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Zirconia was prepared at low temperatures (<450∘C) using single several source precursors based on zirconium carboxylates
where the R groups were systematically varied. The combination of density functional theory (DFT) calculations and extensive
characterization of the precursors (i.e., X-ray diffraction, thermal gravimetric analysis, infrared spectroscopy, and scanning electron
microscopy) indicated that the carboxylic acid complexes may link the zirconiummetal with a cis bidentate configuration. Periodic
DFT calculationswere performed to examine the interaction betweenmonoclinic ZrO

2

and propanoic acid.Dissociative adsorption
takes place through the cis bidentate structure with an adsorption energy of −1.43 eV. Calculated vibrational frequencies using the
optimized structure are in good agreement with experimental findings.

1. Introduction

While zirconia (ZrO
2
) finds extensive use as a ceramic mate-

rial it also has important applications in catalysts [1]. Due to
its unique chemical properties (i.e., surface acidity and basic-
ity [2, 3]), it is a valuable catalyst for elimination, dehydration,
hydrogenation, and oxidation. As reported previously [4,
5], the properties of tetragonal zirconia (t-ZrO

2
) that is

employed in the aforementioned applications are highly
dependent on the precursors used for its preparation. To date,
most interest has focused on the preparation of a stable ZrO

2

powder at <450∘C by using different precursors [6] including
zirconium carboxylates. The latter can be prepared straight-
forwardly by the reaction of sodium carboxylate with an
aqueous solution of a zirconium salt [7], leading to the linking
of zirconium cations to the carboxylate anions. One of the
most widely used precursors for the synthesis of zirconia
may be zirconium acetate-based ones [8–13]. For example,
zirconium tetraacetate can be prepared by the reaction of
zirconium tetrachloride with an excess of acetic acid at
80∘C [8]. Refluxing the mixture to the boiling point produces
the formation of zirconium oxyacetate [8, 9]. Zirconium

oxyacetate, Zr
4
O
3
(CH
3
COO)

10
⋅3H
2
O, can be also prepared

by refluxing of a small amount of zirconium oxychloride
with acetic acid [14]. Recently, Guo and Chen [15] reported
a novel zirconium oxy-hydroxy acetate complex synthe-
sized from zirconium oxychloride and acetic acid solution,
followed by a precipitation with concentrated ammonium
hydroxide at pH = 6. The product was determined to be
Zr
4
O
3
(OH)
7
(CH
3
COO)

3
⋅5H
2
O and produced a tetragonal

zirconium oxide phase with a crystallite size of 30 nm when
pyrolyzed at 545∘C. Regardless of the numerous studies, few
studies have been carried out to investigate the preparation
of zirconia from zirconium carboxylates complexes with
varying R-groups and their influence on the properties of
the oxides from them. Therefore we recently reported a
benchmark study using zirconiumbenzilate as a single source
precursor for the synthesis of zirconia [16]. Tomore systemat-
ically understand the synthesis approach, the zirconia synthe-
sis was executed with various types of carboxylate complexes
derived from aliphatic and 𝛼-hydroxyl carboxylic acids. In
addition, periodic density functional theory (DFT) simula-
tions were applied to support the experimental observation
from infrared spectroscopy (IR).
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Figure 1: TGA curves for the prepared zirconium carboxylates of (a) Zr-1, Zr-5, and Zr-7 (propionate, pivalate, and 2-ethylhexanoate, resp.)
and (b) Zr-10 (mandelate).

2. Methods

2.1. Experimental. Summarized in Table S1 (in Supplemen-
tary Materials available online at http://dx.doi.org/10.1155/
2014/429751) are the chemical structures of the carboxylic
acids used for the preparation of the zirconium carboxylates.
Aqueous ammonium hydroxide (NH

