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Shape-controlled CoFe,O4 nanoparticles as an
excellent material for humidity sensing

Yogendra Kumar,? Alfa Sharma 2 and Parasharam M. Shirage (& *2°

The humidity sensing performance of cobalt ferrite nanoparticles (CoFe,O4 NPs) with controlled
morphology obtained via a solution route is reported in this work. The humidity sensing properties of the
presented CoFe,O,4 NPs ferrite sensor were investigated by exposing it to a broad humidity range of 8-
97% at room temperature. CoFe,O, NPs with spherical, cubic, and hexagonal shapes have been
successfully achieved by tuning the growth conditions like reaction time and amount of solvent. These
CoFe,O4 NPs exhibit morphology-dependent chemi-resistive humidity sensing behaviors. The highest
humidity sensitivity value of ~590 along with response/recovery value of 25/2.6 s at room temperature
was obtained for CoFe,O4 hexagonal (CF-H) shape as compared to CoFe,O4 spherical (CF-S) and
CoFe,O4 cubic (CF-C) shapes. Freundlich adsorption isotherm model was well fitted with the
experimental results which turned up in support of a plausible humidity sensing mechanism. The
morphology-dependent CoFe,O, nanostructures exhibit promising sensing capabilities which ensure
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1. Introduction

Humidity is a physio-chemical phenomenon that affects
numerous cases leading to deterioration by environmental
exposure. Owing to this, and the many areas affected by
humidity, there is a need to retain control of humidity. This
means that humidity sensors have been of great interest to
researchers in recent years. Humidity sensors play a pivotal role
in determining the quality of products, precision of instru-
ments, and human life by suitable regulation of humidity for
various human comforts."* Ferrites are currently one of the
most investigated nanomaterials due to their characteristics for
improvised multifunctional application. In this regard, to
obtain effective sensors, the properties can be tuned by
changing the material characteristics such as composition,
crystallite size, porosity, and shape. Rezlescu et al. discussed
humidity sensing properties of MgFe,0, ferrite with substitu-
tion and addition of different cations.® Similarly, Seki et al. re-
ported ferrites as humidity sensitive by gaining precise insight
into the electrical and magnetic characteristics of the mate-
rials.* A mixed Ni-Co ferrite and the effect of applied calcination
temperature on the humidity sensing properties were reported
by Virlan et al.®* The humidity sensing of soft ferrites like mixed
Cu-Zn system has also been observed where formulation of
highly sensitive ferrites by doping was discussed as an
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them as a potential candidate for magnetic recording media and next-generation humidity sensors.

alternative to the conventional metal oxide-based humidity
sensors.® Muthurani et al. reported the humidity sensing
properties of Cu-, Co- and mixed Cu-Co ferrites where CuFe,0,
showed better results than others at room temperature.” Among
the ferrite family, CoFe,O, nanoparticles (NPs) have received
significant attention due to their inherent magnetic, electrical,
and mechanical properties along with high chemical stability.*®
Cobalt ferrite NPs are a suitable candidate for various techno-
logical applications, such as biosensors,'® gas sensors,"*™** stress
sensors," magnetic recording media,® magneto-optical
devices,” magnetic resonance imaging," catalysis,'® biomed-
ical applications,™ etc. No detailed information is available on
humidity sensing of cobalt ferrite NPs. Cobalt ferrite has cubic
spinel structure, which is mainly interesting for sensing
behavior due to its chemical composition and structure, where
the presence of more than one cation site modulates the
performance due to the variation of chemical nature and
oxidation states of cations." Humidity sensors based on metal
oxide materials have advantages such as being economical for
mass production, and convenient for use in a wide operating
range. The ability of a metal oxide to detect the presence of
humidity depends on the interaction between water molecules
and the surface of the metal oxide, ie., the reactivity of its
surface. The reactivity of the surface depends on the cation
distribution and morphology, which mainly depend on the
synthesis technique.

Various preparation techniques including hydrothermal
method, sol-gel method, co-precipitation method, ball milling,
and self-combustion were developed to produce cobalt ferrite
nanostructures.’»*”2* Apart from these techniques, solution-
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based routes are less time consuming and comprehensive to
prepare  well-dispersed nanostructures with desirable
morphology. However, there remain some issues regarding the
structure tunability, stability and reproducibility of the
prepared nanostructures. Therefore, there is an immediate
requirement to find a facile solution route that can directly
provide structural tunability of the desired material for diverse
applications.

