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Abstract: Ferrites have been broadly investigated as gas sensors. The present article reports on
the synthesis of Co-ferrite doped with W ions and their gas sensing abilities. A series of single
phase CoFe,O4 powder with different W-doping (0.0 < x < 0.15) was synthesized using sol-gel
synthesis. A variation in the saturation magnetization (Ms) and the lattice dimension with W(VI)
substitution was associated with a change in the distribution of Fe(IlI) ions between tetrahedral and
octahedral sites. Introducing W(VI) ions into the spinel lattice induced the rearrangement of Fe(III)
ions. The total Ms increased with W-doping up to x = 0.05 (Ms = 50.1 Am? /kg) and it dramatically
decreased to 34.6 Am?/ kg with x = 0.15 of doping. However, the lattice parameter increased with
increasing doping levels. Different W-doped CoFe,O4 were examined for a gas sensing response in
the temperature range of 200450 °C. Comparing the sensor responses to various reducing gases, the
material’s response was shown to be sensitive and selective for acetone. The addition of W (0.15%)
had a significant impact on the response and on the operating temperature of the sensor material,
indicating that it might be used as an acetone sensor.

Keywords: CoFe;O4; W-doping; magnetic properties; FTIR; EDS mapping; gas sensing

1. Introduction

Industrial growth provoked atmospheric pollution, which induced the public and the
scientific community to find better detection devices [1]. Research into gas and volatile
liquid sensors is one of the main research topics targeting safety in the industrial and
the environmental sectors [2]. The sensing mechanism involves changing the properties
of materials with an analyte concentration [3]. This commonly occurs due to physical
or chemical adsorption [4]. Nanosized materials are expected to play an essential role
because of their large surfaces, which enhances the adsorption phenonium as well as the
sensor response.

Generally, gas sensors are built based on various sensing mechanisms, such as the
chemiresistive [5], fiber optic [6], and potential sensor [7]. The chemiresistor sensors are
mainly built on metal oxide semiconductors. The popularity of chemiresistor sensors is
due to their simplicity and their low cost. However, the main challenge for these types of
sensors is increasing their sensitivity selectivity [8].

Spinel ferrites with the chemical formula MX,04 (M = divalent metal and X = Fe3")
are a large group of mixed oxides with diverse physicochemical properties [9-11]. Mixing
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different magnetic and nonmagnetic ions in the spinel structure enables magnetic tuning
and the photocatalytic properties of ferrites [12-14]. Nano-ferrite based transition metals
are very important materials due to their different applications in various fields such as
surface chemistry and catalysis [11,13,15-17]. Many factors affect the performance and the
properties of ferrites: preparation method, precursor compounds, molar ratios, thermal
treatment, and the presence of doping. The ferrite materials exhibit a gas sensing efficiency
toward different gases [18]. The traditional method for ferrite synthesis is the conventional
ceramic route: heating of the desired divalent metal/iron precursor compounds at elevated
temperatures for a certain period. Yet, this method has some disadvantages such as
elevation of the preparation temperature, large particle size, inhomogeneity, sinterability of
products with a low surface, and a long period of calcination temperatures [19].

In previous studies [15,17,20], we investigated various magnetic and nonmagnetic
dopants on the structure and the physicochemical properties of spinel ferrites. Due to their
stability, faster response and recovery time, low cost, and simple electronic structure, spinel
ferrites such as ZnFe;O4, MnFe,Oy4, NiFe;O4, and CoFe;O4 have shown good sensitivity
for a variety of gases [21-23]. The magnetic characteristics and gas-sensing efficiency
of ferrites are determined by their microstructural properties, which are linked to their
manufacturing procedures. With its excellent chemical stability, mechanical hardness,
appropriate saturation magnetization, and high magneto-crystalline anisotropy, cobalt
ferrite has been widely investigated for gas sensing [24]. For these characteristics, it is
a prospective possibility for a variety of applications, including magnetic data storage,
magnetic drug targeting, biosensors, and magnetic refrigeration. The synthesis route has
a significant impact on the physical and the chemical properties of spinel nanoparticles.
The chemical, structural, and magnetic properties of nanoparticles are widely understood
to be substantially influenced by their composition and their microstructures, which are
susceptible to fabrication procedures. Doping La and Ce ions in MgFe,Oy increases their
sensing sensitivities and decreases their working temperatures [25,26].