4
OH, Scientific Prod-

ucts), zirconium oxychloride (ZrOCl
2
⋅8H
2
O, Alfa Aesar),

sodium bicarbonate (NaHCO
3
, Alfa Aesar), 2-ethylhexanoic

acid (C
8
H
16
O
2
, MCB), 𝛼-hydroxyisobutyric acid (C

4
H
8
O
3
,

Fluka), propanoic acid (C
3
H
6
O
2
, Aldrich), sodium butyrate

(C
4
H
7
O
2
Na, Aldrich), isobutyric acid (C

4
H
8
O
2
, Aldrich),

pivalic acid (C
5
H
10
O
2
, Aldrich), mandelic acid (C

8
H
8
O
3
,

Aldrich), and hydroxypivalic acid (C
5
H
10
O
3
, Aldrich) were

used without further purification. Zirconium carboxylates
precursors were prepared from the reaction of zirconium
oxychloride with the sodium or ammonium carboxylic acid
salts of the acids listed above. These syntheses are summa-
rized in Table S2. The yields using zirconium carboxylate
precursors were ∼90%. The precipitates were washed several
times with distilled water and subsequently dried in an oven
at 120∘C for 12 hours. They were then calcined at different
temperatures in air. The chloride content was determined
using a conventional gravimetric analysis [17] to confirm that
no chloride ions were left in the solution.

The precursors and zirconia powders were characterized
by the Brunauer-Emmett-Teller (BET) multilayer nitrogen
adsorption method (Quantachrome Nova 1200), thermo-
gravimetric analyses (Seiko EXSTAR 6000 TG/DTA 6200),
scanning electron micrograph (SEM) (JEOL JXM 6400),
diffuse reflectance infrared spectroscopy (Nicolet Magna-IR
750), and X-ray powder diffraction (XRD) patterns using
copper K

𝛼
radiation with a wavelength of 1.5418 Å (Bruker

AXS D8). The volume fraction of the tetragonal and mon-
oclinic phases (t-ZrO

2
and m-ZrO

2
, resp.) and the relative

ratio of t-ZrO
2
tom-ZrO

2
were determined using themethod

proposed by Toraya and coworkers [18] (see supporting
information).

2.2. Computational. To examine the interaction between zir-
conia and carboxylic acid, periodic DFT calculations [19]
were performed using Vienna ab initio simulation package
(VASP) [20, 21]. The projector augmented wave method
(PAW) [22] with the generalized gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof (PBE) functional
[23] was used. In keeping with previous studies [16, 24], a
stable (111) plane with a (2 × 2) surface was utilized. Similar
to the previous study [24], a supercell with 16 Zr and 32 O
atoms was constructed. A vacuum space of 15 Å and a 415 eV
kinetic energy cut-off for a plane wave basis set was applied.
The Monkhorst-Pack [25] meshes with (3 × 3 × 3) and (3 ×
3 × 1) k-points were used for bulk and surface calculations,
respectively. For 2D surface calculations, half of the atomic
layers were fixed to the bulk structure, and the remaining lay-
ers and the adsorbate were fully relaxed. Adsorption energies
(Eads) were defined as Eads = E(adsorbate/ZrO

2
) − E(ZrO

2
)

− E(adsorbate), where E(adsorbate/ZrO
2
), E(ZrO

2
), and

E(adsorbate) are the calculated energies of a carboxylic acid
on zirconia, a bare zirconia, and gas-phase carboxylic acid.
The surface coverage was 25% [24]. To support the infrared
spectroscopic measurements, frequencies were also calcu-
lated on the basis of the optimized structures. In this study,
we applied the same k-point used for geometry optimiza-
tion since our previous study showed the minor difference
between prediction and experiment [16].

3. Results and Discussion

3.1. ZirconiumCarboxylate Precursors for Zirconia. Represen-
tative TGA curves for propionate, pivalate, 2-ethylhexanoate,
and mandelate are shown in Figure 1.These demonstrate that
the weight loss is correlated with the nature of the carboxylate
ligands of the precursors and clearly show that the weight
loss starts at room temperature and is complete between 400
and 500∘C. Furthermore, the TGA results illustrate that the
total weight loss of the zirconium 𝛼-hydroxyl carboxylate
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Table 1: The elemental analysis results for the synthesized zirconium carboxylate complexes.

