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Abstract

Yttrium-stabilized zirconia (Y 03Z199201.96, YSZ) nanocrystalline powders were prepared by co-precipitation methods.
Different precipitants (ammonium hydroxide, ammonium bicarbonate, oxalic acid, and urea) were used to study the effects
of precipitants on co-precipitation synthesis of YSZ nanocrystalline powders. Thermogravimetric analysis-differential
scanning calorimetry, powder X-ray diffraction, Fourier-transform infrared, scanning electron microscope, energy-dispersive
spectrometer, Brunauer—Emmett—Teller, Barrett—Joyner—Halenda, and X-ray photoelectron spectroscopy analysis methods
were employed to investigate the thermal decompositions, phase evolutions, micro-morphologies, surface areas, and
elements analysis of the synthesized YSZ precursor powders or nanoparticles. Although different precipitants were used, the
calcined products at 600 °C have nearly identical chemical compositions. The crystallization temperature of the precursor
powders to evolve to cubic phase is the lowest (about 400 °C) when ammonium hydroxide is used as a precipitant, while it is
about 500 °C in the case of other three types of precipitants (ammonium bicarbonate, oxalic acid, and urea) that were used.
Ammonium bicarbonate cannot precipitate ZrO?" effectively in the solution, resulting in the formation of cubic
Yo.18Zr9.8201.91 at 1000 °C. Despite the time-consuming co-precipitation process, urea was proved to be the optimal
precipitant in terms of the fabrication of nanocrystalline YSZ powders with designed Y/Zr/O molar ratio, large surface area,
small crystallite size, and well dispersion.
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Highlights

e The phase transition (amorphous to cubic phase) temperature of the obtained YSZ precursor powders is as low as around
400 °C in the case of ammonium hydroxide co-precipitation method, while it is around 500 °C when ammonium

bicarbonate, oxalic acid, and urea are used as precipitants.

e Ammonium bicarbonate cannot precipitate ZrO*" effectively in the solution, resulting in the formation of cubic

Yo'lgzro'gzolvgl at 1000 OC.

e Despite the time-consuming co-precipitation process, urea was proved to be the optimal precipitant to prepare YSZ
nanocrystalline powders with designed Y/Zr/O molar ratio, large surface area, small crystallite size, and well dispersion.

Keywords:

1 Introduction

Based on its high thermal expansion coefficient, low ther-
mal conductivity, high ionic conductivity, and desirable
thermal and chemical stability [1], yttrium-stabilized zir-
conia (Y03Zrp9201.96, YSZ) finds wide applications in
high-temperature structural materials [2, 3], thermal barrier
coatings [4, 5], catalysis [6], and electrolyte for solid oxide
fuel cells [7, 8]. In all these applications, crystallite/grain
size plays an important role in property modification of
materials. Compared to bulk materials, nanostructured
materials have a wide functional diversity and exhibit
enhanced or different properties. For example, nanocrys-
talline rare-earth-stabilized zirconia exhibited improved
radiation resistance, decreased thermal conductivity, and
increased ionic conductivity as compared to its traditional
microcrystalline product [9]. Besides, it is also beneficial to
control the micro-morphology of nanocrystalline powders.
For instance, particular consolidation and compaction
properties were exhibited in ceramics sintered by
agglomerate-free nanocrystalline powders with narrow size
distribution [10]. Thus, synthesis of YSZ high-quality
nanocrystalline powders with well dispersion is of great
importance for obtaining these desirable properties.

