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bstract

he effect of the urea content, under mild and dilute conditions, on the extension of the YSZ hydrothermal reaction, on the crystalline zirconia phases
btained and, on its primary particle size has been studied. The key role of the urea as a dispersant agent for the synthesized YSZ nanoparticles has
lso been investigated in terms of particle size distribution and zeta potential. The latest study has been performed in the post-reaction medium.

ure nanocrystalline YSZ is obtained when a basic pH (∼10) is achieved during the synthesis. In addition, the urea is protonated at 5 < pH < 7

n the post-reaction medium and it allows its specific adsorption on the surface of the particles by electrostatic and steric mechanisms, keeping a
table suspension. In those conditions, the measured average particle size is 20 nm and the agglomeration factor (Fag) is 2. However, by HR-TEM
articles with a size even less than 5 nm are observed.

2009 Elsevier Ltd. All rights reserved.

p
w
o
h
d
n
b
t
(
c
t
m
h
m
o
T

eywords: Powders-chemical preparation; Suspensions; ZrO2; Fuel cells

. Introduction

Yttria stabilized zirconia (YSZ) is an important ceramic
aterial for functional and structural applications such as cat-

lyst support, oxygen sensor, electrochemical oxygen pump,
hermal barrier coating, solid electrolyte in solid oxide fuel
ells (SOFCs), etc.1–5 To improve the sinterability of YSZ and
hus their properties is necessary to obtain pure and weakly
gglomerated nanocrystalline powders. Taking into account this
urpose, different physical, mechanical and chemical methods
f synthesis have been researched. YSZ powders are rou-
inely synthesized by conventional solid-state reactions at such
igh temperatures in which particles sinter, loosing their fine
articulate nature. Wet synthesis methods as co-precipitation,
ol–gel, microemulsions or hydrothermal techniques have been
nvestigated to overcome this problem with different degrees

f success.1,6,7 Among wet-chemical methods, hydrothermal
ynthesis can be considered the best alternative because it
s an ecological soft chemical route, using low work tem-

∗ Corresponding author.
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eratures and obtaining nanometer sized crystalline powders
ith weakly bonded agglomerates.8 Hydrothermal synthesis
f YSZ involves an initial co-precipitation followed by a
igher temperature hydrothermal treatment to obtain the anhy-
rous crystalline powder,9 being the calcination process not
ecessary.6 The hydrothermal synthesis can be carried out
y two different routes depending on whether the tempera-
ure and pressure of the water are sub-critical or supercritical
Tc = 374 ◦C, Pc = 22.1 MPa).10,11 When the hydrothermal pro-
ess is performed under sub-critical conditions, it is necessary
o use a reactant which forces the co-precipitation of the
etal hydroxides in a relatively short time.12 This kind of

ydrothermal synthesis can be carried out under strong or
ild conditions depending on the pH modification that can

ccur when these reactants are added to the reaction mixture.
here are several reports in the literature on the hydrothermal
ynthesis of different metal oxide-doped zirconia powders in
asic solution under diverse conditions of temperature, time
nd precursors in order to obtain the cubic phase. The most

ommon reagents used to achieve the strong conditions are
lkaline hydroxides or alkaline carbonates solutions, in par-
icular sodium or potassium are the most employed alkaline
ons.8,13–17 However, it is well known that Na2O at a concen-

mailto:tcolomer@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.041
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adsorption–desorption, BET method (Monosorb Surface Area
186 I. Gonzalo-Juan et al. / Journal of the Eu

ration level of hundreds ppm causes serious damage to zirconia
lectrolytes.18

Urea has been used frequently in many forced-hydrolysis
rocesses for ultrafine particle synthesis.12 It is well established
hat during the thermal treatment at temperatures between 80
nd 100 ◦C, the urea in water solution is gradually decom-
osed to release OH−. Some researchers have reported the
ydrothermal conditions required for synthesizing nanoparticles
tabilized zirconia under mild conditions.12,19–34 For instance,
he characteristics of the scandia-stabilized zirconia powders,
uch as, crystalline size, crystalline phase, particle size distribu-
ion, degree of agglomeration and strength of the agglomerates
ynthesized, are controlled by the pH at the end of the reaction,
on concentration and salts used as starting reagents, pressure,
olume, temperature and time, i.e. thermal treatment.19,20

Xu et al.20 studied the effect of urea and cation concentra-
ion on the amount of the monoclinic phase obtained on the
ydrothermal synthesis of 8ScSZ powders and concluded that
he monoclinic fraction in the as-synthesized powders increased
ith increasing the urea from 0.1 to 1.5 mol L−1 by maintaining

he ratio of cations to urea equal to 1:4. In addition, the effect
f the urea concentration in the crystalline size was also inves-
igated, and was observed that dilute urea concentrations in the
eaction mixture lead to complete crystallization and a big crys-
allite size compared to solutions with higher urea concentration
>0.8 mol L−1 of urea when the cation concentration was fixed at
.05 mol L−1), where full crystallization does not occur, result-
ng in smaller crystallite sizes. The same work also concluded
hat the amount of monoclinic phase increases on cation concen-
ration from 0.05 to 0.5 mol L−1 by maintaining the ZrO2+:urea
atio equal to 1:4. Although, different researchers have reported
he hydrothermal conditions required for synthesizing nanopar-
icles of stabilized zirconia using urea as starting reagent,12,19–34

oncentrated conditions were always employed. In addition, the
ole of the urea as dispersant agent has not been studied in depth.

