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Abstract

Isotopic exchange of water on the surface of monoclinic zirconia and the anatase form of titania was studied experimentally using an ordinary
gas chromatograph/mass spectrometer (GC/MS) as a pulse microreactor. Interaction of water with these surfaces was modeled by first principles
calculations for periodic structures within density functional theory. Experimental data support computational results showing dissociation of
water on monoclinic zirconia’s most stable surfaces (111), (101) and (11 1). Water is adsorbed molecularly on the anatase (10 1) surface and
dissociatively on the anatase (100) surface. Interaction of water with the anatase (00 1) surface proceeds through insertion into a Ti—O bond.
By monitoring the concentration of the mixed water isotope, DHO, during the isotopic exchange of surface water with D, 0, it was found that
exchange of water on anatase surfaces at 200—400 °C proceeds by whole molecules from 30% to 70% depending on the temperature and the surface
coverage. In contrast, water exchanges on zirconia by single hydrogen atoms with a complete scrambling of hydrogens, at least 99%, under the
same conditions. The proposed mechanism of water exchange on zirconia surface includes interaction through hydrogen bonding between hydroxyl
groups adsorbed on neighboring sites. The observed anomaly on anatase is in agreement with the preferential molecular adsorption on a (10 1)
surface and with the insertion of water into Ti—O bonds on a (00 1) surface. This study contributes to the understanding of the atomic structure of

acid-base catalytic sites on anatase titania and monoclinic zirconia surfaces.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Interaction of water with metal oxides plays an important
role in catalysis [1-3], photo-catalysis [4,5], ceramics [6,7] and
materials for the electronics industry [8]. Atomic scale details
of the role of water in reaction mechanisms are essential for
designing a family of heterogeneous catalytic processes such
as the water gas shift reaction, combustion, hydration and dehy-
dration of organic intermediates, ammoxidation, ketonization of
carboxylic acids, photo-catalytic production of hydrogen from
water, transformation of meta-stable crystallographic phases of
metal oxides [6], etc. The ability to exchange hydrogen and oxy-
gen between water and a catalyst surface affects both acid—base
[1] and oxidation—reduction [3] properties of a catalyst. The
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amount and type of surface water is one characteristic of a cat-
alyst that is related to its surface structure, polarity, hydrophilic
or hydrophobic properties [9,10].

Water can be adsorbed on metal oxide surfaces either molec-
ularly or in a dissociated form [11]. A conclusion on the state of
water adsorption is often derived from infrared, Auger electron,
X-ray photoelectron spectroscopy and temperature programmed
desorption (TPD) experiments [3], i.e. under static conditions.
In the meantime, the dynamic behavior of water on the surface
during catalysis can be studied by the isotopic switch method,
which is considered a more accurate reflection of the catalyst
working conditions [12—14]. Despite an expanding use of iso-
topes for mechanistic studies in heterogeneous catalysis, only a
single case is described in literature for the water exchange with
metal oxide surfaces [15].

The anatase form of titania and monoclinic form of zirco-
nia are examples of two different types of catalysts or catalyst
supports with regards to their hydrophilicity, yet they are used
in similar applications [8,16,17]. In our work we have not only
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measured the adsorption capacity of water on zirconium and
titanium metal oxides by the new method, but have also discov-
ered unexpected details of the mechanism of isotopic exchange
with the surface as a function of the type of metal oxide, tem-
perature and the presence of cationic promoters. We believe this
fundamental information on the dynamic behavior of water will
provide a unique insight into the role of water in many hetero-
geneous catalytic reactions. Previously, such details were not
available by static methods, like TPD, infrared or X-ray photo-
electron spectroscopy.

We have also used computational studies to provide an expla-
nation for the experimental facts. In recent computational work
it was shown that water does not dissociate on the anatase
(101) surface and it may only partially dissociate on the (00 1)
surface [18]. To the best of our knowledge, first-principles com-
putational studies of water interaction with monoclinic zirconia
surface have not been done. The combination of experimental
isotopic switch studies with a computational approach reveals
details on water interaction with surfaces at an atomic level. This
subject is of general interest to different fields of heterogeneous
catalysis and materials sciences.

2. Experimental
2.1. Materials

Water—!°0 normalized, !7O- and 180-depleted, 99.99 atom%
1603 water—180, normalized, 95 atom% '80; and deuterium
oxide, minimum isotopic purity 99.99 atom% D, were purchased
from Aldrich. Zirconia catalyst in monoclinic form was obtained
from Saint-Gobain NorPro Corp. Titania catalyst in anatase
form was obtained from Engelhard Corp. The BET surface area
of catalyst samples was analyzed by Micromeritics Instrument
Corp. Materials Analysis Laboratory. Untreated titania and KOH
treated titania had 48 m?/g and 42 m?/g, respectively. Untreated
zirconia and KOH treated zirconia had 52m?/g and 50 m%/g,
respectively. KOH treatment procedure followed by calcination
resulted in a slight decrease in the surface area of both catalysts.

2.2. Catalyst preparation

Catalyst pellets, 100 g, were soaked in 100mL of a 10%
solution of KOH in water for 24 h at 60 °C under vacuum. The
KOH solution was drained; the catalyst was washed with 100 mL
deionized water three times, dried at 130 °C for 4 h, and calcined
by heating to 450 °C at 1 °C/min rate and keeping at this tem-
perature for 2 h. The calcined pellets were crushed, sieved, and
the 0.25-0.71 mm particle size fraction was collected for use in
water adsorption studies.

2.3. Isotopic exchange

An inside-gas chromatograph (GC) pulse microreactor was
used as previously described [19]. A small amount of catalyst,
40 &+ 1 mg, was placed inside a GC injection sleeve, in exactly
the same place for all experiments, with the bottom of the catalyst
bed 10 mm above the bottom of the injection sleeve. The catalyst

bed was held in place by two pieces of glass wool on top and
bottom. A typical catalyst bed size was 10—13 mm in length, and
2.0 mm in diameter. The length of the vaporization section was
about 7-10 mm.

Isotopic exchange studies were performed using an Agilent
Technologies model 6890 gas chromatograph equipped with an
Agilent 5973 mass selective detector. Separation of the reactor
products was performed on a J&W Scientific 30 m x 0.25 mm
DB-5 capillary column. The chromatographic method used con-
stant pressure, 11.9 psi (0.7 kg/cm?), split ratio 40:1, helium
carrier gas, column flow 1.4 mL/min and constant oven tem-
perature (50°C). The detector analyzed the mass range from
15 amu to 75 amu. The catalyst packed sleeve was inserted with
a GC inlet temperature of 200—400 °C, and kept at this temper-
ature for 10 min in helium 59 mL/min total flow before starting
pulses. Time between pulses was 2.2 min.