In order to obtain highly dispersed YSZ nanoparticles,
several methods have been explored, including co-
precipitation [11, 12], spray freeze drying [13], sol-gel
route [14], and hydrothermal method, and so on [15]. Most
of these build-up processes unfortunately have several
inherent disadvantages associated with their production
cost, complexity, and speed of operation [11]. Among these
methods, co-precipitation method turns out to be a pro-
mising selection owning to its advantages on simplicity,
ecological compatibility, possibility to control micro-
structure, and prospect on large-scale production [16, 17].
However, nanocrystalline powders prepared by the co-
precipitation method exhibit different characteristics in
particle shape, size, and dispersity, which are highly influ-
enced by precipitants [18-21]. So, the selection of pre-
cipitant is very important in co-precipitation preparation.
Typically, precipitants used in the co-precipitation route are
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ammonium hydroxide (AH), ammonium bicarbonate (AB)
(or ammonium carbonate), urea, oxalic acid, and others.
However, existing literatures contain few studies on YSZ
nanocrystalline powders synthesized by co-precipitation
method with various types of precipitants. Thus, it is
necessary to investigate the effects of precipitants on the
characteristics of YSZ nanocrystalline powders. In this
study, YSZ nanocrystalline powders were prepared by co-
precipitation method in which four different widely used
precipitants, including ammonia hydroxide, AB, oxalic
acid, and urea, which can provide different pH ranges in the
solution, were employed to investigate their effects on
phase evolutions, micro-morphologies, and surface areas of
as-obtained nanocrystalline powders.

2 Experimental details

7ZrOCl,-8H,0 and Y(NOs3);-6H,O were used as starting
materials and dissolved in deionized water to form a 125-ml
mother solution (Cz = 0.2 mol/l) in which ZrO** and Y3*
concentration meets the formula Y ygZry 9,01 96. Then, AH
(~13ml, 25-28wt% in water), AB (20g, analytical pure),
and oxalic acid (4g, analytical pure) were added into etha-
nol-water solution (200 ml ethanol4+-800 ml water) to form
three kinds of precipitation solutions, respectively. After
that, the mother solution was added dropwise into these
three kinds of precipitation solutions, respectively, under
vigorous stirring at room temperature (25 °C). During the
precipitation process, white precipitates gradually formed.
The precipitates were stirred for 60min to ensure the com-
pletion of the hydrolysis reaction. When urea was used as
precipitant, about 29.2g was dissolved into an ethanol-
water solution (50 ml ethanol4+200 ml water), and then the
total mixed solution was added directly into the mother
solution. The mixture was then placed in a constant tem-
perature magnetic stirrer and stirred at 90 °C. With the
increase of temperature, urea was decomposed and pre-
cipitates were gradually formed. When the pH of the solu-
tion reached to ~7.1, the stirring was stopped. After the co-
precipitation process, these four types of precipitates were
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aging for about 6h. Subsequently, all precipitates were
centrifugally separated from the solution and washed by
deionized water and then by ethanol for several times. Then,
these precipitates were dried at 60 °C to get white precursor
powders. Finally, the precursors were heat treated at dif-
ferent temperatures (300, 400, 500, and 600 °C) for 2h in a
furnace.

Thermal behavior of these four kinds of precursor
powders were tested between room temperature to 1000 °C
using thermogravimetric analysis (TG) and differential
scanning calorimetry (DSC) analysis by NETZSCH-STA-
449F3. The chemical groups of the dried precursors were
detected by Fourier-transform infrared (FT-IR) analysis
(Nicolet 6700) in the wavenumber range of 400—4000 cm ™"
with the resolution of ~4cm™!. X-ray powder diffraction
(XRD) patterns of YSZ powders heat treated at different
temperatures were recorded on an X-ray diffractometer
(DX-2700, Dandong Fangyuan, Dandong, Liaoning, China)
with Cu Ka radiation (4 = 1.5406 A) at a step size of 0.03°
over a 26 scan range of 10-70°. Scanning electron micro-
scope (SEM, FEI, Inspect-F50) was used to investigate the
micro-morphology of the 600 °C calcined powders. Specific
surface areas and adsorption—desorption isotherms of YSZ
powders were measured by a multipoint Brunauer—-Emmett—
Teller (BET) method (Tristar 3000, Micromeritics, Atlanta,
GA, USA) using N, as the adsorbate gas.

