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Nanocrystalline yttria-stabilized zirconia (YSZ) powders with 8 mol% Y2O3 have been produced using smoldering combustion
synthesis with glycine as fuel and nitrate as oxidizer. The YSZ powders prepared by using different glycine to nitrate ratios (0.20–
1.0) have been characterized by X-ray diffraction (crystallite size), thermogravimetry, infrared spectroscopy, surface area analysis,
transmission electron microscopy, and dilatometry to determine the parameters giving the powder the best properties when it
comes to densification properties. The influence of calcination temperature on crystallite size, surface area, and carbonate species
remaining from the smoldering combustion reaction has been studied especially for the G/N ratio of 0.23 to reveal the optimal
synthesis conditions. A G/N ratio of 0.23 and calcination in the range 650–900◦C in oxygen flow gave high quality powder with
a crystallite size less than 10 nm. Densities of sintered bodies exhibit an increase for calcination temperatures above 600◦C, where
most of the residual carbonate species has been removed.
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1. INTRODUCTION

Yttria stabilized zirconia (YSZ), with its high ionic conduc-
tivity and low electronic conductivity, is generally the mate-
rial of choice as an electrolyte in, for example, solid oxide
fuel cells [1], and has been so for several decades. A high
quality starting powder is a prerequisite to obtain a high-
performance zirconia material. There are various methods
for synthesis of high-quality oxide powders; among them are
precipitation techniques [2, 3], combustion techniques [4–
6], sol-gel techniques [7, 8], and hydrothermal techniques
[9]. All these different techniques are based on a solution-
type chemistry, where precursors of the various cations are
dissolved in a solvent, commonly water, and then mixed in
appropriate proportions.

Nanocrystalline materials have received much attention
lately because their properties often are different from those
of the corresponding microstructured materials. The varia-
tion in properties is due to the large number of grain bound-
aries compared to a specimen with larger grains. Nanosized
powders are essential as a starting point for making nano-
crystalline ceramics.

The current investigation focuses on a novel smoldering
combustion-type synthesis, using a solution of nitrates, with

glycine as the complexing agent and fuel for the reaction.
For simplicity, if only the reaction to produce ZrO2 is taken
into consideration, the stoichiometric combustion reaction
occurs according to the following reaction equation assum-
ing the gaseous products to be H2O, CO2, and N2:

9ZrO(NO3)2 · 6H2O (aq) + 10NH2CH2COOH (aq)

=⇒ 9ZrO2 (s) + 14N2 (g) + 20CO2 (g) + 79H2O (g)
(1)

yielding a G/N ratio of 0.55. To our knowledge, this method
has been reported only a few times for the preparation of
YSZ. The paper by Mimani and Patil [10] does, however, only
report the powder production, with a very brief description
of the method and characterization of the powder, whereas
this contribution aims at giving a detailed description of the
synthesis process and a thorough evaluation of the resulting
powders.

Glycine is an interesting complexing agent, as it can com-
plex a cation at both the carboxylic acid end and the amino
group end as illustrated in Figure 1. Which site is preferred
depends on the size and charge of the cation and the pH. The
most important issue regarding the glycine: cation (G/C) ra-
tio is that there has to be sufficient glycine in the solution
to retain the cations completely complexed as the solution is
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Figure 1: Zwitterionic glycine molecule complexing ZrO2+.

being evaporated. This is especially important in the case of
ZrO2, since the solubility of the zirconyl ion in water is very
low [11].

In general, a combustion reaction ignites spontaneously,
with glycine as the fuel and the nitrates from the metal ni-
trate precursor as the oxidizer. The temperature of the igni-
tion reaction, however, depends on the fuel-to-oxidizer ratio
(glycine:nitrate (G/N) ratio) and which metal cations are in-
troduced into the solution [12]. Mukasyan et al. [13] have de-
fined three combustion modes depending on the G/N ratio
for La0.8Sr0.2CrO3: smoldering combustion synthesis (SCS):
G/N< 0.39, T< 600◦C; volume combustion synthesis (VCS):
0.39 < G/N < 0.66, 1150◦C < T < 1350◦C; self-propagating
high-temperature synthesis (SHS): 0.66 < G/N < 0.88, 800◦C
< T < 1100◦C. They observed that powders produced in the
SCS range need to be calcined, whereas powders produced at
higher G/N ratios may be sintered as-synthesized. Chick et al.
[12] have also measured the temperature of the combustion
reaction producing Sr substituted LaCrO3 and have found
that the temperature reaches a peak at an intermediate G/N
ratio of 0.55 consistent with the report by Mukasyan et al.
[13]. Mokkelbost et al. [14] observed an increase in ignition
temperature with increasing G/N ratios at G/N ratios be-
low 0.55 when producing ceria but did not observe a change
above 0.55. For systems with no catalytic active cations, the
combustion might be in the SCS mode for a wider range of
G/N ratios.