The aims of the present work are to study the effect of the
rea content on the extension of the reaction, on the zirconia
rystallization and on zirconia primary particle size under mild
nd dilute hydrothermal conditions. The effect of the urea on
he agglomeration state of the resulting zirconia nanoparticles
nd their dispersion in the mother liquor, in terms of particle size
istribution and zeta potential, has been also investigated. Dilute
onditions were selected in this study in order to minimize the
ormation of monoclinic zirconia phase.19,20

. Experimental

.1. Preparation of stock solutions and synthesis

Zirconyl chloride octahydrated analytical grade
ZrOCl2·8H2O from Alfa Aesar, USA) was used as the
irconium source and yttrium chloride hexahydrated analytical
rade (YCl3·6H2O, from Aldrich, Germany) was used as the

ttrium source. Appropriate amounts of each precursor were
mployed to prepare the stock solutions with a cation concen-
ration of 5 × 10−2 M (ZrO2+ ion) and 5 × 10−3 M (2Y3+ ion)
istilled water solutions at room temperature. A 8 × 10−2 M

A
(
t
t

n Ceramic Society 29 (2009) 3185–3195

olution of urea (Panreac, Spain) was also employed as starting
eagent.

The stock solutions of the metal chlorides and urea were
ixed at room temperature in the adequate proportions. The
olar ratios of the ZrO2+:urea employed were 1:1 (stoichiom-

try) and 1:2.2 (superstoichiometry). A hydrothermal synthesis
ith no urea addition was also carried out. In addition, two differ-

nt thermal treatments have been employed in order to establish
he extent of the reaction at every step. The first thermal treat-

ent (I) consisted in a single-step program run at 180 ◦C for
8 h and the second one (II) was a two-step program run with
previous stage at 80 ◦C for 24 h and a second one at 180 ◦C

or 48 h (I). Table 1 summarizes the concentrations of each pre-
ursor and the urea solutions and the thermal treatment used
n each synthesis. A 300 mL stainless-steel reactor with Teflon
nner container was filled up with each solution up to 86 vol.%
f its capacity. If the product was a powder when the process
nished, it was filtered and dried at 60 ◦C for 2 h. Thermal treat-
ents and powders drying were carried out in air in an automatic

rogram heater (Binder, Germany).

.2. Morphological, textural, thermal and crystallographic
haracterization methods

The morphology and microstructure of the obtained powders
nd dried sols were observed by using transmission elec-
ron microscopy (TEM), and selected area electron diffraction
SAED), if they were sols. The powders were suspended in the
other liquor by stirring. The as-prepared samples (sols and sus-

ensions) were dropped on a copper grid, and then allowed to dry
nder a heat lamp. The observations were carried out on a micro-
cope working at 125 keV (Hitachi H7100, Japan) and on a field
mission electron microscope working at 200 keV (High reso-
ution transmission microscopy (HR-TEM) JEM-2100F JEOL,
apan). Local composition was analyzed by energy dispersive
f X-ray (EDX) with an ISIS analyzer system attached to the
bove mentioned microscope.

Differential thermal analysis and thermogravimetry (DTA-
GA) of dried powders was carried out in air (DTA-TGA-7,
erkinElmer, USA) at a heating rate of 10 ◦C/min up to 1000 ◦C.
hase identification of the as-prepared and calcined powders was
arried out by X-ray diffraction, with a diffractometer (D5000,
iemens, Germany) using a Cu K� radiation collected at room

emperature over a range of 20◦ ≤ 2� ≤ 80◦ at a step scan rate of
◦/s. Furthermore, phase identification was also performed by
T-Raman (Renishaw, United Kingdom). The excitation source
mployed was a Nd-YAG laser, emitting at a frequency of
14.5 nm line as the excitation source. A laser power of 25 mW
as used, and was collected over an effective spectral range of
00–100 cm−1.

The specific surface area (SSA) was measured by N2
nalyzer MS-13, Quantachrome Co., USA), and the density
ρ) of the powders was measured by helium pycnometry (Mul-
ipycnometer, Quantachrome Co., USA). The errors of those
echniques are ±5% and ±10%, respectively.
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Table 1
Hydrothermal synthesis conditions used: starting reagents and their concentrations, ZrO2+:urea molar ratio and thermal treatment employed.

