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bstract

anometric-sized yttrium doped HfO2 powders were obtained by applying metathesis and combustion reactions. The tailored composition of
olid solutions was: Hf1−xYxO2−δ with concentration “x” ranging from 0 to 0.2. HfCl4 was used as a source of hafnium whereas Y(NO3)3·6H2O
as used as a source of yttrium. The obtained powders were annealed at different temperatures in order to induce crystallization of HfO2. The

nfluence of dopant concentration, annealing temperature and annealing time on powder properties was examined. The XRD analysis revealed
◦
hat the crystal structure of HfO2 depends on the dopant concentration. The samples doped with 20 mol% of yttrium and annealed at 1500 C had

igh-temperature, cubic structure even after cooling to room temperature. The presence of relatively large amount of dopant was beneficial in
tabilizing highly desirable cubic phase of HfO2. It was found that the crystallite size lies in the nanometric range (<10 nm).

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Hafnium dioxide (HfO2), known as hafnia, is technologi-
ally important ceramic material with good physicochemical
haracteristics such as large bandgap (5.5–6 eV), relatively
igh dielectric constant (22–25), high breakdown field
3.9–6.7 MV/cm), high thermal stability, large heat of formation
−271 kcal/mol) and high neutron absorption coefficient.1–5 It
s used in many fields like high K gate dielectric,6,7 oxygen
ensor,8 electrolyte for solid oxide fuel cells (SOFC),9 scintil-
ator and X-ray phosphor.10,11 Physical and chemical properties
f hafnia are very similar to those of zirconia (ZrO2).12 The both
ompounds have a high melting point; zirconia 2690 ◦C and haf-
ia 2900 ◦C, which makes them very useful as high temperature
efractory materials.13 Similar to zirconia, pure HfO2 has a mon-
clinic crystal structure at room temperature which transforms
o tetragonal and cubic structure at elevated temperatures.14 The

olume expansion caused by the tetragonal to monoclinic trans-
ormation induces large stresses which normally cause cracking
f pure HfO2 upon cooling from high temperature. Several stud-
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es have reported that the addition of oxides such as MgO, Y2O3
nd CaO is an effective way to stabilize the tetragonal and/or
ubic phase.15,16 The cubic phase of hafnia has a very low ther-
al conductivity which has led to its use as a thermal barrier

oating in jet and diesel engines. The low thermal conductivity
llows operation of these engines at much higher temperature.17

hermodynamically speaking, the higher the operation temper-
ture of an engine, the greater the efficiency. It is also expected
hat hafnia can be useful as coating material to improve oxida-
ion resistance of spacecraft during its reentry into the Earth’s
tmosphere.18

It is well known that the sintering temperature decreases when
anosized powders are used. Therefore it is important to obtain
owders of high quality with particle size in the nanometric
ange. The metathesis synthesis (MS)19 and combustion glycine
itrate process (GNP)20 are promising methods to produce a
ingle phase, highly pure nanosized powders with a precise sto-
chiometry. According to the literature data, hafnia and its solid
olutions have not been obtained by these two methods so far.
. Materials  and  methods

Starting chemicals used for the synthesis were hafnium
hloride (HfCl4), yttrium nitrate hexahydrate (Y(NO3)3·6H2O),

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.029
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odium hydroxide (NaOH) and glycine (C2H5NO2) from Alfa
esar, Germany. The compositions of the starting reacting mix-

ures were calculated according to the nominal composition of
he final reaction products. The following compositions with
arying mole fraction of yttrium were prepared and the samples
ere coded as HfYX, where X  = 5, 10, 15 and 20 mol%.