The reaction temperature affects the degree of crystal-
lization in the final powder, and if the combustion tempera-
ture does not reach the crystallization temperature, an amor-
phous semi-decomposed precursor powder will result. When
a high combustion temperature is reached, particle growth is
limited by the short reaction time, and the turbulence caused
by the gas evolution during the reaction limits the degree of
agglomeration.

In the following, this novel synthesis method for nano-
crystalline YSZ powders is described in detail, and the re-
sulting powders are characterized. The parameters for the

synthesis of the most promising powder for densification
properties are identified.

2. EXPERIMENTAL

2.1. Powder synthesis

Nanocrystalline powders of YSZ with 8 mol% Y2O3 were
prepared using a glycine/nitrate smoldering combustion
method. Individual solutions of zirconyl nitrate hydrate
(ZrO(NO3)2 · 6H2O, Acros Organics, > 99.5%) and yt-
trium nitrate (Y(NO3)3 · 6H2O, Merck, > 99%) were made
by dissolving the nitrate salts in distilled deionized wa-
ter. In order to remove precipitates, the ZrO(NO3)2 solu-
tion was filtered through porcelain filter crucibles (Halden-
wanger, 84-2P2). Both solutions were standardized by ther-
mogravimetric analysis. The solutions were mixed in the ap-
propriate proportions and glycine (Merck, > 99.7%) was
added. G/C ratios from 0.43 to 2.17 were used, and no
additional nitrate was added. The variation in G/C ratio
hence resulted in a variation in G/N ratio from 0.20 to
1.0. The resulting solution was stirred overnight and evap-
orated in small portions (∼100 ml, producing 3–5 g pow-
der) in a tall beaker (approx. 60–70 cm tall) on a hotplate
at 200◦C, until self-ignition occurred. A smoldering com-
bustion reaction, which is much less violent than a volume
combustion reaction, was observed for all G/N-ratios, and
the powder was usually well contained within the beaker.
Care should be taken, however, to ensure that the batches
are sufficiently small to avoid an unmanageable reaction,
both for safety reasons and also to ensure a homogeneous
reaction. The resulting fine powders were precalcined at
400◦C for 12 h. The pre-calcined powders were then ball
milled in ethanol for 24 h using YSZ milling media, dried
using a rotavapor, and calcined at temperatures from 400◦C
to 1000◦C for 12 h using heating/cooling rates of 200◦C/h.
To effectively remove residual nitrate and organic materi-
als, calcination was performed with oxygen flow through
the powder. The quartz tube furnace used for this pur-
pose was limited to 600◦C. Therefore a box furnace (En-
tech, MF 1/12) was used for calcination at higher tempera-
tures. This furnace operated in air so for high-temperature
calcination the powders were precalcined at 600◦C in oxygen
flow.

2.2. Characterization

The prepared powders were analyzed by X-ray diffraction
(XRD) (Siemens D5005) with Cu Kα radiation through a pri-
mary monochromator. From these data the structure of the
powders was confirmed. The cell parameter and theoretical
density were calculated by the Rietveld method. The com-
puter program “Profile” [15] was used to fit the raw data
peaks to a Pearson VII mathematical model. The data from
the fittings were used to calculate crystallite size, using the
program “Crysize” [16]. A standard of LaB6 (NIST standard
no. 660A [17]) fitted to a Pearson VII model was used as a
reference to correct for instrumental broadening.
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Nitrogen adsorption on the powders was measured (Mi-
cromeritics ASAP 2000) using the 5-point BET equation to
give the specific surface area. Degassing was performed at
250◦C for 24 h, and typical measuring pressures were 8, 43,
88, 168, and 245 mm Hg. The particle size was calculated
from these results assuming spherical particles. The powders
were also deposited on holey carbon-coated copper grids
and studied in a transmission electron microscope (Philips
CM30) operated at an accelerating voltage of 300 kV. In-
frared spectra were recorded on KBr pellets containing 1 wt%
YSZ powder on a Bruker IFS 66 v spectrophotometer.

Weight loss upon heating was monitored using thermo-
gravimetry (TG) (NETZSCH STA 449 C Jupiter). The pow-
ders were heated to 1000◦C in air, with a heating rate of
2 K/min.

