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Iron-oxide nanoparticles supported on sepiolite as a novel humidity sensor
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bstract

n the present work, a new humidity sensor based on nanostructured hematite deposited by a wet chemical route on a low-cost natural inorganic

hylosilicate (sepiolite) powder was obtained. The nanometric character of these particles has been evaluated by X-ray diffraction, thermal
ravimetric analysis (TGA) and differential thermal analysis (DTA) and transmission electron microscopy. This material compacted as a pellet by
niaxial pressure with the corresponding interdigitated gold electrodes, was found to be very appropriate to operate as humidity sensor over a wide
elative humidity (RH) range (5–98%).

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The demand for humidity sensors has notably increased dur-
ng the last decades,1–4 both for industrial applications (pro-
uction of paper, fibres, materials for electronics, fabrication
f precision instruments) as well as for the end-user market,
uch as air conditioners, dryers, dehumidificators, microwave
vens, electrical household medical equipment5 (apparatus for
ssisted respiration, sterilizers, incubators), and agriculture sys-
em (programmed irrigation for water saving, control of the
othouse cultivation); for safety and environmental control sys-
ems also the knowledge of relative humidity value is of crucial
mportance.6

Among the different ceramic systems, the type of conduc-
ion might be electronic or ionic.7–10 In any case, a matrix with

high specific surface area is required to support the sensing
omponent as for example, infiltrated silica.11 In this sense, the
se of nanostructured materials improves the sensibility of the
ifferent sensors because they present a higher specific surface
rea.12
Among the proton conducting materials, a special role is
layed by such iron oxides as �-Fe2O3 and Fe3O4, as a con-
equence of their low cost and the possibility to modify their
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unctional properties by means of proper doping, or by mixing
xides having different oxidation states. The humidity sensing
echanism of iron oxide was early studied in the decade of

970.13 Recently massive devices,14 sensors based either on
hin films deposited by a liquid phase14,15 or on thick screen-
rinted films16 have been proposed in the literature and also
oped Fe3O4 based-colloidal films.

Porous ceramics have been widely investigated as humidity
ensors because of their structures with open pores which tend to
avour water and gases adsorption and condensation. Electrical
roperties are largely related to the porosity and the pore size
istribution of the open pores.17

The objective of the present work is to prepare hematite
�-Fe2O3) nanoparticles supported on sepiolite (Si12O30Mg8-
OH,F)4(H2O)4·8H2O)18 in order to operate over a wide range
f relative humidity (RH) by a simple low cost procedure. More-
ver, a large quantity of this material can be obtained in a
traightforward manner and can be easily scaled-up for industrial
pplications. Additionally, the fact that these nanoparticles are
upported on an inert matrix makes all the manipulation process
asier.

. Experimental methods
Iron oxide nanoparticles embedded into sepiolite were
btained by a wet chemical route. The starting sepiolite pow-
er (TOLSA, Spain), obtained from mineral ores, was purified

mailto:jsmoya@icmm.csic.es
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ig. 1. (a) From left to right, pure sepiolite, S10 and S47 pellets, respectively
esting.

nd micronized by a wet process with a particle size below 1 �m.
.5 g of the resulting sepiolite powder was dispersed at 10 wt.%
oncentration in water using high shear mixing. This suspen-
ion was gradually acidified, by HNO3, to reach a final pH value
f pH 2. Afterwards, this sepiolite suspension was mixed with
ariable amounts of aqueous solutions of Fe(NO3)2·7H2O (0.75
nd 3.5 g) so that the final iron content on sepiolite was 10 and
7 wt.% (S10 and S47, respectively). Thereafter, the pH of the
ispersion was adjusted with NaOH to stabilize the pH of the
uspension at pH 8 in order to precipitate all the iron species.
hen, the dispersion was vacuum filtered and washed with water.
he chemical analysis of this solution (determined by induc-

ively coupled plasma atomic emission spectrometry, ICP-AES,
sing a Thermo Jarrell Ash model Iris Advantage spectropho-
ometer) detected large concentrations of Mg2+, but a nearly
otal absence of the iron cations. The filtration cake was dried at
50 ◦C overnight.