Sample Elemental analysis (%) Proposed formulaa Expt. MW (g/mol)b Theor. MW (g/mol)c
C H

ZrAc 14.1 2.81 [Zr4O4(OH)3(OAc)5]⋅4H2O 211 212
Zr-1 17.2 4.10 [Zr4O2(OH)5(OAP)5Cl2]⋅8H2O 273 267
Zr-2 18.6 3.95 [Zr4O4(OH)3(OAP)5]⋅7H2O 252 243
Zr-3 28.3 4.68 [Zr4O4(OH)2(BUT)6]⋅2H2O 254 256
Zr-4 23.3 5.33 [Zr4O4(OH)2(ISBUT)6]⋅8H2O 289 292
Zr-5 35.0 7.08 [Zr4O4.5(PA)7]⋅5H2O 304 309
Zr-6 27.6 4.93 [Zr4O5(HPA)6]⋅8H2O 326 323
Zr-7 18.5 4.55 [Zr4O6(OH)2(EHA)2]⋅7H2O 259 227
Zr-8 36.5 5.27 [Zr4(OH)4(HIBA)12]⋅6H2O 443 445
Zr-9 23.9 6.45 [Zr4O(OH)4(HIBA)10]⋅28H2O 504 496
Zr-10 47.0 4.46 [Zr4O(OH)5(MA)9]⋅4H2O 532 506
aOAc, OAP, BUT, ISBUT, PA, HPA, EHA, HIBA, and MA stand for acetate, propionate, butyrate, isobutyrate, pivalate, hydroxypivalate, 2-ethylhexanoate,
hydroxyl isobutyrate, and mandelate, respectively. bThey were obtained from the TGA and thermal analysis, cfrom proposed formula.
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Figure 2: Low angle XRD patterns of the zirconium pivalate com-
plex (Zr-5) calcined at different temperatures.

complexes (Figure 1(b)) is lower than that of the aliphatic
zirconium carboxylates (Figure 1(a)). The reason may be the
ability of the 𝛼-hydroxyl carboxylates to chelate to a zirco-
nium ion via the hydroxyl and the carboxylate. The formula
weights of the complexes were calculated from the ceramic
yields of ZrO

2
from the TGAdata.These were combinedwith

the carbon and hydrogen content from elemental analysis to
yield the proposed formulae for the zirconium carboxylates
that are compiled in Table 1.

The low angle XRD patterns of the calcined zirconium
pivalate complex at 25∘C, 250∘C, and 300∘C suggest the
formation of a mesoporous solid (Figure 2). A single broad
diffraction peak was observed with a d-spacing of 14.3 Å,
18.1 Å, and 20.0 Å for the freshly synthesized complex and
the products from its calcination at 250∘C and 300∘C, respec-
tively. The breadths of the reflection peaks reflect either a
distribution of pore sizes or an organization of the pores in
limited regions of the solid.TheBET analysis of the zirconium
pivalate complex shows a high surface area of 297m2/g, sup-
porting an ordered porous structure. As shown in Figure 2,

as the d-spacing increases, the scattering intensity decreases.
This may indicate that the structure undergoes a contraction
during the calcination and is transformed into a less ordered
structure by the removal of the alkyl groups. This is also
confirmed by the sharp decrease of the specific surface area
during the calcination due to the collapse of the structure.The
observed increase in the d-spacing might be due to the loss
of adsorbed water molecules and a gradual thermal decom-
position of the alkyl groups, leading to longer pores and an
expansion in the distance between the structure layers. As
reported previously [17, 18], the polymerization of the zirco-
nium carboxylate tetramermay take place due to the presence
of the OH groups forming a bridge between two tetramers.
Such a polymerization process could be the reason for the
formation of the high surface area porous zirconium car-
boxylates. As listed in Table 1, the synthesized zirconium 𝛼-
hydroxyisobutyrate (Zr-9) contains a large number of water
molecules as compared to the other carboxylates. The extra
water may be ascribed to water molecules that are linked to
zirconium ion, resulting in a high polarization that induces
strong interactions with other water molecules via hydrogen
bonding.