In the present research, we tuned the physicochemical properties of Co-ferrite to better
sense gas. This paper highlights the sensing application of Co-ferrite doped with tungsten
ions. We used tungsten ions as substituents for ferric ions in the CoFe;Oy spinel struc-
ture. The influence of W(VI) substitution on the crystalline size, microstrain, morphology,
magnetic properties, and gas sensing response was systematically studied.

2. Materials and Methods
2.1. Materials and Preparation Route

A series of single-phase CoFe,O4 powder with different W-doping (0.0 < x < 0.15) was
synthesized by a sol-gel method using citric acid as a complexant. Analytical grade Cobalt
(II) nitrate hexahydrate Co (NO3),.6H,O, Iron (III) nitrate nonahydrate Fe (NOs3)3.9H,0,
and Citric acid HOC (CO,H) (CH,CO,H)? were placed in a molar ratio of 1:2:3, with
Tungstic acid HyWO, as a source of W were all obtained from Sigma-Aldrich, double-
deionized water was used for preparing all solutions. The sol-gel synthesis process started
with the homogenous solution of metal soluble salts and proceeded with the formation of a
stable sol. The chemical condensation of the sol produced a homogenous gel. The final step
involved drying the gel and formation solid products. Details of the whole preparation
process are provided in Figure 1. Both precursors were initially separately dispersed in
deionized water for half an hour by stirring. Following this dispersion, the chelating agent
was added, and the mixture was left reacting under vigorous stirring for 2 h. Both solutions
were then mixed together and left stirring for 24 h, then the precursors were heated to
85 °C for 1.5 h under magnetic stirring until a dark red gel was formed. The gel was dried
at 110 °C for 12 h, transferred to an alumina crucible, and further treated at 850 °C for 6 h.
W-substituted CoFe,O4 nanoparticles and CoFey_»,WxO4 (0.0 < x < 0.15) were prepared.
In order to maintain the charge neutrality, we replaced two Fe(Ill) ions with one W(VI)
ion so the produced powder would have the following formula: CoWyFe; 5,0, (where,
x =0.0,0.05,0.10 and 0.15).
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Figure 1. Flow chart for synthesis of pure CoFe20, and W-substituted CoFe,O4 (0.5-0.15%) nanopar-
ticles using a sol-gel method.

2.2. Characterization Techniques

Using a BRUKER D8 diffractometer, XRD were measured. The diffraction patterns
were collected at 40 kV with Cu-K« (A = 0.15406 nm) radiation and 40 mA with scanning
speeds of 2 theta 2° min~—!. The XRD data was analyzed, indexed, and least squares fitted
using the software X'Pert High Score Plus. The crystallite sizes (D) and lattice microstrain
(¢) were determined from XRD using the Williamson-Hall method [27]:

Bcost = @ + 4esinf

where, D is the crystallite size, A is the wavelength of the X-ray, B is full-width half
maximum (FWHM) of diffraction line and 6 is the Bragg angle. Details regarding applying
the W-H method to XRD data was given in our publication [15].

A PerkinElmer spectrophotometer was used to measure the examined Fourier trans-
form infrared spectrum (FTIR) (type 1430, PerkinElmer, Unit a Llantrisant CF72 United
Kingdom). The IR spectra were recorded from 4000 to 400 cm~!. The samples (2 mg) were
mixed with 200 mg of vacuum-dried KBr then pressed in a 13 mm diameter disk with a
steel die and subjected to a 12-ton pressure after being dispersed for 3 min in a vibrating
ball mill. The sample disk was put into the holder of the double grating IR spectrometer.

The samples were dispersed in ethanol and then treated ultrasonically for a few
minutes to disperse individual particles over a mount setup and Copper grids using JEOL
JAX-840A and JEOL Model 1230 (JEOL, Tokyo, Japan) scanning electron microscopes
(SEM) and a transmittance electron microscope (TEM) at 25, 100 Kev operating voltage,
respectively. The sample disk was put further into the holder.

