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a  b  s  t  r  a  c  t

Nanomaterials  present  unique  structural  and  physicochemical  properties  due  to  their  ultra  fine size
of particles  that make  them  very  useful  in  many  domains.  The  most  spectacular  applications  of  nano-
sized  zirconia  include  ceramics,  piezoelectrics,  refractories,  pigments,  solid  electrolytes,  oxygen  sensors,
catalysts,  ultrafiltration  membranes,  and  chromatography  packing  materials.  Nanostructured  zirconia
powders  can  be  prepared  using  various  methods,  such  as  sol–gel  process,  coprecipitation,  hydrothermal
synthesis,  and  reverse  micelle  method.  The  aim  of  the  present  work  was  to prepare  zirconia  nanopowders
through  the  sol–gel  method,  using  �-cyclodextrin  as  organic  additive  and  to establish  its  influence  on the
structural  and  textural  properties  of  the  obtained  product.  A white,  amorphous  ZrO2 powder  containing
ol–gel process
hermal analysis
canning electron microscopy
ransmission electron microscopy
-ray diffraction

�-cyclodextrin  was  prepared,  which  became  a crystalline,  stable  one,  after  removing  the  organic  mat-
ter by  thermal  treatment.  The  resulted  nanocrystalline  powder  contains  both monoclinic  and  tetragonal
zirconia  phases  and is  very  stable.  It presents  a relatively  reduced  tendency  of  agglomeration  of  particles
and contains  closed  pores  which  are  embedded  in  the  zirconia  matrix.  The  zirconia  powders  were  char-
acterized  using  the following  methods:  thermal  analysis,  IR  spectroscopy,  UV–vis  spectroscopy,  X-ray
diffraction,  and  electron  microscopy  (SEM,  TEM,  and  HRTEM  coupled  with  SAED).
. Introduction

Zirconia represents one of the most studied oxide materi-
ls due to its numerous and important physical and chemical
roperties, such as high hardness, low thermal conductivity, high
elting point, resistance to high temperatures and corrosion,

hemical inertness, and amphoteric character [1–3]. Although it
as been extensively studied over few decades, the interest of the
esearchers is still increasing due to the wide range of its appli-
ations. The most spectacular ones include ceramics, bioceramics,
efractories, piezoelectrics, pigments, cosmetics, solid electrolytes,
xygen sensors, active phases and/or supports in catalysis, column-
acking materials for high-performance liquid chromatography
HPLC), and photonics [1,4–13].

Pure zirconia exhibits three polymorphs: low-temperature
onoclinic (at T < 1170 ◦C), high-temperature tetragonal

at temperatures between 1170 ◦C and 2370 ◦C), and high-

emperature cubic (for T > 2370 ◦C). The phase relationship and the
tructure–property correlation have been very intensively stud-
ed [3,9,14–16].  The systems containing ZrO2 are characterized
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by phase transformation reactions (of monoclinic polymorphic
modification into tetragonal, of tetragonal modification into cubic,
and/or by the formation of some intermediate metastable phases
during these transformations). The high-temperature polymorphs
cannot simply be quenched to room temperature because of
their spontaneously martensitic transition to the monoclinic form
[3,9,13]. When zirconia is obtained by conventional methods, it
is often characterized by a mixture of monoclinic and tetragonal
phases which, by coexisting, affect part properties of the product
[4,17,18]. The transition between the phases, which implies
volume changes, can turn out be highly problematic [16]. In order
to avoid this kind of problems, many researchers recommend the
doping of ZrO2 with small quantities of different metal oxides, such
as MgO, CaO, Y2O3, Gd2O3, CeO2 and Sc2O3 [15,16,19–21]. Another
way by which the stabilization of the tetragonal and cubic zirconia
polymorphs could be obtained is by controlling the size of particles
[9]. It is very well known that materials with nanoscale grain sizes
present different properties in comparison with themselves in bulk
form. They are named “nanostructured materials” and because of
their special properties they are intensively studied.

