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Application of new materials offers more sensitive, selective and long-term stable sen-
sor materials. The aim of the present work is to compare gas response to acetone of
nanostructured sol-gel auto-combustion derived stoichiometric and excess-iron cubic
spinel type nickel-zinc ferrite (Ni ,Zn  Fe, O, where z =0 and 0.1). Detailed syn-
thesis steps and gas sensing measurement methodology were described. The sensor
material was characterized by x-ray diffraction (XRD), scanning electron microscopy
(SEM) and direct current (DC) resistance measurements. XRD analysis confirms that
samples form the single-phased cubic spinel structure, SEM reveals nanosized grains
less than 100 nm in diameter. Plots of resistance versus temperature show adsorbed
water contribution to the conductance. With excess-iron, Ni-Zn ferrite changes its DC
electrical resistivity, type of conductivity, as well as response to reducing gas (more
than 2 times). Obtained relationships can be explained with Fe** formation in the
material, thus increasing charge carrier (electron) concentration. This leads down to

higher oxygen adsorption ability which can act with test gas.
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INTRODUCTION

Spinel ferrites are important technological materials due
to their semiconducting and ferrimagnetic properties [1].
Recently, ferrites due to their semiconducting behaviour
have been used as gas sensitive materials. A large number
of stoichiometric spinel ferrites, for example, ZnFeO,,
NiFe0,, CdFeZO » MgFe O,, CuFe 0,, CoFe 0,, NiZnFe O,
MnZnFe,0,,MgZnFe O, etc.,have shown sensitivity to cer-
tain gases [2-7]. At the same time information about fer-
rite gas sensors in comparison with single metal oxide gas
sensors is still limited and does not contain data about gas
sensing properties of complex or non-stoichiometric iron
deficient or excess-iron spinel ferrite compounds, which
have essentially different electrical properties.

The conductivity in spinel ferrites is due to hopping of
charge carriers (electrons or holes) between cations pre-

sented by more than one valence state occupying the octa-
hedral sites [8]. Zinc or cadmium ions show strong affinity
to the tetrahedral site, but iron, nickel, manganese, and co-
balt ions, for example, show tendency to occupy octahedral
sites. Electron hopping between Fe** and Fe** provides n-
type, but hole hopping between Ni** <> Ni**, Mn** <> Mn*,
Co’* <> Co*" provides p-type conductivity.

The gas sensitivity of metal oxide semiconductor sen-
sors is highly affected by their electric and transport pro-
perties [9]. In our previous works, influence of zinc ion
concentration on resistance and sensitivity of p-type nickel
ferrite [10], as well as iron ion non-stoichiometry effect on
resistance and sensitivity of n-type zinc ferrite [11] were
investigated. It was found that with zinc addition to nickel
ferrite, response to different VOCs decreases, attributed
to extinguishing p-type charge carriers (holes) and car-
rying a small amount of dopants in the semiconductor
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structure. This was confirmed with change of conductiv-
ity type by increasing temperature. In case of zinc ferrite
response increased by going from iron deficiency to ex-
cess due to an increase of Fe** concentration, the charge
carrier (electron) concentration increased, leading down
to increase adsorbed oxygen species on grain surface. It is
known that n-type materials surface coverage with oxy-
gen ions at elevated temperature is limited by the supply
of electrons. Higher charge carrier concentration leads to
increase of adsorbed oxygen species on the surface, thus
larger change of the resistance due to interaction with re-
active gas could be expected [12].

The aim of the present work is to compare gas sensi-
tivity of stoichiometric and excess-iron Ni ,Zn Fe, O,.It
is interesting if iron-excess Ni-Zn ferrite will show higher
response towards volatile organic compounds (VOCs) in
comparison with stoichiometric Ni-Zn ferrite, as it was
observed for ZnFe,0, in our previous work because Ni ion
restricts, but excess-iron enhances Fe** formation, thus
increasing charge carrier (electron) concentration in the
Ni-Zn ferrite material.