With such a Delta kevex device attached to an electron microscope, JED-2200 Series,
energy dispersive X-ray analysis (EDS with Mapping) was done (JEOL, Tokyo, Japan). The
following parameters were used: an accelerating voltage of 25 kV, an accumulation time
of 120 s, and a window width of 6 mm. The surface molar composition was deter-mined
using the Asa technique, Zaf correction, and Gaussian approximation.

The surface properties of different samples, such as specific surface area (SBET),
statistical thickness surface area (St), total pore volume (VP), and mean pore radius (¥) were
determined from nitrogen adsorption isotherms at 77 K using a conventional volumetric
apparatus (Brunauer Emmett Teller method) using Micrometrics” Gemini VII 2390 V1.03
series of surface area analyzer (Microtrac, Alpharetta, GA, USA). Before the measurements,
each sample was out-gassed for 2 h at 200 °C at a decreased pressure of 10~° Torr.
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The photoelectron energy was evaluated with an Omicron E125 concentric hemi-
spherical analyzer operating in pulse count mode; XPS measurements were started with
achromatic Al K « radiation (1486.6 eV) with an incident angle of roughly 85° with regard
to the sample normal. With pass energies of 200 eV and 900 eV, a comprehensive scan of
the photoemission characteristics from all components and detailed scans of particular
elemental areas were acquired.

The magnetic characteristics of the materials were investigated in a maximum field of
20 kOe at room temperature using a vibrating sample magnetometer (VSM) (9600-1 LD]J,
Weistron Co., Ltd., West Holly-wood, CA, USA). Hysteresis loops, saturation magnetization
(Ms), remanence magnetization (Mr), and coercivity (Hc) were all established.

2.3. Gas Sensor Setup

A laboratory made static gas sensing setup was used for measuring the sensor response.
Ferrite samples were ground in ethanol, dried and pressed into discs with diameters of
15 mm and thicknesses of 2.5 mm. The resulting discs were fixed on a cupper sheet as
electrodes and pressed by stainless steel mesh, which acted as the other electrode. A
heating element was used to heat the sensor in a closed chamber. The sensor resistance was
measured in air atmosphere (Ra) and in tested gas (Rg), respectively. The sensor response
(Res) is calculated in the following formula:

Res (%) = (|Ra — Rg|) + Ra x 100

where Ra is the sensor resistance in the absence of test gas at a specific temperature, and Rg
is the sensor resistance in the presence of test gas at the same temperature. The response
of the sensor was tested as a function of temperature for 2000 ppm of several gas/vapor
species to identify the sensor’s optimum working temperature. The calibration curve
was established based on the relationship between the gas concentration and the change
in conductivity.

3. Results and Discussion
3.1. XRD Analysis

Figure 2 shows the XRD patterns of Co-ferrite powders obtained with different W-
doping (x = 0.0, 0.05, 0.10 and 0.15). A cubic spinel ferrite phase was formed in all sam-
ples. The broadening of the diffraction peaks increased with an increasing amount of
W-substitution due to a decrease in the particle size or an increase in the defects and the
microstrain [15,27]. The lattice parameters of cubic CoFe,O4 with different W-doping were
determined from XRD data and they are given in Table 1. The value of the lattice parameter
increases with the increasing of W-contents. The ionic radii of W(VI) ion is smaller than
that of Fe(Ill) ions in tetrahedral sites (see Table 2) and the reverse is true with respect to
octahedral sites. The W(VI) ionic radius in B-sites is higher than that of Fe(IlI) in the same
site. This result indicated that W(VI) substitutions in the B-site had displaced Fe(Ill). These
variations in the lattice parameter are due to the difference in the ionic radii between Fe(III)
and W(VI) ions in the octahedral sites. Table 2 summarizes the ionic radii (A) of different
metal cations in A-sites (tetrahedral) and B-sites (octahedral) [28]. However, the increase in
the lattice parameter and the lattice volume may be partially due to the rearrangement of Co
(IT) between the tetrahedral and the octahedral sites. The crystallite sizes (D) and the lattice
strains (¢) were determined from XRD data using the Williamson-Hall method (W-H) [27].
Details regarding the W-H method were given in our recent publications [15,29]. The
determined microstrains are shown in Table 1.
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Figure 2. XRD patterns of CoWyFe;_5,O4 spinel ferrites.