In this study a facile bottom-up solution approach is utilized
to obtain nanostructures of CoFe,O4. Here we highlight three
important aspects of the study. First is the direct visualization of
different nanostructures of CoFe,0,, ie. spheres, cubes and
hexagons, that attracted our attention to study their morpho-
logical properties. Secondly, efforts have been made to study
their effects on humidity sensing in detail for the first time.
Finally, emphasis has been given to correlate the experimental
findings with the available theoretical sensing models, for
instance the Freundlich adsorption isotherm model that relates
to a plausible sensing mechanism.

2. Experimental details

2.1. Materials

Cobalt(u) acetylacetonate, iron(m) acetylacetonate, oleic acid
and benzyl ether were purchased from Sigma-Aldrich and were
used as received without any further purification. Here, cobal-
t(n) acetylacetonate and iron(m) acetylacetonate were used as
the precursors. Additionally, oleic acid was utilized as a surfac-
tant and benzyl ether as the solvent.

2.2. Synthesis of CoFe,0, nanostructures

Synthesis of CoFe,0, spherical (CF-S) NPs. Morphology-
controlled CF-S NPs were obtained via a solution-based tech-
nique. To obtain CF-S NPs, cobalt(u) acetylacetonate (0.6 mM),
iron(m) acetylacetonate (1.2 mM), oleic acid (2.5 mL), and benzyl
ether (40 mL) were used. The mixture was heated to 100 °C
under nitrogen atmosphere for 30 minutes. After that, the
reaction temperature was raised to 280 °C for 20 min with
refluxing and the color of the solution turned black that indi-
cated the formation of NPs. The solution was cooled down to
room temperature, and the precipitate was collected by adding
synthetic grade ethanol. The final product was redispersed in
hexane for further characterization.

Synthesis of CoFe,0, cubic (CF-C) NPs. The same synthesis
procedure was followed as for CF-S with a few modifications.
Here, for preparing CF-C NPs, 1.2 mM of iron(m) acetylaceto-
nate, 0.6 mM of cobalt(u) acetylacetonate, oleic acid (2.5 mL),
and benzyl ether (30 mL) were used. In addition, the refluxing
time was increased to 40 minutes.

Synthesis of CoFe,0, hexagonal (CF-H) NPs. Similar to the
cases of CF-S and CF-C, for the synthesis of CF-H NPs, the
amount of benzyl ether was reduced to 20 mL and the refluxing
time was increased to 90 minutes, while keeping the other
conditions, ie. the amount of precursor and surfactant,
unchanged.

This journal is © The Royal Society of Chemistry 2017
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2.3. Characterization

Powder X-ray diffraction (XRD) analyses of CF-S, CF-C and CF-H
NPs were carried out using an X-ray diffractometer (Bruker D8
Advance) with Cu Ko radiation (A = 1.540 A) in the 26 range
from 25° to 70° with a step of 0.30° per minute. The morphol-
ogies of as-prepared CF-S, CF-C, and CF-H NPs were determined
using high-resolution transmission electron microscopy
(HRTEM) with a Tecnai G2 F30 operating at 300 kV. The
humidity sensing measurement was done by using a Keithley
2401 source meter and a PC interfaced with LABVIEW.

2.4. Device fabrication and humidity sensing

ITO-coated glass substrates (1 cm x 1 cm) were used for device
fabrication. A channel was made on the substrate so that the
two sides of the channel will act as source and drain. A channel
length of 10 mm and width of 1 mm were maintained. A paste of
each of the different CoFe,O, NPs individually was then drop-
cast into the channel for a series of devices. The devices were
dried in a furnace at 50 °C for 30 min and then used for further
sensing experiments. The sensing experiment was constructed
with saturated aqueous solutions of KOH, MgCl,-6H,0, K,CO3,
Mg(NOj3),, NaNOs, NaCl, KCl, and K,SO, in closed conical flasks
with a controlled environment with relative humidity (RH) of 8,
33, 43, 52, 63, 75, 86 and 97%, respectively,”?* and the RH
levels were monitored by a standard hygrometer. The entire
experiment was carried out at room temperature.

