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Abstract

Periodic density functional theory (DFT) study was performed in order to investigate structural properties as well as
electronic states of the sulfated zirconia (S-ZrO2) surface. It was found that H2SO4 dissociatively adsorbs on the tetragonal
(1 0 1) ZrO2 (t-ZrO2) surface affording H2O and SO3 molecules. The NH3 adsorption analysis was also performed in order
to evaluate the acid strength of both Brönsted and Lewis acid sites on the ZrO2 surface. In the case of Brönsted acid sites, the
proton on H2O and SO3 co-adsorbed t-ZrO2 surface shows stronger acidity than that of H2O solely adsorbed t-ZrO2 surface.
On the H2O and SO3 co-adsorbed tetragonal surface, electron transfer from H2O molecule into ZrO2 surface accompanied
by that from ZrO2 surface into SO3 molecule, was observed. The analysis of Lewis acidity indicated that coordinatively
unsaturated surface Zr atom which interacted with SO3 molecule showed strong Lewis acidity. © 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Sulfate-modified zirconia (S-ZrO2), which has
superacidic surface, shows a superior acid catalytic
activity for many reactions such as isomerization of
hydrocarbons [1]. After the discovery of the acidic
catalytic activity of S-ZrO2, a lot of studies have been
performed from various points of view in order to im-
prove the catalytic activity for the last 20 years [2–9].
The catalytic activity of S-ZrO2 strongly depends on
the preparation method and the calcination tempera-
ture. Therefore, various characterizations of the sur-
face and bulk structure of S-ZrO2 have been carried out
in order to elucidate the active structure of the catalyst.
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Concerning to the crystal phase of S-ZrO2, some
workers claim a necessity of a tetragonal phase for the
catalytic activity for reactions that need strong acid
sites. For instance, Morterra et al. [10] prepared sev-
eral sulfate-doped ZrO2 catalysts of different crystal
phases. From their results, it is concluded that the
sulfated tetragonal phase ZrO2 is catalytically active
for the isomerization of n-butane, no matter what the
preparation route has been, whereas the sulfated mon-
oclinic phase ZrO2 indicates very low activity for the
reaction. However, it has not been clarified well why
the tetragonal phase is effective for catalytic reactions
such as hydrocarbon isomerization.

The surface structure of S-ZrO2 has been also stud-
ied enthusiastically in order to understand the nature
of the active sites. Part of the suggested schemes of
S-ZrO2 surface is summarized in Table 1. Almost of
all workers commonly predict SOx or HSOx species
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Table 1
S-ZrO2 surface models proposed by various workers

Authors Technique S-ZrO2 surface model Reference

T. Yamaguchi IR [11]

M. Bensitel et al. FTIR [12]

K. Arata and M. Hino IR of adsorbed pyridine [13]
XPS

T. Riemer et al. 1H MAS NMR [14]
Raman

A. Clearfield et al. IR [15]]
1H MAS
NMR
TGA

L.M. Kustov et al. IR [16]

F. Babou et al. IR [17]

V. Adeeva et al. FTIR [18]
1H MAS NMR
Temperature-programmed desorption (TPD),
Temperature-programmed oxidation (TPO)

R.L. White et al. IR [19]
TG–MS
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combined with ZrO2 surface as S-ZrO2 surface struc-
ture. However, different SOx or HSOx species are
suggested by them based on their experimental ob-
servations. For example, using IR measurement,
Yamaguchi [11] has proposed a scheme for the sur-
face sulfated species, where two S=O bonds exist
in SO4

2− species. In contrast, only one S=O bond
is detected by FTIR measurement done by Bensitel
et al. [12]. Other than their works, various workers
[13–19] have speculated various superacidic surface
structures of S-ZrO2. Nevertheless, no distinct struc-
ture of the superacid sites has been clarified so far
and the subject is still under discussion.