Synthesis ZrOCl2·8H2O (mol/L) YCl3·8H2O (mol/L) Urea (mol/L) ZrO2+:urea molar ratio Thermal treatment

HSI 4 × 10−3 3.2 × 10−4 0 1:0 (without urea) I
HSII 4 × 10−3 3.2 × 10−4 0 1:0 (without urea) II
H 4
H 8
H 8
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SII,st 4 × 10−3 3.2 × 10−4

SI,sup 4 × 10−3 3.2 × 10−4

SII,sup 4 × 10−3 3.2 × 10−4

.3. Suspension characterization methods

The pH and the concentration of Y3+ and Zr4+ cations dis-
olved in the mother liquor after the hydrothermal reaction
ere determined. The pH was measured by a pH-meter (691
Hmeter, �Metrohm, Switzerland). The cation concentration
as determined by inductively coupled plasma-atomic emission

pectrometry technique (ICP-AES) (Thermo Jarrell ASH, Irish
dvantage Duo, USA). The error associated to this technique is

bout ±2%.
The particle size distribution and the zeta potential of

anoparticles were determined by dynamic light scattering
DLS) and laser Doppler velocimetry, respectively (Zetasizer
ano ZS, Malvern S, UK). If the powder is assumed to be
onodispersed and spherical, an average particle diameter, hav-

ng the same surface than the powder under investigation (in
2/g), can be calculated. This is normally written as dBET and is

btained using the adsorption model from the nitrogen adsorp-
ion isotherm.35 In addition, the dv50/dBET ratio can be defined
s the agglomeration factor, Fag, being indicative of the state of
gglomeration of the powder in the suspension.36

The particle size of the suspensions was characterized imme-
iately after their synthesis. The powders were suspended in
he mother liquor by stirring for 1 h. Suspensions were then
iluted before measuring with distilled water (if necessary). The
onication effect (Ultrasonication Probe, UP 400S, Hielscher,
ermany) was study as dispersant method to determine the

gglomerate strength. The suspensions were diluted up to a
olids concentration of ∼10−3 g/L, with a 10−2 M KCl solu-
ion, to perform the zeta potential measurements. To fit the pH
f the suspensions to acidic or basic conditions HCl and KOH
lectrolytes were used, respectively.
To study the effect of urea as dispersant agent on the parti-
le stability the addition of this reagent after the synthesis was
lso considered. Urea amounts of up to 2 wt.% related to the
olids content were added to the suspension obtained after the

t
t
r
e

able 2
ydrothermal synthesis conditions used, pH measurements before (pH0) and after

unction of the ZrO2+:urea molar ratio employed and [Zr4+] and [Y3+] ions dissolved
CP-AES, specific surface area (SSA) and density (ρ) of the HSII,st, HSI,sup, HSII,sup

ynthesis Thermal
treatment

ZrO2+:urea
molar ratio

pH0 pHf Product
obtained

IS I 1:0 2.0 2.3 Sol
SII II 1:0 2.0 3.0 Sol
SII, st II 1:1 2.0 3.3 Powder
SI, sup I 1:2.2 2.0 9.7 Powder
SII, sup II 1:2.2 2.0 9.7 Powder
× 10−3 1:1 (stoichiometry) II
.8 × 10−3 1:2.2 (superstoichiometry) I
.8 × 10−3 1:2.2 (superstoichiometry) II

SII,st synthesis. An urea amount similar to those needed to
chieve a molar ratio ZrO2+:urea equal to 1:2.2, i.e. ∼67 wt.%,
as also considered for comparative purposes and added to the

uspension obtained from the HSII,st synthesis. The resulting
uspension is labeled HSII,st + U. The particle size distribution
fter sonication was measured for all the urea concentrations.
he zeta potential were also determined vs. urea addition for the
s-prepared HSII,st suspension.

. Results and discussion

.1. Influence of the urea content on the synthesis reaction
nd the resulting products

As is mentioned above, dilute solutions of the reagents
Table 1) were considered for this study. Different syntheses
ere performed with and without urea addition. In this sense,

wo urea contents as reagent were considered: the first one
ith a stoichiometric urea amount and the second one with an

mount in excess, in both cases related to the ZrO2+ concentra-
ion (Table 1). In addition, for the extreme conditions considered
without urea and urea in excess), two thermal treatments were
hosen. Both protocols differ in a low temperature dwell (80 ◦C
or 24 h), which should insure a slow hydrolysis rate for the urea
nd co-precipitation of the hydroxide.20

After the hydrothermal process, two different products
ave been obtained depending on the ZrO2+:urea molar ratio
mployed in the synthesis. If urea was not added a sol is obtained
s a final product (HSI and HSII syntheses), while the resulting
roduct was a powder when the molar ratio was equal or higher
han that of the stoichiometric ratio (HSII,st, HSI,sup and HSII,sup).

Table 2 summarizes the hydrothermal synthesis conditions of

his study: the thermal treatment, the ZrO2+:urea ratio, the pH of
he reagents solution (pH0), and some of the characteristics of the
eaction products such as, the pH of the sols/mother liquor at the
nd of the treatment (pHf), the concentration of Zr4+ and Y3+

(pHf) the hydrothermal synthesis have been finished, products obtained as a
in the HSII,st, HSI,sup and HSII,sup mother liquors after synthesis measured by

as-prepared powders.