Table 1. Refined values of cell parameters a (A), crystallite size (nm), and microstrain (¢) of
CoWxFey_Oy spinel ferrite system.

Parameter x=0.0 x =0.05 x=0.1 x =0.15
a(A) 8.364 (2) 8.367 (6) 8.371 (4) 8.372 (3)
Size (nm) 71.39 72.95 78.29 80.22
Volume A3 585.04 585.77 586.59 586.69
Strain (¢) x 10~* 4.86 475 443 494

Table 2. Tonic radii (A) of different metal cations in A-sites (tetrahedral) and B-sites (octahedral) [29].

Metal Cation A-Sites (Tetrahedral) B-Sites (Octahedral)
Co?* 0.72 0.79
Fe3* 0.49 0.55
Weo+ 0.42 0.60

3.2. ATR-FTIR Spectra

Figure 3 shows the FTIR spectra of the pure CoFe;O4 and the W-substituted CoFe,Oy4.
Generally, spinel ferrites show two broad bands of metal-oxygen in octahedral and tetrahe-
dral sites [30]. The stretching frequency of the tetrahedral M-O appears at high frequencies
because of the short bond length and the high force constants of the tetrahedral M-O
bonds [31]. The stretching vibration of the tetrahedral M—O band is observed at approxi-
mately 500-600 cm !, and it corresponds to the metal ions at the tetrahedral A-site. This
band appears at 599 cm~! in pure CoFe,0y and it shifts gradually with W substitutions
to 626 cm~! for a sample with 15% W. The octahedral M-O stretching appears at low
frequencies between 400-500 cm ™! [31], thus appearing for all ferrites. It is not specific to
a W-O bond, thus appearing even for CoFe,O4. This broad band appears as a shoulder
at nearly 488 cm~ L. The insertion of W(VI) in CoFe,O4 has been confirmed by ATR-FTIR
spectroscopy. The tungstate group (WO, ~?) exhibits several bands in the 900-700 cm ™!
region. These bands intensify with the increasing amount of tungsten in the samples. The
FTIR bands at 878 and 835 cm ™! are characteristic of WO, ~2 groups. These bands are due
to a vibration of the O-W-O bonds [32].
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Figure 3. FTIR of CoWyFe;_5,Oy spinel ferrite samples.

3.3. Microstructure Analysis

The microstructure and the surface morphology of CoFe,O, and W-substituted CoFe,O4
powders were explored by SEM. The SEM digital photo images of all samples are shown in
Figures 4a,b and 5a,b. The scanning electron microscopy images and the EDAX mapping
were performed for the analysis of the surface morphology and the elemental content of as-
synthesized CoFe;O4 and W-substituted CoFe,O,4 nanoparticles, respectively. Figure 4a,b
demonstrates that the nanoparticles are in a homogenous agglomeration with non-uniform
size distribution. Normally, the observed agglomeration appeared due to magnetic be-
havior and a van der Waals dipole-dipole interaction between particles [33]. Figure 4a
reveals the SEM image of as-synthesized pure CoFe;O4 and demonstrates the agglomerated
nanoparticle’s type of morphology. Figure 4b shows the SEM image of the 0.05 W-CoFe;O4
nanoparticle where, due to the low concentration, fewer tungstate nanoparticles are incor-
porated with the CoFe,Oy. Noticeably, a smaller size of nanoparticle in the 0.15 W-CoFe;O4
was found as compared with the pristine CoFe,O4 nanoparticles in Figure 5b.

The composition of W-CoFe,O,4 nanoparticles is investigated using the energy dis-
persive spectroscopy (EDAX) analysis as shown in Figures 4c,d and 5c,d. The EDAX
spectra confirm the existence of O, Fe, Co, and W elements in the pristine CoFe;O4 and the
presence of tungstate in W-substituted CoFe;O4 nanoparticles as shown in Figure 6. The
TEM images as shown in Figure 7a—d demonstrate the formation of nanoparticles with an
agglomeration type of interconnected morphology and small nanoparticles are interlocked
with large nanoparticles because of their magnetic nature.