2.4. Computation

Density functional calculations were performed using Mate-
rials Studio (DMol3 module) Version 2.2 software from Accel-
rys Inc. [20]. Electron exchange and correlation were described
by the gradient corrected approximation based on the work of
Perdew et al. publications [21].

Crystal structures were built based on lattice parameters
published for monoclinic zirconia [22] and anatase [23] and
adjusted by computing and minimizing their energy. Surfaces
were cleaved to a depth 1015 A and the top two surface layers
were allowed to relax, while the bottom layer was constrained.
A vacuum slab of 10 A thickness was built above the surface of
the supercell constructed of 12 zirconium atoms and 24 oxygen
atoms for (11 1), (10 1)and (1 1 1) monoclinic zirconia surfaces.
Supercell constructed for anatase (101) and (00 1) surfaces
contained 16 titanium and 32 oxygen atoms. A supercell for
the anatase (1 0 0) surface contained 12 titanium and 24 oxygen
atoms. All anatase surfaces had a 15 A vacuum slab. Energy min-
imization was performed for the obtained supercell by density
functional calculations using three different methods. In method
1, a DN basis set was used with a gradient corrected potential
PWO1 along with the standard parameters provided by the pro-
gram, such as the medium integration accuracy and octupole
multipolar expansion. Core treatment included effective core
potentials. In two other methods, the DNP basis set and gradi-
ent corrected potentials, PW91 (method 2) and PBE (method 3)
were used with the all electron relativistic option chosen for the
core electrons treatment. Method 1 was always used first. The
resulting geometry was re-optimized with method 2 and then
with method 3. In all three methods, real space cutoff was 3.5 A.
The Brillouin zone was sampled by 2 x4 x 1, 5x2x 1 and
3 x 5 x 1 K-point set for anatase (101), (100) and (00 1) sur-
faces and by 3 x3 x 1,3 x4 x 1 and 3 x 3 x 1 K-point set for
(111),(101) and (11 1) monoclinic zirconia surfaces, respec-
tively. For the orbital occupancy, 0.005 a.u. smearing was used.
SCF density convergence, optimization energy convergence and
gradient convergence were set to 0.00001 a.u., 0.00002 a.u. and
0.004 a.u., respectively. The same parameters were utilized for
energy minimization with different adsorbates on the surface.
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3. Results
3.1. Hydrogen—deuterium exchange

In this work, we have applied our recently developed pulse
microreactor [19] for isotopic switch studies of water on the
surface of zirconia and titania. Our method conveniently uses
equipment already present in many modern laboratories and
only trace amounts of isotopically labeled materials. A consider-
able amount of time and resources are saved when the catalytic
reaction run and the analysis of products are combined into
a single operation. The basic idea consists of placing a small
amount of a catalyst inside the heated injection zone of a GC or
GC/MS instrument and analyzing products generated through a
series of injections. Thus, each injection of the starting material
represents a pulse feed for the catalyst bed, generating prod-
ucts that are separated on the GC column and registered by the
detector.

The catalyst surface was initially saturated with !7O- and
180-depleted water—H,'°O by injecting 1.0 mkL of depleted
water five times. This treatment was necessary to remove CO»
adsorbed on surface from the atmosphere. Subsequently, D,O
was injected at 132 s intervals in the amount 0.1 mkL or 0.2 mkL
until all hydrogens on surface were exchanged. Each peak was
analyzed by mass spectrometry for the ratio of labeled to unla-
beled water. A total disappearance of peaks with an odd m/z
17, 19 and 21 indicated that the catalyst surface was fully
exchanged with the labeled water. The experiment was done
at 200 °C and repeated at 300 °C and 400 °C each time with a
fresh sample of titania and zirconia catalysts. An empty sleeve
was also examined at all three temperatures and found to have
negligible water adsorption effects and thus did not contribute
to the measurements. An example of m/z 18, 19 and 20 frac-
tion changes in the total area of water during pulse sequence
is shown in Fig. 1. As can be seen during the isotopic switch,
the fraction of the old isotope drops down while the new iso-
tope fraction increases and the fraction of the mixed water,
DHO, goes through a maximum. However, the fraction of m/z
18 does not decrease completely to zero, since it is associated
both with H,O and DO fragments. In order to find the degree
of isotopic exchange, an accurate accounting of the deuterium
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Fig. 1. Change of m/z 18, 19 and 20 fractions of the total amount of water during
the switch from H,O to D, O and back to H,O with titania catalyst at 200 °C.

fraction in the water peak is required. A deconvolution anal-
ysis to find exact fractions of all species was made for that
purpose.

Masses were assigned to the fragments as follows: 16 to O,
17 to OH, 18 to H>0 and DO, 19 to H30 and DHO, 20 to D,O
and H;DO, 21 to D,HO and 22 to D30. Since some masses
are common to different fragments, a contribution to their count
from each fragment must be determined. Because a low reso-
lution mass spectrometer (MS) was used, it was not possible to
distinguish different fragments with the same mass, for exam-
ple, H>O from DO. However, it was observed from experiments
described herein with unlabeled water that the ratio of m/z 18
to 17 abundance, which is due to the presence of HyO or OH,
is a constant equal to 3.78 under the current experimental con-
ditions. In order to determine H,O contribution to the m/z 18
counts, in all labeled injections the number of OH counts was
simply multiplied by 3.78. Consequently, the remaining counts
for the m/z 18 are aresult of DO fragments. Similarly, the number
of H30O species was calculated by multiplying counts for unla-
beled water, H,O, by the factor 0.028. The latter factor could
change based on the degree of self-ionization of water. For our
experiments, it was accepted as a constant due to the consistency
in the experimental conditions, such as the amount of material
injected, ionization potential, carrier gas flow rate, etc. After
subtraction of the H3O counts from all m/z 19 counts, the num-
ber of DHO fragments was calculated. Like in the case of H,O,
the D>O number was calculated from the number of DO frag-
ments by multiplying with the factor 3.78. The HoDO number
was calculated by subtracting D>O counts from m/z 20 counts.
After all deuterium and hydrogen amounts were calculated, their
ratio was used to find the degree of H/D exchange. Such decon-
volution analysis gives more accurate results than just the ratio
of m/z 19 and 20 counts to the sum of m/z 18, 19 and 20 counts
used by authors of [15] in a similar experiment with magnesium
oxide.

