
Journal of Molecular Catalysis A: Chemical 163 (2000) 27–42

The effects of synthesis and pretreatment conditions on
the bulk structure and surface properties of zirconia

Kyeong Taek Jung, Alexis T. Bell∗
Chemical Sciences Division, Lawrence Berkeley National Laboratory and Department of Chemical Engineering,

University of California, Berkeley, CA 94720-1462, USA

Received 7 March 2000; accepted 25 July 2000

Abstract

An investigation has been conducted to establish the effects of synthesis conditions and subsequent calcination conditions
on the bulk and surface properties of zirconia. Samples of zirconia were prepared by precipitation from an aqueous solution of
zirconyl chloride at both high and low pH. Precipitation at high pH (10) produced an amorphous material with a surface area
of 280 m2/g. Extended digestion of this material in a boiling NH4OH solution at 1 atm increased the surface area to 400 m2/g.
When digestion was carried out at∼3 atm, the amorphous zirconia became crystalline and its surface area reduced to 200 m2/g.
Precipitation of zirconia at low pH (<1.5) with extended reflux produced monoclinic ZrO2 with a surface area of 110 m2/g.
Calcination at temperatures in the range of 300–1200 K caused a loss in surface area with increasing temperature and induced
the amorphous-tetragonal and tetragonal-to-monoclinic phase transformations. The surface concentration of hydroxyl groups
on monoclinic ZrO2 is always higher than that on tetragonal ZrO2. In the former case the dominant species are tribridged
hydroxyl groups and in the latter, a combination of bibridged and terminal hydroxyl groups. CO2 adsorbs on zirconia at 298 K
to form bicarbonate species and a smaller amount of carbonate species. The surface concentration of bicarbonate species grows
monotonically with the surface concentration of hydroxyl groups. A similar relationship is observed for the adsorption of CO
as formate species. Consistent with these results, monoclinic zirconia adsorbs more CO and CO2 than tetragonal zirconia.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Zirconium oxide has attracted considerable atten-
tion recently as both a catalyst and a catalyst support
because of its high thermal stability and the ampho-
teric character of its surface hydroxyl groups. Zirconia
catalyzes the hydrogenation of olefins [1–4], isomeri-
zation of olefins [5] and epoxides [6,7], and the
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dehydration of alcohols [8,9]. When zirconia is used as
a support, various reactions such as Fischer–Tropsch
synthesis [10,11] methanol synthesis [12–15], and
hydrodesulfurization [16] have been reported to pro-
ceed with higher activity and selectivity than with
conventional supports.

The applications for zirconia described above have
stimulated research aimed at understanding the fac-
tors controlling the structural and textural properties
of ZrO2, such as; the distribution of ZrO2 among
amorphous, tetragonal, and monoclinic phases; the
BET surface area; and the pore size distribution

1381-1169/00/$ – see front matter © 2000 Elsevier Science B.V. All rights reserved.
PII: S1381-1169(00)00397-6



28 K.T. Jung, A.T. Bell / Journal of Molecular Catalysis A: Chemical 163 (2000) 27–42

[17–29]. Studies have also been carried out to identify
the relationships between bulk and surface proper-
ties of ZrO2. Infrared spectroscopy has revealed the
presence of three types of hydroxyl groups on ZrO2:
terminal, bibridged, and tribridged [30–38]. Using
CO as the probe molecule, it has been established
that Lewis-acidic sites, while more abundant on mon-
oclinic ZrO2, are not as strong as those on tetragonal
ZrO2 [38–46]. The adsorption of CO results in the
appearance of molecularly adsorbed CO and formate
species. The latter are formed as a consequence of the
reaction of CO with hydroxyl groups on the surface of
ZrO2. Upon CO2 adsorption on monoclinic ZrO2, bi-
carbonate and monodentate and bidentate carbonates
are formed, while bidentate and polydentate carbon-
ates are formed on tetragonal ZrO2 [39,40,47–51].
Monoclinic ZrO2 is found to form stronger bonds
with CO2 than tetragonal ZrO2 [51].