X-ray diffraction patterns were recorded in a D8 Bruker
iffractometer using Cu K� radiation. The weight loss and struc-
ural changes during thermal decomposition of samples were
etermined by thermal gravimetric analysis (TGA) and dif-
erential thermal analysis (DTA) in a Stanton Mod. STA 781.
ransmission electron microscopy (TEM) images were taken

y a JEOL microscope model FXII operating at 200 kV.

The BET (Brunauer–Emmet–Teller) specific surface area of
he different samples was determined using FlowSorb II 2300
quipment.

w
c
r
a

integrated electrodes and (b) scheme of the laboratory apparatus for sensors

Powder pellet sensors were prepared by pressing
ron/sepiolite powders under a uniaxial pressure of 300 MPa,
o prevent any shrinkage during the thermal treatment after

etallic electrodes deposition and also to slightly increase
heir mechanical properties. Interdigitated gold electrodes
ESL 8835, 520C, from Electro-Science, King of Prussia, PA,
SA) were screen printed prior to firing at 520 ◦C for 15 min

Fig. 1a) following the ink manufacturer’s recommendations.
esistance measurement were performed in a controlled
umidity chamber, in which the relative humidity could be
aried between 5% and 98% (Fig. 1b) keeping the temperature
f the measuring environment constant at 19 or 40 ◦C. In this
hamber, compressed air (1) was separated into two fluxes: one
as dehydrated over a chromatography alumina bed (2) while

he second one was directed through two water bubblers (3),
enerating, respectively, a dry and a humid flow. Two precision
icrovalves (4) allowed to recombine the two fluxes into one

y means of a mixer (5) and to adjust the RH content while
eeping constant the testing conditions: a flow rate of 0.1 l/s
t 1 m/s. Then, the relative humidity was not increased in a
ontinuous mode but was varied by steps. The bubblers, the
oils (6) through which the two fluxes passed in, the mixer and
he measurement chamber (7) were immersed in a thermostated

ater bath (8), which in this case operated at 19 or 40 ◦C. A

ommercial, humidity and temperature probe (9) was used as
eference for temperature and RH values (Delta Ohm DO9406,
ccuracy: ±2.5% in the 5–90% RH range). Each tested sensor
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water molecules25 which are bonded to Mg2+ ions located at the
edges of octahedral sheets. The loss of these coordinated water
molecules causes the folding of the structure forming small iron
A. Esteban-Cubillo et al. / Journal of the E

10) was alimented by an external alternating voltage (V = 3.6 V
t the rate of 1 kHz) and then constituted a variable resistance
f this electrical circuit. A 2000 Keithley digital multimeter
as used to measure the tension VDC at the output of the circuit.
he sensor resistance was determined by substituting them, in

he circuit, by known resistances and then plotting a calibrating
urve R = f(VDC). Two sensors of each composition and thermal
reatment temperature were tested at each time.19

It should be noted that this material is stable at an air atmo-
phere for long term periods. In fact, the samples remained
nchanged after 1 year.

. Result and discussion

Iron oxide nanoparticles supported on a sepiolite matrix were
btained by mean of a weak acid attack (pH 2) with HNO3
3 M).20–22 This process leaches the magnesium cations located
t the surface of the phylosilicate particles according to

Mg8Si12O30(OH)4(H2O)4 · 8H2O + xH+

� Mg8−xH2xSi12O30(OH)4(H2O)4 · 8H2O + xMg2+

ubsequently, a water solution of iron is added to the suspension
nd after some time to homogenize the suspension (1 h), the pH is
aised by the addition of NaOH. According to the potential-pH
quilibria diagrams,23 iron cation is not stable into the aque-
us solution from pH 3 while magnesium cation remains into
he solution up to pH 8. During this process, a fraction of iron
ations occupy on the sepiolite magnesium vacancies forming a
ariety of stable iron sepiolite. This material has been found in
he nature, and is called ferricsepiolite or xylotile.24 The amount
f adsorbed Fe3+ ions in sepiolite balances the dissolved Mg2+

ons:

Mg8−xH2xSi12O30(OH)4(H2O)4 · 8H2O + (3x/2)Fe3+

� Mg8−3x/2Fe3x/2Si12O30(OH)4(H2O)4 · 8H2O + 2xH+

Once the surface vacancies are fully occupied and if the metal
oncentration is high enough, the excess of iron cations pre-
ipitate on the iron cations located at the sepiolite surface as
anometric oxides (particles below 10 nm).