In order to find the proton capacity on the metal oxide sur-
faces studied, a purely statistical model for the proton exchange
was considered. During the isotopic switch on a fully cov-
ered surface, the fraction, 6;, and number, S;, of new isotopes
adsorbed on a sample after i injections are related as 6; = S;/No,
where N, is the total number of both isotopes adsorbed on a
sample (adsorption capacity of a sample at full coverage). We
assume here that equilibrium is achieved during each pulse. This
assumption is valid only if enough time is allowed for equilibra-
tion, for example, if at least 10 re-adsorption events occur per
pulse. This requirement was verified by increasing the amount
of injected deuterium oxide by 2 and 10 times. Since the cal-
culated adsorption capacity did not change, our assumption is
valid. In this case, a fraction of the new isotope atoms on the
surface and in the gas phase are equal to each other and can be
expressed as

Si + Git
No+ Giy1’
where Giy; is a number of new isotopes added into the

gas phase with the injection i+1. After combining both
equations, the adsorption capacity can be calculated as

i1 =



60 A. Ignatchenko et al. / Journal of Molecular Catalysis A: Chemical 256 (2006) 57-74

1001
90 1
80
70
60 1
501
40
301
207
109

Exchange, %

1 2 3 4 5 6 7 8 9 10
Pulses

Fig. 2. HyO-D,O degree of exchange, 6;, presented as %D, for titania (curve
1) and zirconia (curve 2) catalysts at 300 °C.

No=Gijy1 X (1 = 0i41)/(0is1 — 6;), or

_G,‘X@i

Ny = , 1
0= ra )

where @;=1—6; is the fraction of the old isotope, and
—AD;=P;,_| — D, is its loss.

A typical graph, showing the dependence of fraction 6; on
the number of pulses for titania and zirconia catalysts at 300 °C,
is shown in Fig. 2. It can be seen that, in the case of zirconia,
a higher number of pulses is required to reach a full exchange
than for titania. This is due to a higher adsorption capacity of
zirconia than titania.

Knowing the catalyst surface area and the amount of labeled
water required for a full saturation of the surface, N,, calcu-
lated by formula (1), the concentration of sites capable of water
exchange on titania and zirconia was found at different tempera-
tures (Fig. 3;Table 1). It should be noted that N, can be calculated
for any pair of sequential pulses. The results presented in Fig. 3
are mean values calculated within the range from 0% to 90%
exchange.

We determined the adsorption capacity of water on anatase at
temperatures from 200 °C to 400 °C to be 1.1-0.8 nm~2, which
is lower than the value of 1.9 nm™2 found by the TPD method
[24], as would be expected. It should be understood that the
TPD method is a relative measurement, showing the amount of
adsorbed water lost between two different temperatures. Typi-
cally, the measurements are made at room temperature where
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Fig. 3. Concentration of hydrogens, measured by H,O-D,O exchange at tem-
peratures 200—400 °C on the surface of: (a) titania, (b) zirconia, (c) KOH treated
titania and (d) KOH treated zirconia.

the surface is saturated, and a higher temperature at which des-
orption is believed to be complete. Thus, the cumulative TPD
amount characterizes adsorption at the temperature at which sat-
uration is complete. Therefore, it is higher than the absolute
value of the adsorption under equilibrium with a vapor phase at
each specific temperature as measured by our method.

In general, a higher concentration of surface hydrogens
was found on monoclinic zirconia than on anatase. However,
after KOH treatment the water content increased on titania but
decreased on zirconia. The different effect of KOH treatment
may be speculatively assigned to the partial conversion of sur-
face ZrOH groups into zirconate, ZrOK, thus decreasing the
concentration of hydrogens. On anatase, KOH may insert into
Ti—O-Ti bridges, to make TiOK and TiOH groups, which should
increase the proton concentration by fixing additional hydroxyl
groups on the surface.

3.2. Hydrogen scrambling and formation of the mixed
water isotope, DHO

When monitoring formation of the mixed water isotope,
DHO, we noted an unexpected experimental result. It was found
that the isotopic scrambling was incomplete on anatase samples.
There was a deviation of the observed DHO concentration from
the statistically expected one. It appeared as if hydrogens were
exchanging for deuteriums by pairs on the anatase surface. This
is in contrast to the full scrambling observed on monoclinic zir-
conia.

Degree of hydrogen scrambling, S (%), and concentration of scrambled and non-scrambled protons (atoms/nm?) on the catalyst surface, measured by H,O-D,0
exchange; concentration of exchangeable oxygens (atoms/nm?) on the catalyst surface as measured by H, '®0-H, 80 exchange

Catalyst TiOy TiO,-KOH V4{0)) 7ZrO,-KOH

200* 300* 4002 200* 300* 400? 2002 300* 4007 200* 300* 4002
S (%) 70 55 30 86 66 57 99 99 99 99 99 100
Total H 2.14 1.7 1.58 4 3.52 3.54 4.2 3.62 322 3.56 2.92 2.76
Scrambled H 1.5 0.92 0.48 3.46 2.34 2.02 4.18 3.6 32 3.54 2.88 2.74
Non-scrambled H 0.64 0.76 1.1 0.54 1.18 1.52 0.02 0.02 0.04 0.02 0.04 0.02
Oxygens 0.85 0.99 1.66 1.03 1.61 2.68 0.86 1.19 1.58 1.13 1.68 2.32
H:O ratio 2.5 1.7 1.0 39 2.2 1.3 4.9 3.0 2.0 32 1.7 1.2

2 Temperature.
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Assuming that recombination of the dissociated water pro-
ceeds randomly, the concentration of water-19 during isotopic
switch should be determined by the probability of forming mixed
water, DHO, from D and H, versus forming two symmetrical
waters, DO and H;O. Since the probability of forming DHO
is proportional to the concentration of both D and H, the cor-
responding probability function should go through a maximum
as the concentration of H decreases, and the concentration of D
increases. Consequently, the ratio between water isotopes 18, 19
and 20 may provide valuable information on the nature of water
interaction with surfaces.

The simplest logical explanation for the observed anomaly
is that the isotopic exchange is occurring by whole molecules
of water rather than by single hydrogen atoms. This could be
due to a number of reasons, one of them being non-dissociative
adsorption which reduces the chance for the formation of the
mixed water, DHO. The molecular form of adsorption may
explain why the mixed water isotope is completely or par-
tially missing in the desorbed vapors. We attempted to measure
the observed anomaly quantitatively. Computations suggested
that the interpretation may not only relate to the degree of
water dissociation, but also to the specific way water inter-
acts with the anatase surface. A detailed explanation is given in
Section 5.

A mathematical approach to the problem can be reduced to
the calculation of probabilities P1g, P9 and Pjp, of forming
water-18, -19 and -20 isotopes depending on the degree of hydro-
gen scrambling, S. An efficiency of exchange, F, is introduced
as the factor showing what fraction of molecular water is actu-
ally participating in the exchange. A statistical model was built
in an Excel spreadsheet, where the following formulas were
used.

