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Abstract: The electrical response of cobalt ferrites CoxFe;.xO4nanopowders was tested in presence of ammonia.
The morphology, shape and chemical composition of the powder was fully characterized by transmission
electron microscopy. Fast response, good sensitivity and good reversibility were evidenced, with detection even
at 5 ppm NHjs. Gas selectivity depends on the cobalt amount, x, in cobalt ferrite powders. Copyright © 2014

IFSA Publishing, S. L.

Keywords: Cobalt ferrites, NH; sensor, Nanoparticles.

1. Introduction

Research devoted to the use of ferrites for gas
sensing and pollution monitoring increased abruptly
in the last 10 years [1-2]. The main reason for that is
the capability of fine tuning of electrical properties in
these semi-conductor compounds; depending on the
cation composition, ferrites will exhibit n or p type
conductivity. Ferrites can also have oxygen
vacancies, which again modify the conduction
properties, hence the electrical response of the sensor
[3]. Among ferrites, cubic spinel like CuFe,O4 [4], or
MgFe,O4 [5] showed fast time responses and
temperature controlled selectivity. There are many
fields in human activity were there is a need to detect
and measure ammonia, but the limit of detection, the
time response and the working temperature vary. For
medical applications, the detected ammonia
concentration should be of the order of some ppb, but
a fast response in not needed, as for air quality
control, fast response are needed, for concentrations

Article number P_SI 508

in the range of the 10-20 ppm [6] . Cubic spinel
ferrite proved to be potential new sensing materials
for ammonia. Thick films of nickel ferrite showed
good sensitivity to ammonia at room temperature [7].
Mixed cobalt and nickel ferrites were synthesized as
nanoparticles and the sensitivity towards ammonia
was better for low nickel content [8].

In this work, we tested the capability of cobalt
ferrites nanoparticles, synthesized by a solvo thermal
method, to detect low concentrations of NHj3, as well
as the time response. The catalytic behavior of these
nanoparticles in presence of reducing gases was
already evidenced [9]. Several compositions were
synthesized, among them x=1.8 and x=1 .The
catalytic efficiency depends on the cobalt amount x in
CoxFe;x04, and the best one was obtained for x=1.8.
Thus, cobalt ferrite with this concentration was
mainly tested. In literature cobalt ferrite often refers
to CoiFe;04, therefore cobalt ferrite with x=1 was
also investigated in this study.
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2. Experimental

Cobalt (I) 2,4-pentanedionate and iron (III)
acetylacetonate, were dissolved in benzyl alcohol.
The solution was poured into a teflon cup, which was
sealed into a steel autoclave, and heated in a furnace
at 175 °C for 48 hours. Details can be found in a
previous article [9]. Cobalt ferrites with several
concentrations were synthesized, among them x=1.8,
which is the composition studied in this work. High
resolution electron microscopy (HREM) coupled
with Energy Dispersive Spectroscopy (EDS) and
X rays diffraction were used to characterize the
powders at a sub-nanometer scale. Fig. 1 shows well
crystallized nanoparticles of CoFes.«O4 with x=1.8.
The individual Fast Fourier Transform of the HREM
images could all be indexed in the spinel structure,
confirming the X-Rays diffraction results about a
single phased powder with spinel structure [9]. EDS
analyses showed a weak dispersion in composition
(x=1.76 £0.04). The mean size of the particles is
4 nm (see histogram Fig. 1). For x=1, the particles are
more spherical, with a mean size of 6.5 nm [10].

_particle size inm}

Fig. 1. HREM images of Coi.sFe1204 particles, along
with the size distribution over 500 particles. The particles
are well crystallized and exhibit very irregular shapes.

The powder were dispersed in terpineol and
deposited by solution drop casting on SiO,/Si
substrates with platinum electrodes, followed by a
heating at 300 °C. A previous study showed that the
particle size remains the same for such low
temperature treatment [10]. As CoxFes.xOs4 layers are
highly resistive, interdigitated electrodes were used in
order to reduce the sensor resistance. The distance
between the electrodes was 50 pm. They were
obtained from a sputtered Pt film, using
photolithography and lift off processes. A very thin
titanium layer is deposited before the platinum layer
to enhance the adhesion on SiO,/Si substrates. Fig. 2
shows the porous covering of the substrate by the
powder.