The sintering behavior was studied using a dilatometer
(NETZSCH DIL 402 C). Pellets were uniaxially pressed at
∼64 MPa and further densified in a cold isostatic press at
200 MPa to green densities in the range of 35 to 38% of
theoretical. The pellets were heated to 1450◦C in air, with a
3 K/min heating rate. Density of the green pellets was mea-
sured geometrically, whereas density of the sintered pellets
was measured using the Archimedes principle. Isopropanol
was used as the liquid medium, and the theoretical density
was calculated from the XRD data.

3. RESULTS

The synthesis reaction with G/N = 0.23 produced a fluffy
white powder, whereas for the synthesis with a lower G/N
ratio, the smoldering combustion reaction gave a semi-
decomposed precursor. The smoldering combustion reac-
tion was less complete for G/N ratios above 0.23, and the
resulting powder was brown and compact. The temperature
of the reaction did not appear to reach above 600◦C for any
G/N, and the reaction hence stayed in the SCS regime for all
G/N ratios investigated. NO2 evolved during the smoldering
combustion.

The XRD data show that the average cubic lattice param-
eter is 5.139 Å, yielding a theoretical density of 5.96 g/cm2,
which is consistent with the data from Feighery and Irvine
[18].

The X-ray diffractograms of powders with different G/N
ratios, calcined at 400◦C, are shown in Figure 2(a). The in-
sert shows the crystallite size as a function of G/N ratio.
The crystallite size shows a maximum at G/N = 0.30. It
should be noted that the detection limit for crystallite size
is approximately 2 nm, and calculated crystallite sizes be-
low this limit have large relative errors. Figure 2(b) shows
the X-ray diffractogram development with increasing a cal-
cination temperature of the powder with G/N = 0.23, and
the variation in crystallite size with calcination temperature
is shown in Figure 3. The corresponding data for powder
with G/N = 1.0 are also included in Figure 3. The crystallite
size increases with increasing the calcination temperature,
slowly at low temperatures, and more rapidly at higher tem-
peratures. The two different G/N ratios yield powders with
comparable crystallite sizes at low calcination temperatures.
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Figure 2: XRD diffractograms of (a) YSZ powders prepared using
different G/N ratios calcined at 400◦C and (b) YSZ powders with
G/N = 0.23 calcined for 12 h at different temperatures. Insert shows
crystallite size as a function of G/N ratio.

At 1000◦C, however, the powder with G/N = 1.0 has a crys-
tallite size about twice that of the powder prepared with
G/N = 0.23 (∼30 nm and ∼15 nm, resp.).

The particle sizes for powders with G/N = 0.23 calcu-
lated from the nitrogen adsorption data, are included in
Figure 3. The particle size is consistently larger than the crys-
tallite size, showing that the powder is agglomerated and
necks are formed between the particles. The temperature de-
pendence is similar to that of the crystallite size, with a slow
increase at low temperature and a rapid increase at higher
temperatures. It should be noted, however, that the differ-
ence between crystallite size and particle size increases with
increasing calcination temperature, indicating that the de-
gree of agglomeration increases.

TEM micrographs of the powders with G/N = 0.30, un-
calcined, and 1.0, calcined at 500◦C are given in Figure 4.
The powder with G/N = 0.30 (Figure 4(a)) exhibits a crys-
tallite size in the order of 10–15 nm. The insert in Figure 2(a)
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Figure 3: Crystallite size and particle size (calculated from BET
measurements) of powders with G/N = 0.23 and 1.0, as a function
of calcination temperature. Calcination time is 12 h.

indicates that this G/N ratio produces the largest crystallite
size. The powder is mostly crystalline, and very little amor-
phous phase can be identified. The high G/N ratio powder
(Figure 4(b)) has crystallite size in the order of 5 nm. There
is, however, a large amount of amorphous phase between the
crystallites.