The increasing interest in the nanotechnology of zirconia

materials in our days is really remarkable. Many researchers
[4,9,14,17,22–24] underlined that, compared to common zirco-
nia powders, the nanocrystalline ones exhibit better physical
and chemical properties which lead to wider applications. It is
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http://www.elsevier.com/locate/jallcom
mailto:malina_raileanu@yahoo.com
mailto:ltodan@icf.ro
mailto:l_todan@yahoo.co.uk
dx.doi.org/10.1016/j.jallcom.2011.12.070


1 s and Compounds 517 (2012) 157– 163

c
a
d
l
c
t
n
c
f
a

p
t
n
s
m
p

n
I
c
t
p
i
a
a
r
L
D
H
T
o
l
B
c
t
[
t
a
s
s

2

i
o
a
c
u

b
o
i
r
p
t
2
t
t
h
r
i
t
t
“

a
w
5
(
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onsidered that all the properties (mechanical, electrical, chemical
s well as catalytic) of ZrO2 can be improved by using nanopow-
ers instead of conventional micron-sized zirconia [23]. In the

ast decade, the methods of obtaining nanoparticles have signifi-
antly developed. They are numerous and include wire explosion
echniques, the polymerizable complex method, flame synthesis of
anoparticles, the sonochemical method, solid state reactions, pre-
ipitation and co-precipitation from solutions, sol–gel synthesis,
orced hydrolysis, microemulsion techniques, microwave-assisted,
nd hydro- and solvo thermal methods [7,23,25–29].

The selection of the preparation method of nondoped zirconia
owders is extremely important, the fact being recognized that
he used technique, together with its experimental conditions, sig-
ificantly influence the characteristics of the final product of the
ynthesis [4,7,18,30,31].  The sol–gel method represents one of the
ost popular among those previously mentioned in order to pre-

are zirconia nanoparticles [10,32–38].
The present work deals with the preparation of a stable,

anocrystalline zirconia powder using the sol–gel approach.
n order to confer special properties to the final product, �-
yclodextrin has been used as organic additive. In the last years
here are some researchers which studied the synthesis of zirconia
owders in the presence of different template agents, especially

n order to obtain mesoporous materials. Some examples are: Yu
nd Hu [22] which used cationic and anionic surfactants (hex-
decyltrimethylammonium bromide and sodium dodecyl sulphate,
espectively), Suciu et al. [23] that used sucrose and pectin, Ortiz-
anderos et al. [39] which have used polystyrene latex particles,
uan et al. [10] with poly(methyl methacrylate) template, and
eshmatpour and Aghakhanpour [16] with glucose and fructose.
he last mentioned researchers [16] suggested that the used
rganic additives produced some desirable effects on the crystal-
ite size and on the crystal phase of the prepared zirconia powders.
esides these effects, in our study a special powder morphology
onsisting in embedded pores inside the nanocrystalline ZrO2 par-
icles was obtained. Only very few researchers such as Chang et al.
26] have reported till now the preparation of porous zirconia crys-
als. They prepared the material using the combination of sol–gel
nd hydrothermal methods and they refer to the obtained porous
tructure as “unique”, considering it very important in applications
uch as thermal barrier coatings (TBCs).

. Materials and methods

ZrO2 powder has been synthesized via hydrolysis of zirconium(IV) i-propoxide,
-Zr(OC3H7)4 (70 wt.% solution in 1-propanol) from Fluka, in an alcoholic solution
f  1-propanol alcohol, C3H8O, also from Fluka. The necessary water has been added
s aqueous solution of �-cyclodextrin (�-CD), C36H60O30, a cyclic oligosaccharide
omposed of six glucose monomers, from Wacker-Chemie GMBH which has been
sed as organic additive.

The mixture of the mentioned alcohol and alcoxide in the molar ratio of 7/1 has
een maintained under agitation for 15 min  (solution 1). An 8 wt.% aqueous solution
f �-CD (solution 2) was  added drop by drop to solution 1, in a quantity correspond-
ng to the molar ratio H2O/alcoxide of 18/1, under vigorous stirring. The pH of the
eaction mixture was  7. After an induction time of few tens of seconds, a sudden
recipitation has been observed. The formation of ZrO2 particles was evident from
he white colour of the precipitate. A very slow stirring has been continued for

 h, then the static conditions have been maintained for 24 h, in order to ensure
he  completion of both hydrolysis and condensation reactions. The next step was
he  drying at 80 ◦C until the complete removal of the solvent. The obtained material
as  been crushed in order to obtain the powder which has been named “ZrCD-untt”,
epresenting the untreated (before the thermal treatment) zirconia powder contain-
ng �-CD. Based on the thermal behaviour of both ZrCD-untt, and �-CD materials,
he temperature of the thermal treatment has been chosen, in order to eliminate
he  organic material from the zirconia powder. The resulted sample was named
ZrCD-tt” (thermally treated).
Both powders have been characterized using the following methods: (1) thermal
nalysis up to 1000 ◦C, using a Mettler Toledo Star System TGA/SDTA851/LF 1600 ◦C,
ith a heating rate of 10 K min−1, in dynamic air atmosphere, and with a flow of