On the other hand, recent progress of computer
hardware and software allows us to apply computa-
tional chemistry to investigate structural and electronic
properties of solid catalysts [20–24]. In a situation in
which experimental techniques cannot be applied well
due to the complexity of the objects, it happens fre-
quently that the computational techniques can be very
helpful. For the calculation of surface properties of
solid catalysts, both cluster model method and periodic
model method are commonly employed. In the clus-
ter model method, a small cluster of a catalytic active
site is cut out and reactivity or surface properties are
discussed on the cluster model. Babou et al. applied
this technique in order to study S-ZrO2 [25]. They
modeled (0 0 1) face of ZrO2 using Zr(OH)4 tetrahe-
dron and two additional water molecules which inter-
act with Zr atom, and they concluded that a sulfuric
acid strongly H-bonded to two oxygen atoms of ZrO2
surface. Hong et al. also studied initiation processes
for butane isomerization over a small sulfated ZrO2
cluster model [26] and discussed from both experi-
mental and theoretical point of view. Periodic model
method was first applied for S-ZrO2 by Hasse and
Sauer [27]. They studied the interaction of a sulfu-
ric acid with (1 0 1) and (0 0 1) surfaces of tetragonal
phase ZrO2. Furthermore, they tried to evaluate the
surface Brönsted acidity of S-ZrO2 by calculating de-
protonation energies, however, they could not explain
the unique strong acidity of S-ZrO2 very well.

In the present study, we employed the periodic den-
sity functional method and tried to clarify unknown
subjects about S-ZrO2. First of all, adsorption of SO3
molecule over monoclinic, tetragonal and cubic phase
of ZrO2 surfaces were investigated, aiming to solve
the reason why tetragonal phase is effective for some

acid reactions. Next, several adsorption states of a sul-
furic acid on the tetragonal (1 0 1) surface were as-
sumed and relative stability of the optimized structures
was compared. Finally we tried to evaluate the surface
acidity of S-ZrO2 by calculating adsorption energy of
NH3 molecule on our modeled Brönsted and Lewis
acid sites.

2. Method and model

Periodic DFT calculations are performed by solv-
ing Kohn–Sham equation self-consistently [28] as im-
plemented in DMOL3 software [29–31] on a silicon
graphics workstation. The one-electron Schrödinger
equations were solved only at the k = 0 wavevector
point of the Brillouin-zone. The crystal electrostatics
of the nuclei and the continuous electronic charge dis-
tribution was computed by a modified Ewald method
as described in detail in [32]. In order to reduce a com-
putational cost, all core electrons are represented by
effective core pseudopotentials (ECP) [29]. Basis sets
are represented by the numerical type atomic orbitals,
and in this study double numerical with polarization
(DNP) basis sets are employed. Vosko–Wilk–Nusair
(VWN) local correlation functional [33] is used in
order to optimize geometries. More accurate gen-
eralized gradient approximation (GGA) in terms of
Becke–Lee–Yang–Parr (BLYP) functional [34,35] is
also used and the results are compared with those
obtained by VWN. For the geometry optimization,
BFGS algorithm [29] was employed. The self con-
sistent field (SCF) convergence criteria was set to
10−5 ha, and the gradient convergence criteria was set
to 10−3 ha/Bohr.

Prior to the surface calculations, perfect bulk struc-
tures of monoclinic phase ZrO2 (m-ZrO2), tetragonal
phase ZrO2 (t-ZrO2) and cubic phase ZrO2 (c-ZrO2)
were calculated. Lattice parameters of m-ZrO2 [36],
t-ZrO2 [37] and c-ZrO2 [38] were fixed to a = 5.15,
b = 5.21, c = 5.31, α = γ = 90.00, β = 99.23;
a = b = 7.28, c = 10.54, α = β = γ = 90.00;
a = b = c = 5.08, α = β = γ = 90.00, respec-
tively. These values were determined on the basis of
the experimentally obtained data in [36–38]. Internal
atomic positions were fully optimized during calcu-
lations. In catalytic reactions, it is very difficult to
know which mirror plane of the catalyst is involved
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Fig. 1. The CG images of the ZrO2 surface models (two-layer thickness).