The samples were kept in dry air and no
conditioning step was carried out before the sensor
characterizations. To investigate the NH; sensing
properties of the CoxFe;.xO4 films, the sensor devices
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are introduced in a test chamber allowing the sensor
temperature  control  under  variable  gas
concentrations. Dry synthetic air was used as a
reference gas and as a diluting gas to obtain the
desired concentrations. The sensor performances
were tested at atmospheric pressure. The baseline
sensor resistance was stabilized in dry air at the
selected operating temperature. The gas flows were
measured through mass flow-meters and the studied
concentrations ranged from 5 to 100 ppm with a
constant total flow of 0.2 I/min. The electrical sensor
resistance was acquired by means of a sourcemeter
(Keithley 2400). Fig. 3 shows the experimental set up
for electrical measurements.

Fig. 2. Optical micrograph after drop casting showing
the covering between the electrodes (darker part
of the image) and on top of the electrodes (lighter part
of the image).
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Fig. 3. Experimental set-up for gas sensitivity studies.

The sensitivity of the sensor was defined as
S= Rus/Reir for a p-type semi conductor and S= Ry /
Reas for an n-type semi conductor, with Rur and Ryas
being the sensor resistances under dry air and under
(dry air + NHj3), respectively. The detection time T4 is
defined as the time necessary to reach 90 % of the
resistance under gas when exposing the sensor to
ammonia. The recovery time T, is defined as the time
necessary to reach 90 % of the resistance under dry
air, after stopping ammonia flux.
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3. NH3 Sensing
3.1. Sensor Based on CoxFe3xOswith x =1.8

Semi conductor sensors are known to have an
optimum working temperature, in terms of sensitivity
[11-12]. This optimum working temperature was
already determined in a previous study [13]. Fig. 4
illustrates the sensitivity of the sensor exposed to
40 ppm of ammonia versus operating temperature. It
shows a systematic increase of response with
increasing operating temperature below 500 K, but
reversal tendency is observed above 500 K. This
behavior can be explained by considering the
temperature dependence of the surface coverage of
chemisorbed species. At low temperature, the
desorption rate is weak and a total surface coverage
can be obtained. At high temperature, the desorption
rate is faster than the adsorption rate and the coverage
decreases with increasing temperature. In between
theses two regimes there is an optimum temperature
corresponding to the maximum sensitivity of the
sensor. The best response is measured at 500 K.
However, the response T4 and T, recovery times have
also to be taken into account. They are related to the
adsorption and desorption activation energies. At
500 K, sensitivity is high, but recovery time too long
(more than 2 minutes at 50 ppm). At 530 K
desorption is faster and the recovery time is short
enough (see table 1) but the sensitivity is lower. At
573 K, the recovery time is as fast as the detection
time (t= 5s) for 25 ppm, but the sensitivity is too low
at this temperature. Thus, the best compromise
between a good sensitivity and fast recovery time
corresponds to a working temperature of 530 K. For
this temperature, the detection time of the sensor is
short, between 7 and 10 seconds (see table 1). The
detection time does not depend on the NHj
concentration; this is easily explained by the fact that
the sensor is sensible to very low concentration of
NH;. The recovery time is dependent on NHj;
concentration; for high concentration, more time is
necessary to regenerate the high amount of adsorbed
gas molecules. The recovery time is also shorter at
higher temperature, because of higher desorption
rates.
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Fig. 4. Sensitivity of the cobalt ferrite sensor versus
operating temperature.

Table 1. Detection T4 (s) and recovery T: (s) times at two
temperatures, for various NH3 concentrations.