The present investigation was undertaken to estab-
lish the effects of synthesis conditions on the bulk
structure and surface properties of ZrO2. Zirconia was
precipitated from zirconyl chloride solutions at both
low and high pH, both with and without subsequent
hydrothermal treatment. The freshly prepared material
was then calcined in oxygen at progressively higher
temperatures. The bulk structure was characterized by
X-ray diffraction. The characteristics of the hydroxyl
groups present at the surface of ZrO2 were charac-
terized by infrared spectroscopy. Both CO and CO2
were used as probe molecules to further characterize
the acidic and basic properties of ZrO2.

2. Experimental

Four samples of zirconia were synthesized. The
first was prepared by boiling a 0.5 M solution of zir-
conyl chloride (ZrOCl2·8H2O, Aldrich) under reflux
at 373 K and 1 atm for 240 h, while maintaining the
pH at 1.5. This sample is designated as LpHLP (Low
pH Low Pressure). The remaining three samples were
prepared by dropwise addition of 30 wt.% ammonium
hydroxide to a 0.5 M solution of zirconyl chloride at
a constant pH of 10. The slurry of precipitated ma-
terial was then divided into three batches. The first
batch was left untreated in the presence of the mother
liquor at 298 K for 240 h. This sample is designated
as HpHUT (High pH Untreated). The second batch of

precipitated material was heated in the mother liquor,
after adjusting its pH to 10, at 373 K and 1 atm for
240 h. This sample is designated as HpHLP (High
pH Low Pressure). The third batch of precipitate was
transferred to a 23 cm3, teflon lined autoclave and
heated in an oven at 383 K and an autogenous pres-
sure of∼3 atm for 240 h. This sample is designated
as HpHHP (High pH High Pressure). In all cases, the
final product was recovered by vacuum filtration. The
solid product was then redispersed in deionized water
and washed in order to remove residual chlorine. Af-
ter each wash, a few drops of AgNO3 solution were
added to the filtrate liquid until no evidence of AgCl
could be detected. This usually required 50 washings
with a total of 10 l of water. The washed product was
then dried at 373 K in a vacuum oven for 24 h. The
dried samples were then calcined in pure O2 in a tube
furnace. The temperature was increased from 298 K
to the desired calcination temperature at the rate of
10 K/min and then held at the final temperature for 5 h.

X-ray diffraction (XRD) patterns of the dried and
calcined samples were recorded using a Siemens
D5000 diffractometer, which uses Cu-Ka radiation
and a graphite monochrometer. Scans were made
in the 2θ range of 10–70◦ at a scanning rate of
0.005◦/s. The volume fraction,Vm, of monoclinic
ZrO2 (m-ZrO2) was determined from the following
relationships [52]:

Xm = Im(1 1 1) + Im(1 11)

Im(1 1 1) + Im(1 11) + It(1 1 1)
(1)

Vm = 1.311Xm

1 + 0.311Xm
(2)

whereIm(1 1 1) andIm(1 11) are the line intensities of
the (1 1 1) and(1 11) peaks for m-ZrO2, andIt(1 1 1)
is the intensity of the (1 1 1) peak for tetragonal ZrO2
(t-ZrO2). The crystal size,dhkl, was calculated from
the Scherer relationship using the integral line width,
Bhkl, for the monoclinic and tetragonal phases, follow-
ing line deconvolution, and a shape factor,S, equal to
0.9.