If the number of all isotopes, adsorbed on the surface consist
of:

H number of dissociated hydrogens

Hb number of hydrogens remaining as non-dissociated
H,O

D number of dissociated deuteriums

D¢ number of deuteriums remaining as non-dissociated
D,O

Hd number of hydrogens remaining as non-dissociated
DHO

Dh number of deuteriums remaining as non-dissociated

DHO (obviously, D" = HY)

and the number of deuterium atoms added for exchange as
D>0 is D™, then the total number of isotopes, available for
mixing, is

T=MH"+D!+H'+D"+D¥) x F+H+D,
and the probability of leaving single hydrogens on the surface is

H'+HY) x F+H
T

P = § x

, (@)

while the probability of leaving single deuteriums on the surface
is
D!+ DM+ D¥) x F+D
Pd— 5 x (D® + + ) + 3)
T

The rest of the hydrogens and deuteriums are paired into
different isotopes of water. The probability of pairing hydrogens
and deuteriums into water is

2
1—Ph
phh — %, for water-18, “)
g 2x(1—=PYyx (- PY
phé — 5 phpd , for water-19, (&)
2
1—Pd
pdd — ﬁ, for water-20. (6)

Then, these isotopes are mixed with the water which did not
participate in the exchange. The number of hydrogens and deu-
teriums from the water fraction, which did not participate in the
exchange, is L=(H" + DY+ HY + D" + D) x (1 — F).

The combined number of paired hydrogens and deuteriums
results in the number R=N, x (P + pdd 4 phdy 4 7

The fraction of each water isotope, m/z 18, 19 and 20, regis-
tered in the gas phase at equilibrium is expressed as the ratio of
the number of deuterium and proton isotopes in the correspond-
ing water isotope to the total number R of deuterium and proton
isotopes available:

P 5 Ny +HM x (1= F)

Pig = 7
18 R @)
PM x Ny 4+ HI+D" x (1 - F)
Py = > (8)
R
PY x Ny + (DY + D) x (1 — F)
Py = 2 R 9)

The developed model was applied to the experimental data.
The degree of hydrogen scrambling on surface, S, and the effi-
ciency of exchange, F, were optimized using the Microsoft Excel
Solver tool! to match the calculated probability with the concen-
tration of water isotopes found experimentally in each injection
(some examples are shown in Fig. 4). During the optimization,
the sum of standard deviations for each probability function was
minimized by adjusting F and S. Data on water dissociation are
shown in Table 1. The reported values of F and S are mean values
for each exchange sequence.

We found that hydrogen is completely scrambled on zirco-
nia at all temperatures with a high efficiency of exchange, 99%.
Water adsorption on anatase proceeds with only partial hydrogen
scrambling and with an exchange efficiency of approximately
86—97%. The degree of hydrogen scrambling depends on tem-
perature, where it is higher at low temperatures and decreases
with a temperature increase for both untreated and KOH treated

! The Microsoft Excel Solver tool uses the Generalized Reduced Gradient
(GRG2) nonlinear optimization code developed by Leon Lasdon, University of
Texas at Austin, and Allan Waren, Cleveland State University.
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Fig. 4. H,O/D;0 isotopic switch at 300 °C with: (a) titania and (b) zirconia.

titania. Also, a slightly higher degree of hydrogen scrambling
on anatase was usually found at an earlier stage of the exchange
sequence. A reverse exchange, i.e. the addition of H»'60 to the
deuterated sample, gave approximately the same value for the
adsorption capacity and the degree of hydrogen scrambling on
both metal oxides.

The concentration of scrambled and non-scrambled hydro-
gens on anatase was estimated knowing the total concentration of
hydrogen and the degree of hydrogen scrambling (Table 1). The
overall concentration of hydrogens on surface is decreasing with
the temperature increase, while the content of non-scrambled
hydrogens appears to grow. This result may be interpreted as
the H/D scrambling for the molecularly adsorbed water at lower
temperatures, i.e. at a higher coverage, being due to the contacts
made through intermolecular hydrogen bonding. At higher tem-
peratures, hydrogen bonding between neighboring molecules
of water is less probable due to a lower coverage. As a result,
a lower degree of scrambling is found at higher temperatures.
In addition, computational studies showed that the molecularly
adsorbed water on anatase has a higher adsorption energy and
should remain on surface longer than the dissociated one.

Anatase appears to be different from many other oxides stud-
ied in literature for which the binding energy of molecular
water is lower than that of dissociated water [11]. As shown
in Sections 4.4—4.6, water binds to the most common (101)
surface of anatase in the molecular form stronger than in the
dissociated one. Dissociative adsorption of water on the anatase
(100) surface is only slightly preferred over a molecular form
of adsorption. Water adsorption on an unreconstructed anatase
(001) surface has the strongest energy among other surfaces
and proceeds with insertion into Ti—O—Ti bonds. Even if water
is formally considered to be dissociated, proton exchange on
that surface may proceed by pairs due to the lack of hydrogen
migration from the inserted water oxygen. On the (1 x 4) recon-
structed anatase (00 1) surface, molecular adsorption of water
again dominates over the dissociated form. Thus, on all anatase

surfaces water hydrogens may be either exclusively or preferen-
tially exchanged in pairs.

In addition, surface defects, such as a titanyl group, Ti=0,
where two hydroxyls may attach to the same titanium atom
may also contribute to the proton exchange by pairs. In this
case, the exchange may proceed through dehydration and
re-adsorption, Ti(OH); — Ti=0 + H;O, more slowly than the
dehydration of two single hydroxyls on neighboring titanium
atoms, Ti(OH)-Ti(OH) — Ti-O-Ti+H;0. The difference is
that the single hydroxyl has several neighboring hydroxyl groups
to engage in dehydration, and so, the formation of the mixed
water, DHO, is possible, whereas this is less likely for the
isolated Ti=O <> Ti(OH), site. All of the above factors may
contribute to the water exchange by hydrogen pairs observed
experimentally.

It was particularly interesting to determine if there were
changes for zirconia and titania resulting from KOH treatment.
It was expected that single hydrogens might be substituted
by potassium and thus become excluded from the exchange.
The results showed this to be the case for zirconia (Table 1;
Fig. 3). KOH treatment reduces the concentration of hydrogens
on zirconia. An opposite effect is observed on anatase where
the concentration of exchangeable hydrogens has doubled after
KOH treatment (Table 1; Fig. 3). At the same time, the mea-
sured degree of hydrogen scrambling has increased slightly,
so the majority of hydrogens created by KOH treatment on
anatase are exchanged as single hydrogens. The number of
hydrogens exchanged by pairs after KOH treatment increases
with temperature. This amount is more likely assigned to the
molecularly adsorbed water on the (10 1) surface of anatase,
or to the water inserted into Ti—O—Ti bonds on the (00 1) sur-
face. This conclusion is also supported by the oxygen exchange
data.