[Zr4+] dissolved
(mol%)

[Y3+] dissolved
(mol%)

SSA (m2 g−1) ρ (g cm−3)

<1.30 ± 0.02 30.00 ± 0.8 159 ± 3 3.87 ± 0.01
2.30 ± 0.04 0.10 ± 0.01 185 ± 2 3.95 ± 0.01
5.60 ± 0.09 0.30 ± 0.02 160 ± 3 4.11 ± 0.01
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issolved in the mother liquor of HSII,st, HSI,sup and HSII,sup,
he specific surface (SSA), and the density (ρ) of the powders
btained from the three latest reactions.

The pHf depends on the urea amount used for the synthesis
s shown in Table 2. When urea was added in quantities higher
han the stoichiometric one the pHf was alkaline (pHf = 9.7).
owever, when the quantity added was stoichiometry or when

he synthesis occurs without urea the pHf in both cases resulted
cidic. These results are in accordance with the competition of
he urea decomposition to release OH− (Eq. (1))

O(NH2)2 + 3H2O → CO2 + 2NH4
++2OH− (pH ↑)

(1)

nd with the hydroxylation of the zirconyl and yttrium chlorides
eactions (Eqs. (2)–(4)), that is,

rOCl2 + H2O → ZrO2(s) + 2HCl (2)
YCl3 + 3H2O → Y2O3(s) + 6HCl (3)

rOCl2 + 2YCl3 + 4H2O → Zr(Y)O2+8HCl (pH ↓)

(4)

During the hydrothermal process, the gradual, homogeneous
elease of OH− from urea balances the acidity increase due to
he thermal hydroxylation/condensation of zirconyl and yttrium
olution and, thus, helps the reaction progress toward yttrium-
oped zirconia particle precipitation (Eqs. (2)–(4)).22–25 In the
SI and HSII reactions, the pH is acidic at the end of the reaction

pHf) and, a sol is attained in both cases.

However, a precipitate was obtained when urea was added,

ven under acidic conditions (Table 2). The resulting precipitates
n HSI,sup, HSII,sup, and HSII,st syntheses were dried at 60 ◦C and
haracterized. The densities of the dried powders are lower than

r
m
s
s

Fig. 1. TEM micrographs of the HSI and HSII pow
n Ceramic Society 29 (2009) 3185–3195

hat of the theoretical values for the YSZ (ρ = 6.1 g cm−3),37 but
he specific surface areas (159–185 ± 3 m2 g−1) are in the range
f the reported data for nanometric particles of YSZ.19 More-
ver, the concentration of Zr4+ dissolved in the mother liquor at
he end of the powder synthesis is lower than 6 mol%, indicating
hat the yields, calculated from the ICP measurements (Table 2),
f all the synthesis performed with urea (HSII,st, HSI,sup and
SII,sup) are higher than 90%.
Nevertheless, it is noticed that the concentration of Y3+ dis-

olved related to the amount of urea added after the HSI,sup,
SII,sup syntheses which reach basic pHs are ≤0.3 mol%, and
0 mol% after the HSII,st synthesis when the pHf was acid. The
artial dissolution of yttrium in acid media is well known for
-TZP powders.38 Hence, the high concentration of Y3+ in the
other liquor of the SHII,st synthesis indicates that the Y3+ is

artially dissolved.
In order to determine the primary particle size and the exten-

ion of the HSI and HSII reactions, the as-prepared sols were
ried and then characterized by TEM-EDX and Raman tech-
iques. Fig. 1 shows the TEM micrographs of the dried powders.
he SAED patterns shown as insets in both micrographs provide
direct evidence of the microstructure of the materials obtained.

Primary particle size can be estimated from the TEM
icrographs, being in the order of ∼10 nm. Particles have
spherical morphology and they present a high degree of

gglomeration. The agglomerates formed and the primary par-
icle size seem not to be affected by the thermal treatment.
n both cases, large agglomerates higher than 100 nm can be
bserved (arrows in Fig. 1). Otherwise, in both cases a typi-
al diffraction pattern of a polycrystalline sample (diffraction

ings instead of well defined spots) is observed. The diffuse
axima obtained can be explained as a result of small domain

ize (<10 nm) together with poor crystallinity at the atomic
cale.

ders and their corresponding SAED patterns.
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Fig. 2. Raman spectrum of the dried powder from the HSII sol.

Fig. 2 shows the FT-Raman spectrum for the dried powder

repared from the HSII sol. This spectrum corresponds to the
onoclinic zirconia phase, neither cubic nor tetragonal phases

re observed.39 This result together with the pH measured at
he end of the process, pHf = 2.3, can indicate that Y3+ keeps

p
d
r
T

ig. 3. (a), (c) and (d) TEM micrographs of the as-synthesized powders HSII,sup, HSI

nd of the powders calcined at different temperatures: 600, 800 and 1000 ◦C.
n Ceramic Society 29 (2009) 3185–3195 3189

issolved during the hydrothermal process and thus yttrium
ydroxylation has not been taken place at that point. Hence,
he product of the hydrothermal synthesis formed without urea
eems to be independent on the thermal treatment used in this
tudy (I or II), since in any case the time considered is enough to
omplete the synthesis reaction. The product obtained from both
ynthesizes is a nanometric powder, strongly agglomerated, of
onoclinic zirconia showing a poor crystallinity.
The dried powders attained in the HSII,st, HSII,sup, and HSI,sup

yntheses were characterized by TEM-EDX and XRD tech-
iques. Fig. 3 shows the TEM micrographs of the as-synthesized
owders obtained by the HSII,st (Fig. 3a) HSI,sup (Fig. 3c) and
SII,sup (Fig. 3e) syntheses, and their corresponding XRD pat-

erns (Fig. 3b, d and f, respectively).
Typically, agglomerates of very fine crystals (ca. lower than