with the actual reaction. However, we have to spec-
ify the surface during a modeling procedure in a the-
oretical study. Therefore, we selected (−1 1 1), (1 0 1)
and (1 1 1) surfaces for m-ZrO2, t-ZrO2 and c-ZrO2,
respectively, in accordance with surface energy cal-
culation results [27,39,40]. Our surface investigation
was performed using a slab–gap model [41]. In this
method, the optimized bulk structure is cut along with
the specified plane and a new unit cell is created which
has the specified plane as the surface of the new cell.
In the next step, empty space that has adequate height
is created along with z-axis and only 2D periodicity
is taken into account. Our modeled slabs have two-
and four-layer thickness and each layer is comprised
4 Zr and 8 O atoms. In our calculations, atomic po-
sitions of the bottom layer were fixed to those in the
bulk structure and upper layer and adsorbates were
fully optimized. The CG images of ZrO2 surface mod-
els (two-layer thickness) are shown in Fig. 1. When a
sulfuric acid is put on our modeled ZrO2 surface, cov-
erage by sulfate on m-ZrO2, t-ZrO2 and c-ZrO2 are
ca. 2.3, 2.1 and 2.2 atoms nm−2, respectively. These
values are very close to 2.5 atoms nm−2 of the experi-
mentally measured value [42].

3. Result and discussion

3.1. Coordination number analysis of clean surfaces

Surface structures of m-ZrO2 (−1 1 1), t-ZrO2
(1 0 1) and c-ZrO2 (1 1 1) are relaxed and their coor-

dination environments are compared. In a unit cell of
our surface models, four Zr atoms and eight O atoms
constitute one ZrO2 layer, and four Zr atoms and
four O atoms among their atoms are exposed to an
empty space over the surface. In the bulk structure of
m-ZrO2, Zr atoms are coordinated to seven O atoms
and O atoms are coordinated to four Zr atoms. After
m-ZrO2 bulk structure is cleft along with (−1 1 1)
plane, coordination number of three surface Zr atoms
changes from 7 to 6 while that of one Zr atom re-
mains 7. For O atoms, three surface O atoms change
their coordination number from 4 to 3 while one sur-
face O atom changes from 4 to 2. Situation is not so
complicated in the case of t-ZrO2 and c-ZrO2. In both
cases, Zr and O atoms in an original bulk structure are
eight- and four-fold coordinated, respectively. How-
ever, after the cleavage of the bulk structure, surface
Zr and O atoms changes to seven- and three-fold co-
ordinated, respectively. No reconstruction is observed
for all surfaces after the relaxation.

3.2. Adsorption of SO3

Interestingly, it has been shown that S-ZrO2 which
is active for 1-butane isomerization can be prepared
by heating a zirconium oxide (ZrO2) in the pres-
ence of SO3 whereas a similar thermal treatment
in the presence of SO2 without added O2 does not
result in the catalytic activity [43]. While, by using
TG–MS technique, it has been found that the primary
products of S-ZrO2 after thermal decomposition are
SO2 and O2, and that SO2:O2 ratio is 2:1 [19]. This
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result suggests that the thermal decomposition results
in a stoichiometric loss of SO3 from S-ZrO2 samples
(White’s model in Table 1). From the above works,
we can guess that SO3 adsorption on the ZrO2 surface
plays an important role for determining the structure
of acid site.

In the present work, we employ two-layer thick-
ness slab model in order to reduce a computational
cost. However, it is important to check how slab thick-
ness affects the calculated results. Therefore, in the
first step, we have investigated SO3 adsorption both
on two- and four-layer slab models of c-ZrO2 (1 1 1)
surface. In the case of four-layer slab model, bottom
one layer is fixed and upper three layers and SO3
molecule are fully relaxed. Geometries of adsorbed
SO3 molecule, Mulliken charges of constituting atoms
and adsorption energies of SO3 molecule are com-
pared. Here, the adsorption energy is calculated from
a following equation:

Eads = Ecomplex − (Eadsorbate + Eslab)

where Eads is adsorption energy, Ecomplex the energy of
a slab model with an adsorbate, and Eadsorbate and Eslab
are energies of an isolated adsorbate and a ZrO2 slab,
respectively. Results are shown in Table 2 (Fig. 2c for
the geometry of adsorbed SO3 molecule on two-layer
thickness ZrO2 surface). Surprisingly, structures of
adsorbed SO3 on these two surfaces are almost same,
although a little difference of OZr-Zr distances is
found between two- and four-layer thickness ZrO2.
Therefore, it is probable that layer thickness does not
affect the geometry of the adsorbate so much in this
system. Mulliken charges of SO3 molecule on both
surfaces are not different so much, although there is a