3.3. Exchange of oxygen atoms

In order to elucidate the water exchange mechanism fur-
ther, it is essential to know the ratio of exchangeable oxygens
and hydrogens. In a separate series of experiments, we have
studied H»'80 labeled water exchange by the same method
(Table 1; Fig. 5). The amount of exchangeable oxygen grows
with temperature for both metal oxides. For zirconia we found
approximately a 2:1 ratio of hydrogens to oxygens exchanged
at 400 °C, in accordance with the stoichiometry of the H,O for-
mula, while at 200 °C hydrogens are exchanged more readily as
witnessed by their ratio to oxygens exceeding the stoichiomet-
ric 2:1 ratio. It seems that some oxygen atoms on the surface
are not involved in the exchange at 200 °C, although they might
be protonated. Their full exchange requires a temperature rise
to 400 °C. The likelihood is that only mono-bridged oxygens,
i.e. terminal OH groups, are exchanged at low temperatures,
while protonated bi- or tri-bridged oxygens exchange at high
temperatures.

On anatase, the ratio of exchanged hydrogens to oxygens
is close to the stoichiometric value, 2:1, at low temperatures,
but it changes to 1:1 when the temperature increases to 400 °C.
This fact indicates participation of an extra oxygen atom from
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Fig. 5. Concentration of exchangeable oxygen atoms measured by H,'°0—
H,'80 exchange at temperatures 200-400 °C on the surface of: (a) titania, (b)
zirconia, (c) KOH treated titania and (d) KOH treated zirconia.

the anatase lattice in the exchange at 400 °C. Its replacement
requires higher energy compared to the oxygen atoms from
water.

KOH treatment has increased the number of exchangeable
oxygens on both metal oxides. Several possible explanations for
the proton exchange by pairs on anatase have been discussed in
the previous section. The mechanism that best satisfies oxygen
exchange data is the insertion of water or KOH into the Ti—O—Ti
bond on the anatase (00 1) surface which occurs more readily
with increasing temperature. Another possibility for both metal

110 «—® 101

oxides is the formation of potassium oxide as a separate phase
which can add exchangeable oxygen atoms.

4. DFT computation modeling of water interaction with
surfaces

In order to better understand the differences in the interac-
tion with water between titania and zirconia, the structural and
electronic properties of surfaces with adsorbed water were cal-
culated according to the first principles density functional theory
with periodic model using the DMol3 program.

Computational results in the literature support the non-
dissociative mechanism of water adsorption on the most com-
mon (10 1) surface of anatase and only a partial dissociation
on the (00 1) surface depending on coverage [18]. In contrast,
we found that all three of the most stable monoclinic zirconia
surfaces cause dissociation of adsorbed water at low coverage,
below 25%. At a higher coverage, both molecular and dissocia-
tive adsorption may be present at the same time.

The most energetically preferred surfaces of monoclinic zir-
conia according to computational studies [25], (111), (101)
and (111), were chosen for modeling in our work. Although
it is ranked computationally as only the third most stable sur-
face, the (1 1 1) termination of monoclinic zirconia is included in
our work, since its existence is validated by HRTEM and FTIR
experiments, at least for the samples sintered at high tempera-
tures, 600-900 °C [26].

=(d)

Fig. 6. Monoclinic zirconia (11 1). (a) Empty surface, side view. (b-d) Orthographic, top view. (b) Most favorable adsorption of water on site A representing 25%
coverage proceeds with dissociation on proton and OH group. (c) Adsorption on sites AC, 50% coverage. (d) Adsorption on sites AB, 50% coverage. O atoms are
large grey. Zr atoms are medium size, dark. H atoms are small light. Atoms in the background are shaded lighter. Hydrogen bonding is shown in dotted lines.
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Details on the computational approach are described in Sec-
tion 2. We have used three different methods. The first method,
less accurate, but computationally inexpensive, was used in the
search of the lowest energy structures. It uses a single effective
potential for the core treatment and a double numerical set of
valence atomic orbitals. Method 1 significantly overestimates
adsorption energies. Calculations were repeated by two other
methods for all surfaces and the most important adsorbate struc-
tures on them with a more accurate DNP basis set which included
polarization p- and d-functions for all non-hydrogen atoms. Core
treatment included all electrons explicitly with some relativistic
effects. The latter two methods gave more accurate adsorption
energies.

4.1. (111) monoclinic zirconia

The reported XRD lattice parameters for monoclinic zirconia
[22] were optimized with the minimum found at +0.90% of the

original length, resulting in a=0.5215nm, »=0.5279 nm and
¢=0.5389 nm.

Monoclinic zirconia is cleaved according to the set of rules
discussed by Christensen and Carter [25]. A supercell is con-
structed from three layers, in which 12 ZrO; units were present
(Fig. 6a). Cartesian coordinates of the bottom layer atoms are
constrained, and two top layers are allowed to relax.

Examination of the resulting surface reveals four non-
equivalent zirconium atoms, three of which are six-fold coor-
dinated (6-c), marked as A, B and C, and the fourth one is
seven-fold coordinated (7-c), site D (Fig. 6). Among 6-c Zr
atoms, the ones at position C are closest to the surface, while
those at position A are the deepest. There are four 3-c and one
2-c oxygen atoms at the surface. An upper case 1-3 letters index
for oxygen atoms is used to show the number of connected Zr
atoms and to which ones.

After performing surface relaxation we added molecules of
water, one by one to all four different sites and minimized the

