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1. Introduction

Nanocrystalline zirconium oxide (zirconia, ZrO2) is one
of the most important ceramic materials, shock- and
corrosion-resistant, with wide variety of potential appli-
cations such as a structural and biomaterial, solid-state
electrolyte, gas sensor and thermal barrier coating [1]. It
also attracts a great attention as a catalyst or as a support
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A B S T R A C T

Nanocrystalline tetragonal zirconia powders have been synthesized by aqueous

combustion using glycine (Gly) as a fuel and zirconyl nitrate (ZN) as an oxidizer. The

effect of the fuel-to-oxidant molar ratio on the structural and morphological properties of

nanocrystalline zirconia powders was studied. Thermodynamic modeling of the

combustion reaction showed that the increase in the Gly:ZN molar ratio leads to the

increase in theoretical combustion temperature, heat of combustion and amount of

produced gases. Powder properties were correlated with the nature of combustion and

results of thermodynamic modelling. The increase in the Gly:ZN molar ratio produces

more agglomerated powders characterized by a lower degree of uniformity, a lower

specific surface area and a slightly bigger crystallite size. On the other hand, the presence

of hard agglomerates suppresses the volume expansion, stabilizing tetragonal zirconia, as

confirmed by Rietveld refinement. The absence of cubic zirconia was confirmed by FTIR

and Raman Spectroscopy. The increase in the calcination temperature led to more

agglomerated, compact and less uniform powders. The nanocrystalline nature of zirconia

is the reason for the formation of bigger crystallites, the increase in the relative amount of

monoclinic phase and sample sintering after calcination at high temperature. The highest

measured specific surface area of zirconia was 45.8 m2�g�1, obtained using a fuel-lean

precursor.
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r many reactions [2,3]. Moreover, the application of the
anosized metastable tetragonal zirconia particles, as a
ispersed phase in ceramic materials, leads to the increase

 their fracture toughness, strength and hardness [4].
hose unique properties of ZrO2 have become a driving
rce for the development of alternative techniques for its

reparation, among them the aqueous combustion syn-
esis [5]. It is a versatile, simple, safe, energy- and time-

aving process, with capability to produce homogeneous,
igh purity and nanocrystalline ceramic powders [6]. The
queous combustion synthesis involves the formation of a
omogeneous oxidant-fuel precursor and its redox exo-
ermic reaction, accompanied with a quick evolution of
rge volume of the gaseous products. The nature of the

ombustion and the properties of the resulting powder
epend on the type and the amount of the fuel used in the
rocess. According to Toniolo et al. [7], a good fuel should
eact non-violently, produce non-toxic gases and act as
omplexing agent to form metal cations. Glycine, one of

e cheapest amino acids, is known to act as a complexing
gent due to its carboxylic acid group at one end and amino
roup at the other. Such types of zwitterionic character of a
lycine molecule can effectively complex metal ions of
ifferent ionic size, which helps in preventing their
elective precipitation to maintain compositional homo-
eneity among the constituents. On the other hand, it can
lso serve as a fuel in the combustion reaction, being
xidized by nitrate ions [8]. Therefore, glycine was chosen
s a fuel for the preparation of nanocrystalline zirconia
owders in this study.

Several papers have already discussed the role of the
el in controlling the morphology of the synthesized

owders [7–11]. A zirconia nanosized single crystal has
lready been prepared by the combustion of an aqueous
olution of metal nitrate and glycine [12]. Zirconia
anocrystalline powders were also synthesized using
ucrose [13], glycine [9] and citric acid [14] as a fuel.
owever, in the most of these researches, the amount of
e fuel and/or complexing agent has been fixed according

 the concept of propellant chemistry [15]. Scarce
ystematic studies on the effect of the fuel-to-oxidant
olar ratio on the nature of combustion and properties of

irconia nanocrystalline powders have been reported. As
r as we know, the effect of calcination temperature on

irconia’s properties [16,17], obtained by combustion
ethod, has not also been presented. Moreover, in view

f beneficial properties of metastable tetragonal zirconia
articles, in the area of ceramic materials, we consider

portant to review its formation by different techniques:
RD, FTIR and Raman Spectroscopy. This is due to the fact
at it is very difficult to distinguish between tetragonal

nd cubic phases of zirconia by a qualitative XRD analysis,
s a result of both (400) and (004) lines splitting and (112)
ne broadening, as made by the most of researches.

Here, the combustion synthesis of nanocrystalline
irconia powders using glycine as a fuel and zirconyl
itrate as an oxidizer is reported. The study is focused on
e effect of:

 the fuel-to-oxidant molar ratio on the properties (such
as: specific surface area, crystalline structure, crystallite

size, extent and nature of agglomerates) of nanocrystal-
line zirconia powders;
� sample morphology on tetragonal zirconia stabilization;
� calcination temperature on the microstructural evolu-

tion of zirconia powders.

For these purposes, the synthesized powders have been
characterized by: TGA, specific surface area measure-
ments, SEM-EDS, XRD, FTIR and Raman Spectroscopy. The
thermodynamic modeling of the combustion reaction was
carried out in order to study the role of the fuel-to-oxidant
molar ratio on the heat of combustion, theoretical
combustion temperature, number of moles of gases
evolved in the reaction and the nature of combustion
process. The results of thermodynamic modeling were
correlated with powders properties.