An Autosorb gas adsorption system was used to ob-
tain nitrogen adsorption/desorption isotherms at 77 K.
Before analysis, each sample was evacuated at either
373 (uncalcined samples) or 523 K (calcined sam-
ples). The BET surface area was determined from an
80-point isotherm.
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3. Results

3.1. Effects of preparation conditions on the bulk
structure of ZrO2

XRD patterns of the LpHLP, HpHUT, HpHLP,
and HpHHP ZrO2 are shown in Fig. 1a–d. The only
features present in the diffraction pattern of LpHLP
ZrO2 are those characteristic of m-ZrO2 (see Fig. 1a).
With increasing calcination temperature, these fea-
tures become sharper and better resolved, indicative
of an increase in the size of the crystallite particles.
As-prepared HpHUT ZrO2 is completely amorphous
up to a calcination temperature of 673 K, at which
point peaks for crystalline t-ZrO2 appear (see Fig. 1b).
At higher calcination temperatures the intensity of the
peaks for t-ZrO2 decrease as peaks for m-ZrO2 appear.
HpHLP ZrO2 is also amorphous in its as-prepared
state and remains as such until the calcination temper-
ature is raised to 873 K (see Fig. 1c). At this tempera-
ture broad peaks appear for t-ZrO2, and these features
become sharper as the temperature of calcination is
raised further. As-prepared HpHHP ZrO2 consists
of mainly t-ZrO2 with a small amount of m-ZrO2
(see Fig. 1d). With increasing calcination temperature
the relative intensity of the diffraction features for
m-ZrO2 increases, whereas those for t-ZrO2 decrease.

Fig. 2 illustrates the effects of preparation method
and calcination temperature on the distribution be-
tween t- and m-ZrO2. Data points are plotted only for
those samples that are completely crystalline. The vol-
ume fraction of m-ZrO2 is a strong function of both
the method of preparation and the calcination tem-
perature. The HpHLP samples remain as t-ZrO2 until
the calcination temperature is raised above 1373 K, at
which point the material is completely converted to
m-ZrO2. By contrast the LpHLP samples are always
m-ZrO2, independent of the calcination temperature.
The HpHUT and HpHHP samples exhibit a mixture
of t- and m-ZrO2, the proportion of m-ZrO2 increases
with increasing calcination temperature.

The size of the particles of t- and m-ZrO2, estimated
from X-ray line broadening is shown in Fig. 3. The
HpHLP method of preparation results in t-ZrO2 crys-
tallites, that have an average size of 5 nm at 973 K and
increase to 15 nm as the temperature rises. When cal-
cined at 1473 K, this material produces 21 nm parti-
cles of m-ZrO2. Preparation of m-ZrO2 via the LpHLP

procedure leads to 4 nm particles that grow to 21 nm as
the calcination temperatures rises from 473 to 1273 K.
The HpHUT and HpHHP methods of preparation pro-
duce a mixture of t- and m-ZrO2. For the untreated
samples, the size of the t-ZrO2 particles are larger than
those of m-ZrO2 for calcination temperatures less than
873 K, but the reverse becomes true at higher tem-
peratures. A similar pattern is also observed for ZrO2
prepared via the HpHHP method.

Fig. 4 shows the effects of sample preparation
method and calcination temperature on the BET sur-
face area. For calcination at 373 K, the highest surface
area is observed for samples prepared by the HpHLP
method, and the lowest surface area is observed for
samples prepared by the LpHLP method. As the
calcination temperature increases, the BET surface
area decreases in all cases. Interestingly, the HpHUT,
HpHHP, and HpHLP samples all approach the same
surface area once the calcination temperature rises
above about 673 K. This pattern is consistent with
the change in particle size with increasing calcination
temperature, shown in Fig. 3. There too, it is seen
that the size of t-ZiO2 particles remains much smaller
than that of particles of either phase produced by
other preparation methods.

The results presented in Figs. 1–4 demonstrate that
the phase, surface area, and particle size of ZrO2 pro-
duced is strongly dependent on the pH of the synthesis
mixture and the conditions of thermal treatment fol-
lowing the initial formation of the solid. Calcination
of the freshly prepared material can result in further
changes in each of these properties. Both the effects of
synthesis conditions and calcination temperature can
be interpreted in the light of the literature concerning
the synthesis of ZrO2.