3 Results and discussion

The pH vs. time curves were plotted and shown in Fig. 1 to
reveal the pH value evolutions during co-precipitation
process with AH, AB, oxalate, and urea as precipitants.
During the precipitation process, the pH value of AH-
precipitated process decreased from the initial 11.0 to 9.8
with a maximum variation value of 1.2. When AB was used
as a precipitant, the pH value decreased slowly from 8.7 to
8.1 and the change amount of pH value was 0.6. For the
oxalic acid co-precipitated process, the pH value evolves
from 3.2 to 2.7 with a variation of 0.5. However, when urea
was used as a precipitant, the precipitate was observed when
the pH value increased slowly to ~2.9 from 2.7, and the pH
value rose to ~7.1 before the aging process was started. The
variation (V,) ranking of pH value of the solutions in which
different types of precipitants were used iS Ve > Vap>
VaB > Voxalie- The different pH variations were due to the
different chemical reactions during the co-precipitation
processes:

NH4OH « NH4" + OH . (1)

NH4HCO3 + H,0 <~ NH4OH + H,CO3; NH4,OH NHI + OH"™.
(2)
C,04H; «» C,04H™ + H';C04H™ + C,05 +H.
(3)

@ Springer



362

Journal of Sol-Gel Science and Technology (2019) 90:359-368

Fig. 2 Thermogravimetric a b 108 3
analysis-differential scanning 1004 j 10;_ ) ) ) )
calorimetry (TG-DSC) curves of 98] T EXo -1 c:o: o5] T EXO F
yttrium-stabilized zirconia 961 9 - 901 0 2
(YSZ) dried precipitates when a < . 02 R gl o
ammonium hydroxide (AH), b o ] s 2 g0l 12
: : »n 92- — © 3
ammonium bicarbonate (AB), ¢ © 13 2 751 z
oxalic acid, and d urea are used = 90 s 701 -5
as precipitants 88+ 2(‘3: 651 Q
86 = 601 2
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (C) Temperature (C)
c ; d
1001 T EXO = 101 i T EXO 1.0 .
90, o 8 95 Los S
& 8o g 2
7] s 0.0 =
n —
g 70 13 3
60 g -0.5 g
-2 g 1.0 a
50 =
0 200 400 600 800 1000 0 200 400 600 800 1000

Temperature (C)

CO(NH,),+3H,0 «» CO, + 2NH,OH; NH,OH « NH; + OH

(4)

With different precipitants, Y (taking Y>* as an example)
may precipitate as Y,(OH)sNO3-nH,O (n = 1-3) in AH and
urea method [22]. On the other hand, Y3 may most likely
be precipitated as normal carbonate of [Y,(CO3)3;-nH,0 (n
= 2-3)] [23] or basic carbonate of [Y(OH)COs] [24] in AB
method, and as YC3;Hq-nH,O in oxalic method [25].
Thermogravimetric analysis-differential scanning calori-
metry (TG-DSC) traces of the dried precipitates prepared,
respectively, with AH, AB, oxalic, and urea are given in
Fig. 2. When AH and urea are served as precipitants, both
ZrO*" and Y*" are mainly precipitated by OH™. So these
dried precipitates have similar thermal behavior. Their TG
curves both show two weight losses. The first stage is
associated with the removal of molecular water, and resi-
dual nitrate and ammonium ions (20-220 °C), with weight
loss of 8% and 20% for AH and urea-precipitated products,
respectively. The less weight loss of the dried precipitate
prepared with AH may be caused by its (Zr, Y) hydroxide
as it has a higher degree of dehydration. The second weight
loss of about 4% observed in both of these dried precipitates
may be attributed to the decomposition of zirconium
hydroxide. The exothermic peaks at 470 and 490 °C in the
DSC curves of the dried precipitates prepared with AH and
urea, respectively, indicate the formation of nanocrystalline
YSZ [26]. When AB was used as a precipitant, the weight
loss of the dried precipitate at lower temperatures (<450 °C
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Temperature (C)

in this study) was mainly due to the release of ammonium,
nd dehydration and partial decomposition of the COj;
group [27], while that which happened at higher tempera-
tures (>450 °C in this study) was mainly caused by the
further decomposition of carbonate species [28]. In the DSC
curve, the broad exothermic peak at about 550 °C indicates
the formation of crystalline phase. When oxalic acid was
used as precipitants, the weight loss of ~15 % in tempera-
ture interval 20-220°C is caused by the removal of
adsorbed and hydrated water, evidenced by the endothermic
peak in DSC curve. The second-stage weight loss in tem-
perature interval 250-380 °C is mainly attributed to the
decomposition of zirconyl oxalate (ZrOC,0,4) and Y,(C,04)
3 [29, 30], which is an endothermic reaction. The exother-
mic peak at around 650°C in DSC curve is owing to
amorphous-crystalline phase transition.