2. Experimental

2.1. Synthesis

Zirconyl nitrate hydrate [ZrO(NO3)2�xH2O, Aldrich,
purity 99%, ZN] and glycine [NH2CH2COOH, Mallinckrodt,
purity 99.5%, Gly] were used as the starting materials. The
different compositions of the redox mixtures (Gly:ZN) for
the combustion were calculated using the total reducing
(+9) and oxidizing (�10) valences of the starting materials:
Gly and ZN, respectively. According to the principle of
propellant chemistry [15], for stoichiometric redox reac-
tion, the ratio of the net reducing valency of the fuel net to
the oxidizing valency of the metal nitrate should be unity
(maximum quantity of energy released in the combustion
process). Therefore, the Gly:ZN molar ratio for the
stoichiometric combustion should be 1.11. Moreover,
fuel-lean (0.5 and 0.75) and fuel-rich (2) Gly:ZN precursors
were applied for sample preparation. The studied range of
the Gly:ZN molar ratio was chosen experimentally to
guarantee the auto-ignition of the combustion process,
considering that it takes place only in a limited range of the
fuel-to-oxidant molar ratio (above and below the stoichio-
metric one). The amounts of fuel as well as of oxidant were
taken to obtain approximately 3 g of the final product. The
required amounts of starting materials were dissolved in
the minimum amount of deionized water and mixed to
obtain transparent aqueous solution of oxidant-fuel
precursor. After its thermal dehydration at ca. 80 8C, as
soon as a viscous liquid was formed, the temperature was
increased up to ca. 250 8C. It led to the auto-ignited, fast,
self-sustaining, flameless and non-explosive combustion
of the liquid, accompanied with a rapid evolution of large
amount of gases and formation of an amorphous powder
(as confirmed by XRD, not shown here), indicating the
incomplete combustion. The nature of the ignition and the
aspect of the obtained powders depended on the fuel-to-
oxidant molar ratio. Henceforth, these samples are
indicated as raw powders. Subsequently, they were calcined
in air, at 600 8C, with a ramp rate 3 8C�min�1, for 4 hours at
atmospheric conditions, in order to remove traces of
unreacted starting materials (if any) and/or products of
their decomposition and obtain pure and well-crystallized
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conia oxides. Moreover, some representative samples
ere calcined at 800 and 1000 8C with the purpose of

dying the effect of calcination temperature on their
ysicochemical properties. Before calcination, the raw
wders were hand ground in an agate mortar. For all
y:ZN molar ratios, a similar quantity of ZrO2 powder after
lcination process was obtained. An average efficiency of
% of yield was achieved.

. Characterization methods

The standard enthalpy of combustion (DH0) and
eoretical adiabatic flame temperature (combustion
mperature) (T), as a function of the Gly:ZN molar ratio,
ere calculated using the following thermodynamic
pressions:

0 ¼
X

nDH0
f

� �
p
�

X
nDH0

f

� �
r

(1)

¼ T0 þ
DH0

f

� �
p
� DH0

f

� �
r

DC p
(2)

here: n is number of the mol, DH0
f

� �
r

and DH0
f

� �
p

present the enthalpies of formation of the reactants and
oducts at 25 8C, respectively, T is theoretical adiabatic
me temperature, T0 is the reference temperature (25 8C)
d DCp is the overall change in the heat capacity per mol.
ble 1 contains the relevant thermodynamic data for
rious reactants and products.
The thermal stability of raw zirconia powders was

aracterized by thermogravimetric analysis (TGA), using
etsys 16/18 thermogravimetric analyzer (Setaram). The

ucible containing about 10 mg of sample was heated
m room temperature (r.t.) to 800 8C in air, with a ramp

te of 3 8C�min�1.
The morphology of ZrO2 powders was studied using a

anning electron microscopy–energy dispersive spectros-
py (SEM-EDS) technique. SEM measurements were
rformed by JSM-5910LV microscope (JEOL, Japan), using
 acceleration voltage of 15 kV, equipped with energy
spersive spectrometer (EDS) (Thermo Noran, USA).
ages were recorded at several magnifications. The
mental analysis in the studied microarea of the oxide

rface layer was determined by the EDS method, basing
 the obtained characteristic X-ray spectra. The examined
mples were placed in a holder and before analyzing were
ated with a carbon monolayer, using Cressington 208 HR
stem (Cressington Scientific Instruments Ltd., UK), in
der to reduce the charge build-up on the samples.

The crystalline structure identification and crystallite
size determination of ZrO2 powders was carried out using
X-ray diffraction (XRD). Approximately 300 mg of sample,
which had been hand ground in an agate mortar, was
packed in the sample holder. XRD patterns were obtained
at room temperature using a PANalytical’s X’Pert-Pro MPD
X-ray diffractometer (equipped with X’Celerator) with
nickel-filtered Cu Ka radiation (l = 1.5406 Å), operating at
40 kV and 30 mA. Divergent optics were used in a Bragg-
Brentano (flat-plate sample) geometry, with the following
slits: Soller (0.04 rad)–on incident and diffracted beams,
fixed divergence (0.58), antiscatter (18). Data were
collected in the 2u range of 20–808, with a step size of
0.01678 and step time of 10 s. Phase analysis was
performed using X’Pert HighScore Plus software and
JCPDS-ICDD PDF–2 database (International Centre for
Diffraction Data-The Powder Diffraction File) in order to
identify the crystalline phases. The quantitative phase
analysis has been performed by the Rietveld refinement
technique, via Hill and Howard’s [20,21] procedure, using
the following formula:

W p ¼
Z � S � M � Vð ÞpP
i Z � S � M � Vð Þi

(3)

where: Wp (wt. %) is the relative weight fraction of phase p

in the mixture of i phases, S is the Rietveld scale factor, Z is
the number of formula units in the unit cell, M is the
molecular weight of the formula unit (atomic mass unit, u),
V is the unit cell volume (Å3) and i is an index running over
all phases. The subscripts p and i are used for pth and ith
phase. The tetragonal and monoclinic polymorphs of ZrO2,
with space group P42/nmc and P21/c, respectively, were
used as the starting models. The background in the XRD
pattern was refined using a polynomial with five refinable
coefficients. The peak shape was corrected using a pseudo-
Voigt function.