0  mL min−1; (2) infrared spectroscopy analysis (IR), using a FT-IR NICOLET 6700
400–4000 cm−1) spectrometer; (3) the absorption measurements (% Reflectance)
Fig. 1. Thermal behaviour of �-cyclodextrin.

were recorded with a Perkin Elmer Lambda 35 Spectrometer. As a reference, a cer-
tified reflectance standard has been used. During reflectance measurements, the
reflected component of the sample beam was collected by the integrating sphere
(Spectralon 50 mm Internal Diameter) and detected by the sphere detector. The
sphere detector was  a silicon photodiode while the detector signal represented the
part of the sample beam that is not transmitted and not absorbed by the sample.
The  sample holder was  8◦ wedge and the used parameters were data interval, 1 nm;
scan  speed, 240 nm min−1 and slit, 1 nm;  (4) X-ray diffraction with a Philips PW
1050 diffractometer with Bragg-Brentano geometry and Cu K� radiation; the pat-
terns have been scanned in steps of 0.02◦ (2�) from 8◦ to 80◦ with a constant counting
time of 30 s; (5) the scanning electron microscopy analysis were made by using a
Quanta Inspect F microscope (FEI, the Netherland’s) with field emission gun (FEG)
having a 1.2 nm resolution, equipped with an energy-dispersive X-ray spectrom-
eter (EDX) with a resolution at MnK  of 133 eV. In what the sample preparation
was concerned in the SEM-FEG (Scanning Electron Microscopy with Field Emission
Gun) measurements, a small amount of powder was put onto a SEM aluminium
sample holder on top of a carbon conductive tape; (6) for the transmission elec-
tron microscopy measurements, the bright field and high resolution images were
obtained using a TecnaiTM G2 F30 S-TWIN transmission electron microscope (FEI, the
Nederland’s), equipped with a STEM/HAADF detector, EDS (energy dispersive X-ray
analysis) and EFTEM-EELS spectrometer (Electron Energy Loss Spectroscopy). The
microscope operates at an acceleration voltage of 300 kV (Shottky field emitter) with
a  TEM point resolution of 2 Å and a TEM line resolution of 1.02 Å. The microscope
was  operated at an extraction voltage of 4500 V. The sample preparation was  accom-
plished as follows: a small amount of powder was diluted into pure ethylic alcohol
and  left into an ultrasonic bath for approximately 15 min. After that, a small drop
of  the diluted solution was put onto a 400 mesh, holey carbon coated film Cu grid;
(7) the specific surface area of the thermally treated zirconia powder has been mea-
sured by the Brunauer–Emmett–Teller (BET) method, using a Micromeritics ASAP
2020 apparatus. The sample has been outgassed in flowing N2 at 300 ◦C for 2 h.

3. Results and discussion

3.1. Thermal analysis

Once prepared, the zirconia powder containing �-cyclodextrin
(ZrCD-untt sample) has been subjected to the characterization. In
order to establish the thermal treatment which must be applied to
remove the organic additive (for obtaining the ZrCD-tt sample) the
characterization has begun with the thermal analysis.

The derivatograms of �-cyclodextrin and of the zirconia pow-
ders before (ZrCD-untt) and after thermal treatment (ZrCD-tt) are
presented in Figs. 1–3.

The thermal behaviour of �-cyclodextrin (Fig. 1) has been fully
described in a previous paper [40]. It evidences the following ther-
mal  effects: (a) two endothermic effects corresponding to 73 and

◦
107 C, respectively, due to water elimination; (b) one endothermic
effect at 274 ◦C which is assigned to cyclodextrin decomposition;
and finally (c) an exothermic effect at 499 ◦C, due to the cyclodextrin
combustion.
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ig. 2. Thermal behaviour of the untreated sample of ZrO2 containing �-
yclodextrin (ZrCD-untt).