3. Results and discussion

3.1. Crystal structure analysis

XRD patterns were recorded to determine the phase purity and
crystal structure of the as-synthesized CF-S, CF-C, and CF-H
NPs, as shown in Fig. 1. The XRD patterns of CF-S, CF-C, and
CF-H NPs present diffraction peaks which were indexed to
a cubic spinel structure of CoFe,O, NPs, in good agreement
with previous studies.”>*® CF-H NPs show intense diffraction
peaks as compared to the CF-S and CF-C NPs. The difference in
the intensities of the diffraction peaks may suggest a variation
of morphology and particle size. Eom et al. reported a similar
morphology-dependent behavior of diffraction patterns as ob-
tained here.”® In order to get more insight into the crystallite
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Fig.1 XRD patterns of (a) CF-S, (b) CF-C, and (c) CF-H NPs.
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size and morphology of the as-synthesized CF NPs, the crystal-
lite size was calculated (from XRD patterns) and HRTEM
measurements were conducted.

The crystallite sizes of the CF-S, CF-S, and CF-H NPs were
calculated from XRD patterns by using the Debye-Scherrer
formula®*-** which can be expressed as:

ki
" Bcosd

1)

where D is the crystallite size, 8 is the line broadening at full
width half maximum (FWHM), 6 is the Bragg angle, 1 is the
wavelength of X-rays, and K is a dimensionless shape factor,
which has a value close to unity.

The calculated crystallite sizes of CF-S, CF-C, and CF-H NPs
were 22.2, 23.1 and 27.9 nm, respectively. A higher crystallite
size of CF-H was observed than that of CF-S and CF-C, which is
well expected from the high diffraction peak intensity for CF-H.

Further, the lattice parameters were determined from eqn (2)
and (3).>* The formulas can be expressed as:

d=a/R+k2+ 1 @)

nA = 2dsin 0 (3)

where a, is the lattice constant, d is the distance between atomic
layers in crystals and (4kl) is the plane indexing. The calculated
lattice parameters of CF-S, CF-C, and CF-H NPs were 8.346,
8.348 and 8.356 A, respectively, which are in agreement with
earlier reports.>

3.2. Morphology study

The competition between the growth rates of different crystal-
lographic facets determines the final shape of NPs. Surfactants
and capping/reducing agents can alter the surface energies of
these crystallographic planes and control the growth rates of
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different crystallographic facets.** In addition, several studies
have been reported that involved controlling the nucleation and
growth dynamics by altering the temperature, heating rate,
surfactant and precursor concentration resulting in the forma-
tion of different sized and shaped NPs.”® As mentioned in the
Experimental section, in our study, oleic acid was used as
a surfactant whereas benzyl ether was used as a solvent. By
changing only the reaction time and solvent amount, the shape
of the NPs was tuned from spherical (CF-S) to cubic (CF-C) fol-
lowed by hexagonal (CF-H). Fig. 2(a-c) displays TEM images of
CF-S, CF-C and CF-H NPs. The insets of Fig. 2(a—c) present the
corresponding particle size distributions of the as-prepared
materials. Initially, CF-S NPs (Fig. 2(a)) were formed with an
average size of 23.5 nm at 20 min refluxing time. After that,
when the refluxing time was increased to 40 min, the shape of
CF-S was transformed to CF-C (Fig. 2(b)). Finally, when the
refluxing time was increased to 90 min, the shape of CF-C was
further transformed to CF-H. In the present study, the trans-
formation of the CF NPs from sphere to hexagon may be
attributed to the relationship between the change in solvent
amount and reaction time. CF-S NPs were obtained when we
used 2.5 mL of oleic acid and 40 mL of benzyl ether for 20 min
refluxing at 280 °C, due to isotropic growth in all possible
directions. Decreasing the amount of benzyl ether and
increasing the reaction time to 40 min increases the growth at
a faster rate along the (111) direction with respect to isotropic
growth which results in the formation of CF-C NPs. Again, on
further reducing the solvent amount to 20 mL and increasing
the reaction time to 90 min, the growth along (111) direction
gets saturated and the surface along {100} direction enhances to
form the hexagonal structure (CF-H NPs). Thus, in CF-H, both
{111} and {100} surfaces were developed.”***