The crystallite size (DXRD) of ZrO2 powders was
determined by means of the X-ray line broadening method
[22], according to the Scherrer equation (4).

DXRD ¼
k l

b cosu
nmh i (4)

where u is the incidence angle for the hlk reflection (rad), b
is the angular line width at medium height (rad), and k

corresponds to the Scherrer constant (0.9).
The specific surface area was measured with Sorpto-

matic 1900 apparatus (Carlo Erba), at �196 8C, by
determining the amount of nitrogen gas adsorbed as a

ble 1

levant thermodynamic data for various reactants and products [18,19].

ompound DH0
f kJ � mol�1
� �

Cp (J�mol�1�K�1)

rO(NO3)2H2O(c) –1820 –

H2CH2COOH(c) –333 –

rO2(c) –1101.3 69.668 + (7.53�10�3�T) � (1.406�106�T�2)

O2(g) –393.8 (19.8�T) + (7.344�10�2�T2) � (5.602�10�5�T3) + (1.715�10�8�T4)

2O(g) –242 (32.24�T) + (1.92�10�3�T2) + (1.055�10�5�T3) � (3.59�10�9�T4)

2(g) 0 (31.1�T) � (1.357�10�2�T2) + (2.68�10�5�T3) � (1.168�10�8�T4)

2(g) 0 (28.11�T) � (3.68�10�6�T2) + (1.746�10�5�T3) � (1.065�10�8�T4)
: crystalline; (g): gas; T: absolute temperature (K); Cp: heat capacity at constant pressure; DH0
f : enthalpy of formation at 25 8C.
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onomolecular layer on the sample. Prior to the measure-
ent, all samples were degassed for 4 h at 250 8C. The

pecific surface area, SBET was calculated using BET
quation [23]. Using the SBET value, the geometrical mean
article size (DBET) was calculated, assuming the presence
f spherical particles, according to the following expres-
ion:

BET ¼
6 � 103

r SBET
nmh i (5)

here: r (g�cm�3) is theoretical density (6.12 g�cm�3), and

BET (m2�g�1) is the measured surface area of the ZrO2

owder.
Fourier-transform infrared (FTIR) spectra of ZrO2

owders were recorded by a Nicolet 6700 FT-IR spectrom-
ter (Thermo Scientific, USA) with MCT detector (photo-
onductive detector HgCdTe), in the region of 4000–
00 cm�1, at room temperature, using the KBr (5 wt.%)
ellet technique for functional group analysis.

Raman spectra were obtained using FT-Raman spec-
ometer MultiRAM (Bruker, Germany) with a YAG laser

ource of wavelength 1064 nm, laser power of 500 mW,
nd the spectrum resolution of 1 cm�1.

. Results and discussion

.1. Thermodynamic modeling

The majority of solution combustion reactions are
nown as exothermic enough to provide high reaction
mperatures, which are adequate for the combustion wave

ropagation and can also lead to the explosion if not
ppropriately controlled. In the present work, the combus-
on of glycine (Gly) – zirconyl nitrate hydrate (ZN) redox
ixture was auto-ignited, self-propagated, flameless and

on-explosive exothermic process for all studied Gly:ZN
olar ratios. This reaction can be represented as follows:

ZrO NO3ð ÞH2O aqð Þ þ bC2H5O2N aqð Þ þ xO2 aqð Þ ! dZrO2 sð Þ

þ eCO2 gð Þ þ fH2O gð Þ þ ’N2 gð Þ þ gO2 gð Þ

here a to g (Greek symbols) correspond to the
toichiometric coefficients of its reactants and products,
s a function of the Gly:ZN molar ratio (Table 2).

One can see that the increase in the Gly:ZN molar ratio,
ads to the increase in the amount of gaseous products
–g), which could be an important factor controlling the

pecific surface area of the obtained ZrO2. Moreover, if the

required for the complete combustion of the fuel (fuel-lean
mixture), a portion of oxygen does not react and appears in
the exhausts (g), as previously reported in the case of
glycine-cerium nitrate [8] and glycine-aluminum nitrate
[7] combustion reactions. On the other hand, in the case of
the oxygen shortage in the Gly:ZN mixture (fuel-rich
mixture), the extra amount of atmospheric oxygen (x) for
the complete combustion of the fuel is needed.

Fig. 1 presents the heat of combustion (–DH0) and
theoretical combustion temperature (T, theoretical adia-
batic flame temperature), as a function of the Gly:ZN molar
ratio, which were calculated by Matlab1 using the relevant
thermodynamic data (Table 1) for various reactants and
products.