The thermal analysis of the sample ZrCD-untt (Fig. 2) which
epresents the as-synthesized sol–gel zirconia powder containing
-CD puts in evidence the influence of the ZrO2 matrix on the

hermal behaviour of the organic component. In its presence the
emperature corresponding to the cyclodextrin combustion is sig-
ificantly modified. Thus, �-CD is eliminated from the sample at
uch lower temperature (267 and 450 ◦C) compared to the tem-

erature of combustion of the pure cyclodextrin which is around
99 ◦C. This observation is also valid in the case of sol–gel silica
atrices [40] and could be considered as a proof of the fact that

he cyclodextrin was included in the zirconia matrix. Based on the
hermal behaviour study, the temperature of the thermal treatment
as been chosen, in order to eliminate the organic molecules from
he zirconia sample. After 20 h at 550 ◦C, the amorphous powder
rCD-untt became a nanocrystalline one (ZrCD-tt), as XRD, SEM,
nd TEM analyses evidence. Its thermal behaviour is presented in
ig. 3.

It could be considered that a stable zirconia powder has been
btained. The thermogravimetric analysis curve (TGA) shows mass

osses (of around 1% entirely) which are not coupled with thermal
ffects and could be assigned to dehydration of physically adsorbed
ater and desorption of chemically bound water (as OH− groups),

espectively [7,25].  Adamski et al. [18] consider the ZrO2 formation

ig. 3. Thermal behaviour of the thermally treated sample of ZrO2 containing �-
yclodextrin (ZrCD-tt).
Fig. 4. IR spectra of both zirconia powders, before (ZrCD-untt) and after thermal
treatment (ZrCD-tt), and of �-cyclodextrin.

as a quite complex process which includes several mutually related
steps, such as dehydration. According to their results, the loosely
bound water is released at temperatures below 170 ◦C, whereas
the reticular one persists up to 450 ◦C. Such results show that the
synthesis of our powder led to the incorporation of a certain amount
of water into the framework of the gel, part of which (around 1%)
still persists in the sample even after the thermal treatment. On
the other hand, Rovira-Bru et al. [41] found on the TGA  curve of the
studied zirconia a total mass loss of about 0.42% in the domain of
temperature from ∼100 to ∼960 ◦C. They assume that up to 350 ◦C
the weight loss is due to loss of strongly hydrogen bound water,
while surface hydroxyl condenses between 350 and 800 ◦C.

Comparing the TGA data of the amorphous zirconia powder and
of the crystalline one, respectively, the difference between their
mass losses can be observed. The first one is clearly larger than the
second one, due to the fact that the amorphous material looses not
only water, but also organic groups. This is in good agreement with
the literature data [4,42].

It could be assumed that the effect of the organic additive (�-
cyclodextrin) in the reaction mixture was  similar to that of the
different metal oxides (e.g. Y2O3, Ce2O3, MgO, CaO, etc.) generally
used as dopants in order to stabilize the zirconia against phase
transformation. This is in agreement with some literature data
which suggest that organic additives can produce some desirable
effects on the crystallite size and on the crystal phase of zirconia
[16].

3.2. IR spectroscopy

In order to check the presence of the organic additive in the
zirconia matrix, besides the thermal analysis, spectral methods (IR
and UV–vis spectroscopy) have been used to characterize sample
ZrCD-untt. Applying the mentioned methods to sample ZrCD-tt, the
obtaining of a zirconia powder has been evidenced.

The results of the infrared spectroscopy investigations are pre-
sented in Fig. 4 and in Tables 1 and 2.

The measured wavelength values for �-cyclodextrin and ZrCD-
tt sample have been presented in Tables 1 and 2 together with the
literature data, for comparison. As it can be seen, in both cases

the values overlap almost totally, which proves both the quality
of the used organic additive and its elimination from the thermally
treated zirconia powder. In the IR spectrum of the ZrCD-tt sample
from Fig. 4, beside the wavelengths typical for ZrO2 presented in



160 M. Răileanu et al. / Journal of Alloys and Compounds 517 (2012) 157– 163

Table  1
IR bands frequencies for �-cyclodextrin according to our measurements and to the
literature and the corresponding assignments.