Infrared spectroscopy was performed to examine the
coordination modes of the carboxylate ligands. It is known
that the carboxylate ligands bound in a bridging bidentate
configuration have a Δ] value of about 160 cm−1 (splitting
between the asymmetric and symmetric carbonyl stretching
frequencies), while chelating bidentate carboxylates have
a smaller Δ] value (100 cm−1 or less). Monodentate car-
boxylates, on the other hand, result in a greater Δ] value
of about 200 cm−1 [26, 27]. The infrared spectrum of the
zirconium aliphatic carboxylate, zirconiumpropionate (Zr-1)
(Figure 3(a)), shows a band centered at 3,377 cm−1 corre-
sponding to the hydrogen bonded O–H stretching band,
while that at 3,643 cm−1 is related to the stretching mode
for free OH. The bands at 2,980 cm−1 and 2,930 cm−1 can be
assigned to the asymmetric and symmetric methyl groups of
the carboxylate ligands, respectively, while that at 1,340 cm−1
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Figure 3: FTIR spectra of (a) the zirconium propionate complex
(Zr-1) and its pyrolysis products treated at different temperatures at
(b) 470∘C and (c) 720∘C.

is attributed to the vibration mode of the CH
3
group. The

bands around 1,560 cm−1 and 1,439 cm−1 correspond to the
asymmetric and symmetric carboxylate stretching vibrations,
respectively. The IR band at about 1,470 cm−1 is attributed
to the bending modes for CH

3
and C–O–H. Table 2 lists

the stretching frequencies of the carboxylate carbonyl group
]COO(symm) and ]COO(asymm) and the splitting (Δ]) between the
asymmetric and symmetric carbonyl stretching frequencies
of the zirconium carboxylate complexes. The Δ] values of 𝛼-
hydroxy carboxylate zirconium complexes were in the range
227–274 cm−1, while the other zirconium carboxylate com-
plexes showed lowerΔ] values in the range 121–152 cm−1.The
lower Δ] values for nonhydroxylated zirconium carboxylates
may be attributed to a bridging bidentate bonding mode for
the carboxylates. The results in Table 2 also show that the Δ]
values for the zirconium carboxylates increase slightly with

Table 2: Stretching frequencies of the carbonyl groupa for zirco-
nium carboxylate complexes.

Sample ]COO (cm−1)
Δ] (cm−1)

Asym. Sym.
Zr-1 1564 1439 125
Zr-2 1560 1439 121
Zr-3 1600 1466 134
Zr-4 1585 1444 141
Zr-5 1580 1428 152
Zr-6 1556 1431 125
Zr-7 1570 1425 145
Zr-8 1615 1388 227
Zr-9 1551 1381 170
Zr-10 1625 1351 274
aThe stretching mode of gas C=O is 1,720 cm−1.

increasing chain length or branching of the carboxylate
ligands. Among the aliphatic carboxylates, the propionate
(Zr-2) has the lowest Δ] value of 121 cm−1, while pivalate
(Zr-5) has the highest value of 152 cm−1. Furthermore, the
aliphatic complexes (i.e., zirconium propionate, zirconium
pivalate, zirconium hydroxypivalate, and 2-ethylhexanoate)
show lower asymmetric stretching frequencies of the car-
bonyl groups than the 𝛼-hydroxyl carboxylate zirconium
complexes. A large shift of the carbonyl stretching frequencies
between the free acid carbonyl (1,700–1,730 cm−1) and the
complexes (1,560–1,580 cm−1) was observed. This shift is due
to the fact that when the zirconium metal coordinates to
the oxygen moiety of the carbonyl group in the carboxylate
ligands with a bidentate configuration, the C–O bonds are
weakened due to the sharing of the carbonyl oxygen electrons
in the bonding to the zirconium ions. In contrast, the 𝛼-
hydroxyl carboxylate complexes showed a higher asymmetric
stretching for the carbonyl groups (1,620–1,650 cm−1). This
may be due to the chelation of one oxygen atom of the
carbonyl group and the oxygen of the 𝛼-hydroxyl group to
the zirconium ion to a five-membered ring.This will result in
a monodentate carboxylate that is expected to have a largeΔ]
value.