For Gly:ZN combustion reaction, the heat of combus-
tion and theoretical combustion temperature significantly
increase with an increase in the amount of fuel used for the
combustion (Gly:ZN molar ratio). For both stoichiometric
and fuel-rich Gly:ZN mixtures, the theoretical adiabatic
flame temperature is significantly higher than 1170 8C, the
temperature above which tetragonal ZrO2 is stable,
suggesting the effect of this parameter on the structural
properties of ZrO2. However, it should be emphasized that
the measured combustion temperatures (Tm) were much
lower than the calculated one, especially in the case of the
sample prepared using fuel-rich Gly:ZN mixture, probably
due to incomplete combustion reaction, radiative losses,
and heating of air (Table 2). It should be also noted that
these measurements can be characterized with some
inaccuracy due to the very spontaneous character of the

able 2

toichiometric coefficients of the combustion reaction (a–g), standard enthalpy of combustion (DH0), theoretical (T) and measured (Tm) adiabatic flame

mperatures, as a function of the Gly:ZN molar ratio.

Gly:ZN

molar ratio

a b x d e f w g Moles of gaseous

product/Moles of ZrO2

–DH0

(kJ�mol�1)

T (8C) Tm (8C)

0.5 1 0.5 0 1 1 2.25 1.25 1.38 5.88 53.1 192 135

0.75 1 0.75 0 1 1.5 2.87 1.37 0.82 6.56 316.8 978 730

1.11 1 1.11 0 1 2.22 3.78 1.55 0 7.55 700.7 1725 1305

2 1 2 2 1 4 6 2 0 12 1642.5 2461 1210

m: maximum combustion temperature measured using a type-B thermocouple (Pt/Rh 70%/30%–Pt/Rh 94%/6% by weight).

Fig. 1. Variation of heat of combustion ( ) and theoretical combustion
emperature ( ) as a function of the Gly:ZNmolar ratio.
mount of oxygen in the Gly:ZN mixture is in excess of that t
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mbustion process as well as thermocouple inertia and its
nctual form of temperature measuring. The theoretical
mbustion temperature of Gly:ZrO(NO3)2�H2O stoichio-
etric mixture, calculated in this work (ca. 2270 8C), is
uch higher than those reported in the literature for
(NO3)3�6H2O:Gly (ca. 1740 8C) [8] and Fe(NO3)3�9H2O:
y (ca. 1520 8C) stoichiometric mixtures [24]. One can see
at this temperature decreases when increasing the
ount of molecules of water attached to the metal

ecursor. It suggests that water remaining in the metal
trate-glycine solution at the temperature of auto-
nition strongly influences the adiabatic flame tempera-
re. More hydrated metal precursors probably can ignite

 relatively lower temperatures than water-free systems.
oreover, considering that this residual liquid must be
nsformed to the vapor and finally be heated as other

mbustion products, lower values of the resulting (real)
mbustion temperatures can be expected.

. Sample synthesis

The color of the as-synthesized powders was found to
ange, from brownish to blackish, with an increase in the
y:ZN molar ratio used for the synthesis. It could be
lated to:

the presence of carbonaceous residue arising from un-
reacted glycine, especially evident in the case of the
sample prepared using fuel-rich mixture due to insuffi-
cient amount of oxidizer specimen (ZrO(NO3)2�H2O);
and lower real temperature of combustion, comparing to
theoretical one necessary for a complete reaction. As it
was expected, after calcination all powders were white.

During the combustion of the fuel-lean mixtures, the
ount of gaseous products was much higher than that of

e fuel-rich one, leading to the formation of more
luminous and apparently highly porous powders. This
servation is contrary to the expected one, made on the
sis of the reaction stoichiometry (Table 2, number of
oles of gaseous products/moles of ZrO2). We believe that
e reason for this contradiction is related to much lower
al temperature of combustion, comparing to the
eoretical one necessary for a complete reaction, espe-
lly evident for the sample prepared by fuel-rich mixture.
e change in the color of the released fumes, from dark
llow (reddish) to white, with an increase in the Gly:ZN
olar ratio was also observed. This remark is in the
screpancy with the statement made by Reddy et al. [12]
ho reported that the color of the fumes during smolder-
g combustion changed from white-brown to brown with

 increase in the Gly:ZN molar ratio. We believe that this
consistency can be clarified as follows. According to the
erature [7], self-sustaining nature of the combustion is a
sult of the following steps:

the formation of the precursor mixture containing metal
nitrate and glycine, used as combustible fuel;
its dehydration which leads to nitrate decomposition
giving oxides of nitrogen (NOx) as a product;

� the reaction between the gaseous NOx and the fuel
generating heat and higher amount of gases;
� the homogeneous gas-phase, exothermic oxidation-

reduction which increases the temperature of the intact
viscous mixture at once adjoining the combustion zone;
� the quick reaction which is sustained until the entire

intact zone will be consumed.

Considering those statements, we believe that the
formation of NOx can be the reason for the different colors
of fumes released during the combustion realized using
different ZN:Gly molar ratios. NOx is a generic term for
nitric oxide (NO, colorless gas) and nitrogen dioxide (NO2,
vivid orange gas). In the presence of air, the ratio between
NO and NO2 can change due to thermodynamic equilibri-
um, as proposed by Gómez-Garcı́a et al. [25]. At lower
temperatures (< 230 8C), the formation of NO2 is favorable,
at higher ones (> 630 8C) the formation of NO occurs. If a
fuel-lean mixture was used for synthesis, a lower
temperature for its complete combustion was required,
leading to the formation of mostly NO2 and related to it the
reddish color of the fumes. In the case of synthesis using
fuel-rich mixture, higher temperature for its complete
combustion was necessary, leading to the formation of
mostly colorless NO and related to it change in the color of
the fumes to white.