Table 2
Comparison between two- and four-layer thickness slab models about geometries of adsorbed SO3 molecule, Mulliken charges of constituting
atoms and SO3 adsorption energiesa

Layer thickness Bond length (Å) Mulliken charges ESO3 (kcal/mol)

S–OS S–OZr OZr–Zr S O VWN BLYP

Two-layer 1.467 1.608 2.250 0.937 −0.378 −57.0 −6.7
1.469 2.239 −0.373
1.471 2.239 −0.371

Four-layer 1.467 1.609 2.268 0.972 −0.373 −65.8 −12.5
1.468 2.259 −0.371
1.469 2.254 −0.370

a OS and OZr represent for oxygen atom from SO3 molecule and that from ZrO2 surface, respectively. The structure of the considered
ZrO2 model (two-layer) is shown in Fig. 2(c).

little difference with respect to S atoms that interacts
directly with surface O atoms. On the other hand, ad-
sorption energies are largely different between these
two systems. Adsorption energy on two-layer slab
model tends to be underestimated compared with
thicker slab model in regardless of used functionals.
In the case of four-layer slab model, upper three layers
can be perturbed by the adsorption of SO3 molecule,
while in the case of two-layer slab model, only one
layer is allowed to change its atomic positions. This
would be the reason why the adsorption energy on
two-layer slab model is underestimated.

Next, SO3 adsorptions on the surfaces of m-ZrO2,
t-ZrO2 and c-ZrO2 have been investigated using
two-layer slab models. As the initial configuration of
the calculation, SO3 molecule is put parallel to the
ZrO2 surface. Calculated adsorption states of SO3
molecule on each surface are depicted in Fig. 2. In
the case of m-ZrO2 and c-ZrO2, SO3 molecule ap-
proaches to the ZrO2 surface during the calculation,
which finally forms one S–O (from ZrO2) bond and
three O–Zr (from SO3) bonds between SO3 and the
ZrO2 surface (structures 2a and 2c). On the other
hand, SO3 adsorption on t-ZrO2 surface gives com-
pletely different structure. SO3 molecule abstracts O
atom from t-ZrO2 surface affording SO4

2− species
(structure 2b). From Mulliken population analysis of
adsorbed SO3 species, it is observed that, more elec-
trons transfer from t-ZrO2 surface into SO3 molecule
compared with the other two surfaces. SO3 adsorption
energy (ESO3) on each ZrO2 surface is also calculated.
The ESO3 on m-ZrO2, t-ZrO2 and c-ZrO2 surfaces
are −57.0, −94.9 and −66.5 kcal/mol, respectively,
when VWN is used for correlation functional, and
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Fig. 2. Adsorption states of SO3 molecule on (a) m-ZrO2; (b) t-ZrO2; and (c) c-ZrO2 surfaces (bond lengths are represented in angstrom).

−6.7, −52.7 and −17.1 kcal/mol, respectively, when
BLYP is used. It has been found that ESO3 with the
tetragonal surface is significantly larger than that with
the other two surfaces.

It would be wondered that the geometry like 2b is
formed also on the surfaces of m-ZrO2 and c-ZrO2, if
such structure is set as the initial configuration of the
calculation. In order to answer such a question, SO3
adsorption on the surfaces of both m-ZrO2 and c-ZrO2
have been studied assuming the initial configurations
like structure 2b. For c-ZrO2, the 2b-like geometry
is obtained after the calculation as more stable con-
figuration than the structure 2c; ESO3 at VWN level
and BLYP level are −63.6 and −20.5 kcal/mol, re-
spectively. Therefore, from the 2c-like geometry, SO3
configuration would convert into the 2b-like geometry
by going over some energy barrier. For m-ZrO2, the
2b-like geometry automatically converts to the struc-
ture 2a during the calculation. Probably this is due to a
less coordination number of surface atoms of m-ZrO2
than those of t-ZrO2 and c-ZrO2. An abstraction of
O atom would extremely unstabilize the m-ZrO2 sur-
face. If superacidity of S-ZrO2 is related to the geom-
etry represented in structure 2b, the restricted activity
of the tetragonal phase will be explained, since the
2b-like geometry is easily formed only on the tetrag-
onal surface.