The IR spectra of the powders with different G/N ra-
tios calcined at 400◦C are shown in Figure 5(a). The stretch-
ing frequency of Zr(Y)−O is observed as the broad feature
at about 500 cm−1, but in addition there are other spectral
features with significant intensity. An overview of these is
given in Table 1. The bands in the frequency region from
1200 to 1700 cm−1 are assigned to carbonate species formed
by side-on coordination of CO2 molecules onto the coordi-
natively unsaturated ZrO2 surface [19]. The broad features
at ∼1350 and 1560 cm−1 are probably due to bidentate car-
bonate species [18]. Figure 5(a) shows that there are signifi-
cant amounts of carbonate species remaining from the syn-
thesis in all the powders calcined at 400◦C independent of
G/N ratio. The strong sharp band at 1384 cm−1 might be due
to physically side-on surface adsorbed CO2, as indicated by
the sharpness of the band [14]. Also, it cannot be excluded
that the powder with fuel deficiency contains traces of ni-
trates giving contributions to the broad absorption at around
1400 cm−1 [20]. The band observed at ∼2200 cm−1 for the
samples with the largest fuel excess is attributed to adsorp-
tion of CO on the surface. The CO could stem from reducing
conditions during the reaction of the fuel excess systems. The
band at 2340 cm−1 is due to very labile linearly end-on coor-
dinated CO2 [19]. The amount of physiosorbed CO2 is de-
creasing with increasing amount of fuel in the reaction mix-
ture. The broad feature in the 3000–3600 cm−1 region is at-
tributed to O−H stretching of physiosorbed water or from
surface-adsorbed hydroxyl groups.

25 nm

(a)

25 nm

Amorphous
phase

Crystallites

(b)

Figure 4: TEM micrographs of (a) powder with G/N = 0.30, un-
calcined, and (b) powder with G/N = 1, calcined at 500◦C.

The IR spectra of powders with G/N ratio of 0.23 as a
function of calcination temperature are displayed in Figure
5(b). After calcination at 400◦C a large amount of carbon-
ate species are present in the powder as can be seen from the
absorption in the spectral region from 1200 to 1700 cm−1.
The amount of these carbonate species is decreasing with
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Figure 5: IR spectra of (a) YSZ powders produced with varying
G/N ratio and (b) powders with G/N = 0.23 calcined for 0.5 h at
various temperatures.

Table 1: Characteristic IR absorption bands.

Frequency (cm−1) Assignation Reference

∼ 500 Zr(Y)−O stretching [20]

1384 Physically adsorbed CO2 [14]

∼ 1330 and ∼1620 Bidentate carbonate species [19]

2200 Physically adsorbed CO

2340 Linearly coordinated surface CO2 [19]

3000–3600 O−H stretching [20]

increasing calcination temperature and above 900◦C the ma-
terial is virtually carbonate-free.

The TG data for powders with G/N = 0.23 and 1.0 are
shown in Figure 6. Two different sets with calcination tem-
peratures of 400 and 650◦C, respectively, are shown. The
powder with G/N = 1.0, calcined at 400◦C shows the great-
est weight loss. In both samples there is a large weight loss
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Figure 7: Dilatometer curves for samples with G/N = 0.23, cal-
cined at different temperatures. Insert shows the first derivative of
the sintering. These curves are shifted relative to each other for eas-
ier viewing.

at∼300◦C, and another, somewhat smaller, at∼650◦C. After
calcination at 650◦C, only limited weight loss is discernible
in either of the samples.

The sintering curves for powder compacts with a G/N
ratio of 0.23 with varying calcination temperature are shown
in Figure 7, and the derivatives of the curves are shown in
the insert. Densities of the heat-treated samples calcined be-
low 600◦C were 95.5% of theoretical, whereas the samples
calcined at higher temperatures obtained densities of 97%
of theoretical. The sintering curves of the powders with low
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calcination temperature exhibit a shrinkage step at ∼500–
600◦C. From the insert in Figure 7, this first step is obvious
for the two samples with the lowest calcination temperature,
but the pre-sintering step is observed for all the samples. The
magnitude of the step decreases with increasing calcination
temperature, whereas the onset temperature increases and is
always above the calcination temperature.

4. DISCUSSION

4.1. Synthesis

For YSZ where no catalytic active cations are present, the
combustion reaction was observed to be in the smoldering
combustion mode for all the G/N-ratios studied. In addition
to the type of cations, the G/N-ratio will influence the tem-
perature of the given combustion reaction. The temperature
determines the degree of completion of the combustion reac-
tion, and hence the amount of residual carbonaceous species
in the powder. According to Chick et al. [12], the best pow-
der quality is achieved when the combustion temperature
is the highest. If the crystallite size is a direct indication of
the combustion temperature, the maximum crystallite size
(Figure 2), and hence combustion temperature, occurred for
a G/N ratio of 0.30. This is not consistent with the observa-
tions of Chick et al. [12] for other materials. As we observed
a decrease in crystallite size above G/N = 0.30, this could in-
dicate a decrease in combustion temperature. However, the
TEM micrographs (Figure 4) show that the powder with a
G/N ratio of 1.0 contains a fair amount of amorphous ma-
trix phase, and it is also seen from the IR data (Figure 5(a))
that this sample contains a large amount of residual carbon-
ate species. A possible explanation for the decrease in crys-
tallite size, in addition to or instead of a decreasing com-
bustion temperature, could be that the residual carbonate
species reside in the amorphous matrix, inhibiting crystal-
lization of cubic YSZ. A higher calcination temperature is
then required for the crystallization of materials containing
carbonate species.