3.3. Sample characterization

Fig. 2 presents the TG-DTG curves, in a stream of air, of
raw powders synthesized using different Gly:ZN molar
ratio. The TG thermograms of fuel-lean and stoichiometric
samples exhibit two main regions of weight loss. The first
one (ca. 3–17%, depending on the Gly:ZN molar ratio),
continous and in general mayor, in the temperature range
of 15–500 8C, with maximum at at ca. 330 8C, relates to the
main decomposition and/or combustion of the raw
powders, resulting in the formation of zirconium oxide.
The second one, subsidiary (ca. 5%) takes place in the
temperature range of 500–620 8C, presumably due to the
oxidation of some carbonaceous residues to CO2. One can
see a slight shift of the maximum of the DTG curve, related
to the carbonaceous residues oxidation, to the higher
temperatures with an increase in the Gly:ZN molar ratio.
For fuel-rich powder four main regions of weight loss are
observed. The first one (ca. 30%), continuous in the
temperature range of 15–260 8C, with the maximum at
ca. 200 8C, relates to the unreacted glycine decomposition;
the second one (ca.16%) in the temperature range of 260–
320 8C, with the maximum at ca. 290 8C, and the third one
(ca. 20%) in the temperature range of 320–500 8C, with the
maximum at ca. 360 8C, can represent the main decompo-
sition and/or combustion of the raw powders, resulting in
the formation of zirconium oxide. The fourth one (ca. 2%) in
the temperature range of 320–620 8C, with the maximum
at ca. 565 8C, probably takes place due to the oxidation of
some carbonaceous residues to CO2. The total weight loss
of the studied samples increases with an increasing
amount of the glycine in the combustion mixture,
according to the Gly:ZN molar ratio: 1:0.5 < 1:0.75
< 1:1.11 < 1:2. Moreover, one can see that in the case of
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e fuel-rich sample (the darkest one) the weight loss
elated to the carbonaceous residues oxidation was the
west one and took place at lower temperature than in the

ase of the rest of the studied powders. We consider that
e un-reacted glycine decomposition took place at much

lower temperature (ca. 200 8C), hence lower amount of
carbonaceous residue was present in the sample. One can
see that independently of the Gly:ZN molar ratio, at
temperature above 600 8C, all raw ZrO2 powders presented
constant weight. We believe that thermal treatment at
600 8C is going to ensure their total decomposition,
therefore, it was chosen as calcination temperature for
further investigation.

Fig. 3a presents typical SEM micrographs of ZrO2

obtained using different Gly:ZN molar ratios, calcined at
600 8C. The results show that all powders are uniform,
voluminous and spongy in nature. They exhibited foamy
and agglomerated particles with a wide distribution,
strongly dependent on the Gly:ZN molar ratio. One can
see that the registered agglomeration tendency increases
as the Gly:ZN molar ratio increases. The samples prepared
using Gly:ZN molar ratios � 1.11 are loosely agglomerated
and present a high amount of characteristic voids with
typical sizes of 0.5–5 mm. The formation of these features
can be attributed to the fast evolution of large amount of
gases during the combustion process. Quick gaseous
products formation disperses the heat of combustion,
limiting the rise of temperature and reducing the
possibility of premature, partial and local sintering of
primary particles. Their size increases with an increase in
the Gly:ZN molar ratio due to the increasing number of
moles of gaseous products during the synthesis process
(Table 2), with the maximum observed for stoichiometric
Gly:ZN mixture. The powder prepared using excess of Gly
presents lower degree of uniformity. It consists of mostly
spherical particles with typical sizes of 1–5 mm, much
bigger than those obtained using fuel-lean and stoichio-
metric Gly:ZN mixtures. Moreover, lower quantity of
characteristic voids in its structure is observed probably
due to the lower amount of gaseous products evolved
during the combustion as well as high adiabatic flame
temperature, as we mentioned above. For all samples, the
EDS analysis showed the presence of zirconia and
confirmed low concentration of impurities after calcina-
tion at 600 8C. On further increase in calcination tempera-
ture, more agglomerated and compact powders are formed
(Fig. 3b). Moreover, the amount and the size of character-
istic voids observed for the sample calcined at 600 8C
decreases gradually. The uniform, voluminous and spongy
nature of the samples is reduced after calcination at high
temperature.

X-ray diffraction patterns of ZrO2 powders, synthesized
using different Gly:ZN molar ratio, calcined at 600 8C are
presented in Fig. 4a.

Crystalline phases were identified by a comparison
with the corresponding JCPDS files. XRD patterns of all
ZrO2 powders, calcined at 600 8C correspond to both
monoclinic (JCPDS card no.: 00-037-1484) and tetragonal
(JCPDS card no.: 00-050-1089) structures. For all samples,
the tetragonal phase is a principal one (Table 3).