METHODOLOGY

Synthesis and sample preparation

The ferrite samples with the chemical formula
Ni ,Zn Fe, O, (z=0and0.1) were prepared by using sol-
gel auto-combustion [13]. Analytical grade desired metal
nitrates according to the molar proportions were dissolved
in distilled water. Then 1 mole of citric acid monohydrate
(C,H,0,-H,0) was added to the solution. Metal nitrates act
as an oxidizing agent, but carboxylate groups in citric acid
act as a reducing agent for combustion reaction. To increase
metal cation chelating with citrates, nitrate / citric acid mix-
ture was neutralized (pH = 7) by using ammonium hydro-

xide (NH,0H) 26% solution in water. The obtained solution
was mixed in a 100 cm® chamotte crucible and evaporated
at 80 °C temperature under stirring until viscous gel was
formed. Additionally, the gel was dried for 24 hours to re-
move water residues and obtain xerogel. Gel was heated
up to 250 °C to initiate combustion reaction, and the fer-
rite powder was obtained. The synthesis steps of the ferrite
samples are shown in Fig. 1.

Ferrite samples in the pellet form for D. C. resistance
and gas sensing measurements with 10 mm diameter and
1 mm thickness were prepared from as-burnt ferrite pow-
ders in a uniaxial press by keeping the sample under 5 MPa
for 3 minutes. After sample formation sintering at 800 °C
for 1 hour was performed. As a binder, 10 1 solution of poly-
vinyl-alcohol with a concentration 10 wt% was used.

Characterization

For crystalline structure analysis the XRD analysis was
used. XRD was recorded for 26 from 10° to 60° at a scan
rate of 1° min™ using an Ultima + X-ray diffractometer
(Rigaku, Japan) with CuKa radiation. Sample crystallite
size was calculated by using the Debye-Scherrer equation
Eq. (1):

bk
B-cos0

where D is the crystallite size (nm), k is the Scherrer con-
stant (for cubic crystalline structures as spinels and spheri-
cal particles k is equal to 0.94), A is the wavelength of the
X-Ray radiation (0.154178 nm), B is the width at half maxi-
mum intensity in radians.

Microstructural studies were carried out with a Quan-
ta 200 scanning electron microscope (FEI, Netherlands).
For grain size and microstructure determination SEM was
performed on fracture surfaces of sintered pellets.
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Fig. 1. Processing steps of ferrite nano-powders
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Fig. 2. Gas sensor element (A) and schematic representation of experimental array (B)

The DC electrical resistance was measured using the two
probe constant current method. For temperature variation
of electrical resistivity, the sample was kept in the closed
chamber and maintained from 20 to 400 °C. Samples for
electrical measurements from both sides were coated with
high purity silver paint.

For sensing measurements the disks about 1 mm thick-
ness and 10 mm in diameter were silvered on a face, as
shown in Fig. 2A.

In order to improve their stability, the sensing elements
before testing were heated at the desired temperature as
recommended by other authors [14]. Then the sensor ele-
ment was introduced in the Teflon chamber and placed on
the chamotte heater. Since the sensitivity of gas sensors is
greatly influenced by the operating temperature, the sensor
was used to detect acetone vapours at various temperatures
between 200 °C to 325 °C at ambient atmosphere pressure.
At temperatures below 150 °C, the sensor surface is believed
to be coverage with inactive —~OH groups [15]. The test gas
was injected into the chamber with a micropipette through
the inlet.

Required gas concentration was calculated using
Eq.(2):

C, V.M

=, 2
24.5x10°D @

where Vis the required liquid volume (cm?), D is the densi-

ty of the liquid (g/cm’), V. is the volume of the test chamber

(cm?), M is the molecular weight of the liquid (g/mol) [16].
The response S was determined with Eq. (3):

s=8 ir R <R,

R
g

5 3
R, 3)
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S-= if R, >R,

where R is the clean air resistance but R is the resistance in
the presence of test gas at the given temperature [2].

Overall, the chematic representation of experimental
arrangement is shown in Fig. 2B.