Table 2
Computed adsorption energies depending on water coverage for different sites on monoclinic zirconia and anatase surfaces
Entry  Adsorptionsite ~ Concentration of Coverage Type of adsorption Adsorption energy (kcal/mol) Figure
water (nm~—2) (%)
Method 1?* Method 2 Method 3
ZrO, (111) surface
1 A 2.19 25.0 Dissociative 41.5(1.8) 29.9 (1.30) 28.8 (1.25) Fig. 6b
2 AC 4.38 50.0 A—dissociative, C—molecular 39.4 (1.71) 28.7 (1.24) 27.6 (1.20) Fig. 6¢
3 AB - - A—molecular, B—dissociative 39.2 (1.70) 26.7 (1.16) 25.8 (1.12) Fig. 6d
Zr0, (101) surface
4 A 2.76 50.0 Dissociative 43.2 (1.87) 33.0 (1.43) 31.2 (1.35) Fig. 7a
5 B - - Dissociative 46.3 (2.01) 37.8 (1.64) 36.3 (1.57) Fig. 7b
6 AB 5.51 100 B—molecular, A—dissociative 41.5 (1.80) 31.6 (1.37) 30.3 (1.31) Fig. 7c
ZrO; (11 1) surface
7 A 1.97 25.0 Dissociative 40.0 (1.73) 30.0 (1.30) 29.4(1.27) Fig. 8b
8 B - - Dissociative 44.8 (1.94) 34.6 (1.50) 32.8 (1.42) Fig. 8¢
9 AB 3.93 50.0 A—molecular, B—dissociative 45.4 (1.97) 34.4 (1.49) 33.5(1.45) Fig. 8d
10 ABC 5.90 75.0 B, C—dissociative, A—molecular 39.0 (1.69) 27.4 (1.19) 26.4 (1.15) Fig. 8e
TiO, (10 1) surface
11 A 2.52 50.0 Molecular 28.4 (1.23) 19.4 (0.84) 19.6 (0.85) Fig. 9a
12 AB 5.04 100 Molecular 27.8 (1.21) 19.3 (0.84) Fig. 9b
TiO> (100) surface
13 A 2.70 50.0 Molecular 23.5(1.02) 17.2 (0.74) Fig. 10a
14 A - - Dissociative 29.8 (1.29) 18.8 (0.81) 17.8 (0.77) Fig. 10b
15 AB 5.40 100 Dissociative 26.0 (1.13) 14.1 (0.61) Fig. 10c
TiO, (001)
16 A 3.39 50.0 Dissociative 45.3 (1.96) 41.0 (1.78) 39.9 (1.73) Fig. 11
1 x 4 reconstructed TiO, (00 1)
17 - 1.70 20.0 Molecular 18.2 (0.79) Fig. 12a
18 - 3.40 40.0 Molecular 16.8 (0.76) Fig. 12b
(1 x n) H,0 added TiO, (001)
19 1x2 3.39 50.0 Dissociative 38.5 (1.67)° -
20 1x3 2.26 333 Dissociative 62.4 (2.70)° Fig. 13a
21 1x4 1.70 25.0 Dissociative 75.2 (3.26)° Fig. 13b
22 1x5 1.36 20.0 Dissociative 85.5 (3.71)° Fig. 13c
23 1x6 1.13 16.7 Dissociative 90.8 (3.94)° Fig. 13d

The values in parentheses are in eV.
2 See description of the computation methods in Section 2.

® Energy per mole of water. The energy per unit cell may be obtained by dividing the above values on the number n of unit cells in the supercell, which gives the
energy values 19.2 kcal/mol, 20.8 kcal/mol, 18.8 kcal/mol, 17.1 kcal/mol and 15.1 kcal/mol for n=2-6, respectively.
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energy of the supercell containing adsorbed species. The results
are summarized in Table 2. Adsorbed water was always oriented
by its nucleophilic end toward the surface binding to one of the
zirconium atoms. It was found that at <25% coverage, i.e. for
the water concentration <2.19 nm~2, molecular adsorption is
not favored on any 6-c Zr sites, A, B or C, which is in good
agreement with the experimental results.

The most preferred adsorption, site A, with the highest
adsorption energy, 28.8 kcal/mol (method 3), is achieved by
slightly shifting the OH group toward the OCP oxygen and
making a hydrogen bond with the dissociated proton which is
attached to 2-c oxygen ocpb (Fig. 6b; Table 2, entry 1).

Adsorption of water on sites B and C is less strong, but it
proceeds with dissociation as well, based on our results. The
molecular adsorption on site B is 3.5 kcal/mol higher in energy
and should not be favored. It was found that the dissociated
proton prefers in both cases to stay on a 2-c oxygen O°P, rather
than on a 3-c oxygen.

Since the experimentally measured concentration of surface
water at 200400 °C is below 2.19 nm~2, the 25% theoretical
coverage used in our computational model is a valid represen-
tation of the hydrated surface for those temperatures. Both the
experimental and the computational methods showed that the
adsorption of water on zirconia at low coverage proceeds with
dissociation. However, we were also interested to know what
happens at higher coverages corresponding to lower tempera-
tures, and at over-saturation of the surface, which may poten-
tially occur during water exchange experiments.

At high coverage, above 25%, hydrogen bonding plays an
increasingly important role in the stabilization of adsorbed water.
We have studied adsorption of two molecules of water on three
pairs of sites, AB, AC or BC, and also two molecules of water on
just one site A (see Table 2, entries 2 and 3; Fig. 6¢ and d). The
maximum energy released at 50% coverage is for the adsorption
on sites AC and AB, 27.6 kcal/mol of water and 25.8 kcal/mol
of water (method 3), respectively. In both cases, water adsorbed

Fig. 7. (10 1) monoclinic zirconia surface. O atoms are large grey. Zr atoms are medium size, dark. H atoms are small light. Atoms in the background are shaded
lighter. (a) Adsorption of one water molecule on site A, 6-c Zr, representing <50% coverage. (b) Adsorption of one water molecule on site B, 5-c Zr, representing
<50% coverage. (c) Adsorption of two water molecules on sites A and B, representing <100% coverage.
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on site A remains in the molecular state stabilized by hydrogen
bonds, while adsorption on the second site proceeds with dis-
sociation. A dissociated proton prefers to move to a 2-c oxygen
OCP. Adsorption of two molecules of water on site A was dis-
advantaged 7.7 kcal/mol (method 1), relative to the adsorption
on sites AC. For the adsorption pair BC, one molecule on site C
is dissociated, the other one on site B is not. Such an arrange-
ment results in a 4.6 kcal/mol of water higher energy (method
1), than the more favorable pair AC. Although the model for
pairs is shown as the molecular state, it is not a “pure” one. One
of the OH bonds is stretched to 1.165 A and can easily disso-
ciate. Due to easy sharing of the proton involved in hydrogen
bonding, it will show up as the dissociated one in isotopic switch
experiments.

Among several possibilities for the adsorption of three
molecules of water, i.e. 75% coverage, the most probable showed
average adsorption energy of 32.2 kcal/mol of water (method 1).

In the case of four molecules of water, this value had decreased to
30.1 kcal/mol (method 1). For 75% and 100% coverage, a water
molecule adsorbed on site A remains in the molecular form and
it is stabilized by two hydrogen bonds to lattice oxygens in a
way similar to that found on the anatase (1 0 1) surface [18]. We
believe the reason for the molecular adsorption of water at a high
coverage on zirconia is the stabilization by hydrogen bonding.