It should be noticed that both tetragonal and cubic
phases produce a broad diffraction peak at 2u = 308,
making differentiation between them difficult, especially
if the sample is characterized with small particle size and/
or poor crystallinity. Therefore, the XRD studies were
complemented with FTIR and Raman experiments. One can
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e a very slight increase in the relative amount of
tragonal phase with an increase in the Gly:ZN molar ratio
able 3). Considering that the agglomeration tendency of
nthesized powders was also increasing with an increase

 the Gly:ZN molar ratio (Fig. 3a), it could be suggested

that the presence of hard aggregates promotes the
formation of metastable-tetragonal nanocrystalline zirco-
nia, as previously proposed by Skukla et al. [26]. The
mechanism of t-zirconia stabilization can be based on the
volume expansion associated with the tetragonal to

. 3. Secondary electron (SE) photomicrographs of ZrO2 powders prepared using: a: different Gly:ZN molar ratios, calcined at 600 8C; b: Gly:ZN = 0.5,

cined at different temperatures. Magnifications: � 2000.
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onoclinic ZrO2 transformation. The presence of hard
gglomerates suppresses the volume expansion, stabiliz-
g the tetragonal zirconia. The primary crystallite size of

owders calcined at 600 8C, determined using the Scherrer
quation (DXRD), is presented in Table 3. The slight increase

 the crystallite size with the increase in the Gly:ZN molar
atio can be attributed to an increase in flame temperature,
hich assists crystal growth. There is also a correlation

etween the increase in the crystallite size and the
eduction in the specific surface area, as a function of

creasing fuel content (Table 3). As similar observation
as already been done by Toniolo et al. [7] in the case of
lumina synthesis by the glycine-nitrate combustion. The
irconia powders obtained using fuel-lean mixture present
e highest specific surface area, whose value decreases as
e Gly:ZN molar ratio increases. We believe that the

bserved tendency is directly related to the nature of
ombustion process. The application of Gly shortage
esults in the low reaction enthalpy (Table 2), remaining
w local temperature of formed particles and preventing
eir agglomeration. Moreover, this reaction was accom-

anied with the evolution of large amount of gaseous
roducts (see Sample synthesis section) leading to the

formation of more porous structure (Table 3). As the
Gly:ZN molar ratio increases, higher combustion tempe-
ratures are generated (Table 2) and lower amount of gases
are evolved (see Sample synthesis section), leading to the
formation of a dense structure (Table 3). It should be also
noted that the difference between the surface area of the
powders synthesized by the fuel-lean and stoichiometric
mixtures is not as significant as in the case of that between
the fuel-lean and fuel-rich ones. This may be attributed to
the very significant difference in the corresponding flame
temperatures (Table 2), as also previously observed by
Purohit et al. [8] for cerium nitrate-glycine combustion. As
far as we know, the surface area of 45.8 m2�g�1, obtained in
this study using stoichiometric Gly:ZN mixture, is the
highest one reported in the literature for ZrO2 prepared by
combustion method.

Fig. 5 shows the representative N2 adsorption–desorp-
tion isotherm of ZrO2 prepared using a molar ratio
Gly:ZN = 0.5. All four analysed samples showed type IV
isotherms, according to the IUPAC clasification, with
hysteresis loops (type A, according to de Boer, or H1)
typical of mesoporous materials. The hysteresis loop is
associated with the capillary condensation taking place in
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ig. 4. X-ray diffraction of ZrO2 powders prepared using: a: different Gly:ZN molar ratios, calcined at 600 8C; b: Gly:ZN = 0.5, calcined at different

mperatures; the peak marked as m and t corresponds to monoclinic (JCPDS No. 00-037-1484) and tetragonal (JCPDS No. 00-050-1089) structures,

spectively.

able 3

haracterization of ZrO2 powders prepared using different Gly:ZN molar ratios, calcined at 600 8C.

Gly:ZN

molar

ratio

Relative amount

of crystalline

phases (%)

DXRD (nm) SBET

(m2�g�1)

Vp

(cm3�g�1)

Dp

(nm)

DBET

(nm)

c

T M T M T T

0.5 95.5 4.5 13.4 11.7 45.8 0.190 13.4 21.4 1.60

0.75 96.1 3.9 14.9 11.7 40.7 0.180 14.1 24.3 1.62

1.11 96.1 3.9 15.0 11.7 40.2 0.198 14.0 24.4 1.63

2 96.8 3.2 15.5 11.1 23.3 0.054 6.5 42.1 2.72

XRD: crystallite size calculated basing on XRD line broadening; T: tetragonal phase; M: monoclinic phase; SBET: specific surface area determined by the BET

ethod; Vp: pore volume taken at p/p0 = 0.99; Dp: average pore diameter determined by the BJH method; DBET: particle size calculated for tetragonal

irconia, based on the specific surface area; c = (DBET/DXRD).
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e mesopores signifying the preservation of the mesopo-
us structure even after calcination at elevated tempera-
re. The type A hysteresis loop is attributed to the
lindrical shaped pores. A typical pore size distribution
r this sample is included in Fig. 5. The sample exhibits a
inodal pore size distribution.
Table 3 presents additionally the geometrical particle
e (DBET) of ZrO2 powders calcined at 600 8C, estimated
m BET data assuming that the particles are spherical. For

 samples, the calculated DBET values are higher than
ose of the DXRD. This deviation can be explained by a
tential presence of small agglomerates and grain
undary interfaces in ZrO2 powders, which are not
ailable to N2 gas during the BET analysis. Moreover,
e XRD technique can detect the subgrains within
rticles. The c (c = DBET/DXRD) factor, which reflects
e extent of agglomeration of the primary crystallites, was
o estimated (Table 3). The c value increases from ca.

 for fuel-lean synthesized zirconia to 2.72 for fuel-rich
e, indicating that the extent of agglomeration increases

as a function of the increasing amount of the fuel used for
combustion.