NH: [ppm] 100 50 25 10

T (s) 7 8 10 9
T=533 K
T (s) 57 40 37 22
T4 (s) 4 4.5 5
T=573 K
T (s) 11 8 6

In order to study the sensitivity to low ammonia
concentration, the sensor was heated at 530 K and
exposed to ammonia concentrations between 5 and
100 ppm. Fig. 5 shows good sensitivity even a very
low NH3 concentration (Rgs/Rair=1.4 for 5 ppm).
From this curve, one can even expect sensitivity
at 2 ppm.
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Fig. 5. Sensitivity of the cobalt ferrite sensor versus NH3
concentration at 530 K.

Baseline stability, response reversibility, and
response reproducibility are also very important
parameters for evaluating sensor performances. In
Fig. 6, we have recorded three sensor response cycles
of the device exposed to 10 ppm, 25 ppm and 50 ppm
for 35 s at 530 K. Fig. 6 shows the good short term
reproducibility of  the sensor response.
Reproducibility tests over one week showed a weak
decrease in the sensor response. Further
investigations are needed to understand this
phenomenon. We can notice that this sensor exhibits
attractive performances: good response to low NHj3
concentrations, reversibility, reproducibility, and
baseline stability. Co, sFe; 204 resistance increases in
presence of ammonia, which means that this cobalt
ferrite is a p-type semi conductor.
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Fig. 6. Sensor response repeatability for Cox Fesx O4
withx=1.8 (T =1530K).
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3.2 Sensor based on Coy Fesx Oswith x =1

In order to investigate the importance of
composition in cobalt ferrites sensing properties,
sensors with x=1 were also prepared. In Fig. 7 we
have represented the sensor response for 50 ppm,
100 ppm and 200 ppm of NHj. The sensor response
is completely different from the sensor with x= 1.8.
The sensitivity is weak even for high amount
(200 ppm) of NH3 and the resistance decreases in
ammonia presence (reducing gas). CoFe,O4 has an n-
type semiconductor behaviour, in opposition to the
compound with x =1.8, which is a p-type semi
conductor.
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Fig. 7. Sensor response for Cox Fe3xO4
with x =1 at 523 K.

4. Discussion

Conductivity in ferrites is explained in terms of
small polaron hopping between cations on octahedral
sites [14]. In the cobalt ferrite spinels, the cation
distribution on tetrahedral sites A and octahedral sites
B structure varies. In case of magnetite Fe;O4 (x=0),
one has a so called inverse spinel, with the cation
distribution being [Fe**]|a [Fe?'Fe*']80s. Fe;0;4 is an
n-type semi conductor, according to the equation:

Fe?t < Fe’' + ¢, )]

In case of cobaltite Co3;O4 (x=3), one has a normal
spinel, with a cation distribution [Co?*']s [C0*']gO4 .
Co304 is a p-type semi conductor, according to the
equation:

Co** < Co* +h, )

For cobalt ferrite, depending on the cobalt amount
and the preparation method, the conductivity will be
of n or p type [15]. Our measurements indicate that
most probably, for x=1.8, Co*" cations are present on
octahedral sites. The difference in sensitivity between
the sensor with x=1 and the one with x=1.8 can be
related to a difference in conductivity (transduction
function) or to a difference in detection mechanism.
Studies about intergrain conductivity in nanopowders
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of CoxFes.xOs showed similar conductivities values
for x=1 and x=1.8 [16]. This indicates that the
difference in sensitivity to NH; of these two
compounds is not linked to the transduction function
of the compounds. Holes in p-type semi conductors
are known to favour surface oxygen mobility and
oxygen chemisorption [17]. The high sensitivity of
x=1.8 could also be related to the irregular shape of
the particles, and to their smaller sizes, leading to
more active sites able to adsorbed oxygen under air.

5. Conclusions

In automotive industry, the air quality in
passenger cabinet requires time responses of the
order of one second for NH3 concentrations below
50 ppm, and the control of NHj3 in exhaust gases
requires a sensing material reacting in seconds at
concentration below 10 ppm, and working at
temperatures around 300 °C .Good sensitivity at low
NH; concentration (5-10 ppm) as well as fast
detection times (5-10s) makes cobalt ferrite CoxFes.
xO4 (with x near 2) a good sensing material for indoor
air quality monitoring.
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