3.3. Adsorption of H2SO4

In this section, several structures of a sulfuric acid
on the tetragonal (1 0 1) surface are assumed and rela-
tive stability of the optimized structures is discussed.

Such calculations have also been done by Haase and
Sauer [27], therefore, first we have followed their work
about the tetragonal (1 0 1) surface in our calculational
condition. According to their work, two configurations
of a sulfuric acid on t-ZrO2 surface represented in
Figs. 3 and 4 have been investigated, and consequently
we could achieve similar conclusion about these two
calculations. In Fig. 3, hydrogen sulfate ion forms
three Zr–O bonds with the surface Zr atoms and only
one S=O double bond exists in the optimized struc-
ture. Here, calculated adsorption energy of a sulfuric
acid is −53.4 and −18.5 kcal/mol at VWN and BLYP
levels, respectively. Relatively, the value at VWN level

Fig. 3. Configuration of sulfuric acid on the t-ZrO2 surface (H+,
HSO4

−).
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Fig. 4. Configuration of sulfuric acid on the t-ZrO2 surface (2H+,
SO4

2−).

is close to −56.0 kcal/mol that is estimated at Perdew,
Burke and Ernzerhof (PBE) level [44] by Hasse and
Sauer [27]. In Fig. 4, a sulfuric acid is completely dis-
sociated into a sulfate anion and two protons. The ob-
tained sulfate anion makes three Zr–O bonds with the
surface Zr atoms and two protons form two hydroxyl
groups with surface O atoms. Calculated adsorption
energy of a sulfuric acid is −74.2 and −25.8 kcal/mol
at VWN and BLYP levels, respectively, and as ex-
pected, the value at VWN level is close to the Hasse’s
value of −76.8 kcal/mol.

In addition to the above configurations, we con-
sidered other possibilities of H2SO4 adsorbed surface
structures. Fortunately, we have already found that
SO3 molecule adsorbs on the tetragonal surface at sig-
nificantly strong affinity. Therefore, based on SO3 ad-
sorbed surface, we assumed four models of H2SO4
adsorbed surfaces as represented in Fig. 5. Interaction
energies of an isolated sulfuric acid with the tetrago-
nal surface (EH2SO4 ) are given in Table 3. In the struc-
ture 5c, an H atom connected to SO3 species moves
to the direction of a surface hydroxyl group and forms
H2O species during the relaxation procedure. Conse-
quently, the structure 5c changes to the geometry like
structure 5a. The results in Table 3 indicate that the
structure 5a is extremely stable even though compared
with the structures shown in Figs. 3 and 4. Therefore,
we can say that the structure 5a is the most proba-

Fig. 5. Schematic configurations of sulfuric acid on the t-ZrO2

surface.

ble structure of the acid sites of the S-ZrO2 surface
which is not clarified so far. Geometric and electronic
properties of the structure 5a are shown in Fig. 6. Two
O–H bond lengths of 0.980 and 0.985 Å are almost
equal to those of water molecule, therefore, the struc-
ture 5a is considered to be a surface where H2O and
SO3 molecule are co-adsorbed side by side.