3.2. Zirconia Prepared from Zirconia Carboxylate Complexes.
Figures 3(b) and 3(c) show the infrared spectra of the prod-
ucts obtained from the pyrolysis of the zirconium propionate
complex at different calcination temperatures. These display
a sharp band at about 2,339 cm−1 that is attributed to the
adsorbed CO

2
species on the surface that resulted from

the thermal decomposition of the carboxylate ligand. This
assignment is in good agreement with previous studies on the
adsorption of CO

2
onto ZrO

2
and modified ZrO

2
[28, 29].

The peak observed at about 1,424 cm−1 for the zirconiumpro-
pionate calcined at 470∘C (Figure 3(b)) probably corresponds
to the presence of some carbonate species adsorbed on the
surface of t-ZrO

2
.The calcined sample at 470∘C shows a band

at 1,533 cm−1 attributed to bidentate carbonate species present
on the oxide surface. It is noted that according to the TGA
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Figure 4: Geometrical illustration of acetic and propanoic acids and dissociatively adsorbed acetic and propionic acids onm-ZrO
2

.The bond
length between oxygen and hydrogen is in the unit of Å. The energies are adsorption energies. The separated distance of surface carboxylate
species is (a) ∼5.4 Å and (b) ∼3.8 Å.

analysis, about 40% of its weight was lost when calcined at
∼470∘C, corresponding to the expected loss for ZrO

2
forma-

tion. However, the sample color was still brown at this cal-
cination temperature, indicating that the band at 1,533 cm−1
may be due to the bidentate carbonate and carbon species
deposited on the oxide surface not the ZrO

2
formation [28,

30]. The intensity of this peak decreased at the calcination
temperature of 720∘C (Figure 3(c)). The band observed at
∼790 cm−1 for the sample calcined at 470∘C is probably
due to the carbonate-water interaction. With increase in the
calcination temperature, the intensity of this band decreased.

As described above, periodic DFT calculations were
carried out to understand the interaction between stable m-
ZrO
2
and acetic acid and propanoic acid. We chose the two

acids since acetic acid is the smallest carboxyl acid, while
propanoic acid is the smallest one used in the experiment.
For the zirconia surface, a stable (2 × 2) (111) plane was
used as a surface. In this study, the cis configuration was
examined, in accordance with a previous study [24], since
the cis configuration is more stable than the trans configura-
tion. Figure 4 schematically depicts the gas-phase acetic and
propanoic acids. In addition, it was found that both acetic and
propanoic acids are dissociatively adsorbed on the surface
and their adsorption energies are −1.39 eV and −1.43 eV,
respectively. Both of the cis structures have similar Zr-O
distances (∼2.2 Å), while those of the H from the OH group
are 2.51 Å and 2.46 Å, indicating total dissociation. Based on
the structure of propanoic acid (Figure 4(b)), a vibrational-
frequency calculation was executed to compare with the
experimental results (Figure 3(a) and Table 2). Its surface OH
stretching mode is calculated to be 3,605 cm−1, which is close
to the typical OH stretching of Zr-1 (Figure 3(a); 3,643 cm−1).
In particular, the calculated asymmetric mode for COO
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Figure 5: XRD patterns of the zirconium propionate complex (Zr-
1) calcined at different temperatures. “T” and “M” correspond to
tetragonal and monoclinic phases, respectively.

is 1,497 cm−1, which is also in line with the experimental
finding of 1,564 cm−1 (Table 2). The vibrational-frequency
simulations along with geometry optimization support the
conclusion that the cis bidentate structure is preferred
to the trans configuration. As a matter of fact, it is
highly difficult to construct a more plausible model to
simulate the zirconium carboxylates as proposed (Table 1;
[Zr
4
O
2
(OH)
5
(OAP)

5
Cl
2
]⋅8H
2
O). However, if one takes into

account the hydrogen bond, more accurate results could be
produced.

X-ray powder diffraction demonstrated that the pyrolysis
product from zirconium propionate at 230∘C is amorphous
(Figure 5). With further heating to 420∘C, a mixture of
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Figure 7: Specific surface area versus calcination temperature for zirconium carboxylate precursors. (a) Pivalate (Zr-5) and (b) propionate
(Zr-2) and 2-ethylhexanoate (Zr-7).

tetragonal and cubic phases started to appear as a result of
the transformation of the zirconium carboxylate to ZrO

2
.