3.4. Surface and Pore Size Distribution Analysis

The N, adsorption—desorption analysis of as-synthesized CoFe,O, and W-substituted
CoFe;O4 nanoparticles were attempted to observe the surface area and the type of porosity
present (Figure 8a,b). The nature of the isotherms for all nanoparticles was in accordance
with the type II with a H3 hysteresis loop. The adsorption study confirmed a high specific
surface area of each isotherm documented 5.100, 4.952, 2.109, 2.658 m?2 g’1 calculated
via multipoint BET equation in a P/Pj range of 0.05-1.0, respectively as shown as in
Table 3. The obtained pore size distribution calculated via the Barrett-Joyner-Halenda
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(BJH) method demonstrated the mesoporous nature of 18.28, 17.19, 37.33, 24.29 nm CoFe, Oy
and the W-substituted CoFe;O4 nanoparticles.

v

1200 -
- (C) " (d)
800 -
RK gt
o0 |OK %
\ @K Eoaw [OF :
g ‘ @K
400 V 0 i r l
) U L
WM -
0 WM : A | h i Ky,
. @K WL 2| i WM &K =il
- FeKese | WAL WAL IR WM ReKese Wi W
‘ spgiristiiglom g, | A ‘ J"“ v | | \ |
et Lk Rt T - o AW | PO R SR ) 4
o) Vil | | i ‘. P f‘l’" Rl A O R T g ) '\.,.w" “,,.«w.w« vyhm'\,n,\w\.w.,;.«w‘w»»«xm-‘rl’ RN \iman ”
000 100 200 300 400 500 600 700 300 900 1000 ! ! J :
000 100 200 300 400 500 600 700 800 900 1000
ex JEOL v JEOL

Figure 4. SEM of (a) CoFe;O4 and (b) CoFe;Oy4 (0.5% W-doping), and EDX of (c¢) CoFe,Oy4 and
(d) CoFepOy4 (0.5% W-doping).

3.5. XPS Analysis

The chemical state of as-synthesized CoFe;O4 and W-substituted CoFe,O4 nanopar-
ticles were investigated by using XPS analysis. The survey spectra of these samples took
place in the wide binding energy in the range of 200-900 eV and they are denoted in
Figure 9a-e. The binding energy spectra of as-synthesized CoFe;O4 and W-substituted
CoFeyO4 nanoparticles were calibrated by Cls peak as a reference (~286 eV) [34]. The XPS
spectra shown in Figure 9a displayed two spin-orbit doublet peaks of Co2p. The average
binding energy of Co2p1/2 for both CoFe,O, and W-substituted CoFe,O4 nanoparticles
was approximately 795.4 eV, while that of Co2p3/2 was approximately 780.2 eV and double
satellite peaks confirmed the oxidation state of Co as Co in CoFe;O4 and W-substituted
CoFe;O4 nanoparticles [35]. Figure 9b demonstrates that the average binding energy values
of two XPS peaks originating at 711.2 and 723.9 eV could be demonstrating the presence
of Fe 2p3/2 and Fe 2p1/2 doublets [36]. The present result in this study for Co and Fe
have confirmed the Co (II) and the Fe(Ill) oxidation state as reported by other researchers



Crystals 2022, 12, 393

8 of 16

and as shown in Figure 9c. The slight difference observed in the binding energy spectra
of all four samples of CoFe,O4 and W-substituted CoFe,O4 nanoparticles is most likely
due to the change in their chemical structure caused by the presence of “W”. The XPS
spectra of W-substituted CoFe,O, nanoparticles demonstrated two 4f7/2 (35.7 eV) and
4£5/2 (37.6 eV) peaks, corresponding to a dual state of tungsten and corroborated in a wide
XPS scan Figure 9d [37]. As depicted in Figure 9e, the XPS explains the origin of oxygen
vacancies and the main peak at the high resolution O1s peak having binding energies of
530.3 eV, respectively [38]. The XPS analytical results shown above are consistent with XRD
for CoFe;O4 and W-substituted CoFe;O4 nanoparticles, confirming the formation of pure
CoFe,O4 and W-substituted CoFe,Oy structures free from any type of impurities and a
mixed phase.
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Figure 5. SEM of (a) CoFe;O4 (0.1% W-doping), and (b) CoFe,Oy4 (0.15% W-doping), and EDX of