Mulliken atomic charges of this system are also
investigated. Negative net charge on SO3 molecule
(−0.464) indicates that electron transfer occurs
from the ZrO2 surface into SO3 molecule. While,
positive net charge on H2O molecule (0.220)
indicates that electron transfer occurs from neigh-
boring H2O molecule into the ZrO2 surface. With
respect to this geometry, vibrational frequency of SO3

Table 3
Interaction energies of the isolated sulfuric acid with the t-ZrO2

surface

Models EH2SO4

VWN (kcal/mol) BLYP (kcal/mol)

Structure 5a −96.1 −59.2
Structure 5b −60.2 −24.1
Structure 5c Change to structure 5a
Structure 5d −57.1 −4.6
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Fig. 6. Configuration of sulfuric acid on the t-ZrO2 surface (H2O,
SO3), (bond lengths are represented in angstrom).

species have been calculated by diagonalizing the
Cartesian–Hessian matrix constructed by numerical
differentiation of the analytical gradients. A scal-
ing factor of 1.02, which is obtained by adjusting
the calculated normal modes of SO3 molecule to the
experimental results, is used in order to cancel the
DFT results error. In this calculation, totally 4 nor-
mal modes have been obtained concerning about SO3
species. They are assigned to S=O stretch frequency
of 1378 cm−1 and three S–O stretch frequencies of
1039, 1018 and 1000 cm−1, respectively. These values
are good agreement with the corresponding frequen-
cies obtained by infrared measurements [14], that are
S=O stretch frequency of 1393 cm−1 and 1084, 1026
and 987 cm−1, respectively, concerning about S–O
stretching.

3.4. Evaluation of the acid strength

Interesting phenomena have been reported by Arata
and Hino [13]. They point out from experiments of
infrared spectra of adsorbed pyridine, that a conver-
sion of Lewis acid sites to Brönsted acid sites oc-
curs easily by adsorption of water molecules (Arata’s
model in Table 1). Therefore, if Zr atom of SO3 ad-
sorbed tetragonal surface (structure 2b in Fig. 2) and
H atom of H2O and SO3 co-adsorbed tetragonal sur-
face (structure 5a in Fig. 5) are considered to be Lewis
and Brönsted acid sites, respectively, our models are
consistent with their result. In order to answer such
a question, we tried to evaluate the acid strengths of
our models. In order to evaluate acid strength of a

solid catalyst, NH3 gas is often utilized as the probe
molecule. Since stronger interaction of NH3 molecule
is observed with stronger acid site of the catalyst. Also
in this study, acid strength of the calculated model
was examined by calculating adsorption energy of
NH3 molecule on Brönsted or Lewis acid site over the
model.

First, NH3 adsorption energy on S-ZrO2 surface
modeled in this study (Fig. 6) has been estimated, con-
sidering protons of adsorbed water as Brönsted acid
sites. During the calculation, a nitrogen atom of NH3
molecule makes a bond with a proton, forming NH4

+
species. In this structure, NH3 adsorption energy is
estimated to be about −32.2 and −13.2 kcal/mol at
VWN and BLYP levels, respectively. In order to eval-
uate the obtained value relatively, NH3 adsorption
energy on H2O adsorbed tetragonal surface with-
out SO3 has been also calculated in the same way.
Scheme is shown in Fig. 7. The obtained values of
−24.4 kcal/mol at VWN level and −6.5 kcal/mol at
BLYP level are less than those on H2O and SO3
co-adsorbed tetragonal surface at corresponding lev-
els. This result suggests the stronger Brönsted acidity
of the adsorbed H2O with the adjacent SO3 com-
pared with that of the solely adsorbed H2O. The
reason of the difference can be explained by Mul-
liken population analysis of adsorbed H2O molecules.
Net change of the solely adsorbed H2O molecule
is 0.044, which suggests that little electron transfer
occur between H2O molecule and the ZrO2 surface.
While, net change of the adsorbed H2O neighboring
on adsorbed SO3 indicates larger value of 0.220. This
result suggests that more electron transfer occur from
H2O molecule into the ZrO2 surface, which result
from the electron transfer from the ZrO2 surface into
SO3 molecule. Hence, the adsorbed H2O neighboring

Fig. 7. Scheme of NH3 adsorption on the H2O solely adsorbed
on ZrO2 surface.
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Fig. 8. Scheme of NH3 adsorption on Lewis acid site on S-ZrO2

surface.

on SO3 becomes cationic and shows relatively strong
Brönsted acidity.