.1. Metathesis  synthesis  (MS)

MS procedure is based on the process involving the exchange
f bonds between metal chlorides (HfCl4) and/or metal nitrates
Y(NO3)3·6H2O) with sodium hydroxide (NaOH), which
esults in a creation of products with similar or identical bond-
ng affiliations. The reaction of ion exchange takes place in a
olid state. The reaction can be described by the following equa-
ion where δ  refers to the formation of oxygen vacancies due to

aintaining an electrical neutrality of crystal lattice:

[(1 −  x)HfCl4 +  xY(NO3)3·6H2O] +  2(4 −  x)NaOH

+ (x/2 −  δ)O2 →  2Hf1−xYxO2−δ +  8(1 −  x)NaCl

+ 6xNaNO3 +  (11x  +  4)H2O (1)

The calculated amounts of chemicals were hand mixed in an
lumina mortar with an alumina pestle for about 5 min. The mix-
ure of reaction products was rinsed in a centrifuge-Megafuge
.0, Heraeus, at 3500 rpm to remove NaCl and NaNO3. Each
ashing run was performed for 10 min. This procedure was

epeated three times with distilled water and twice with ethanol.

.2. Glycine  nitrate  process  (GNP)

The other applied method for hafnia synthesis was glycine
itrate process. This procedure is based on the exothermicity of
he redox reaction between the fuel (glycine) and oxidizer (nitrite
nd chlorite). The procedure needs to be performed in three
tages. The first one is dissolution of metal chloride, metal nitrite
nd glycine in water. The second stage is autoignition of solution
t about 180 ◦C which is followed by the self-sustaining combus-
ion giving ash as a product. Finally, the third stage is annealing
f ash. The role of annealing is to burn out the organic compo-
ents and obtain pure oxide powder. The synthesis reaction for
afnia could be described by the following equation:

fCl4 +  4C2H5NO2 +  10O2 →  HfO2 +  10H2O

+ 2N2 +  8CO2 +  2Cl2 (2)

.3. Characterization

The obtained powders were analyzed by X-ray diffraction
XRD), thermogravimetric analysis (TGA) and differential ther-
al analysis (DTA). The powders were subsequently annealed

t temperature ranging from 600 to 1500 ◦C in order to examine

he effect of annealing temperature on the crystallization pro-
ess. The annealing was performed in air, under atmospheric
ressure. The samples obtained by GNP method were held at
nnealing temperature from 30 to 240 min to analyze the effect

n
a
t
t

ig. 1. XRD pattern of as-prepared, undoped, HfY0 powder obtained by
etathesis synthesis.

f annealing time on crystallite size. The crystallite size was
etermined from XRD patterns collected using a Simens X-ray
iffractometer (Kristaloflex 500) with Ni filtered Cu K� radia-

ion (λ  = 0.1541 nm). The measurements were performed in the
ange 10–80◦ 2θ  in a continuous scan mode with a step width of
.02◦ and at a scan rate of 1◦ 2θ/min. Before the measurement the
ngular correction was done by quality Si standard. The obtained
ata were fitted using peak-fitting program.21 The Lorentizian
unction gave the best fit to the experimental data. Scanning elec-
ron microscopy (FE-SEM field-emission type, S-4800, Hitachi,
apan) was used to study the morphology of obtained powders.

. Results  and  discussion

Undoped hafnia (HfY0) was analyzed first. Typical X-ray
iffraction pattern of the as-prepared sample obtained by the
etathesis synthesis reaction is shown in Fig. 1. The presence

f two broad peaks reveals that the sample is amorphous. This
ndicates that the double displacement reaction (Eq. (1)) does
ot lead to formation of crystalline phase at room temperature.

In order to better understand the mechanism of metathesis
ynthesis the reaction products were studied by thermal analy-
is. It is well known that HfCl4 reacts spontaneously with liquid
ater and water vapor to produce an oxychloride octahydrate

HfOCl2·8H2O) or hydrated oxychloride (HfOCl2·H2O).22

hus, HfCl4 can be in different hydration state and the synthesis
s more complex than the reaction mentioned before (Eq. (1)).
hermal analysis of undoped, as-prepared, HfY0 powder shows

hat DTA and TGA curves are characterized by two peaks. The
rst one is an endothermic peak between 50 and 100 ◦C due to
ehydration. The second one is very broad, exothermic peak at
bout 300 ◦C due to crystallization of the amorphous material
Fig. 2). The endothermic effect is accompanied by the mass loss
ue to the evaporation of absorbed water. The mass loss termi-
ates at 300 ◦C, at which point the crystalline water is lost. It is

lso known that the weight loss at 300 ◦C could be attributed to
he sublimation of unreacted HfCl4.23 In order to intensify crys-
allization of as-prepared HfY0 the powders were annealed at
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Fig. 4. Room temperature XRD pattern of undoped HfY0 powder obtained by
metathesis synthesis annealed at 1500 ◦C for 5 min.