Fig. 2 includes the X-ray diffraction patterns of sepiolite and
epiolite/iron oxide S10 and S47. In the case of S10 sample,
he diffractogram seems to be identical to that of sepiolite, indi-
ating that a fraction of iron cations substitutes magnesium to
orm an iron sepiolite. In this case, although no iron oxide phase
as detected by XRD, it is not possible to discard its presence,

specially if its particle size is very small (<10 nm), as it can
e observed in Fig. 3a. Conversely, in the S47 sample, XRD
eaks corresponding to precipitated �-Fe2O3 are clearly visible
Fig. 2c).

The thermal evolution in air of the S10 and S47 samples

resents the loss of zeolitic water and a double dehydration
rocess corresponding to the loss of two pairs of coordination
ater molecules (Fig. 4). In fact, sepiolite presents two types of
ater molecules in the crystalline channels, zeolitic water, asso-

F
e
S

ig. 2. XRD powder patterns corresponding to sepiolite (a), �-Fe2O3/sepiolite
10 (b), �-Fe2O3/sepiolite S47 (arrows indicate �-Fe2O3 peaks) (c).

iated by hydrogen bonding to the structure and coordinated
ig. 3. TEM micrographs corresponding to S10 (a) (inset: �-Fe2O3 into the
dge of the superficial octahedral layer (a) and deposited on the surface (b)) and
47(b).
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Fig. 4. ATD/TG in air atmosphere of 10 wt.% �-F

xide nanoparticles. As a result, the channels of the sepiolite
tructure collapse avoiding any coalescence process. In Fig. 4b,
he S47 sample shows two exothermic peaks at 240 and 338 ◦C
orresponding to the maghemite to hematite transition.

Although the sepiolite can lose and recover some zeolitic
ater, once the dehydration corresponding to coordinated water

akes place, the structural change is irreversible and as a con-
equence the specific surface reduces. Areas for S10 and S47
amples which were found to be 338 and 203 m2/g at ambient
emperature, decreased to 118 and 57 m2/g, respectively, after

eating at 500 ◦C for 2 h.

Mercury porosimetry measurements were performed on three
.6 g pellets of each composition heated at 520 ◦C for 1 h (Fig. 5).
ean pore radius was 7 × 10−3, 1 × 10−2 and 6 × 10−3 �m,

p
c

u

Fig. 5. Mercury porosimetry measurements for pu
(a) and 47 wt.% �-Fe2O3 (b) substituted sepiolite.

hile open porosity was about 48%, 43.1% and 47%, respec-
ively, for the pure sepiolite, S10 and S47 samples. As a result,
-Fe2O3 additions to sepiolite did not seem to strongly modify

otal porosity and mean pore radius.
The nanoparticle size and the morphology of samples were

tudied by TEM. As can be observed in Fig. 3a, the S10 sample
resents iron oxide nanoparticles adsorbed along the sepiolite
tructure and a few amount, deposited on its surface, with an
verage size of 3 and 8 nm, respectively. In the case of the S47
ample (Fig. 3b), the amount of iron oxide is so high that sepiolite

articles appear partially covered by �-Fe2O3 large nanoparti-
les (25 nm).