X-ray studies have shown that aqueous solutions of
ZrOCl2·8H2O contain tetrameric [Zr(OH)2·4H2O]48+
cations [53]. The metal ions form a square and are
bonded to each other by bridging hydroxyl groups.
Each of the metal atoms is eight-coordinate with four
molecules of water filling out the coordination sphere
of the zirconium atoms. Boiling zirconyl chloride
solutions causes the tetrameric cations to polymerize
via hydroxyl bridging and eventual olation [19]. This
process produces an amorphous hydrous zirconia with
the general formula [ZrOx(OH)4−2x ·yH2O]n. At low
pH (<2) the solubility of the amorphous material is
appreciable. Repeated dissolution and precipitation
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Fig. 1. Effect of calcination temperature on the X-ray diffraction patterns for samples prepared at (a) low pH and low pressure (LpHLP),
(b) high pH and untreated (HpHUT), (c) high pH and low pressure (HpHLP), and (d) high pH and high pressure (HpHHP).
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Fig. 1 (Continued).

leads to the formation of small (2.0–2.5 nm) particles
of crystalline hydrous zirconia, which then rearrange
to form crystallites of m-ZrO2 [19]. Precipitation of
amorphous hydrous zirconia at pH >3 at elevated
temperatures tends to produce a more disordered and
highly hydrated product than that formed at lower

pH’s. Dewatering of this material leads to the forma-
tion of crystalline t-ZrO2.

Hydrothermal treatment at high pH (>9) causes the
initially precipitated hydrous zirconia to undergo dis-
solution and reprecipitation. The reprecipitated mate-
rial consists of particles that are smaller than those in



32 K.T. Jung, A.T. Bell / Journal of Molecular Catalysis A: Chemical 163 (2000) 27–42

Fig. 2. Effect of preparation conditions on the volume fraction of monoclinic zirconia as a function of calcination temperature.

Fig. 3. Effect of preparation conditions and calcination temperature on the crystal size of tetetragonal and monoclinic zirconia.
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Fig. 4. Effect of preparation conditions and calcination temperature on the BET surface area of amorphous (Am), tetetragonal (T), and
monoclinic (M) zirconia.

the initial precipitate. Adsorption of the cations of the
base used to elevate the pH (e.g. Na+, K+, NH4

+)
helps to stabilize the surface area by neutralizing the
negatively charged surface of the particles, allowing
them to form a stable network [19]. Cation adsorption
also favors the formation of the tetragonal phase of zir-
conia, the effect increasing in the order NH+

4 , < K+,
<Na+.

The results presented here are consistent with the
earlier studies cited above. The LpHLP sample pre-
pared by precipitation zirconia from an aqueous so-
lution of zirconyl chloride at pH<1.5 with extended
reflux, results in the formation of m-ZrO2 with a BET
surface area of 110 m2/g. By contrast, precipitation
from a solution maintained at pH= 10 by addition of
NH4OH, the sample designated as HpHLP, followed
by extended digestion in the mother liquor produces
amorphous zirconia with a surface area of 400 m2/g. If
the precipitate produced at high pH is not allowed to
undergo digestion, the sample designated as HpHUT,
amorphous zirconia is obtained once again, but with a
BET surface area of 280 m2/g. Thus, it is apparent that
extended digestion of the initial precipitate increases
the surface area of the final product. Digestion of the
high pH precipitate at elevated pressure (∼3 atm), the

sample designated as HpHHP, induces crystallization
of the initially amorphous precipitate and a small loss
in BET surface area to 200 m2/g. As discussed below,
these effects are likely the result of the increased ther-
modynamic driving force resulting from the higher
pressure at which digestion is carried out.

