single 
semicircle is also an indication of excellent interface between the elec
trodes and the CuO/Fe3O4 nanoparticles’ film with low resistance (since 
a second semicircle does not appear). The semicircle is allocated to the 
kinetic process of charge transmission that increases with frequency, 
rather than ions’ transmission (current generated at low temperatures is 
mainly electronic) that have large relaxation time thus their trans
mission is trivial. Within the kinetic process, grain boundaries govern 
the value of resistance while depletion regions of CuO/Fe3O4 nano
particle film govern the value of the capacitance [23]. The figure also 
reveals that the semicircle radius (that represents the dc resistance of the 
CuO/Fe3O4 nanoparticles) decreases with rising the temperature which 
indicates a negative temperature coefficient of the resistance [24]. Such 
a negative temperature coefficient of the resistance is due to the increase 
in electron transfer rate between the valence and conduction bands that 
causes an increase in carrier concentration because of high energy at 
elevated temperatures. As the temperature increases, charge carriers 
attain energy essential for their transfer and diffusion to the metal 
electrodes, that are driven by electric force generated from the voltage 
difference. 

The semicircles in Nyquist plots are fitted using Zview to identify the 
dc resistance (R) as well as capacitance of CuO/Fe3O4 nanoparticles’ 
films. The resistance is then utilized to identify the resistivity (ρ) ac
cording to ρ = Rl

A, where A and l represent the cross sectional area and 
length of current path of the CuO/Fe3O4 nanoparticles’ films, respec
tively. The temperature dependence (1000

T ) of electrical resistivity (on 
logarithmic scale) is demonstrated in Fig. 3(b). The figure illustrates the 
observation of negative temperature coefficient of resistivity detected in 
Fig. 3(a), which is normally expected for granular and nanoparticles 

systems of metal-oxides [25]. The activation energy (Ea) is determined 

from Fig. 3(b) using an Arrhenius equation: ρ = ρ0e
Ea

kBT, with kB and ρ0 
denote Boltzmann constant and temperature independent constant, 
respectively. Therefore, the temperature dependence of the resistivity is 
fitted into linear equation that yields an activation energy of 
0.386 ± 0.076 eV. This value of Ea is rational when compared with 
analogous systems of nanoparticles’ films of metal-oxides [14]. 
Furthermore, this value of Ea depends on different factors such as 
chemisorbed oxygen and ionized native defects, and it is higher for 
metal-oxides nanoparticles than that of conducting (metal) nano
particles since the carrier concentration is lower for metal-oxides [24]. 

The produced nanoparticles’ films are tested for their gas response as 
conductometric sensors. It should be noted that the pristine Fe3O4 
nanoparticles are not sensitive to either of H2S or H2, while it is not 
possible to measure the sensitivity of the individual CuO nanoparticles 
since they were synthesized in-situ on top of Fe3O4. The sensor gas 
response towards H2 gas as a function of temperature of a produced 
CuO/Fe3O4 nanoparticles’ based sensor is presented in Fig. 4. The in
jection of air and response measurements are continuous as well as 
simultaneous, and the response signals appear when the target gas is 
injected. The figure reveals that the sensor response is minimal during 
exposure to the reference air, and it increases upon exposure to H2. The 
sensor response proportional with H2 continent and it is higher at 90 ◦C 
as compared with that at 25 ◦C. Nevertheless, the figure demonstrates 
that the sensor can detect concentrations of the order of kilo ppms. It 
should be noted that the SiO2 is not expected to contribute to the sensing 
mechanism as it is known of its low affinity (compared with CuO) to
wards both H2 and H2S. Fig. 5(a) and (b) demonstrate the sensor gas 
response towards H2S gas at different temperatures of the produced 
CuO/Fe3O4 based sensors. The sensor response increases with temper
ature, although it is functional at 25 ◦C which is considered an important 
advantage of the present sensor. Furthermore, the other operation 
temperatures of the sensor are still low temperatures (maximum of 
90 ◦C). The maximum response of the sensor towards H2S gas is at 55 ◦C. 
The sensor response signal returns back to reference once H2S gas flow is 
stopped and the chamber is “washed” by air. The figure reveal that the 
sensor is more sensitive towards H2S gas (as compared with H2 gas) with 
a minimum concentration of 1.0 ppm. Therefore, it can be concluded 
that the present CuO/Fe3O4 based sensors are selective toward H2S gas. 
Furthermore, pristine CuO nanoparticles were tested for their sensitivity 
against H2S in a separate study, and they were sensitive for a minimum 
concentration of 10 ppm [14], while pristine Fe3O4 nanoparticles are 
tested for their sensitivity for H2S in this work and they do not exhibit 
any response. Accordingly, the present sensors based on CuO/Fe3O4 
nanoparticles exhibit enhanced sensitivity as compared with either of 
the pristine CuO and Fe3O4 based sensors. The effect of humidity on the 
sensor is examined. Herein, the sensor is placed in the lab under normal 
humidity of 30% for 24 h, and then tested for its response. The sensor is 
placed in the test chamber under the flow of gas mixture with zero 