Wavenumber
in our sample
(cm−1)

Wave number in
literature (cm−1)

Assignment

3412 3412 [43] OH stretching
2925 2925 [44] CH stretching
2356 2361 [5,45,46] CO2 asymmetric stretch
1646 1646 [47,48] Deformation mode of

crystallization water
present in the cyclodextrin
cavity

1458, 1368 and 1336 1458 and 1368 [49] CH deformation
1156 1156 [43] CO stretching + OH bending
1087 and 1025 1087 and 1025 [50] CO/CC stretching
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755, 711, 608 and 572 755, 710 and 572

[51,52]
Pyranose ring vibration

able 2, some peaks corresponding to water traces (1646 cm−1),
o CO2 absorbed from the atmosphere (2337 cm−1), and to CH
tretching (2921 and 2852 cm−1) which could belong to the resid-
al �-cyclodextrin from the thermally treated sample are present.
he quantity of these traces seems to be extremely low, since they
re not found in the thermal analysis of the ZrCD-tt sample (Fig. 3).

In what the IR spectrum of the ZRCD-untt sample is con-
erned, the values of the determined wavelengths were: 3412,
925, 2848, 1630, 1564, 1356, 1152, 1029, and 478 cm−1, respec-
ively. As it can be seen, these represent a combination of IR
ignals of both �-cyclodextrin and ZrO2. Some of them are slightly
hifted, proving the inclusion of the organic molecule in the ZrO2
atrix.
So, it could be concluded that, as well as thermal analysis, the

resented IR experimental data evidenced that the organic additive
�-cyclodextrin) was included by synthesis in the zirconia powder,
rom which it has been removed after the thermal treatment.

.3. UV–vis spectroscopy

Typical UV–vis reflectance spectra for zirconia sample, before
ZrCD-untt) and after thermal treatment (ZrCD-tt) are presented in
ig. 5.

As it can be seen, there is a difference between the absorption
eaks of the zirconia powder before the thermal treatment (sample
rCD-untt) which contains the organic compound (�-CD), and the
hermally treated sample (ZrCD-tt) from which the cyclodextrin
as been eliminated. The presence of cyclodextrin in the sol–gel
repared zirconia powder is responsible for the appearance of the

3 nm batochromic shift of the absorption band, from 229 nm (in
rCD-tt) to 216 nm (in ZrCD-untt). Also, it was observed that after
hermal treatment, the reflectance is approximately two orders

able 2
R bands frequencies for ZrO2 as it can be found in ZrCD-tt sample and in the litera-
ure and the corresponding assignments.

Wavenumber in
sample named
ZrCD-tt (cm−1)

Wavenumber for
ZrO2 in literature
(cm−1)

Assignment

3428 3427 [53] Zr OH
–  764 [53] Zr O bending
– 800–200 [54] ZrO2

701 and 657 710 (745–490)
[11,16]

Zr O Zr bond

580 and 514 734, 580 and 514
[55]

Zr O vibration

514 and 440 734, 580, 514 and
440 [39,54,56,57]

Monoclinic ZrO2

480 [56] Tetragonal ZrO2
Fig. 5. UV–vis reflectance spectra of the prepared zirconia sample, before (ZrCD-
untt) and after thermal treatment (ZrCD-tt) in comparison with the reference.

of magnitude smaller by comparison to that before the thermal
treatment. Yu and Hu [22] reported the presence of the absorp-
tion peaks in the UV–vis spectra of zirconia prepared using organic
surfactants as hexadecyltrimethyl ammonia bromide (C16TMABr)
and sodium dodecyl sulphate (SDS), at 200 and 210 nm,  respec-
tively.

In what the UV spectrum of ZrCD-tt sample is concerned, it evi-
dences a higher absorption than that of the ZrCD-untt sample and
it agrees well with those previously reported for zirconia. Chen
et al. [58] give for zirconia an absorption peak at 230 nm,  which
is assigned to Zr O Zr linkage. For bulk phase ZrO2, a band max-
imum in the UV–vis spectrum is also signalled between 230 and
240 nm,  by Zaitseva and Gushikem [59]. According to López et al.
[60] monoclinic phase of zirconia absorbs at lower energy (cor-
responding to 240 nm)  than the tetragonal one (which absorbs
around 200–210 nm). In line with Aita and Kwok [61] the band at
216 nm may  be also corresponding to the interband transition in the
monoclinic zirconium oxide. On the other hand, there are studies
that indicate almost the same value of the absorption wavelength
for both monoclinic and tetragonal zirconia phases that is 238, and
240 nm,  respectively [62,63].