The data presented in Figs. 2 and 3 show that cal-
cination of the initially prepared zirconia at progres-
sively higher temperatures leads to the conversion of
amorphous zirconia to t-ZrO2 and the conversion of
this phase to m-ZrO2. The amorphous-to-tetragonal
transformation is attributable to the loss of water
from the amorphous hydrous zirconia, resulting from
the release of water of hydration and the production
of water via olation [19]. Both processes lead to a
reduction in the BET surface area of the calcined
solid and a consequent increase in the average par-
ticle size. Identification of the factors affecting the
tetragonal-to-monoclinic transformation have been
the subject of significant discussion in the literature
[17–28]. It has been proposed that the relative sta-
bility of these two phases depends on the sum of the
free energies from particle surface, bulk, and strain
contributions [54–59]. Because of the lower bulk free
energy of m-ZrO2 and the lower surface free energy
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Table 1
Sample preparation conditions of zirconia for TPD measurement and the concentration of hydroxyl groups

Crystalline phase BET surface
area (m2/g)

Preparation
method

Calcination
temperature

OH concentration
(molecule/nm2)

Amorphous 325 HpHLP 673 2.1
187 HpHLP 973 1.6

Tetragonal 20 HpHLP 1323 3.5
Monoclinic 110 LpHLP 573 9.4

19 HpHUT 973 6.2
Tetragonal/Monoclinic 80 HpHHP 823 5.3

of t-ZrO2, the latter phase is stabilized below a critical
particle size for a given temperature. This critical par-
ticle size is estimated to be 10 nm at 298 K [58]. In the
absence of particle strain, this thermodynamic descrip-
tion has been found to give the correct temperature
for the tetragonal-to-monoclinic phase transformation
for particles ranging in size from 9 nm to 10mm [58].
The validity of a purely thermodynamic explanation
has been questioned, though, since several investi-
gators have observed t-ZrO2 particles that are larger
than the critical particle size, e.g. [17,18]. However,
these observations can be explained by taking into
account factors such as domain boundary stresses,
nucleation embryos, anionic vacancies, and adsorbed
cations and anions, all of which contribute to the sta-
bilization of t-ZrO2. Of these various factors, the ef-
fects of external strain and the adsorbed ionic species
on the surface free energy of zirconia can be accom-
modated within the thermodynamic theory for the
tetragonal-to-monoclinic phase transformation [58].

The thermodynamic theory for the tetragonal-to-
monoclinic transformation of ZrO2 leads to the con-
clusion that in the absence of strain, ZrO2 particles
with an average diameter 10 nm, should exist as
m-ZrO2 at 298 K. If it is assumed that the particles
are hemispherical in shape, this means that sintering
of ZrO2 to a BET surface area of about 110 m2/g will
lead to its transformation to m-ZrO2. Reference to
Fig. 4 shows that with the exception of the HpHLP
samples the data support this conclusion. The stability
of t-ZrO2 in the HpHLP samples to surface areas of
20 m2/g suggests that the particles in these samples
may be polycrystalline and strained [58]. A similar
explanation would apply to the observation of t-ZrO2
particles as large as 13 and 16 nm in the HpHUT and
HpHHP samples, respectively, seen in Fig. 3.

3.2. Surface properties of ZrO2

A series of ZrO2 samples were selected to assess
the effects of bulk structure on the surface properties
of the ZrO2 particles. Table 1 lists the phase compo-
sition of each sample, together with the BET surface
area and the concentration of OH groups. The highest
concentration of OH groups is observed for the sample
of m-ZrO2 having a surface area of 110 m2/g, and the
lowest is for sample of t-ZrO2 having a surface area
of 187 m2/g. The concentration of OH groups on the
surface of the sample of amorphous ZrO2 is similar to
that of the high surface area tetragonal ZrO2 sample.

Not only the concentration, but also the nature
of the OH groups present on ZrO2 depends on
the bulk phase structure and the BET surface area.
Fig. 5 shows infrared spectra of the O–H stretching
region. Three bands are observed at 3765, 3745, and
3650–3670 cm−1. These features have been assigned
to terminal, bibridged, and tribridged OH groups, re-
spectively [31–35]. The distribufion of OH groups is
illustrated by a bar graph presented in Fig. 6. The hy-
droxyl groups on t-ZrO2 are predominantly bibridged,
whereas those on m-ZrO2 they are predominantly
tribridged. Amorphous ZrO2 has roughly equivalent
numbers of all three types of groups, whereas the
sample containing a 50/50 mixture of t- and m-ZrO2
has an OH spectrum that is most similar to that
of m-ZrO2.