In order to investigate the thermal-decomposition beha-
vior, FT-IR measurements were employed on the dried
precipitates and their calcined products at various tem-
peratures (Fig. 3). The infrared (IR) curves shown in Fig.
3a, d confirmed that the dried precipitates prepared with AH
and urea and their calcined products at 300 and 600 °C have
almost the same chemical composition. However, the dried
precipitates synthesized using AB and oxalic acid were
different and more complex in chemical compositions
compared with that prepared with AH and urea. For
examples, the band at 650cm™' in Fig. 3b should be
associated with the Zr-O stretching in the Zr-O-H chain
[31]. And when oxalic acid was used, the peak at 895 cm™!
in Fig. 3c could be attributed to the C-O stretching in the
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Zr-O-C chain [32]. When these dried precipitates were
calcined at 600 °C, all the IR curves of calcined products
show similar absorption bands. The broaden absorption
band at around 3430 cm ™! is attributed to the stretching and
bending vibration of water [33]. And two bands related to
carboxylate stretching modes are observed at around 1627
and 1384 cm™! [29]. However, the TG curves in Fig. 2 have
shown that the thermal decompositions of these four types
of dried precipitates were nearly complete. So, the water
and carboxylate may be derived from the absorptions from
air because of high surface areas of the calcined powders.

Usually nanopowders with high specific surface areas are
beneficial to sinter nanograin ceramic owing to high surface
energies. Therefore, we studied the effects of precipitants on
the surface area and pore size distribution of YSZ nano-
crystalline powders. The N, absorption—desorption iso-
therms and surface area summary data of the samples
prepared by the four different co-precipitation methods are
shown in Fig. 4 and Table 1, respectively. The inner chart in
Fig. 4b is an (c) enlarged view of the isotherms of oxalic
acid precipitated products. Firstly, it can be found in Fig. 4a
that the absorbed quantity as a function of P/P, of the dried
precipitates is ranking as AH>urea>AB>oxalic. Interest-
ingly, Fig. 2 shows that the total weight loss of the dried
precipitates at high temperature (1000 °C) is ranking as
AH<urea<AB<oxalic. Thus, adsorbent or combinative
compositions may be detrimental to the adsorption proper-
ties or the specific surface areas of the dried precipitates.
From Fig. 4b, we observed that the adsorption—desorption
curves of the calcined powders using AH, AB, and urea

Wavenumbers /cm-

methods belong to type III isotherms, while the curve of
products prepared by oxalic acid co-precipitation method
shows the Hs-type owing to the interconnect of agglomer-
ated particles and the pores of interparticles creation [34].
The surface areas of the calcined powders and pores were
calculated by the BET and Barrett-Joyner—Halenda (BJH)
method, respectively. The surface areas of the calcined
powders for the samples obtained with the AH, AB, oxalic
acid, and urea co-precipitation methods were 72.25, 78.02,
24.14, and 84.19 m%/g, respectively. The adsorption and
desorption surface area of pores between 1.7 and 300 nm for
samples obtained with the AH, AB, oxalic acid, and urea
co-precipitation methods were 69.15, 84.46, 27.06, and
91.08g and 92.97, 110.26, 31.05, and 119.08 m%g,
respectively. According to the BET and BJH data, the
powder synthesized by urea co-precipitation method shows
the highest dispersity and the largest surface area of pores.
In contrast to other synthesized zirconia powders at the
same calcination temperature, which have the BET surface
area between 35 and 145 m*/g [35], the synthesized powder
prepared with urea in this work still shows fine BET
performance.