Apart from the main peaks of the zirconium presented spec-
tra, a broad and weak peak can be observed in Fig. 5 at around
640 nm which could arise from transitions involving defect states
or impurities [64].

It can be concluded that the UV–vis spectroscopy analysis has
evidenced, once again, besides the thermal behaviour and the IR
spectroscopy, the presence of the organic additive in the matrix of
zirconia as a result of the synthesis process as well as its elimination,
due to the proceeded thermal treatment.

3.4. X-ray diffraction

Being a typical structural characterization method, the XRD
analysis has been applied to both zirconia powders: before (sample
ZrCD-untt) and after thermal treatment (sample ZrCD-tt).

The results are presented in Fig. 6. It can be seen that the initial
synthesized powder unthermally treated (ZrCD-untt) which con-
tains �-cyclodextrin is amorphous. After the thermal treatment it

becomes crystalline (ZrCD-tt).

From the view point of its composition, the zirconia powder
resulted after the thermal treatment represents a mixture of two
crystalline phases, the monoclinic one (M)  which is predominant
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Table 3
Structural factors calculated from the computerized profile analysis of the XRD spectra of the sample “ZrCD-tt” and of the zirconia standard (reference) “Ref.” (according to
the  ASTM files 37–1484 and 42–1164) and the corresponding errors.

Identified phases Structural factorsa

a (Å) b (Å) c (Å)  ̌ (◦) UCV (Å3) 〈D〉 (Å) 〈S〉 ×103

Monoclinic (M)  Ref. 5.3129 5.2125 5.1471 99.218 140.70 – –
ZrCD-tt 5.2585(42) 5.1789(72) 5.1323(32) 99.26(18) 137.95(46) 388(10) 1.40(10)

Tetragonal (T) Ref. 3.64 – 5.27 – 69.83 – –
5.225

ize; 〈S
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ZrCD-tt 3.5488(97) –

a a, b, c,  ̌ – lattice parameters; UCV – unit cell volume; 〈D〉 – average crystallite s

91.4%) and the tetragonal (T) which is secondary (8.6%), confirming
he literature data which assert a value of about 8% to the tetragonal
hase for pHs 7–10 [34]. The relative amount of the monoclinic
nd tetragonal phases formed during calcination process has been
etermined based on Eq. (1) from the literature data [9,65–70].

m = Im(1 1 1) + Im(1 1 1̄)

Im(1 1 1) + Im(1 1 1̄)  + It(1 1 1)
(1)

here “I” represents the diffraction intensity of different lattice
lanes.

Table 3 presents the experimental data which have been
btained from computerized analysis of the XRD spectra with a
roper X-RAY5.0 program that represents the upgrade form of the
revious X-RAY3.0 program [71]. It also contains the corresponding
alculated errors.

As it can be seen from Table 3, the values of the structural factors
btained from the crystalline powder ZrCD-tt are well correlated.
he monoclinic phase presents a higher value of the average crys-
allite size than the tetragonal one, while the internal strains have
he opposite behaviour, being smaller for the monoclinic symmetry
han in the tetragonal case.

Comparing the structural factors values of the prepared zir-
onia powder ZrCD-tt with those of the reference (Ref.), it can
e concluded that both elemental cells of the monoclinic phase
nd of the tetragonal one contract. Connecting this contrac-
ion with the high value of the internal strain of the T phase,
mportant distortions in the lattice of our sample could be
uggested.
XRD results proved that a nanocrystalline ZrO2 powder has been
repared with average crystallite sizes of 38.8 nm (for the mono-
linic phase), and 21.4 nm (for the tetragonal phase), respectively.
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ig. 6. XRD patterns of zirconia powder before (ZrCD-untt) and after thermal treat-
ent (ZrCD-tt).
3(183) – 65.81(59) 214(15) 2.19(20)

〉 – average internal strain.

3.5. Electron microscopy

In order to complete the XRD characterization, electron
microscopy has been used and correlations between both methods
have been established, regarding the obtained crystalline zirconia
nanopowder (ZrCD-tt).