Upon heating to 590∘C, a more crystalline t-ZrO
2
phase was

observed.Then, as the oxide was heated above 600∘C, a phase
transformation occurred from the tetragonal phase to the
monoclinic one. When the oxide was further calcined to
800∘C, the monoclinic phase was the dominant phase with
about 90% relative abundance. In this study, a general trend
was found for the phase transformation from the tetragonal
to monoclinic phase with the initial crystallization of ZrO

2

being detected between 350∘C and 450∘C.
Figure 6 shows the ZrO

2
crystallite size distribution

calculated by application of Scherrer’s equation [31] to the
XRD patterns for zirconium propionate calcined at different
temperatures. A slight increase in the average crystallite size
from 3.2 nm to 6.7 nm was observed when the precursor was
heated at 590∘C and 720∘C, respectively. A bigger average
crystallite size of 18.4 nm was observed when the sample
calcined at 800∘C, in which the powder is almost completely
transformed into the monoclinic phase (Table S3).

The phase transformation data and the surface area
values are presented in Table S3. The results show that the
zirconium oxides derived from aliphatic zirconium carboxy-
lates undergo a phase transformation to the monoclinic
system at higher temperature (>720∘C) than the 𝛼-hydroxyl
carboxylate complexes. The oxides derived from the thermal
calcination of zirconium mandelate and zirconium hydroxy-
butyrate transformed into themonoclinic phase rapidly in the
temperature range of 600∘C to 720∘C. It can be concluded that
the different coordination mode 𝛼-hydroxy acids to zirconia
leads to a different decomposition pathway that produces
amorphous zirconium oxide with a structure predisposed to
formation of monoclinic zirconia.

As depicted in Table S3 and Figure 7, the surface area
results for the zirconium precursors showed a slight increase
by the calcination due to the loss of the ligand and the
formation of oxides with open pores. Further heating led to
the gradual sintering of the oxide particles and decrease in the
surface area. The precursors that showed a long order range
and very high surface areas (zirconium pivalate) exhibited a
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1𝜇m 500nm

Figure 8: SEM images of the zirconia powders obtained from the
thermal calcination of the zirconium carboxylate precursor of zirco-
nium pivalate (Zr-5) calcined at 400∘C.

sharp decrease in the surface area due to the collapse of the
metalloorganic framework upon formation of the oxide and
then a slow decrease in the surface area due to the sintering
process. Furthermore, ZrO

2
obtained from the aliphatic car-

boxylates (Table S3) showed a dependence on the carboxylate
ligands: the longer the carboxylate ligand chain, the higher
the surface area of the resulting zirconia. For example, ZrO

2

obtained from zirconium ethylhexanoate (Zr-7) showed a
relatively higher surface area compared to that prepared from
the other aliphatic zirconium carboxylate complexes. Also, to
examine the influence of the zirconium carboxylate precursor
on the morphology of the final oxide, scanning electron
microscopy was performed. Figure 8 shows the SEM images
of ZrO

2
derived from the thermal treatment of the zirconium

pivalate complex (Zr-5) at 400∘C, demonstrating the forma-
tion of agglomerates containing spherical nanosize particles
with an approximate average diameter of about 100–200 nm.

4. Conclusions

Zirconia was prepared form of a variety of zirconium car-
boxylate complexes that were synthesized by the reaction
of zirconium oxychloride with carboxylic acids or carboxy-
late salts in aqueous media. The carboxylates used in this
study included aliphatic carboxylic acids and 𝛼-hydroxyl
carboxylic acids. It was determined that the aliphatic zir-
conium carboxylate complexes coordinate to the zirconium
ions in a bridging bidentate mode, while a bridging chelating
bonding with incorporation of the OH in the bonding was
observed with the 𝛼-hydroxyl carboxylate complexes. A
vibrational-frequency calculation with a simplified structure
of propanoic acid on m-ZrO

2
supports that a cis bidentate

configuration is a more plausible structure. Notably, it was
found that the nature of the zirconium carboxylate plays a
profound role in the crystallinity, surface area, and other
properties of the zirconia produced by their decomposition.
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