To investigate the phase evolutions of the precursor
powders prepared with four different precipitants, X-ray
diffraction patterns of powders calcined at 300, 400, 500,
and 600 °C were recorded and shown in Fig. 5. At 400 °C,
only the powders prepared with AH shows a crystalline
phase (Fig. 5a) and the remaining samples synthesized
using other precipitants were amorphous (Fig. 5b—d). Up to
500 °C, four kinds of calcined powders are crystallined and
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showed the cubic structure. It can be concluded that the
crystallization temperature of AH method is below 400 °C,
while others were between 400 and 500 °C. The crystal-
lization temperature derived from TG-DSC curves in Fig. 2
is about 470, 550, 650, and 490 °C, higher than that derived
from the XRD results. These differences may be attributed

@ Springer

20 (degrees)

to that the powders for XRD test were calcined for 2 h. With
the increase of temperature to 600 °C, more sharpened
peaks can be observed and no phase transition occurs. Since
zirconia is a polymorphic (monoclinic, tetragonal, or cubic)
material, the thermal-driven phase evolutions were further
investigated. Figure 6 shows the XRD patterns of four types
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Fig. 6 X-ray powder diffraction (XRD) patterns of four types of cal-
cined products at 1000 °C. Y 13Zry 50191 (PDF#82-1245) is a cubic
phase (C) and Y 03Zr 9,01 9¢ (PDF#48-0224) is a tetragonal phase (T)

of calcined products at 1000 °C. It can be found that the
crystal structures of calcined products prepared with AH,
oxalic acid, and urea transformed to the tetragonal phase
from the cubic phase. Diffraction peaks of these calcined
products corresponded well with that of Y (3Zry9,01.96
(PDF#48-0224). The tetragonal ZrO, is a desirable phase
for it avoids the volume expansion of traditional low-
temperature monoclinic phase transferring to intermediate-
temperature tetragonal phase, resulting in a good long-term
durability with high strain compliance and the long-term
thermal stability at high temperature [36, 37]. However, the
calcined product prepared with AB still shows a cubic
structure, evidenced by the diffraction peaks that are iden-
tical with that of YQ]gZI'QgQO].g] (PDF#82-1245) These
results suggest the element loss of Zr during the fabrication
process when AB was served as precipitant. This issue will
be further verified in the later paragraphs.

In order to check the influence of the different pre-
cipitants (AH, AB, oxalic, and urea) on micro-morphology
properties of the synthesized powders and whether Y ions
were successful doped, SEM were employed. Figure 7
shows the SEM images of powders calcined at 600 °C using
the four different co-precipitation methods. As shown in the
Fig. 7, the dispersion differences can be clearly seen. Using
AH as precipitant results in agglomerated nanoparticles in
irregular shape with average particle size of around 40 + 8
nm (Fig. 7a). However, particle shape of the powders pro-
duced by AB method seems to be more homogeneous. This
was likely attributed from the homogenous co-precipitation
process, which provides the formation of the spherical-like
particles. The average size of primary particle is around 35
+5nm (Fig. 7b). Compared with the AH method, the
nanoparticles prepared by the AB method showed more
uniform and spherical shape and less aggregation. However,
the particles prepared in such a way are also agglomerated.

Fig. 7 Scanning electron microscope (SEM) images for the calcined
products of dried precipitates obtained with four different types of
precipitants at 600 °C: a ammonium hydroxide (AH), b ammonium
bicarbonate (AB), ¢ oxalic acid, and d urea

When oxalic acid was used as a precipitant, the obtained
powders exhibit the worst dispersity. The secondary parti-
cles with an average size of around 500 + 140 nm consisted
of irregular aggregated primary particles (Fig. 7c). This may
be attributed to the close-range YSZ crystal nucleus merged
and grew up during the calcination process. Among them,
nanoparticles owning the highest dispersity and the least
agglomeration were observed in the case of urea-based co-
homogeneous precipitation. From Fig. 7d, the morphology
of nanoparticles was found to be highly dispersed, with an
average primary particle size of around 35 + 6 nm. During
the co-precipitation process, urea served as a reservoir of
precipitating anions. In situ decomposition of urea releases
precipitating ligands (OH™ and CO5*") slowly and homo-
geneously into the reaction system above 90 °C; thus,
slowing and controlling the reaction rate avoid localized
distribution. Considering that the mono-dispersed nano-
particle was desired characteristics, the priority of methods
for obtaining desired nanoparticles is ranking as urea>A-
B>AH>oxalic. This ranking is agreed well with the BET
surface areas of the calcined powders at 600 °C. The result
that urea facilitates to fabricate nanocrystalline powders
with fine microstructure is consistent well with that in other
nanoparticles [38-40]. Moreover, with the same co-
precipitation method, our synthesized YSZ nano-powder
shows better particle characteristics in terms of particle size,
shape, and dispersity than that in refs [41, 42].