(c) CoFeyOy4 (0.1% W-doping), and (d) CoFe;O4 (0.15% W-doping).
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Sample Elemental Mapping Investigation
Fe K OK

FeK ———10m

Figure 6. SEM and EDS Mapping of (S1) CoFe;Oy, (S2) CoFeyOy4 (0.05% W-doping), (S3) CoFe,O4
(0.10% W-doping), and (S4) CoFe,O4 (0.15% W-doping).

(b)

Figure 7. Cont.
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Figure 7. TEM analysis of (a) CoFepOy, (b) 0.5% W-CoFe,Oy, (¢) 0.1% W-CoFe;Oy4, and (d) 0.15%
W-CoFepO4 nanoparticles.
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Figure 8. (a) BET plots, and (b) Pore-size distribution behavior of CoFe;Oy (red colure), 0.5% W-
CoFeyOy (blue colure), 0.1% W-CoFe,O4 (olive colure), and 0.15% W-CoFe,O4 (wine colure) of
W-substituted CoFep,O,4 nanoparticles.

Table 3. Surface properties of CoFe,O4 with powder with different W-doping.

Samples SBET (m?/g) Vm (cc/g) Vp (cc/g) T (nm)
Pure 5.1004 0.2318 0.023309 18.280
0.05 W 4.9752 0.2138 0.020584 17.193
0.10 W 2.1090 0.1968 0.00455 37.334

0.15W 2.6587 0.1614 0.0014 24.292
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Figure 9. (a) Binding energy survey, high resolution XPS spectra of (b) Co2p, (c) Fe2p, (d) W4f, and
(e) Ols of CoFe,Qy (red colure), 0.5% W-CoFe;Oy4 (blue colure), 0.1% W-CoFe,Oy4 (olive colure), and
0.15% W-CoFe;O4 (wine colure) of W-substituted CoFe,O,4 nanoparticles.

3.6. Magnetic Properties

The magnetization curves (M-H) measured at room temperature for CoFe,O4 nanopar-
ticles with a different level of W-doping are shown in Figure 10. Table 4 summarizes the
magnetic parameters. At ambient temperature, all nanocrystals have an S-like shape with
nonzero coercivity (Hci) and remnant magnetization (Mr), indicating that they are ferro-
magnetic. All powders display a hysteresis loop of hard magnetic material with coercivities
close to those previously published for CoFe,O4 [16]. Generally, the current pure CoFe,Oy
prepared using a sol-gel method have a low saturation magnetization (Ms = 42.48 Am?/kg)
with respect to those prepared at high sintering temperatures (Ms = 56 Am?/kg) [39] or
by a hydrothermal method [16].The changes in the hysteresis loops of the CoFe,O4 pow-
ders produced with different W-doping can be credited mainly to the change in the ionic
occupancy due to the W(VI) substitution for Fe(IlI) ions at the octahedral (B) sites. Since
CoFe;O4 has a spinel structure, its magnetic moment results from the difference in the total
magnetic moments of the ions at the B-sites and those at the A-sites (i = puB-site-pA-site).
Furthermore, Fe(IlI) ions are partially allocated between sites A and B. The net magneti-
zation is the difference between magnetic moments of A and B sublattice magnetization,
so the saturation magnetization depends on the cationic distributions. The XRD analysis
indicated that W(VI) replaces the B-site, so the magnetic Fe(Ill) ions at the B-sites are lower
than those at the A-Sites. The saturation magnetization (Ms) increases with W-doping up
to x = 0.05 (Ms = 50.15 Am? /kg). However, with x = 0.1 and x = 0.15, the Ms dramatically
decreases to 38.72 and 34.67 Am? /kg, respectively. This behavior is illustrated in Figure 11.
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Table 4. The magnetic properties of the CoW,Fep_»,O4 samples.
Samples M (Amzlkg) M; (Amzlkg) M, /Mg (Amzlkg) Hci (KA/m)
CoF,0q4 42.481 16.575 0.3901 27.683
0.05 W 50.151 21.456 0.4278 34.025
0.10 W 38.726 15.308 0.3952 32.186
0.15W 34.676 12.99 0.3746 26.999
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Figure 11. Variation of saturation magnetization (Ms) with W-doping level.