RESULTS AND DISCUSSIONS

Characteristics of sensor material

The diftraction pattern of the ferrite samples after sintering
at 800 °C is shown in Fig. 3. Sintering forms the pure cubic
spinel type structure and no additional peaks are observed
ensuring the phase purity. Crystallite size (Table) for mate-
rial was calculated by means of line broadening of the most
intense (311) diffraction peak and is located about 35 deg
for both compositions. The pore fraction calculated by con-
sidering the experimental density and the theoretical den-
sity (observed from X-Ray data) of the sintered pellets were
above 60%, thus satisfying requirements for materials used
as gas sensors [17].
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Fig. 3. XRD pattern of Ni-Zn ferrite samples sintered at 800 °C. All unmarked
peaks correspond to spinel lattice different reflecting planes. Other peaks for
impurity phases were not detected
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1 um

Fig. 4. SEM micrographs of stoichiometric (A) and iron-excess (B) Ni-Zn ferrite
gas sensor sample fractured surfaces

Fig. 4. shows the typical SEM image of the sintered fer-
rite sample fractured surfaces. It can be seen that the micro-
structure of the samples consists of nanosized grains. The
presented structure is suitable for gas sensing applications
because nanosized grains possess high specific surface
area for gas/solid interaction thus increasing response to
analytical gases [18]. Generally, no morphological differ-
ences were apparent between samples with differing iron
content.

Resistance and its dependence from temperature

Room temperature DC electrical resistivity for stoichiomet-
ric and excess-iron samples was 3.9 - 108 and 1.4 - 10’ Q) - m,
respectively. Decrease of the resistance for excess-iron

Table. Some properties of gas sensor elements

Parameter | Value
Crystallite size, nm 35+2
Grain size, nm <100
Porosity, % 65+2
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Fig. 5. D. C. resistivity as a function of temperature for stoichiometric and
excess-iron ferrite samples

Ni-Zn ferrites in comparison with stoichiometric Ni-Zn
ferrites is attributed to an increase of Fe** concentration,
thus increasing the electron concentration [18].

The resistivity dependence on temperature is shown in
Fig. 5. The resistance decreases by increasing the operating
temperature showing the semiconductor behaviour. In the
same time, the plot log p versus the operating temperature
produces an anomalous change of resistance. Increase (for
p-type) or decrease (for n-type) of the resistance is attributed
to desorption of chemisorbed water [19]. Adsorption of wa-
ter traps e” from metal oxide semiconductor conduction
or valence band in case of n-type or p-type semiconductor
according to the equation H,0 + e” <> OH" [20]. Desorp-
tion at higher temperatures returns e-and hence increases
(p-type) or decreases (n-type) resistance of the material
OH - e <> H,0 [20]. Desorption of chemisorbed water will
promote oxygen adsorption and enhance sensitivity [21].

Gas sensing properties

The gas sensing response to acetone for stoichiometric and
excess-iron Ni-Zn ferrites at concentration 500 ppm as a
function of operating is shown in Fig. 6. Excess-iron Ni-Zn
ferrite (Ni ,Zn _Fe, O, )exhibits higher response at all test-
ed temperatures. The observed relationship is attributed to
high Fe?* concentration in the non-stoichimetric Ni-Zn fer-
rite, thus increasing the charge carrier (electron) concent-
ration and leading to higher oxygen adsorption in turn to
oxidize test gas [11]. In comparison with single metal oxide
gas sensors, the obtained ferrite material sensor elements
in some cases are characterized by higher response [22],
but in some cases by lower response where SnO, nanowires
were used [23].
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With increasing operating temperature, the response in-
creases to maximum and then decreases (Fig. 6). The maxi-
mum response of the sensor element could be attributed to
three reasons: (i) increase of the concentration of oxygen spe-
cies on the surface by replacing adsorbed hydroxyl groups;
(ii) conversion of adsorbed oxygen species by the following
reactions: Oz(gas) - Oz(ads) - OZ‘(adS) - 20’(ads) - 202*%),
thus attracting more electrons from the semiconductor
and enhancing change in resistivity during the reaction be-
tween oxygen and test gas [24]; (iii) increase of the thermal
energy of gas molecules to overcome the activation energy
barrier of the surface reaction with adsorbed oxygen spe-
cies [6]; Decrease of the sensitivity after maximum can be
attributed to reduction of gas adsorption ability at higher
temperatures [6]. Overall maximum response temperature
corresponds to the operating sensor temperature and for
excess-iron ferrite is situated at 300 °C, but for stoichiomet-
ric sample at 275 °C.
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Fig. 6. Response dependence on temperature for stoichiometric and excess-
iron Ni-Zn ferrites for the 500 ppm acetone gas