Fig. 5. FE-SEM image of undoped HfY0 powder obtained by metathesis syn-
◦

ig. 2. DTA and TGA traces of undoped, as-prepared, HfY0 powder obtained
y metathesis synthesis.

00 ◦C and 1500 ◦C. XRD of sample annealed at 600 ◦C (Fig. 3)
xhibits fairly broad peaks, which could be indexed as HfO2
ith monoclinic P21/c structure.24 As Fig. 4 shows, the further

ncrease in annealing temperature to 1500 ◦C narrows the XRD
eaks which indicates almost complete crystallization of HfO2.

Fig. 5 shows the SEM image of undoped HfY0 powder
nnealed at 600 ◦C. The high magnification image reveals that
he hafnia sample consists of many domains with relatively uni-
orm size (∼5 nm) which are aggregated into snowflake-like
tructures.

Based on the above results it can be concluded that annealing
emperature of 1500 ◦C is sufficiently high to obtain well-
rystallized undoped HfO2 powder. Now it would be of great
alue to analyze the XRD patterns of HfO2 powders with
ifferent dopant concentrations annealed at 1500 ◦C (Fig. 6).
iffraction peaks corresponding to either yttrium oxide or
ydroxide were not observed indicating the formation of solid

olution in the entire composition range. Furthermore, the XRD
atterns reveal that the different additive concentrations result
n different crystal structure of hafnia. The XRD pattern of
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ig. 3. Room temperature XRD pattern of undoped HfY0 powder obtained by
etathesis synthesis annealed at 600 ◦C for 5 min.
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Table 1
XRD characteristics of solid solutions obtained by the metathesis synthesis
annealed at 1500 ◦C for 5 min.

Composition Monoclinic (%) Tetragonal (%) Cubic (%)

HfY5 82.1 17.9 –
HfY10 53.7 46.3 –
HfY15 41.2 58.8 –
H
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size with annealing temperature and holding time are given in
Table 2. It was found that the crystallite size slightly increases
as the annealing temperature increases from 600 ◦C to 800 ◦C.
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ample with 5 mol% of dopant reveals that the main phase is
onoclinic polymorph of HfO2 which is stable at room tempera-

ure. High temperature polymorph, tetragonal HfO2, is identified
s a secondary phase. It is worth noting that the tetragonal
fO2 was not detected in undoped HfO2 (Fig. 4). The intensity
f monoclinic reflections decreases with yttrium concentration
nd finally the monoclinic reflections disappear in composition
ith 20 mol% of yttrium which has only cubic structure. The
ttrium dopant concentration of 20 mol% is sufficient to stabi-
ize high-temperature, cubic, polymorph of HfO2 which does
ot transform to the monoclinic polymorph during cooling to
oom temperature.

The explanation of this behavior was found in the fact that pre-
ominantly covalent nature of Hf–O bond favors the sevenfold
oordination (7 CN) of Hf4+ cation in monoclinic polymorph.
n the other side, the ideal ionic size ratio of MO8 eight-

oordination oxide such as cubic and tetragonal polymorphs is
.732. Since hafnia possesses the fluorite (cubic) structure with
ower r(Hf4+)/r(O2−) ratio (0.703), the transformation to mon-
clinic polymorph is expected. However, it is possible to obtain
afnia with cubic and tetragonal structure at room temperature
y doping with aliovalent cations such as Y3+, which possess

 lower valence and larger ionic size than Hf4+. According to
hannon’s compilation,25 the ionic radii of Hf4+ and Y3+ for
N 8, are 0.97 and 1.053 Å, respectively. Thus, the increase in
opant amount in hafnia crystal structure leads to stabilization
f cubic structure. In addition, the incorporation of Y3+ cations
s accompanied by formation of oxygen vacancies due to main-
aining an electrical neutrality of crystal lattice. The formation
f oxygen vacancies has also influence on complete stabilization
f the cubic phase.26