0 nm) could be seen by TEM in all cases. Particles have a
pherical morphology, but also form agglomerates of ∼100 nm.
he XRD patterns (Fig. 3b, d and f) corresponding to the as-

repared powders present very broad and weak intensity peaks
ue to the nano-effect indicating a small domain size.40 These
esults are supported by the high specific surface area shown in
able 2 and the primary particle sizes observed by TEM.

,sup, HSII and (b), (d) and (f) their XRD patterns of the as-synthesized powders
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ing to FT-Raman results. Thus, both monoclinic and tetragonal
zirconia phases are present as secondary phases.

The TG results indicate that the overall weight loss is about
50 wt.% of the sample. The first 8 wt.% loss observed below
190 I. Gonzalo-Juan et al. / Journal of the Eu

Comparing the TEM micrographs of the three powders
btained, those synthesized from the SHII,st reaction seem to be
he least agglomerated ones. However, comparing the powders
rom syntheses performed under different thermal conditions,
.e. HSI,sup (Fig. 3c) and HSII,sup (Fig. 3e) a stronger agglom-
rated powder is observed when the thermal cycle used is the
hortest one (HSI,sup).

The SAED diagram, shown as inset in the micrograph for the
SII,st (Fig. 3a), provides well defined spots characteristic of a
etter ordered single crystal that those showed in Fig. 1 for the
roduct of the SHI and SHII synthesises. The EDX microanalysis
onfirms the chemical homogeneity of the powders. Otherwise,
t is not possible to verify whether the prepared phase is cubic
nd/or tetragonal, since the line broadening of the XRD pat-
erns due to the fine crystallite size does not allow discriminate
etween both phases (Fig. 3b, d and f). When the as-prepared
owders were calcined at different temperatures (600, 800 and
000 ◦C) a higher crystallinity was observed in all of them, ver-
fying that after a thermal treatment at 800 ◦C the cubic zirconia
s the unique phase present in all cases.

In spite of the HSI,sup reaction reaches a basic pH (Table 2),
he absence of the first dwell (80 ◦C for 24 h) in the thermal treat-

ents leads to a strongly agglomerated powder and a fraction of
onoclinic zirconia in the as-prepared powder detected by XRD

Fig. 3d). The XRD pattern of the HSI,sup as-synthesized pow-
ers reveals the existence of the (0 1 1) peak which corresponds
o the most intense peak for the monoclinic phase (2θ = 20.58◦).
his feature keeps for the powder calcined at 600 ◦C and dis-
ppears when the powder was treated at 800 ◦C. Consequently,
hen urea was added as reagent, the hydrothermal conditions
ust be designed to firstly promote its decomposition in order

o allow a complete reaction. In this sense, the products of the
ynthesis HSI,sup have not longer characterized in this study. For
he powders from the HSII,st, HSII,sup syntheses is not possible to
stablish if the monoclinic phase is also present as a secondary
hase from the XRD patterns.

Since FT-Raman spectroscopy is a more sensitive technique
han XRD, the former can be employed not only for establish-
ng the presence of the major phase but also the presence of

inor phases. The spectra of the as-synthesized powders from
he HSII,st, and HSII,sup syntheses are depicted in Fig. 4. The
haracteristic band of the cubic zirconia phase at 607 cm−1 is
bserved in both samples.41 In addition, the Raman spectra of
oth powders show additional peaks which can be associated to
onoclinic zirconia.41 As is mentioned above, the monoclinic

hase was not detected by XRD, hence we can conclude that this
hase is present under the XRD detection limit in both cases.
n the case of HSII,sup synthesis only a 0.3 mol% of yttrium is
etected in the mother liquor by ICP-AES. Thus, the monoclinic
hase should be as a trace in the synthesized powder. In conclu-
ion, the urea used for the synthesis should provide a medium
H basic enough to achieve the total hydroxylation and con-
ensation of the zirconyl and yttrium chlorides. In addition, the

se of the urea in the hydrothermal synthesis of stabilized zir-
onia powders, not only plays a key role in the hydrothermal
rocess under concentrated conditions22 but also under dilute
onditions.
ig. 4. Raman spectra of the as-synthesized HSII,st and HSII,sup powders.