4.2. (101) monoclinic zirconia

This is the second most stable surface of monoclinic zirconia
and it should be seriously considered in modeling. There are
two different adsorption sites A and B assigned to six- and five-
fold coordinated zirconium atoms, respectively. Adsorption of
one molecule of water, representing <50% coverage, proceeds
with dissociation on either site (Fig. 7a and b). Adsorption on
the 5-c Zr, site B, is stronger due to a lower coordinative satura-

Fig. 8. Adsorption of water on (11 1) surface of monoclinic zirconia. O atoms are large grey. Zr atoms are medium size, dark. H atoms are small light. Atoms in
the background are shaded lighter. Hydrogen bonding is shown in dotted lines. (a) Empty surface, side view. Adsorption on: (b) site A, <25% coverage, (c) site B,
<25% coverage, (d) sites A and B, <50% coverage, and (e) sites A-C, <75% coverage.
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tion of this atom (Table 2, entries 4 and 5), despite the fact that
three hydrogen bonds are stabilizing adsorption on site A. Again,
adsorption of two molecules of water representing 100% cover-
age is stabilized by hydrogen bonds between them as shown by
dotted lines in Fig. 7c. One of the molecules may be considered
as being adsorbed in the molecular state. However, it is clear
that its proton forming the hydrogen bond can freely partici-
pate in the exchange as the single particle. Therefore, this water
is likely measured as dissociated during the proton exchange
experiments.

4.3. (11 1) monoclinic zirconia

The surface model has only six-fold coordinated zirconium
atoms, each having a different oxygen environment (Fig. 8a and
b). It is known there are two kinds of oxygen atoms in the bulk
monoclinic crystal—three- and four-fold coordinated ones. Zir-
conium atoms in the monoclinic phase are always seven-fold
coordinated. Each zirconium in the bulk is connected to four 4-c
and three 3-c oxygens. Consequently, two kinds of six-fold coor-
dinated zirconium atoms on the surface may be distinguished by
the kind of oxygen atom they are missing, either a three- or four-
fold coordinated one. Some researchers [27] have suggested that
this is the basis for the existence of two IR stretching bands, as
opposed to the explanation by Tsyganenko and Filimonov [28]
that the bands arise from the mono- or tri-coordinated surface
OH groups. In our model, zirconium on sites A and C is missing
what in the bulk phase would be a 3-c oxygen atom, while sites
B and D are missing a 4-c bulk oxygen atom. Since surface oxy-
gens also become under-coordinated after cleavage, it represents
an additional factor for creating non-equivalent zirconium sites
on the surface. Namely, site C zirconium is connected to two
2-c surface oxygens, while site A Zr atom is connected to one
2-c surface oxygen, and sites B and D are connected only to 3-c
oxygens (Fig. 8). This structural difference leads to the strongest
adsorption of one molecule of water, i.e. at 25% modeled cov-
erage, to the site B, 32.8 kcal/mol (method 3, Table 2, entry
8; Fig. 8c). The second strongest adsorption of a single water
is on site A, with an adsorption energy 29.4 kcal/mol of water
(method 3, Table 2, entry 7; Fig. 8b). However, adsorption of a
pair of water molecules on neighboring sites A and B resulted
in an even higher adsorption energy of 33.5 kcal/mol (method 3,
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Table 2, entry 9; Fig. 8d). According to our results, the preferred
state of water adsorption is achieved by pairing molecules on
sites A and B until they are filled in. Adsorption on sites C and
D is strongly disfavored 20-25 kcal/mol (method 1). As one can
see, there is no relation of the adsorption energy to the structural
type of sites described above. Instead, the adsorption strength
is determined by the existence of hydrogen bonds, which are
created upon adsorption on sites A and B, but not on sites C and
D. With the addition of more molecules, the average adsorption
energy per mole of water drops appreciably (entry 10, Table 2).

4.4. (101) anatase

The initial lattice parameters for anatase from a low temper-
ature neutron diffraction experiment [23] were optimized with
the minimum found at +1.15% of the original length, resulting
ina=b=0.3838 nm and ¢ =0.9644 nm.

We have confirmed results obtained in [18] by Vittadini
et al., showing that water does not dissociate when adsorbed
on the (101) surface of anatase from 0% to 100% cover-
age. The adsorption energy calculated by our methods, 18.7—
19.2 kcal/mol by method 3 (Table 2, entries 11 and 12), was
slightly higher than 16.6—17.1 kcal/mol found earlier [18].

The structures of the adsorbed molecules representing <50%
and <100% coverage are shown in Fig. 9. The anatase surface
(10 1) is rather unique among other surfaces studied in our work.
Molecules of water are fitting perfectly well in pockets between
5-c Ti and 2-c O. They are separated by 2-c oxygens and do not
interact with each other. For this reason, the adsorption energy
does not significantly depend on coverage. The reason for the
preferred molecular adsorption on (1 0 1) anatase is the stabiliza-
tion of water by hydrogen bonding to the lattice oxygen. Without
such stabilization, water does dissociate on a structurally similar
(100) surface.

4.5. (100) anatase

The constructed supercell contains 12 Ti and 24 O atoms.
Two 5-c¢ Ti, two 2-c O and two 3-c O atoms are at the surface
(Fig. 10). A water molecule placed with its nucleophilic side
above titanium atoms prefers to dissociate (see Table 2, entries
13 and 14) with the dissociated proton moving to the 2-c bridging

s K (b)

Fig. 9. Adsorption of water on anatase (1 0 1) surface. (a) <50% coverage and (b) <100% coverage. O atoms are large grey. Ti atoms are medium size, dark. H atoms
are small light. Atoms in the background are shaded lighter. Hydrogen bonding is shown in dotted lines.
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Fig. 10. Adsorption of water on anatase (1 00) surface. O atoms are large grey. Ti atoms are medium size, dark. H atoms are small light. (a) Molecular adsorption,
50% coverage; (b) dissociative adsorption, 50% coverage; (c) dissociative adsorption, 100% coverage.

oxygen. Hydroxyl oxygens are taking bulk-like oxygen positions
(Fig. 10). The resulting OH groups do not interact with each
other by hydrogen bonding, likely due to the long distances
between them.

The difference between molecular and dissociative adsorp-
tion on an anatase (100) surface is very small, only
~0.6 kcal/mol (method 3). Vittadini et al. [18] mentioned with-
out giving details that molecular water adsorption is preferred
on anatase (1 00)/(010) surfaces according to their preliminary
computational results. In conclusion, both forms of adsorbed
water may equally exist on the anatase (1 00) surface.

4.6. (00 1) anatase

The constructed supercell contains two original unit cells in
depth, 16 Ti and 32 O atoms. The resulting (00 1) surface has
two equivalent 5-c titanium atoms on top, connected by two
2-c bridging oxygens in the (0 10) direction, and by two 3-c
oxygens in the (1 00) direction (Fig. 11). A molecule of water
interacts with the surface via insertion between titanium and 2-c

Fig. 11. Adsorption of water on anatase (0 0 1) surface at 50% coverage. O atoms
are large grey. Ti atoms are medium size, dark. H atoms are small light. Atoms
in the background are shaded lighter.

oxygen atoms, representing 50% coverage (Fig. 11). The inser-
tion results in shorter bonds between titanium and the second
2-c oxygen. The second molecule of water, as it was found in
[18], does not insert as the first one. Instead, it is adsorbed as
a non-dissociated molecule above the first one and stabilized
by hydrogen bonding. The distinguishing feature of the anatase
(001) surface is that titanium atoms do not change their coordi-
nation numbers after water adsorption, but retain their five-fold
coordination. Adsorption energy on this surface is the strongest
of the anatase surfaces studied in our work. The insertion model
is in a good agreement with the experimental results for oxygen
and proton exchange with water and should play an important
role in representing anatase surface.