In Fig. 6, we considered that the atomic ratio of Zr in the
nanocrystalline powders prepared with AB may be less than
the theoretical value. Thus, energy-dispersive spectrometer
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Fig. 8 Energy-dispersive spectrometer (EDS) analysis curves for the calcined products of dried precipitates obtained with four different types of
precipitants at 600 °C: a ammonium hydroxide (AH,) (b) ammonium bicarbonate (AB), ¢ oxalic acid, and d urea

(EDS) and X-ray photoelectron spectroscopy (XPS) were
employed to verify this result. Figure 8 shows the EDS
analysis curves for the powders obtained with the AH, AB,
oxalic acid, and urea co-precipitation methods, respectively.
The spectrum peaks indicate that Y was successfully doped
in ZrO, for all samples. It is worth noting that the relative
intensity ratio of Y/Zr spectrum peaks in samples prepared
by the AB method was the largest, indicating a higher Y
atomic percent in the prepared powders. The chemical
formulas derived on the basis of EDS results are listed in
Table 2. It shows that the calcined powders prepared with
AB have a chemical formula of Y 3Zrys,0191, corre-
sponding well with XRD results presented in Fig. 6.
The XPS lineshapes of Zr;q and Y34 spectra are displayed in
Fig. 9 and the atomic ratios of Y and Zr calculated by XPS
are also displayed in Table 2. Since the designed chemical
formula is Y 0gZrp 9201 .96, the XPS result confirms that the
atomic ratio of Zr in the nanocrystalline powders prepared
with AB may be less than the theoretical value. However,

@ Springer

Table 2 Summary of EDS-derived atomic percent of Y and Zr, and
calculated chemical formulas using EDS and XPS analysis

EDS XPS

Y (at%) Zr (at%) Chemical formula Chemical formula

AH 2.78 25.26 Y0.10Zr0.9001.95 Y0.13Z10.8701.94
AB 5.05 22.85 Y0.18Zr0.8201.91 Y0.21Z10.7901.90
Oxalic  2.89 23.79 Y0.11Zr0.8901.95 Y0.12Zr0.8301.94
Urea 1.97 25.89 Y 0.07Z19.9301 .97 Y.12Z19.8301 94

EDS energy-dispersive spectrometer, XPS X-ray photoelectron
spectroscopy, AH ammonium hydroxide, AB ammonium bicarbonate

the tested chemical formulas (XRD, EDS, and XPS results)
of nanocrystalline powders prepared with AH, oxalic, and
urea are close to the designed one, suggesting that AH,
oxalic acid, and urea were appropriate precipitants to co-
precipitate Y>" and ZrO’" in the solution with designed
molar ratio.
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4 Conclusion

The effects of precipitants on co-precipitation synthesis of
Y0.08Z10.9001.9¢ nanocrystalline powders were investigated
in this work. Using AH, AB, oxalic acid, and urea as pre-
cipitants, the precursor powders are fully decomposed at
around 600 °C. The phase transition (amorphous to cubic
phase) temperature of the precursor powders is as low as
around 400 °C in the case of AH co-precipitation method,
while is around 500 °C when AB, oxalic acid, and urea are
used as precipitants. Tetragonal phase was observed as the
powder calcination temperature increased to 1000 °C when
AH, oxalic, and urea are used as precipitants, while cubic
Yo.18Zrp8,019; was obtained in the case of AB co-
precipitation method. AB was proved not to be an appro-
priate precipitant to be able to co-precipitate Y>* and ZrO*"
with designed molar ratio in the solution. Despite the time-
consuming co-precipitation process, urea was proved to be
the optimal precipitant to prepare YSZ nanocrystalline
powders with designed Y/Zr/O molar ratio, large surface
area, small crystallite size, and well dispersion.
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