Fig. 4b shows the XRD patterns of one of zirconia
powders (Gly:ZN = 0.5) calcined at different temperatures.
On the further increase in calcination temperature, the
narrowing of main diffraction peaks, in comparison to
the sample calcined at 600 8C, is registered due to the
formation of bigger crystallites (Table 4). Moreover, the
amount of the monoclinic phase increases, probably due to
the observed crystal growth. After calcination at 800 8C,
almost 50% of tetragonal phase is transformed into a
monoclinic one (Fig. 4b, Table 4). After calcination at
1000 8C, zirconia presents mainly monoclinic phase
(98.5%). Its crystallite size is ca. 32 nm. Upon an increasing
calcination temperature, a significant decrease in the
surface area of ZrO2 (ca. 70%) as well as an increase in the
powders crystallite size is observed (Table 4). For samples
calcined at 800 and 1000 8C, the calculated DBET values
are significantly higher than those of the DXRD due to the
increasing amount of agglomerates (Fig. 3b). The c value

Fig. 5. The representative N2 physisorption isotherm and BJH pore size distribution of ZrO2 prepared using a molar ratio Gly:ZN = 0.5.

ble 4

aracterization of ZrO2 powders prepared using Gly:ZN = 0.5, calcined at different temperatures.

alcination

emperature (8C)

Relative amount

of crystalline

phases (%)

DXRD (nm) SBET

(m2�g�1)

Vp

(cm3�g�1)

Dp

(nm)

DBET

(nm)

c

T M T M T T

00 95.5 4.5 13.4 11.7 45.8 0.190 13.4 21.4 1.60

00 55.5 44.5 18.1 17.5 26.5 0.058 6.8 37.0 2.04

000 1.5 98.5 33.7 31.7 12.6 0.015 2.5 81.1 2.56

RD: crystallite size calculated basing on XRD line broadening; T: tetragonal phase; M: monoclinic phase; SBET: specific surface area determined by the BET

thod; Vp: pore volume taken at p/p0 = 0.99; Dp: average pore diameter determined by BJH method; DBET: particle size calculated for tetragonal zirconia,
sing on the specific surface area; c = (DBET/DXRD).
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creases by 40% with an increase in calcination tempera-
re, confirming the extent of agglomeration.
In tetragonal zirconia, the smallest Bravais cell contains

ur oxygen ions and the tetrahedral surrounding oxygen
re deformed (i.e. they are expanded along the z-axis).
herefore, each movement of oxygen atoms undergoes
reefold splitting. Finally, the movements of the four

xygen atoms combine giving rise to four nondegenerate
odes and to four doubly degenerate ones. Four of them

re IR active and four Raman active. As a result of the
ombining movements of oxygens with the movements of
irconium ions and subtracting the acoustical modes, three

 bands (475, 580 and 670 cm�1, each of them undergoing
O-LO splitting) and six Raman bands (145, 265, 313, 460,
00, 645 cm�1) for the spectrum of tetragonal zirconia
hould be observed [27].

The FTIR spectra of the samples prepared using
ifferent Gly:ZN molar ratios, calcined at 600 8C are
resented in Fig. 6a. The stretching frequencies of Zr–O

vibrations can be observed in the 400–1190 cm�1 frequen-
cy region. For samples calcined at 600 8C (Fig. 6a), the FTIR
spectra display an intense absorption with a maximum at
475 cm�1 characteristic of tetragonal zirconia. These
spectra are quite similar to those observed and described
previously (see Fig. 2 in Ref. [28] and Fig. 3 in Ref. [27]). The
presence of monoclinic phase is not evident since no
additional bands are detected, in particular at 510 and
740 cm�1 (Fig. 6a).

However, under increasing calcination temperature the
band at 740 cm�1 becomes visible (Fig. 6b), which
intensity increases with an increase in calcination temper-
ature, confirming the presence of monoclinic phase in
these powders. In addition, the bands at 1055, 1330 and
1430 cm�1 are probably due to the presence of carbonate
species, which are variable with respect to calcination
temperature and crystalline structure of the oxides
(Fig. 6b). The presence of a broad band in the region of
3000–3600 cm�1 is attributed to the O–H stretching of
physically adsorbed water. Our observations are similar to
those presented in the literature [13,29].

In order to study zirconia phase transformation and to
confirm the phases present in the studied powders, Raman
spectroscopy analysis was also performed with one of
studied samples, calcined at different temperatures
(Fig. 7). The bands at 174, 184, 215, 303, 330, 345, 380,
474, 499, 537, 559, 617 and 638 cm�1 are typical of the
monoclinic phase of zirconia and those at 145, 265, 313,
460, 600, 645 cm�1 are representative of the tetragonal
one. The Raman spectrum for the sample calcined at 600 8C
is of a low intensity. However, the characteristic lines for
both ZrO2 structures were identified in the Raman
spectrum collected for the sample calcined at 600 8C.