Curves showing the rate at which HD is produced
when D2 is passed over the surface of ZrO2 while it
is being heated are presented in Fig. 7. No evidence
for desorption of H2 or D2 was observed in these ex-
periments. The lowest peak temperature (473 K) for
H/D exchange is observed for t-ZrO2 (20), where the
quantity in parenthesis indicates the BET surface area.
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Fig. 5. Infrared spectra of the hydroxyl groups present on the surface of zirconia. Each sample is identified as X (Y), where X= Am, T,
T/M, or M and Y designates the BET surface area in m2/g.

Fig. 6. The distribution of isolated, bibridged, and tribridged hydroxyl groups on the surface of zirconia. Each sample is identified as X
(Y), where X= Am, T, T/M, or M andY designates the BET surface area in m2/g.
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Fig. 7. Temperature-programmed isotopic exchange spectra. Each sample is identified as X (Y), where X= Am, T, T/M, or M and Y
designates the BET surface area in m2/g.

A similar peak is seen as a component of the H/D
exchange spectra presented for m-ZrO2 (110), m-ZrO2
(187) and t-/m-ZrO2 (80). Each of these materials
also contains a higher temperature component cen-
tered near 573 K. The similarity in the H/D exchange
profiles for these three samples paralles the similar-
ity in the distribution of OH groups observed in the
infrared spectra of these samples (see Fig. 6). Even
higher peak temperatures for H/D exchange are ob-
served for t-ZrO2 (187) and am-ZrO2 (325). Here too
the distributions of OH group types on the surface of
these samples bear some similarity.

Carbon dioxide, a weak acid, is known to adsorb
on ZrO2 in the form of both carbonate and bicabon-
ate species [39,40,47–51]. Carbonate structures are
formed via interaction of one or more of the of the
oxygen atoms in CO2 with zirconium cations in
the lattice, as well as, with a surface oxygen atom,
whereas bicarbonate structures are formed via the in-
teraction of CO2 with hydroxyl groups. Fig. 8 shows
infrared spectra of adsorbed CO2. The observed bands
are assigned to either bidentate bicarbonate (1225,
1450, and 1625 cm−1), b-HCO3; bidentate carbonate
(1325, 1335, 1498, 1556, and 1604 cm−1), b-CO3; or
polydentate carbonate (1420 and 1450 cm−1), p-CO3;

species in accordance with previously published
studies [39,40,47–51]. The intensity of the band at
1225 cm−1 for b-HCO3 per unit surface area is plot-
ted in Fig. 9 versus the surface concentration of OH
groups. Assuming that the absorption coefficient for
the band at 1225 cm−1 is sample independent, the up-
ward curvature of the plot in Fig. 9 indicates that the
fraction of surface hydroxyl groups adsorbing CO2 as
b-HCO3 is significantly higher for m-ZrO2 (19 and
110) than t-ZrO2 (187). This may be due to the higher
fraction of tribridged OH groups on m-ZrO2 samples.
It is also notable that t-ZrO2 (20) does not adsorb
CO2 as b-HCO3, even though it has a reasonable
surface concentration of OH groups, all of which are
bibridged. This may be due to the weak basicity of
these groups. Fig. 9 shows a plot of the total amount
of CO2 adsorbed per unit surface area based upon
TPD measurements. Here again, there is a positive
correlation between the total amount of CO2 adsorbed
per unit surface area and the surface concetration of
OH groups. The principal difference between this
plot and that presented in Fig. 9 is the curvature. This
difference is attributed to the adsorption of CO2 as
b-CO3 and p-CO3, preferentially when the surface
concentration of OH groups is small. Consistent with



K.T. Jung, A.T. Bell / Journal of Molecular Catalysis A: Chemical 163 (2000) 27–42 37

Fig. 8. Infrared spectra taken after exposure of zirconia to 0.16 MPa of CO2 at room temperature. Each sample is identified as X (Y),
where X= Am, T, T/M, or M andY designates the BET surface area in m2/g.