Once the sensors were mounted in the humidity chamber
nder a dehydrated flow, the measured tension died down, cor-

re sepiolite (a), S10 (b) and S47 samples (c).
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amount adsorbed, whereas this variation occurs for iron oxide
nanoparticles at low-medium RH, as a function of the iron oxide
concentration. In this way, a mixture of different iron oxide con-
ig. 6. Variation of the resistance for hematite sample doped with sodium (a),
epiolite (b), S10 (c) and S47 (d) in function of the RH at 30 ◦C.

esponding to a resistance increase because of the hydroxyl
roups desorption and the measurements were performed when
he monitored VDC became stable. The measurements of the
esistance at different RH atmospheres were performed with a
ead time, chosen in an arbitrary mode, of 2 min after the RH
witch happened. For the sake of comparison, a screen printed
ematite sample doped with sodium was analyzed19 (Fig. 6). All
he pellets, including that of pure sepiolite, have a smaller resis-
ance (<1 M�) than that of the thick hematite film (≈6 M�)
Fig. 6a). The resistance of all the investigated samples died
own with increasing RH values: from 60% to 98% for pure
epiolite, from 15% to 70% for S10 and from 5% to 40% for S47
ellets, respectively. These results are very interesting, because
hey show that the water condensation in the microporosity of
he sepiolite pores is governed by hematite additions and the
ensor response can be adjusted by varying hematite content.
his is also in agreement with the Kelvin equation (3) where the

ensing characteristic of an ionic-type humidity sensor is mainly
etermined by capillary condensation of water in all cylindrical
ores, with one end closed, having radii up to the Kelvin radius

c
t
a

Fig. 7. Resistance of the S10 (a) and S47 (b) samples a
an Ceramic Society 27 (2007) 1983–1989 1987

iven by26:

n

(
Ps

P

)
= − 2γM

ρRTr
(3)

here P and Ps are water vapour pressures in the surround-
ng environment and at saturation, respectively. M, γ and ρ

re the molecular weight, surface tension and density of water,
espectively. Because the hematite nanoparticles overlap sepio-
ite grains, pores of minor dimensions (<1 nm in pellet S47),
ere first filled with condensed water leading to impedance
ariations for lower relative humidity values. The exact role of
-Fe2O3 additions has to be understood, for example by substi-

uting it by another oxide (�-Fe2O3, for example).
On the other hand, two additional humidity tests were carried

ut with the aim of evaluating the effect of hematite concentra-
ion on the resistance of the sensor as a function of the time.
irstly, the resistances values were measured after 1, 3, 5, 10, 15
nd 30 min at the corresponding relative humidity step (Fig. 7).
s results, S10 and S47 samples presented huge resistance vari-

tions between 5–55% and 5–20% of RH respectively and a very
ast response time even after 1 min of measurement (Fig. 7). In
he second series of tests, the RH was varied from 0% to 80% by
lternating cycles with different steps during 2.5 days. As can
e seen in Fig. 8, the response of S10 and S47 samples is so fast
hat it just needed 3 min to detect a variation from 0% to 80%
f RH. Moreover, in this figure the resistance level correspond-
ng to 0% RH is recovered quickly in both samples, so that no
ysteresis processes are present.

The fact that �-Fe2O3 particles have nanometer size and
ppear monodisperse, plays an important role in the ability of
he adsorbents as humidity controller due to their large specific
urface area. According to the results, sepiolite retains water
apour in air at high RH and reacts by large variations in the
entrations on sepiolite produce differences in the variation of
he resistance and widen the range of the application of sepiolite
s humidity controller.

fter 1, 3, 5, 10, 15 and 30 min in function of RH.
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Fig. 8. Alternating cycles of 0% and 80% RH (a) and variation of the re

. Conclusions

Hematite monodispersed nanoparticles have been obtained
n sepiolite following a simple low cost wet chemical route.
he fact that these nanoparticles appear supported on an inert
atrix, makes it possible to avoid manipulation, agglomera-

ion and harmful character that pure nanoparticles usually have.
n the other hand, “in situ” precipitation of nanoparticles into
ne porous matrix notably enlarges the sensibility of these
aterials as a function of the RH with regard to conventional
aterials obtained by infiltrating silica. In this sense, a mix-

ure of different iron oxide concentration into sepiolite can be
sed in a large range of relative humidity (5–98%) as humidity
ensor.

According to the results, we can conclude that stable hematite
anoparticles can be easily obtained and scaled-up to produce
arge amounts of commercial nanoparticles (tonnes) embedded
nto sepiolite.
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