The G/N ratio of 0.23 (G/C = 0.50) corresponds to the
exact composition where both ends of every glycine molecule
are complexed with either a ZrO2+ ion or a Y3+ ion. No pre-
cipitation was observed, indicating that the ZrO2+ ion can
indeed use both ends of the glycine molecule for complex-
ation (Figure 1). There is also no indication of precipitation
in the XRD data, as all powders appear to be single-phase
cubic zirconia, with a consistent unit cell parameter. If pre-
cipitation had occurred, this could have caused appearance
of peaks of monoclinic/tetragonal ZrO2 in the X-ray diffrac-
tograms, and also a shift in the YSZ lattice parameter as the
Y : Zr ratio changed. Even for G/N below 0.23 no precipita-
tion was observed.

4.2. Calcination

Calcination of the powder was performed under oxygen
flow, due to the necessity of removing residual carbonate
species. Ideally, the calcination temperature should be as low

as possible in order to avoid crystallite growth. As illustrated
for powders with G/N = 0.23 in Figure 5(b), the amount of
residual carbonate residue decreases with increasing calcina-
tion temperature, and at 800◦C most of the carbonate residue
has been removed. This correlates well with the TG data
(Figure 6), which show no significant weight loss after cal-
cination at 650◦C.

The powders with G/N = 0.23 exhibit much less crys-
tallite growth than the G/N = 1.0 powder in the high-
temperature regime, and the crystallite sizes at 1000◦C are
approximately 15 nm and 30 nm, respectively. The two pow-
ders are, however, quite comparable at low temperatures,
though the degree of crystallization is different due to the
presence of residual carbonate materials in the powder with
G/N = 1.0 (Figure 6). The high-temperature behavior is im-
portant for further sintering studies, which must necessarily
take place at an elevated temperature.

4.3. Sintering

The sinterability of the powder was affected by the presence
of residual carbonate species in the matrix. The presinter-
ing step that is observed for low calcination temperatures is
most likely due to the main removal of residual carbonate
species, and the temperature at which this step occurs corre-
lates reasonably well with the step in the TG curve (Figure 6).
At higher calcination temperatures, where, according to the
TG data, most carbonate species have been removed, there is
also a hint of a presintering step (Figure 7 insert). This effect
may be due to the final removal of carbonate species, as there
is an indication in the IR data (Figure 5(b)) that there are still
small amounts left even above 650◦C.

The sintering curves also indicate that the sintering on-
set occurs at a slightly lower temperature when the calcina-
tion temperature is increased. This is also most likely due
to the necessity of removing residual carbonate species prior
to onset of the main sintering step, which is then delayed in
carbonate-rich samples.

According to conventional sintering theory, the sinter-
ability increases with decreasing crystallite size [21]. In these
powders, this effect is overshadowed by the lower sinterabil-
ity due to the presence of carbonate species. These two effects
would counteract each other, as the samples with smaller
crystallite size also contain more carbonate. The effect of
crystallite size on the sinterability of these powders can hence
not be determined. Theoretically, the ideal powder for sinter-
ing would have the smallest crystallites possible, and, in this
case, the smallest amount of carbonate. In order to achieve
this, it is advantageous to start with the uncalcined powder
with the least carbonate, that is, in the lower G/N range. XRD
data indicate that the G/N ratio should be at least 0.23, as be-
low this the powder is amorphous.

The final density of the samples calcined at 600◦C and
above, where most of the residual carbonate matter has been
removed, was about 1.5% higher than those calcined be-
low 600◦C. This confirms that the sinterability of the pow-
der is indeed affected by the presence of residual carbonate
compounds, and that it is important to limit their presence.
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The effects of the residual carbonates may seem small, both
with regards to the changes in sintering onset and final den-
sity, but it should be taken into account that the trends
should have been reversed, if the only observed effect had
been that of the crystallite size. The effect is hence larger than
we observe.

5. CONCLUSION

Nanocrystalline YSZ powders with 8 mol% Y2O3 have been
synthesized by the smoldering combustion synthesis. The
powder with the best characteristics with regards to sinter-
ability was found to be that with the least amount of residual
carbonate species, that is, the one with a G/N ratio of 0.23.
Calcination at 650◦C or above produced the densest sintered
bodies as calcination at this temperature removed most rem-
nants of carbonate species.
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