Fig. 9. Effect of hydroxyl surface concentration on the absorbance of the HCO3 band at 1225 cm−1 divided by the BET surface area. Each
sample is identified as X (Y), where X= Am, T, T/M, or M andY designates the BET surface area in m2/g.
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this interpretation, the proportion of CO3 to HCO3
is seen to be significantly higher for t-ZrO2 (187)
than for m-ZrO2 (110). Here again, it is notable that
t-ZrO2 (20) does not adsorb CO2. The reason for this
is believed to be a consequence of the weak Lewis
acidity of Zr4+ cations and the corresponding weak
Lewis basicity of O2− anions present at the surface
of this sample.

Consistent with the present findings, it has been
reported that m-ZO2 has stronger adsorption sites
for CO2 than those occurring on t-ZrO2 [51]. It is
suggested that the stronger adsorption sites due to
increased basicity of Zr4+–O2− pairs.

Carbon monoxide, a weak base, can interact with
either the Lewis acidic Zr cations or the Bronsted
acidic hydroxyl groups present at the surface of ZrO2
[14,15,38–46]. Fig. 10 shows infrared spectra for
CO adsorbed as formate species (1569–1570 cm−1),
HCOO on each sample, and the corresponding loss of
intensity in the OH portion of the spectrum. The as-
signment of the peaks associated with HCOO is based
on the literature [14,15,38–46]. Fig. 11 demonstrates
that there is a positive correlation between the amount
of CO adsorbed as HCOO and the surface concentra-
tion of OH groups. As in the case of CO2 adsorption,
the fraction of OH groups reacting to form HCOO is
higher for the m- than t-ZrO2 (187), suggesting that
the OH groups on m-ZrO2 are more acidic.

Infrared spectra of molecularly adsorbed CO are
shown in Fig. 12. The positions of these bands are
reported in Table 2 together with similar results taken

Fig. 10. Infrared spectra taken after exposure of zirconia to 0.16 MPa of CO at 523 K. The spectra show the formation of formate species
and the corresponding loss of hydroxyl groups. Each sample is identified as X (Y), where X= Am, T, T/M, or M and Y designates the
BET surface area in m2/g.

from the literature. With the exception of t-ZrO2 (20),
all of samples exhibit a peak for adsorbed CO for
which the vibrational frequency of the C–O bond is
above that for gaseous CO, 2143 cm−1. The position
of the CO band observed for t-ZrO2 (187) is very
similar to that reported previously [38,41,43–45].
Two overlapping bands centered at 2196–2192 and
2184–2182 cm−1 have been reported for CO adsorbed
on m-ZrO2. The first of these features is associated
with defects in the ZrO2 particles and the latter with
adsorption sites located on the particle surfaces. The
observation of only a single band at 2185 cm−1 in the
present work suggests that relatively few defects are
present. The position of the bands in all cases is char-
acteristic of a simples-dative bond between adsorbed
CO and a Zr4+ cation. Back donation of charge into
the p∗ orbital of CO is prevented by the d0 nature of
the cation, and hence the C–O vibrational frequency
is blue-shifted relative to gas phase CO [41]. The
extent of the shift in the vibrational frequency of ad-
sorbed CO from 2143 cm−1 is a measure of the ability
of the cation tos-coordinate CO, i.e. Lewis acidity.
In accordance with this interpretation, the observed
trend in the values of1ν indicates that the Lewis
acidity increases in the sequence t-, m-ZrO2 (80) <

m-ZrO2 (19) < am-ZrO2 (325) < t-ZrO2 (187). The
anomalous sample is t-ZrO2 (20) which exhibits and
unexpectedly low value for1ν, as well as, a sec-
ond peak for adsorbed CO that has a band located
at 2109 cm−1, which is below the frequency for gas
phase CO.
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Fig. 11. Effect of hydroxyl surface concentration on the absorbances of CO and HCOO divided by the BET surface area. Each sample is
identified as X (Y), where X= Am, T, T/M, or M andY designates the BET surface area in m2/g.