Fig. 3. (a) Nyquist plot for CuO/Fe3O4 nanoparticles at different temperatures as a function of frequency as an implicit variable. (b) The invers temperature dependence of the 
resistivity on natural logarithmic scale for CuO/Fe3O4 nanoparticles. 
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humidity. The flow of gas inside the test chamber decreases its humidity 
(surrounding the sensor) gradually during the response test to ~0. Thus, 
a drift in electrical current to higher values is observed (Supplementary 
material – S1). Nevertheless, the shape of the signal as well as the cur
rent difference (i.e. response) remain the same. Furthermore, the sta
bility of the sensors toward H2S is measured for 10 cycles for 20 ppm at 
35 ◦C as shown in Fig. 5(d). The device is stale after the second cycle for 
around 1 h. The devices are tested repeatedly for few days after fabri
cation, and similar results are obtained. Table 1 presents recent results of 
sensitivity for sensors based on p-n junctions that include CuO nano
particles against H2S gas. The table illustrate great enhancement of the 
sensitivity for the present sensor. 

In general, nanoparticles are more effective for gas sensor applica
tions, as associated with their bulk equivalents, because of their high 
surface area as compared with volume. The enhanced response of the 
present sensors toward H2S in particular may be allocated to the 
adsorption of oxygen spices (such as O− as well as O2− ) on n the surface 
of nanoparticles’ reactive sites during exposure to H2S which raise the 
concentration of charge carriers and hence gas response [30]. Free 

electrons are generated due to adsorption of oxygen ions on the reactive 
cites of CuO/Fe3O4 because of exposure to H2S gas, and they are driven 
due to the applied electric field. The adsorption process of oxygen ions 

Fig. 4. (a) Signal, (b) response, and (c) response time of the sensor based on CuO/Fe3O4 nanoparticles towards H2 gas at variable gas concentration and different 
temperatures. 

Fig. 5. (a) Signal, (b) response, and (c) response time of the sensor based on CuO/Fe3O4 nanoparticles towards H2S gas at variable gas concentration and different tem
peratures. (d) Sensor stability test at 35 ◦ C for 20 ppm of H2S. The signal of gas sensing at 25 ◦ C and low H2S concentrations is shown in the supplementary material – S2. 

Table 1 
Reported sensitivity results against H2S gas for sensors based on p-n junctions and 
include CuO nanoparticles.  

p-n junction 
material 

Minimum H2S 
concentration (ppm) 

Operation 
temperature (⁰C) 

Reference 

NiO/CuO 
nanotubular 

5.0 50 [26] 

CuxO:SnO2 

nanorod 
5.0 24 [27] 

ZnO/CuO 
composites 

10.0 40 [28] 

ZnO@CuO hollow 
spheres 

10.0 25 [9] 

ZnO/CuO thin film 5.0 250 [29] 
CuO/Fe3O4 

nanoparticles 
1.0 25 This work  
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may be described as [31]: 

H2S + 3Ox− (ads)→ H2O + SO2 + (3x)e− (1)  

where in equation (1) x = 1 or 2. Therefore, the growth of sensor 
response is assigned to the production of free electrons that are pro
portional to the concentration of the adsorbed H2S gas. 