Change of the resistance by gas exposure is shown in
Fig. 7. Resistance changes in a moment when gas is in-
troduced into the testing atmosphere. In the same time,
the obtained response and recovery time are longer than
those of the literature values [18] due to the bulk nature of
the sensor element. As we can see, resistance for stoichio-
metric Ni-Zn ferrite increases, but for excess-iron Ni-Zn
ferrite it decreases, attributed to different type of charge
carriers.

It is known that electrical resistance for n-type semicon-
ductors decreases, but for p-type it increases when reduc-
ing gas reacts with oxygen species absorbed on the grain
surface [25]. By interaction with reducing gas, the oxygen
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Fig. 7. Conductivity variation with time for stoichiometric and excess-iron
Ni-Zn ferrites

concentration on the solid surface decreases thus releasing
trapped electrons and introducing them back to the sen-
sor material and decreasing or increasing resistance [24].
Resistance for p-type material increases due to the hole and
released electron recombination, thus lowering the charge
carrier concentration.

From the observed relationships depicted in Fig. 7 we
can conclude that stoichiometric Ni-Zn ferrites possess p-
type conductivity, but excess-iron Ni-Zn ferrites possess n-
type. This is attributed to the hole transfer between nickel
ions in case of Ni ,Zn Fe O, and the electron transfer be-
tween Ni ,Zn _Fe, O, as pointed out in the introduction
of the paper. In non-stoichiometric excess-iron ferrites Fe
easily dissolves in the spinel phase by partial reduction of
Fe from 3Fe **0, to 2Fe*'Fe,**0, thus increasing Fe** con-
centration and enhancing electron hopping [16].

CONCLUSIONS

As confirmed by the XRD and SEM microanalysis, the sol-
gel auto-combustion method can be applied for the syn-
thesis of the nanometric single-phase spinel type Ni-Zn
ferrite gas sensor materials with different iron stoichio-
metry. Stoichiometric Ni-Zn ferrite possesses p-type, but
excess-iron ferrite possesses n-type conductivity, giving
evidence for Fe’* reduction to Fe?*. Excess-iron Ni-Zn
ferrite in comparison with stoichiometric ferrite exhibits
higher response to acetone at all tested temperatures, what
could be attributed to higher oxygen adsorption ability for
interaction with test gas.
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DUJU JAUTRUMAS STECHIOMETRINIAM
IR GELEZIES PERTEKLIU TURINCIAM Ni-Zn
FERITUI, PAGAMINTAM SOL-GEL METODU
AUTONOMINIAME DEGIMO PROCESE

Santrauka
Darbo tikslas — palyginti dujy reakcija j nanostruktirizuoto auto-
degimo bidu gauto stechiometrinio ir gelezimi prisotinto nike-
lio-cinko ferito (Ni  ,Zn Fe, O,kur z =0 ir 0,1) acetong. Darbe
i$samiai analizuojami sintezés etapai ir dujy jautrumo matavimo
metodologija. Jutiklio medziaga buvo istirta rentgeno spinduliy dif-
rakcinés analizés metodu skenuojant elektrony mikroskopu (SEM)
bei pastoviosios srovés (DC) atsparumo skai¢iavimais. Rentgeno
spinduliy difrakcinés analizés metodas patvirtina, kad méginiai su-
formavo vienafaze struktira, SEM nustatytos mazesnés nei 100 nm
nanogranulés. Atsparumo laukai, palyginti su temperatira, lemia
adsorbuoto vandens poveikj laidumui. Turédamas geleZies per-
tekliy, Ni-Zn feritas keic¢ia savo DC elektros atsparumg, laidumo
tipa ir reakcija dujy mazéjimui (daugiau nei 2 kartus). Gautasias
priklausomybes galima paaiskinti Fe susidarymu medziagoje bei
padidéjusia elektrinio kravio ne$éjy (elektrony) koncentracija. Tai
i$$aukia deguonies adsorbcijos geba, kuri gali reaguoti su bando-
mosiomis dujomis.