HRTEM images of single CF-S, CF-C, and CF-H NPs are
shown in Fig. 2(d-f). The spacing between two fringes was
measured to be 0.21 nm, 0.29 nm, and 0.47 nm corresponding

unis (%)

(O
3

Fig.2 TEM images of (a) CF-S, (b) CF-C and (c) CF-H NPs (insets show size distribution histograms) and HRTEM images of (d) CF-S, (e) CF-C and

(f) CF-H NPs (insets show the SAED patterns).
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Fig. 3 Schematic illustration of the formation of the various
morphologies of CoFe,O4 NPs through tuning the solvent amount
(OA, oleic acid; BE, benzyl ether).

to the interplanar spacing of (400), (220), and (111) planes of
CoFe,0,4 NPs (insets show the selected area electron diffraction
(SAED) patterns). From the SAED and HRTEM analysis, we
found that all of the CF-S, CF-C and CF-H NPs possess spinel
crystalline structure which is in agreement with the obtained
XRD results.*

From the above discussed results, we found that the amount
of surfactant/solvent and reaction time play crucial role for the
transformation of CF-S to CF-C, and then to CF-H NPs. A
schematic illustration of the proposed formation of different
shapes of CoFe,0, NPs is provided in Fig. 3.

Furthermore, to investigate the effect of reaction time on the
morphology of CoFe,O4 NPs, the refluxing time of the reaction
was maintained for 30, 60 and 90 min. Fig. 4 shows TEM images
of NPs obtained at different refluxing time while keeping other
reaction conditions constant, i.e., precursor concentration,
ratio of reducing agent and solvent amount. Monodisperse
nearly sphere-like shapes of CoFe,O, NPs with average size of
24.22 nm, 29.94 nm, 33.68 nm were observed for the 30, 60 and
90 min reaction refluxing times, respectively. Larger particle
size was observed for the longer refluxing time whereas the
shape of the NPs remains almost the same. These results
suggest that very similar shape (sphere) of NPs with different
size may be achieved by varying the refluxing time, by keeping
other reaction conditions as such. Gao et al.** and Lu et al.*
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reported that the size of the NPs increased with prolonging
reaction time while the shape of the NPs remains very similar,
i.e., sphere, cube, and star, for different precursors and
reducing/surfactant concentrations.

3.3. Humidity sensing

In the present study, we investigated the influence of different
morphologies of CoFe,O, NPs on humidity sensing. In this
context, comparisons for all three sensors with spherical (CF-S),
cubic (CF-C), and hexagonal (CF-H) cobalt ferrite NPs are shown
in Fig. 5(a & b). The measurements were conducted by exposing
all the sensors to 8% to 97% RH environment.

The sensitivity of the sensors shows a significant increase
with increase in humidity. The sensitivity of humidity sensors
was calculated using the equation

Rogy, — R,

S (%) = =

(4)
where S (%) is sensitivity, and Rygs, and R, are the resistance of
the device at lowest humidity and after the change in humidity,
respectively.**** From Fig. 5(b), it is observed that CF-S shows
a sudden increase in sensitivity up to ~417% at 97% RH.
Similarly, a periodic decrease in resistance and increase in
sensitivity up to ~274% was observed for CF-C NPs with an
increase in RH. Whereas, CF-H NPs showed a higher sensitivity
of ~590%, nearly 2.15 and 1.41 times higher than that of the CF-
C and CF-S NPs.

A hysteresis study has practical utility for any electronic
device application where minimizing the hysteresis error is
crucial. To calculate the hysteresis of the CF-H, CF-S, and CF-C
NPs sensor devices, the resistances of the devices were
measured at various RH levels. Hysteresis is defined as the drift
in resistance of the sensors on increasing RH from 8% to 97%
and back from 97% to 8%. The hysteresis of the humidity
sensors based on different morphologies is shown in Fig. 6. The
hysteresis indicates the different rates of adsorption and
desorption of water vapor during the sensing process.

The hysteresis error (H,) values were determined from eqn
(5) at different levels of RH for CF-S, CF-C, and CF-H NPs and
can be given as:

ARmax
=+ 5
T (5)

H.