The electronic sensitization of CuO/Fe3O4 nanoparticles is assigned 
to the formation of p-n junctions between both semiconductors: the p- 
type CuO, and n-type Fe3O4 as illustrated schematically in inset of Fig. 6. 
CuO nanoparticles receive electrons from Fe3O4 that generates depletion 
regions for the p− n junctions on the interfaces that cause increasing the 
resistance [32]. The depletion regions are stronger than those generated 
by the adsorbed oxygen on top of Fe3O4 nanoparticles, thus, the resis
tance raises increasing the sensitivity [33]. The higher the temperature, 
the lower the energy required for the charge carriers to cross the junc
tion. It should be noted that the barrier height at grain boundary is 
constant for the sensor at constant temperature. The number of released 
free electrons decreases once the flow of H2S is paused and the sensor is 
“washed” with air. Accordingly, the gas sensing function is reversible, 
and the produced sensors based on CuO/Fe3O4 are useable for several 
examination cycles. The released free electrons might be trapped at the 
surface of CuO/Fe3O4 by defects or depletion regions of the p-n junctions 
which necessitates extra energy to mobilize them within the network of 
nanoparticles. Therefore, the electrons are driven by the bias voltage 
through the junction shown by the inset of Fig. 6. Additionally, 
increasing the temperature to 55 ◦C releases trapped electrons due to the 
increase of their heat energy and produces higher response. Neverthe
less, further increase of temperature decreases the response which may 
be assigned to the high percentage of excited charge due to heat energy 
rather than adsorption of H2S gas. 

The above mechanism is supported by I(V) measurements of the 
sensor before and after exposure to H2S gas as depicted in Fig. 6. The 
figure demonstrates that almost linear I(V) characteristic which is ex
pected at low voltage for granular systems while non-linearity is more 
clear at high voltages [24]. The figure presents the negative temperature 
coefficient of the resistance illustrated in Fig. 3. More important, the 
figure demonstrates higher conductance after exposure to H2S gas which 
indicates the presence of excess charges generated due to the adsorption 
of adsorption of oxygen ions. 

Time of response of a sensor is an important factor that determines its 
usability as a commercial H2S field sensor, and it is described as the time 
duration for response to record 90% of its highest value. The response 
times at different temperatures of the present sensors based on CuO/ 
Fe3O4 for H2S are illustrated in Fig. 5(c). The figure presents that the 
average sensor response time towards H2S span between 1.0 and 2.5 
min. Furthermore, the response time is almost constant at a fixed tem
perature for different H2S concentrations (higher than 50 ppm), and it 
decreases with increasing temperature. The reduction of response time 
with increasing temperature is due to the gained kinetic energy of the 
charge carriers that reduces the time they need to reach to the sensor 
electrodes. The low values of response time at low temperatures (≤
90 ◦C) are considered substantial enhancement of the H2S sensor sys
tems [34–36]. 

4. Conclusion 

Fe3O4 nanoparticles decorated with CuO were synthesized in this 
work and investigated for their application to fabricate H2S gas sensor 
applications. The nanoparticles were synthesized by a coprecipitation 
method with average sizes of 33.33 ∓ 5.55 nm and 9.72∓ 1.39 nm for 
Fe3O4 and CuO, respectively. The nanoparticles were deposited on 
printed substrates with pre-formed interdigitated electrodes to fabricate 
the sensor devices. Impedance spectroscopy tests illustrated the semi
conductor performance of the nanoparticles with an activation energy of 
0.386 ± 0.076 eV. The sensors fabricated her were selective towards 

H2S, exceedingly sensitive at low temperature with a response of 1.0 
ppm, and exhibit low response time with a minimum of 1.0 min. The 
implementation of magnetic nanoparticles within the fabricated sensors 
promotes material recycling for additional application rounds. The 
fabricated H2S sensors have many attractive features including simpli
fied practical fabrication process, low power need, high response, and 
short response time. 
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