3.7. Gas Sensing

Gas sensors fabricated from different W-doped nanoparticles were exposed to 2000 ppm
acetone, ethanol, and ammonia in a fixed atmosphere. The response of each sensor was
recorded at different operating temperatures from 200 °C to 450 °C. Resistance was recorded
before and after exposure to the test gas. The response of each sensor at different tem-
peratures was calculated as shown in Figure 12a—d. Generally, all sensors showed the
highest response and sensitivity for acetone. For sensors made from pristine CoFe;Oy, the
optimum sensing temperature was 350 °C for all test gases (Figure 12a). As the W-doping
increased, the optimum sensing temperature shifted to lower values. Sensors fabricated
from CoFe;04/0.5%W sample showed an optimum sensing temperature of 300 °C for
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ethanol and of 250 °C for acetone and ammonia. Sensors fabricated from CoFe;O4/1.0%W
and CoFeyO4/1.5%W samples showed an optimum sensing temperature of 200 °C for all
tested gases. It is clear that increasing W-doping increases the defect because W(VI) with
highly valent substitutions for two Fe/(III) ions is left at the vacant sites. The vacancy and
the defects increase sensitivity due to the increase in gas adsorption on the sensing surfaces.
Sutka and Doebelin [40] showed that gas response and sensitivity increases with increasing
non-stoichiometry and defects in ZnFe;Oy.
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Figure 12. Sensors sensitivity at different temperatures exposed to 2000 ppm acetone, ethanol, and
ammonia; (a) CoFe; Oy, (b) CoFeyO4-0.5%W, (¢) CoFeyOy-1.0%W, (d) CoFep;Oy4-1.5%W.

Figure 13 shows the sensor response of sample CoFe;O4/1.5%W at different gas con-
centrations (ppm) at the optimum operating temperature of 200 °C. The sensor responses
increase by increasing the gas concentrations in a semi linear mode. The response for
acetone is higher than those of ethanol and ammonia.
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Figure 13. CoFe;O4-1.5%W sensors response (Res %) at different gas concentrations (ppm) and 200 °C.

4. Conclusions

The CoFe;O4 spinel with W-doping (x = 0, 0.05, 0.1 and 0.15) was synthesized by a
sol-gel technique. The purity of all produced ferrite powders was confirmed by XRD and
TEM, and the addition of tungsten up to x = 0.15 did not lead to the formation of a second
phase. Variations in the saturation magnetization (Ms) and the lattice dimension with W(VI)
substitution were associated with the change in the distribution of Fe(Ill) ions between
tetrahedral and octahedral sites. Introducing W(VI) ions in the spinel lattice induced a
rearrangement of Fe(III) ions. W-doping in ferrites leads to the creation of vacancies because
the W(VI) ion replaces two Fe(Ill) ions in the ferrite lattice. However, W(VI) occupies one
of the position, leaving the other empty. The total saturation magnetization (Ms) increases
with W-substitution up to x = 0.05 from 42 to 50 emu/g. However, the lattice parameter
increases, and the total magnetic moment decreases to 34.6 emu/g with x = 0.15 doping. The
W-doping content has a significant impact on the gas response, selectivity, and optimum
working temperature of the sensor. The pure CoFe;O4 sensor has an optimum working
temperature of 350 °C. However, following W inclusion, the sensitivity to acetone increases
and the working temperature reduces to 200 °C at a doping level with x = 0.15. When
compared to the parent CoFe;Oy, the 1.5 percent W doped CoFe;O4 material demonstrated
good responsiveness and selectivity toward acetone vapors.
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