Fig. 4 TEM images of the as-synthesized CoFe,O,4 NPs with nearly sphere-like shapes and different sizes of (a) 24.22 nm, (b) 29.94 nm, and (c)

33.68 nm for different refluxing times.
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Fig. 5 Plots of (a) resistance and (b) sensitivity vs. relative humidity for CoFe,O4-based RH sensors.

where H, is the hysteresis error, AR,y is the difference in the
output for the process of adsorption and desorption, and Fgs is
the full-scale output.***” During the whole adsorption-desorp-
tion process, the maximum absolute value of H, was found to be
negligibly small, for each of CF-S, CF-C, and CF-H, providing
a better reliability of the sensors.

Response/recovery transient study of any sensing material
provides a measure of the operational ability of a device. The
response time (T.s) was the time taken to achieve 90% change
in the total resistance by switching the sensors ON from 8% to
97% RH and recovery time was calculated when sensors moved
from 97% to 8% RH. Fig. 7(a—c) presents the response/recovery
time of CF-S, CF-C and CF-H which has values of 50.4/3.54 s, 49/
3.0 s and 25/2.6 s respectively generally for one cycle of
adsorption and desorption. The repeatability behavior of all the
cobalt ferrite-based RH sensors was investigated for nearly 9-10
iterative cycles. It can be clearly observed that on trans-
formation of spherical to hexagonal CoFe,O, NPs, the response
and recovery time of the sensor has been decreased to a great
extent.

50
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40 —®— CF-S(Desorption)
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Fig. 6 Hysteresis characteristics of the prepared CoFe,O4 (CF-H, CF-
S, and CF-C) RH sensors.

55782 | RSC Adv., 2017, 7, 55778-55785

Long-term stability is one of the important factors for esti-
mating the operational reliability of a sensor device. The
stability of resistance of CF-S, CF-C, and CF-H NPs based
sensors was measured in different RH and monitored contin-
uously for 7-8 weeks as shown in Fig. 8(a—c).

3.4. Freundlich adsorption isotherm model

When a sensor is subjected to a humidity atmosphere different
from ambient, a new adsorption-desorption equilibrium is
observed via van der Waals forces and hydrogen bonding
between adsorbed water molecules and surface-active groups.®®
Considering that ferrites have a number of water adsorption
sites in the form of multi-cation sites, the Freundlich adsorp-
tion isotherm model appeared to be more appropriate for
explaining the surface behavior in the humidity sensing
process. The relationship between S (relative deviation in
resistance as a function of solute adsorbed on the adsorbent)
and C (percent relative humidity as a function of water vapor
concentration) can be expressed as S = k x C% where k and
« are the proportionality and exponent constants and represent
the adsorption capacity and adsorption strength.***°
The Freundlich adsorption model was applied to investigate
the water adsorption-desorption behavior of CF-S, CF-C, and
CF-H NPs based humidity sensors. Relative deviation in resis-
tance (ARy) is also an important factor describing the resistance
variation of a humidity sensor, which is expressed as
ARy (%) = (RLg — Ru)/Rin x 100 (6)
where Ry y is the resistance of samples at low RH (8%) and Ry is
the resistance of samples at higher RH. Fig. 9(a) shows relative
deviation in resistance (ARy) as a function of applied relative
humidity, while Fig. 9(b) displays log-log plots of ARy vs.
percent relative humidity for CF-S, CF-C, and CF-H. From
Fig. 9(a) it is observed that all samples show two significant
regions, related to the conduction mechanism, where regions
before and after transition point (7..) were ascribed to charge
conduction through chemisorbed and physisorbed layers
respectively. Fig. 9(b) shows the experimental data of all three

This journal is © The Royal Society of Chemistry 2017
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Fig.7 Response/recovery characteristics of different CoFe,O4 morphology-based humidity sensors: (a) CF-S, (b) CF-C and (c) CF-H NPs based

humidity sensors in 33% to 97% RH.