In the spectrum for the sample HSII,st two bands at 475 and
t 630 cm−1 are detected and can be related to the tetragonal zir-
onia phase.40 A significant amount of yttrium dissolved in acid
edia (30 mol%) after the synthesis end can explain the pres-

nce of both tetragonal and monoclinic zirconia phases for the
SII,st synthesis. In spite of the urea decomposition at 80 ◦C had
romoted the hydroxylation of the zirconyl and yttrium cations
nd then the corresponding co-precipitation, the pH achieved at
he end was acidic since a part of the yttrium could return to the

other liquor from the zirconia lattice.40

Fig. 5 presents the thermal evolution in air of the as-prepared
owder at the HSII,st synthesis. The resulting powder presents
nly the cubic phase according to the X-ray measurements and
onoclinic and tetragonal phases as secondary phases accord-
Fig. 5. DTA-TG scan curves of the sample HSII,st.
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Table 3
Morphological and crystallographic characteristics of the HSII,sup, and HSII,st

as-prepared powders dried at 60 ◦C.

Powder Crystallographic phasesa dBET (nm) dv50 (nm) Fag

HSII,sup c, m↓ 9 300 33
HSII,st c, t↓, m↓ 10 300 31
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ig. 6. FT Raman spectra of the as-prepared HSII,st sample (a) and the same
owder calcined at 600 (b) and 700 ◦C (c).

50 ◦C is accompanied by two endothermic peaks centred at
00 and 145 ◦C and can correspond among other phenomena
o the desorption of physically adsorbed water.42 There must
e taken into account that the powder was not washed after the
ynthesis and the Cl− ions, from both the zirconium and yttrium
hlorides, together with the NH4

+ ions can form ammonium
hloride. This salt presents an endothermic peak at 188 ◦C that
ndicates the change of its crystal structure. Above 200 ◦C, the
ubstance sublimes and after sublimation it dissociates com-
letely in the gaseous phase into ammonia and hydrochloric
cid.43,44 Hence, the weight loss (37 wt.%) associated to an
ndothermic peak centred at 220 ◦C can be assigned to the above
entioned processes.
Finally, a broad exothermic peak appears from 420 to 1000 ◦C

nd can be due to different events that can occur at the same time
uch as the oxidation of residual organics, the crystallization
f ZrO2 from the unreacted fraction of ZrOCl2,14 and zirconia
hase transformations that could be take place between 600 and
00 ◦C.

The FT-Raman spectra for the as-prepared HSII,st sample
nd the same powder calcined at 600 and 700 ◦C are shown in
ig. 6. The corresponding FT-Raman spectra of the as-prepared
owders and the powders calcined at 600 ◦C are very similar,
owever, for the powder calcined at 700 ◦C the bands at 178,
86, 530 and 552 cm−1 corresponding to the monoclinic phase
isappear.40 At the same time, the bands at 255 and 320 cm−1

elated to the tetragonal phase appear.41 This fact confirms that
ne of the processes registered between 600 and 700 ◦C by
eans of the DTA and associated to the broad exothermic peak

ould correspond to the monoclinic–tetragonal zirconia phase
ransition.
In summary, under the hydrothermal conditions described,
rea should be added to accelerate the reagent hydrolysis reac-
ion avoiding the formation of monoclinic and tetragonal phases
s secondary phases (detected by XRD). It is established that

t
s
s
h

means that the phase is not detected by XRD but by FT-Raman.
a m, t and c are monoclinic, tetragonal and cubic phases, respectively.

nder dilute conditions an excess of urea is needed to reach a
asic pH, achieving the total hydroxylation/condensation dur-
ng the hydrothermal synthesis to obtain YSZ as major phase.

thermal treatment that includes two steps (80 ◦C/72 h and
80 ◦C/72 h) is needed to force the hydrolysis of the urea at
0 ◦C and then the crystallization of the powders at 180 ◦C.

.2. Dispersion study of the synthesized nanoparticles

In this study, two different synthesis, HSII,st and HSII,sup
hich reach different pHs at the end of the reaction, i.e. 3.3

nd 9.7, respectively, are considered in order to investigate the
rea behaviour as dispersant in different post-reaction media.
n a first approach, the precipitated powders were mechanically
tirred and suspended in their own synthesis mother liquor.

The data summarized in Table 3 include the morphological
haracterization, the crystallographic phases identified in the as-
repared powders for HSII,sup and HSII,st, the primary particle
ize (dBET), average particle size (dv50) and the agglomeration
actor (Fag). The specific surface area measurement of the sam-
les dried at 60 ◦C, are in the range of 160–190 m2 g−1 (Table 2).
onsidering the measured density and assuming spherical mor-
hology, the BET diameter36 (dBET) of particles is between 8
nd 10 nm. The calculated BET diameter is in accordance with
he data reported in the literature19 for YSZ nanoparticles and
onsistent with the observed primary particle size, lower than
0 nm observed in TEM micrographs (Fig. 3), and typical of
owders obtained by this synthesis method.45

According to previous works46–48 urea precipitation was
hought to be very effective in making weakly agglomerated
ltrafine powders via the homogeneous hydrolysis of cations
nder a pH yielded by a fixed concentration of urea. The Fag is
igh in both cases, which indicates quite agglomerated nanopar-
icles, as is expected when water is used as solvent in the
ydrothermal synthesis.49 Average particle sizes measured are
lso shown in Table 3. The particles show a high size in both
ases, reaching an average diameter of 300 nm, being higher
han that of the agglomerate powder shown in the micrographs
btained by TEM (Fig. 3).