RaktazodzZiai: nikelio-cinko feritas, (ne)stechiometrija, dujy

jutiklis, degimo sintezé

Anppuc Cytka, ['yapapc Mesunckuii, [yagapc Crpuxic,

Amnppeiic Cuckun

YYBCTBUTEJIbHOCTDb IT'A30B
CTEXMOMETPUYECKOMY, C U3JTMIIKOM JKEJIE3A
OEPPUTY Ni-Zn, CMUHTE3UIPOBAHHOMY SOL-GEL
METOJOM B ITIPOLECCE AYTO-TOPEHWA

Pesrwme

[IprMeHeHMe HOBBIX MAaTepPNANOB IPENOCTABIAET BO3MOXHOCTD
JICIIONIB30BaTh 00JIee YyBCTBUTENIbHbIE, CEMEKTUBHbIE Y CTAOMIb-
Hble, TONTOCPOYHBIe MaTepyasbl Al CO3AaHMA JaTdnkoB. llemp
JAQHHOTO JICCTIENOBAHMA — CONOCTABUTH PEAKIMM IA30B B HAHO
CTPYKTYpHbIE COEJVIHEHMs, IOTy4eHHbIX METOJOM ayTO-TOpEeHMA
CTEXMOMETPUYECKOTO M JKEIe30M HACHIIIEHHOT0 HUKE/b-LHK
0, tmez=0wu0,1).

24z 4,

deppura (Ni ,Zn  Fe

B pabote npesicTaB/IeHbI STAIBI CUHTE3a U METOJOIOTIS M3Me-
peHunAa QYBCTBI/ITCTIBHOCTI/I Ta30B. MaTep]/[a}IbI HAaTYMKOB MCCIEI0-
BaHbI METOZIOM /M(PAKIMOHHOTO aHAJIN3a PEHTTEHOBCKIX JTydelt
CKAHUPYIOIIETro 9/IeKTPOHHOTO MUKPOCKOIA U pacyeTaMIt COIpPO-
TUBJIEHNs] HAa OCHOBE M3MEPEHeHMs MOCTOSHHOrO Toka. Merop
AuPaKIMOHHOTO aHAIN3a PEHTTCHOBCKUX JIydeil MONTBEpXKia-
er, 9T0 B OmbiTax Obita copMupoBaHa ofHOpA3HAs CTPYKTYpa.
CKaHUPYOI[UM 97IEKTPOHHBIM MUKPOCKOIIOM OBI/IM OIpefje/ieHbl
HaHO-TPaHyJIbl fuaMerpoM MeHbine 100 nm. [Tons ycroitauBocTy
II0 CPaBHEHMIO C TEMIIEPATYPOIl MOKA3BIBAIOT BIIMSHIME afCOPOM-
POBAHHOI! BOJIBI HA IPOBOAMMOCTb. V[3-3a GOJIBIIOTO KONMYeCTBA
xernesa Ni-Zn ¢pepput usMeHseT CBOE 3MEeKTPUIECKOe COMPOTIBIIE-
HIe, TUII TIPOBOJIYIMOCTH ¥ PEAKINIO0 yMeHbIIeHs ra3os (6obure
weM 2 pasa). [lomydeHHble 3aBUCHMOCTH 00YCIOBIEHB! 06pasoBa-
HueM xernesa (Fe) B Matepuare, 4T0 yBeM4IMBaeT KOHIEHTPALIIO
9MEKTPOHOB 1 CIOCOOHOCTD a6COPOMPOBAHNS KIUCIOPOIA pearn-
PYIOLIETO C UCCTIEyeMbIMI Ta3aMIL.

KnioueBbre cmoBa: Ni-Zn depput, HecTexnoMeTpusi, Ta30BbIi

[AaT4YMK, CMHTE3 TOpEHIA