samples linearly fitted to the Freundlich adsorption model. Two
linear regions are attributed to different adsorption regimes,
one for lower RH (8-52%) and another at higher RH (=52%).
The T, value was determined by calculating the point where the
two separately modeled linear fits cross each other. The T,
values for CF-S, CF-C, and CF-H were observed at 42.22%,
39.46%, and 61.24% respectively. The Freundlich model
constants k and « were determined separately for both regions
and are listed in Table 1. It is reported that the higher the
«a value, the stronger is the adsorption. Table 1 shows that the
«a value for all CoFe,04 NPs based humidity sensors lies above
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unity within the low RH range, indicating a strong affinity for
water vapor. Whereas an opposite trend was observed for all
samples in the high RH region where the CF-H sensor showed
the highest « value of 0.75 compared to that of CF-S (0.52) and
CF-C (0.65) indicating weak adsorption. The overall trend of
« values for cobalt ferrite NPs hints towards an increase in the
number of surface active sites or exposed facets due to the
variation in morphology. A change in the number of exposed
facets like {111} and {100} with tuning the particle morphology
causes increased humidity sensitivity in the case of CF-H. In this
regard the observed trend in adsorption capacity for all the
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Fig. 8 Long-term stability of (a) CF-C, (b) CF-S and (c) CF-H sensors from 8% to 97% RH at room temperature.
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Table 1 Freundlich adsorption model results including the adsorption
capacity (k), adsorption strength (a), and the fitting parameter (R?) for
humidity sensing of CF-S, CF-C, and CF-H

RH range

Sample (%) k o R

CF-S 08-52 1.11 £ 0.35 2.31 £ 0.24 0.96
CF-S 52-97 7.48 £ 0.10 0.52 & 0.05 0.96
CF-C 08-52 3.47 £ 0.57 2.23 £ 0.22 0.96
CF-C 52-97 9.40 & 0.33 0.65 & 0.30 0.94
CF-H 08-52 2.82 £ 0.33 2.06 £ 0.208 0.96
CF-H 52-97 7.76 = 0.30 0.75 + 0.18 0.95

sensor samples was accounted for from the stronger intermo-
lecular interaction between adsorbate and adsorbent based on
the presence of exposed facets.

A Dbetter correlation between the experimental and fitted
results from the Freundlich model observed in Fig. 9(b) provides
a better insight into a plausible sensing mechanism of metal
oxide semiconductor-based humidity sensors. The widely
accepted humidity sensing mechanism suggests the role of
electrons as a key player to control the sensing behavior for a low-
humidity environment as protons (H') cannot move freely in
immobile chemisorbed and initially physisorbed water layers
over the sensor surface. On exposure to a high-humidity envi-
ronment, the H' started freely moving in the high level of phys-
isorbed water layers dominating the protonic conduction over the
electronic conduction through the Grotthuss chain reaction over
the surface. Besides this, the previously adsorbed and ionized
oxygen species (O~ and O*7) on the sensor surface affect the
mechanism of water molecule adsorption and desorption. The
above discussed Freundlich adsorption isotherm model
describes this more clearly where experimental evidence points to
RH-dependent conduction process taking place.

4. Conclusion

CoFe,0,4 NPs with different morphologies were synthesized by
using a facile and economical solution route. XRD shows that

55784 | RSC Adv., 2017, 7, 55778-55785

-t Tt
0.8 1.0 12 14 1.6 1.8 20 22
log(Percent Relative Humidity)

a) Relative deviation in resistance (ARy) as a function of applied relative humidity. (b) log—log plot of ARy vs. percent relative humidity for

the NPs have pure spinel phase structure. TEM images indicate
that particle sizes of CF-S, CF-C, and CF-H are 23.5 nm, 25 nm,
and 30 nm, respectively. The morphologies of the NPs were very
well controlled by varying the surfactant to solvent ratio and
reaction time. The humidity sensing properties of the CoFe,0,
NPs was examined by exposing them to a broad humidity range
of 8-97% at room temperature. Humidity sensitivity improved
considerably along with response/recovery value of 25 s/2.6 s for
CF-H. This is the first detailed report on humidity sensing by
CoFe,0,4. Possible fitting with the Freundlich model was
attempted and provides better insight into the adsorption-
desorption mechanism over the surface of CF-S, CF-C, and CF-H
NPs based sensors. The morphology-dependent humidity
sensing performance of cobalt ferrite NPs indicates that they are
most suitable for room temperature-based next-generation
high-performance humidity sensors.
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