The volume fraction of different hafnia polymorphs was esti-
ated from the integrated intensities of the diffraction lines

ollowing the procedure proposed by Toraya et al.27 (Table 1).
he chosen diffraction lines were −111 and 111 for monoclinic
afnia and 101 for tetragonal hafnia.

Since, the fluorite-type solid solution with cubic lattice was
etained to room temperature in the presence of 20 mol% yttrium
nly samples with this dopant concentration were prepared by
he combustion synthesis. During GNP synthesis (Eq. (2)), a
arge amount of volatile products escapes from the system result-
ng in highly porous material (Fig. 7).

DTA analysis of the powder obtained by GNP shows three
xothermic peaks at 220, 320 and 580 ◦C (Fig. 8). It is believed

hat the first two peaks are the result of decomposition of organic
esidue which is present in the ash obtained after combustion.
his finding is also supported by the TGA analysis which shows F
Fig. 7. SEM image of HfY20 powder obtained by GNP method.

hat the considerable weight loss is measured at temperatures
elow 500 ◦C. Since the main goal of this study was to analyze
he obtained hafnia powder the detailed results on decomposition
f the precursors will be presented in future publication.

The third peak (580 ◦C) is the result of the crystallization
f amorphous phase. In order to better understand the crystal-
ization process, the XRD patterns of the samples annealed at
he above mentioned temperatures were presented in Fig. 9.
s can be seen, the samples annealed at 220 and 320 ◦C are
ainly amorphous indicating that these temperatures are not

igh enough to cause crystallization. However, the powder
nnealed at 580 ◦C is well crystallized with sharp peaks related
o fluorite, cubic, structure. This indicates that 20 mol% Y doped
afnia directly crystallizes into the cubic structure.

In order to study the effect of annealing temperature as well
s the effect of annealing time on crystallite size, the as-prepared
owders were annealed at 600 and 800 ◦C for different times.
he crystallite size was calculated from XRD data (Fig. 10)
sing Scherrer’s method.28 The results of change of crystallite
200 40 60 80 100 12 0 140 160 180
Time (min)

ig. 8. DTA and TGA traces of HfY20 sample obtained by GNP method.
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Table 2
Crystallite size (nm) as a function of annealing temperature and holding time
for samples obtained by GNP.

Temperature (◦C) Time (min)

30 60 90 120 240

600 4.6 4.9 5.2 5.4 5.8
800 7.2 7.7 8.6
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ig. 9. Room temperature XRD patterns of HfY20 powder obtained by GNP
nnealed at different temperatures according DTA maximums.

he average crystallite size of these samples is measured to be

ess than 10 nm even after annealing for 240 min. However, an
ncrease in annealing temperature to 1000 ◦C causes a consid-
rable increase in crystallite size.
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.  Conclusions

Yttrium doped hafnia solid solutions (Hf1−xYxO2−δ) with
x” ranging from 0 to 0.2 were prepared by applying metathe-
is and combustion reactions. Five minutes long annealing of
s-prepared, amorphous, powders at 1500 ◦C caused complete
rystallization of hafnia solid solutions. XRD patterns revealed
hat the different dopant concentrations result in different crys-
al structures of hafnia. The presence of 15 mol% of yttrium
opant was not sufficient to stabilize high-temperature, cubic
olymorph of HfO2 after annealing at 1500 ◦C. However, the
ample doped with 20 mol% of yttrium directly crystallized in

 cubic structure which stayed stable after cooling to room
emperature. It was found that the crystallite size of samples
nnealed at temperature below 1000 ◦C lies in the nanometric
ange (<10 nm).
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