3.5.1. Scanning electron microscopy (SEM)
SEM results for the ZrCD-tt sample are presented in Fig. 7. They

confirm the literature data which assert that organic additives make
particles assume spherical shape and reach fairly uniform size as
well as prevent their agglomeration [16,22,69,72].

As it can be seen, equiaxial particles, uniform as shape and
size, with a relatively reduced tendency of agglomeration can be
observed. These observations are in good agreement with the lit-
erature data which indicate that a nanosized monoclinic zirconia
powder from Degussa AG, Hanau presents a typical image of parti-
cles having sizes around 50 nm [73].

3.5.2. Transmission electron microscopy (TEM) and high
resolution transmission electron microscopy (HRTEM) coupled
with selected area electron diffraction (SAED)

In order to complete the SEM characterization of the thermally
treated zirconia nanopowder, TEM, HRTEM and SAED analyses have
been carried out. Fig. 8 presents the obtained results.

The TEM image of Fig. 8(a) allowed estimating an average parti-
cle size of 39.2 nm,  in good agreement with the average crystallite
size of 38.8 nm calculated from the XRD data (Table 3) for the mon-

oclinic major phase and, thereby, proving the single crystal nature
of the ZrO2 particles.

The HRTEM image of Fig. 8(b) shows a particular porous mor-
phology of the ZrO2 particles obtained as a result of the organic

Fig. 7. SEM images of sample ZrCD-tt.
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Particles between 32 and 50 nm respectively have been
detected. The mean size particle was of 39.18 nm,  in a very good
agreement with the estimated value (39.20 nm)  from the TEM
image of Fig. 8(a).
Fig. 8. TEM (a), HRTEM (b and c) an

ompound (�-cyclodextrin) release during the thermal treatment.
he light grey areas which are covered with consecutive lattice
ringes suggest that the pores are closed and embedded within the
rains. This hypothesis is also confirmed by the BET results which
ndicated a value of 19.11 m2 g−1 for the specific surface area of the
hermally treated ZrO2 powder.

The higher magnification HRTEM image of Fig. 8(c) underlines
he crystallinity of the ZrO2 particles, showing well resolved and
quidistant lattice fringes. These fringes are separated by 2.84 Å
nd 1.84 Å, respectively, which agrees well with the interplanar
pacing corresponding to the (1 1 1) and (0 2 2) planes of monoclinic
irconia.

The high crystallinity degree of the ZrCD-tt nanopowder was
lso confirmed by the well-marked, bright spots forming the con-
entric rings which correspond to the SAED patterns of monoclinic
rO2 (Fig. 8(d)).

The mean particle size of the ZrCD-tt powder was calculated
sing the OriginPro 8.5 software (statistics on column) by tak-

ng into account approximately 500 non-agglomerated particles
from images obtained from various microscopic fields), whose

iameter was accurately measured using the microscope soft-
are DigitalMicrograph 1.8.0. The histogram describing the particle

ize distribution based on these measurements is presented in
ig. 9.
D (d) images of the ZrCD-tt sample.
Fig. 9. Particle size distribution obtained by means of TEM measurements per-
formed on ∼500 non-agglomerated particles taken from various microscopic fields.
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. Conclusions

The sol–gel synthesis of a zirconia nanopowder has been per-
ormed, in the presence of �-cyclodextrin as organic additive. The
nclusion of the oligosaccharide in the zirconia matrix has been
videnced.

The crystalline nanopowder resulted after thermal treatment
sample ZrCD-tt), consisted of a mixture of monoclinic (predom-
nant: 91.4%) and tetragonal (8.6%) zirconia phases. The organic
dditive seems to produce some desirable effects on the crystal-
ite size and on the crystal phase of zirconia, ensuring its stability
gainst the phase transformation.

The �-cyclodextrin has influenced the powder properties by
aking the particles to assume spherical shape and reach fairly

niform size as well as preventing their agglomeration. Further-
ore, the organic additive led to a certain porous morphology of

he zirconia particles that is the pores are embedded within the
rains.

In conclusion, using only the sol–gel method, in the experimen-
al conditions mentioned before, at room temperature and in the
resence of �-cyclodextrin (a non-toxic and available organic com-
ound) it was possible to obtain a stable, nanocrystalline zirconia
owder with a special porous morphology which allows its appli-
ation in the thermal barrier coatings domain.
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