The pH of the mother liquor after the hydrothermal synthesis
epends on the urea amount used as starting reagent (Table 2).
s is explained above, when the urea was added in quantities
igher than the stoichiometry, the pH at the end of the reac-

ion was alkaline (9.7), however, when the quantity added was
toichiometry the final pH resulted acidic (3.3). The particles
uspended in the mother liquor by mechanical stirring for 1 h,
ave a positive or negative charge on their surfaces depending
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ig. 7. Zeta potential vs. pH for the as-synthesized HSII,sup, HSII,st powders.

n the pH of the suspension. That means that the powders pre-
ared from the superstoichiometry amount of urea are negatively
harged on their surface, while those particles obtained by HSII,st
ynthesis are positively charged. The surface evolution in terms
f zeta potential vs. the pH of both suspensions is plotted in
ig. 7.
The isoelectric point (IEP) (Fig. 7) of the HSII,st suspension is
lose to 7.5, however, the IEP of the HSII,sup powder suspension
s ≈8.2. The shift of the IEP value is too large to be attributed

T
u
t

ig. 8. Average particle size vs. sonication time for HSII,sup, HSII,st and HSII,st + U
icrographs, that corresponds to the point surrounded by a circle [Fig. 8(a)], are show
n Ceramic Society 29 (2009) 3185–3195

o the presence of different phases in both powders.50–51 In fact,
he IEP of synthetic and commercial YSZ and Y-TZP powders
eported in the literature are in the range of pH 5.5–7.5.12,51

ence, the IEP shift up of the HSII,sup suspension can be
ttributed to the adsorption of charged species dissolved in the
other liquor. As is mentioned above that adsorption was con-
rmed by the DTA-TG curves (Fig. 5) and by the FTIR spectra
arried out on the as-synthesized HSII,sup and HSII,st powders
not shown here).

Fig. 8a shows the dispersion degree achieved by the particles
n the HSII,sup, HSII,st suspensions when sonication was applied
or different times.

As is well known, urea is used as dispersing agent for
anoparticles.19,20 In this study, a new suspension (HSII,st + U)
as prepared for comparative purposes, where the urea amount
eeded (U) to fit the ZrO+2: urea molar ratio used at the supersto-
chiometric synthesis (67 wt.% on dry solid basis) was added to
he HSII,st suspension in the post-synthesis medium. The parti-
le size distribution was measured after sonication was applied.
he suspension is maintained at the pH achieved after synthe-
is, as is indicated in the legend on Fig. 8. For the suspension
SII,st + U, the natural pH of HSII,st is kept constant after the urea
he three slurries showed the same behaviour when different
ltrasonication times were applied. The average particle size of
he agglomerates decreases as sonication time increases up to

samples. For the latest case (HSII,st + U sample after 4 min of US) HR-TEM
n.
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Table 4
The cation/anion relative sizes and the average particle size (dv50) of nanopar-
ticles obtained after the HSII,sup, HSII,st and HSII,st + U hydrothermal synthesis
followed by 2, 3 and 4 min sonication times, respectively.

HSII,sup HSII,st HSII,st + U
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Fig. 9. Zeta potential curves of the HSII,st + U suspension after 4 min of US
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v50 (nm) 75 < 55 < 20
nion/cation relative sizes Cl− < NH4

+ < [(H2N)2COH]+

min in the case of HSII,sup and HSII,st suspensions, and 4 min
n the HSII,st + U. The minimum values of the average parti-
le size achieved were 75 and 55 nm for HSII,sup and HSII,st
owders respectively, and 20 nm for HSII,st + U powders. The
atest can be observed in the HR-TEM micrographs shown in
ig. 8. The picture with the highest magnification shows par-

icles with a size even less than ∼5 nm. This result indicates
hat the dBET determined from the nitrogen adsorption isotherm
ata35,36 gives an overestimated primary particle size due to
he growth/aggregation/agglomeration effect during synthesis
r/and drying processes. In addition, when the above mentioned
onication times are exceeded, reagglomeration is produced and
ighest average particle sizes are observed by DLS. In all cases,
he results show that the agglomerates are weak since they are
asily broken with a low energy supplied by the sonication probe.

For the HSII,st and HSII,st + U suspensions, as mentioned
bove the pHf is acid in both cases, reaching an average par-
icle size lower than that of HSII,sup powders having the latest a
asic pH. That could indicate that the deagglomeration is more
ffective at acid pH (3.3–3.5). In particular, when the urea was
dded after the HSII,st synthesis seems to provoke the most effec-
ive deagglomeration. In fact, the Fag calculated (dv50/dBET)
or HSII,st + U suspension after 4 min US was 2, being reduced a
3% if we compare with the Fag value for the as-prepared HSII,st
uspension (Table 3). It is noticed that, in both synthesis (HSII,sup
nd HSII,st), the most of initial urea content was hydrolyzed at the
nd of the synthesis (Eq. (1)). It has been proved that the reaction
ield of the synthesis was close to 90 wt.%, thus unreacted urea
ould still remain in the mother liquor after the hydrothermal
ynthesis. Considering Eqs. (1) and (4), the predominant dis-
olved and negatively charged specie after the synthesis at basic
H can be the Cl− ions that, mainly maintained anchored to the
articles surface.50 However, under acidic conditions dissolved
pecies in the mother liquor can be the NH4