Fig. 12. Infrared spectra of molecularly adsorbed CO observed after exposure of zirconia to 0.16 Pa of CO at 523 K. Each sample is
identified as X (Y), where X= Am, T, TIM, or M and Y designates the BET surface area in m2/g.
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Table 2
The position of vibrational frequency of the C–O and shift from gaseous CO

Sample Wave number (cm−1) ν (CO) shift from 2143 cm−1 Full width at half maximum

Am (320) 2190.7 47.7 27.5
T (187) 2200.4 57.4 22.2
M (19) 2184.9 41.9 26.4
T/M (80) 2181.1 38.1 28.0
T (20) 2153.9 10.9 19.0

The intensity of the band for adsorbed CO plotted
versus the surface concentration of OH groups is pre-
sented in Fig. 11. The trend in this quantity is virtually
identical to that seen in the plot of the intensity of the
band for HCOO species, strongly suggesting that there
is a correlation between the two quantities. Surpris-
ingly, the trend in the amount of CO adsorbed per unit
surface area is opposite to the trend in1ν, which is
usually viewed as a measure of the strength of CO in-
teraction with Zr4+ cations, i.e. the Lewis acidity of the
cations. This apparent inconsistency can be resolved
on the basis of the model for CO interaction with the
surface of ZrO2 shown in Fig. 13. CO is envisioned to

Fig. 13. Proposed model for the interactions of CO with the surface of zirconia.

adsorb in two forms. The first involves adsorption at
coordinatively unsaturated (cus) Zr4+ cations which
are bonded to O2− anions, none of which are associ-
ated with a proton, and the second involves adsorption
at cus Zr4+ cations which are bonded to O2− anions,
one or more of which are associated with protons. It
is expected that in the latter case the Lewis acidity
of the Zr4+ cation will be lower, and consequently so
will the value of1ν. The higher strength of adsorp-
tion may come from an interaction between the proton
associated with a bridging hydroxyl group and the O
atom of the adsorbed CO (see Fig. 13). Such an in-
teraction would be conducive to the formation of an
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HCOO group via the process shown in Fig. 13. This
scheme could explain why there is a correlation be-
tween the amount of CO adsorbed as CO and HCOO,
and why these quantities increase with increasing sur-
face concentration of OH groups.

4. Conclusions

The conditions of synthesis, digestion, and calcina-
tion affect the phase, particle size, and surface area
of ZrO2 prepared from zirconyl chloride. Precipita-
tion of ZrO2 at high pH = 10 produces am-ZrO2
with a surface area of 280 m2/g. Extended digestion
of this material at ambient pressure in NH4OH in-
creases its surface area to 400 m2/g with no change
in the ZrO2 phase. Digestion in NH4OH at elevated
pressure (∼3 atm) decreases the surface area of the
initially precipitated material to 200 m2/g and brings
about a nearly complete crystallization of the ZrO2
to a mixture of t- and m-ZrO2. Pricipitation of ZrO2
at pH <1.5 leads to m-ZrO2 with a surface area of
110 m2/g. Calcination of the initially prepared ZrO2
induces the transformation of am- to t-ZrO2 and the
transformation of t- to m-ZrO2. A concurrent loss in
surface area and a decrease in particle size are ob-
served. The threshold for the tetragonal-to-monoclinic
phase transformation is dictated largely by thermo-
dynamic consideration in accord with the theory of
Garvie and co-workers [55–59].

The surface properties of ZrO2 are found to be a
function of its bulk properties. The surface concentra-
tion of OH groups is highest on m-ZrO2 and smallest
on t-ZrO2. Tribridged OH groups predominate on
m-ZrO2, whereas bibridged OH groups predominate
on t-ZrO2. The adsorption of CO2 as HCO3 per unit
BET surface area increases with increasing surface
concentration of OH groups. A similar trend is ob-
served for the adsorption of CO as both CO and
HCOO. This trend is attributed to the role of surface
OH groups in stabilizing the adsorption of CO and
the formation of HCOO.
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