The presence of a doublet at 170–185 cm�1, character-
istic of the monoclinic zirconia phase, was registered after
calcination even at 600 8C confirming that this is a
sufficient temperature for the initiation of monoclinic
ZrO2 formation. The band at 303 cm�1 may overlap with
tetragonal and monoclinic phases [13]. The most of the
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tragonal phase is transformed to the monoclinic one at a
mperature of 1000 8C. This is proved by the lack of bands
 145 and 265 cm�1 assigned to tetragonal ZrO2.
oreover, the absence of the bands at 150, 250, 360,
0 and 625 cm�1 confirms that no cubic phase is present

 all studied powders. The overall half-width at half-
ight of the bands of Raman spectrum is proportional to
e inverse of the grain size [13]. The broad bands in the
died spectra indicate the presence of particles in the

noregime. The present results agree with those obtained
 XRD. Quantitative phase analysis of the obtained ZrO2

ectra (Fig. 7), estimated as proposed by Kim et al. [30],
ows that the powder calcined at 600 8C is at 72.8%
onoclinic, calcined at 800 8C in 82.6% and that at 1000 8C

 97.9%. One can see that these results are in disagreement
ith the quantitative phase analysis made basing on the
D patterns (Table 3). We believe that it can be

terpreted in the terms of:

phase transformation of ZrO2 which starts from the
surface region, progressing to the bulk; the initial change
of the phase at the surface can be sensitively detected by
Raman spectroscopy rather than XRD;
the fact that monoclinic zirconia is a stronger scatter that
tetragonal one; Raman spectroscopy is superior in
discerning the monoclinic phase, particularly when the
monoclinic fraction is small [30]. We have observed that
the Raman peak ratio Im(184 cm�1)/It(145 cm�1) is ca.
8 times bigger than the XRD one Im(–111)/It(111).

Table 5 presents a brief comparison of some represen-
tive textural and morphological properties of ZrO2

wders obtained in this study with those reported in
e open literature, prepared using different preparation
chniques and calcined at different temperatures. One can
e that the specific surface area of ZrO2 powders prepared

 combustion method, using citric acid and sucrose as
els, is definitively lower than that obtained in this study.
oreover, they are characterized with slightly lower

amount of tetragonal phase, if reported. However, this
analysis is especially difficult since, in most of the research
papers, the presence of tetragonal zirconia was confirmed
only on the basis of XRD data. Compared to other
preparation methods, ZrO2 obtained by combustion is
characterized with both the highest percentage of tetrago-
nal phase and the highest specific surface area value.
Independently of the preparation method, its sintering at
high temperature due to the phase transformation accom-
panied with an increase in crystallite size can be seen.

4. Conclusions

Nanocrystalline tetragonal zirconia powders have been
successfully prepared by aqueous combustion synthesis
using glycine as a fuel and zirconyl nitrate as an oxidizer.
The results of thermodynamic modeling as well as
physicochemical characterization were correlated with
powder properties. The most significant results can be
summarized as follows:

� Gly:ZN molar ratio vs. properties of zirconia: the increase
in Gly:ZN molar ratio led to:
� the increase in agglomeration tendency and decrease

in degree of sample uniformity; this due to the lower
amount of gaseous products evolved during combus-
tion reaction as well as high adiabatic flame tempera-
ture,
� the slight increase in the powders crystallite size due to

the increase in flame temperature, which assists
crystal growth,
� the decrease in specific surface area; Gly shortage led

to low reaction enthalpy and low local temperature of
formed particles, preventing their agglomeration and
creating more porous structure,
� a fuel-lean ratio was found as favorable to produce

specific zirconia properties,
� the detailed studies performed by Rietveld analysis,

FTIR and Raman Spectroscopy confirmed the predom-
inant presence of metastable tetragonal zirconia;

ble 5

mparison of some representative textural and morphological properties of ZrO2 powders prepared using different methods and calcined at different

peratures.

reparation method Calcination

temperature (8C)

Relative

amount of T (%)

DXRD (nm) Specific surface

area (m2�g�1)

Reference

recipitation 500 5 n.r. 38.3 [31]

recipitation/digestion 500 30 n.r. 75.7 [31]

recipitation 500 n.r. 9.5 74.0 [32]

recipitation 900 n.r. 24.9 16.0 [32]

ommercial ZrO2 500 0 500 35 [33]

olymerized organometallic compound 700 30 20 8 [33]

recipitation 600 n.r. 10.5 n.r. [27]

recipitation 900 n.r. 13 n.r. [27]

ol-gel like 550 n.r. 19 4.5 [34]

ombustion (sucrose as the fuel; O/F = 0.2) 600 92 n.r. 31.1 [13]

ombustion (sucrose as the fuel; O/F = 0.2) 1100 0 n.r. n.r. [13]

ombustion (citric acid as the fuel; O/F = 0.67) 600 93 9 n.r. [14]

ombustion (Gly:ZN = 1.11) 400 n.r. 20 17 [9]

ombustion (Gly:ZN = 0.5) 600 95.5 13.4 45.8 This study

ombustion (Gly:ZN = 0.5) 1000 1.5 33.7 12.6 This study

RD: crystallite size calculated based on XRD line broadening; T: tetragonal phase.
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I. Dobrosz-Gómez et al. / C. R. Chimie 18 (2015) 1094–1105 1105
 sample morphology vs. tetragonal zirconia stabilization:
the presence of hard agglomerates (powder with Gly
excess, high reaction enthalpy, high adiabatic flame
temperature, low amount of evolved gases) suppresses
the volume expansion, stabilizing the tetragonal zirco-
nia;

 calcination temperature vs. microstructural evolution of
zirconia: the increase in calcination temperature led to
more agglomerated, compact and less uniform powders.
The nanocrystalline nature of the zirconia is the reason
for bigger crystallites formation, the increase in the
relative amount of monoclinic phase and sample
sintering after calcination at high temperature.
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