+ ions, coming from
he urea hydrolyzation (Eq. (1)), and [(H2N)2COH]+ from the
rotonation of urea in water at acid pH.52 Those species can
ffectively contribute to the defloculation of the nanoparticles
btained after the synthesis and a subsequent sonication dis-
ersion since both NH4

+ and [(H2N)2COH]+ have an oxidation
tate of 1+ and are big cations, although [(H2N)2COH]+ is higher
han NH4

+.53 Hence, there is a direct correlation between the ion
ize and the value of the mean particle size (dv50) achieved after
he sonication, as is shown in Table 4, verifying the dispersion
mprovement when urea is added after de synthesis.
The dispersion effect of the extra-amount of urea added
s deflocculant has been evaluated at different pH values, by
easuring the zeta potential of the HSII,st + U suspension after
min of US and without sonication treatment (Fig. 9). The zeta

s
u
s
s

HSII,st + U + US) and without (HSII,st + U) sonication.

otential curve determined for HSII,st + U suspension before son-
cation is similar to that obtained for HSII,st, being the IEP close
o 7.5. When sonication was applied, the IEP shifts up to pH
.1, and the zeta potential values increased for acid pH values.
he agglomerates break down after sonication gives rise to the
rea adsorption on the new created surfaces. Hence, the urea
dsorption promotes the shift up of the IEP. The urea is pro-
onated at acid pH [(H2N)2COH]+ enhancing the electrostatic
epulsive interaction between nanoparticles52 and, shifting the
eta potential curve. Hence, the specific adsorption of the urea on
he particle surface promotes the development of effective elec-
rosteric forces acting between particles contributing to keep an
levated degree of deflocculation in the suspension at acid pH,
s shown in Fig. 8. Consequently, the urea positively charged
cts as a polyelectrolyte that could be adsorbed on the parti-
le surface, improving the particles stabilization by means of a
ombination of both, electrostatic and steric mechanisms.53

To optimize the urea content needed to assure the obtention of
eflocculated YSZ nanoparticles in the mother liquor during the
ynthesis, the zeta potential evolution of the HSII,st suspensions
ith different urea additions after the synthesis was determined.
Fig. 10a shows the zeta potential measurements vs. the urea

oncentration for HSII, st suspension. All the suspensions were
onicated for 4 min before the zeta potential determination. The
SII,st suspension achieved the maximum zeta potential value
hen 0.5 wt.% urea is added, indicating that this is the most

uitable urea quantity which should be added in order to achieve
he highest particle stability under those conditions. The plot
n Fig. 10b shows the corresponding size distributions obtained
hen the different quantities of urea are tested. The best dis-

ribution corresponds to the suspension with a 0.5 wt.% urea
ddition since a monomodal curve is obtained indicating the
owest average particle size being 24 nm. These results demon-
trate that it is not necessary the addition of a large amount of
rea that is usually added,19,20 neither as reagent nor as disper-

ant, to obtain dispersed nanoparticles through a hydrothermal
ynthesis process under mild conditions.
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Fig. 10. (a) Zeta potential vs. urea concentration for the as-synthesized HS

Otherwise, urea should be added as dispersant agent at the
nd of the reaction, being more effective in acid media. In this
ay urea is protonated and allows us to obtain small agglomer-

tes (average particle size of dv50 = 20 nm). That value is very
lose to the primary particle size (dBET ≤ 10 nm) achieved by
ltrasound sonication and measured by DLS. In addition, this
tudy establishes that the protonated urea allows us to reach the
aximum values of the zeta potential for the YSZ nanoparticles,

.e. >30 mV at acid pH. In summary, urea as dispersant works
etter when is added at the end of the reaction, i.e. in the post-
eaction medium, than when the excess of the unreacted urea is
xpected to be used for such purpose.

. Conclusions

It has been established that under dilute conditions an ade-
uate amount of urea for both, the synthesis and the dispersion
owder in the post-reaction medium is needed. Urea addition
s synthesis reagent is required to maintain the pH > 5 during
he synthesis process in order to avoid the Y3+ dissolution in the

other liquor and to obtain YSZ as major phase. Urea addition as
ispersant should be performed after the synthesis process keep-
ng the pH between 5 and 7 to promote an effective dispersion. At
hose pHs the urea is protonated and acts as a polyelectrolyte that
ould be able to adsorb on the particle surface. Under those con-
itions, the measured average particle size for the synthesized
SZ is ∼20 nm and the agglomeration factor is 2. However,
y HR-TEM particles of the suspension dispersed in the post-
eaction medium with a size even less than 5 nm can be observed.
ence, the particle size of the as-synthesized powders is lower

han the value of the primary particle size estimated by BET
8–10 nm).
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