If Brönsted acid sites is generated by adsorption of
water molecule onto Lewis acid site as claimed by
Arata and Hino [13], our model shown as the struc-
ture 2b is the most probable structure of Lewis acid
site. Therefore, we have performed Lewis acid strength
analysis in the same way as Brönsted acidity. We as-
sumed a Zr atom bonding to SO3 molecule as a Lewis
acid site, and NH3 adsorption energy on this site was
calculated. Scheme of the model is shown in Fig. 8.
The adsorption energies at VWN and BLYP levels are
estimated to be −29.7 and −2.1 kcal/mol, respectively.
However, obtained values would not be large enough
to prove a nature of Lewis acid site on this model, es-
pecially at BLYP level. Therefore, another model rep-
resented in Fig. 9 was suggested to be a Lewis acid
site. In this model, a Zr atom and two O atoms on the
surface are deleted in order to create a surface defect.
On this acid site, large NH3 adsorption energies of
−56.8 kcal/mol at VWN level and −22.2 kcal/mol at
BLYP level are obtained, because of increased Lewis

Fig. 9. Scheme of NH3 adsorption on Lewis acid site on S-ZrO2

surface which has O–Zr–O defect.

Table 4
NH3 adsorption energies over several acid sitesa

Acid site VWN (kcal/mol) BLYP (kcal/mol)

H+ on H2O/ZrO2 −24.4 −6.5
H+ on H2O, SO3/ZrO2 −32.2 −13.2
Zr+ on SO3/ZrO2 −29.7 −2.1
Zr+ on SO3/ZrO2(d) −56.8 −22.2

a SO3/ZrO2(d) represents for the SO3 adsorbed ZrO2 surface
which has the O–Zr–O defect.

acidity of coodinatively unsaturated Zr atom. This re-
sult suggests that a rough S-ZrO2 surface afford a
strong Lewis acid site.

NH3 adsorption energies on several acid sites are
summarized in Table 4. For Brönsted acid site, rel-
atively large adsorption energy of NH3 on H2O,
SO3/ZrO2 system is obtained. While, larger adsorption
energy of NH3 on SO3/ZrO2(d) system is estimated,
although that on SO3/ZrO2 system is not so large. It
is very difficult to define from the obtained values in
the present work whether our modeled surfaces are
actually superacidic or not. Using the NH3 temper-
ature programmed desorption (TPD) technique [42],
NH3 adsorption heats on Brönsted and Lewis acid
sites are estimated to be about 36 and 47 kcal/mol,
respectively. These values are close to the estimated
values at VWN level in this work, although VWN
tends to overestimate adsorption energies. However,
it is not strange, because our obtained values tend to
be underestimated due to the layer thickness effect as
explained in Section 3.2.

4. Conclusion

Periodic density functional calculation was per-
formed in order to clarify the nature of the superacid-
ity of the S-ZrO2 surface. First, SO3 adsorption on
the m-ZrO2, t-ZrO2 and c-ZrO2 surfaces was investi-
gated, and it was found that the affinity of SO3 with
the tetragonal surface was significantly larger than
that with other two surfaces. The SO3 molecule was
stabilized affording the SO4

2− species by abstract-
ing the exposed O atom from the ZrO2 surface. For
H2SO4 adsorption on the tetragonal surface, several
possible configurations were assumed and their ener-
gies were compared. The most stable structure was
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the H2O and SO3, which were produced from H2SO4,
co-adsorbed tetragonal surface, and then, H2SO4 ad-
sorption energy on the surface was estimated to be
−96.1 and −59.2 kcal/mol at VWN and BLYP lev-
els, respectively. NH3 probe method was utilized in
order to evaluate the acid strength. From the analysis
of Brönsted acidity, it was found that our modeled
S-ZrO (SO3 and H2O co-adsorbed tetragonal surface)
showed relatively strong acidity compared with the
H2O adsorbed tetragonal surface. In the H2O and SO3
co-adsorbed tetragonal surface, the electron transfer
from H2O molecule into the ZrO2 surface accompa-
nied by that from the ZrO2 surface into SO3 molecule
was observed. Furthermore, the analysis of Lewis
acidity indicated that the coordinatively unsaturated
Zr atom connected with SO3 molecule showed strong
Lewis acidity, which predicted the higher activity of
a rough surface over S-ZrO2.
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