Recently, increased attention has been paid to a 1 x 4 recon-
struction of the (00 1) surface of epitaxial anatase thin films
[29,30]. The ad-molecule model for this reconstruction sug-
gested by Lazzeri and Selloni [30] seems to explain experimental
results [29] better than other models. We have studied the interac-
tion of water with the 1 x 4 reconstructed (00 1) surface model
of Lazzeri and Selloni and found that water is preferentially
adsorbed at the ridge of the added TiO; rows, rather than at the
valley between the added rows (Fig. 12). The adsorption energy,
18.2kcal/mol (Table 2, entry 17), is comparable to that found
on the other stable anatase surfaces, (10 1) and (1 00). Addition
of the second molecule of water does not significantly decrease
the average adsorption energy (16.8 kcal/mol, Table 2, entry 18)
indicating an absent or a weak steric interaction between two
molecules. The molecular state of the water adsorption on the
reconstructed surface is preferred over the dissociated one.

We have also studied an alternative ad-molecule model in
which water was added instead of TiO; to the original unre-
constructed (00 1) surface in periodic (1 x n) rows. Different
supercells with n original unit cells were constructed for this
purpose and their energy was minimized with and without water
(Fig. 13). The adsorption energy values per mole of water are
shown in Table 2, entries 19-23. As noticed by Lazzeri and Sell-
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Fig. 12. Molecular water adsorption on a 1 x 4 reconstructed (00 1) anatase surface. (a) One and (b) two molecules of water adsorbed on the same titanium atom.
O atoms are large grey. Ti atoms are medium size, dark. H atoms are small light.

oni, a large surface stress release is observed due to the shortage
of Ti—O bonds caused by the insertion of an ad-molecule [30].
Water plays the role of the ad-molecule here, instead of TiO» in
[30]. This effect becomes smaller with coverage, increasing from
16% to 50%, as indicated by the decreasing adsorption energy
per mole of water. The surface energy of the hydrated periodic
model of the (00 1) anatase surface goes through a minimum
at n=3, i.e. for (1 x 3) water insertion (Table 3). The hydrated
surface energy, 0.33 J/m?, in this case is slightly less than the

Table 3

0.38 J/m? surface energy for the hydrated (1 x 4) reconstruc-
tion model. These computational results indicate that water, and
perhaps some other molecules, can play a similar stabilization
role for the (0 0 1) anatase surface as did the TiO, ad-molecule in
the 1 x 4 reconstruction model suggested by Lazzeri and Selloni
[30]. After submitting our work for publication, we have learned
that the stabilization of the anatase (0 0 1) through hydration was
also suggested in a computational study by Gong and Selloni
[31].

Calculated energies of hydrated (method 3) and non-hydrated surfaces (methods 1-3) of anatase and monoclinic zirconia (J/m?)

Surface Non-hydrated Hydrated at different coverages (%)

Method 1*  Method 2*  Method 3*  16.7 20.0 25.0 33.0 40.0 50.0 75.0
(101) TiO 2.05 1.76 1.71 - - - - 0.32 -
(100) TiO, 2.39 2.13 2.09 - - - - 0.40 -
(001) TiO 2.43 2.47 2.43 - - - - 0.34 -
(1 x n) hydrated (00 1) TiO, 039,n=6 037,n=5 035, n=4 0.33,n=3 0.34,n=2
1 x 4 reconstructed (00 1) TiO, 1.87 0.38
(111)Zr0O, 2.73 2.45 2.40 - - 0.45 - 0.36 -
(101) ZrO, 3.59 3.24 3.18 - - - - 0.57 -
(111)ZrO, 3.05 2.72 2.67 - - 0.51 - 0.40 0.36

2 See description of the computation methods in Section 2.
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Fig. 13. (1 x n) periodic water insertion on a (00 1) anatase surface: (a) n=3, (b) n=4, (c) n=5 and (d) n=6. O atoms are large grey. Ti atoms are medium size,
dark. H atoms are small light.
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5. Discussion

A combined experimental and computational approach
helped us to understand details of water interaction with zir-
conia and titania surface at an atomic level. We have found that
water is adsorbed with its nucleophilic end bound to a coordi-
natively unsaturated metal cation on the surface of both metal
oxides. At low coverage, the total energy minimum was gener-
ally obtained if water dissociates into OH and H groups on all
studied monoclinic zirconia surfaces. The dissociated H moves
to one of the lattice oxygens, preferentially to a bi-bridged one.

Various types of water adsorption on anatase surfaces, dis-
sociative, non-dissociative and insertion, are found by com-
putations. Experimental data on hydrogen scrambling during
water exchange reflect contributions from different surfaces on
anatase.

Traditionally, the molecular adsorption of water is related
in literature to the physical form, as it has weaker adsorption
energy. Thus, it was found that water is adsorbed on the anatase
(101) surface below room temperature preferentially in the
molecular state without dissociation [30]. TPD studies of water
adsorption on anatase [32] in the 0—1000 °C temperature range
showed two peaks, at 69-127 °C and 191-256 °C, assigned to
physical and chemical adsorption, respectively. However, the
shape of these two peaks [32] clearly shows some overlap, indi-
cating both types of adsorption may co-exist in the 200—400 °C
temperature range studied in our work. Infrared studies of water
on an anatase surface suggest the presence of both hydroxyl
groups and molecularly adsorbed water [33]. In addition, exper-
iments show that all hydroxyl groups are exchangeable with
D,0 even at 150°C [33].

Hydrogen bonding plays a crucial role in the stabilization of
adsorbed water on monoclinic zirconia at a high coverage when
molecules are forced to make contacts due to the high concentra-
tion. However, whenever possible, hydrogen bonds are formed
even at low coverage, thereby reducing the total energy. Hydro-
gen bond types can be classified into two categories: (1) between
hydroxyl groups, normally formed at high coverage, and (2)
between hydrogen of adsorbed water and lattice oxygen. In the
literature, some evidence was presented for the interaction of
surface hydroxyl groups on monoclinic zirconia [34]. According
to Gerrato et al. [26], OH groups interact by hydrogen bonding
with undissociated water rather than with other OH groups. Our
most probable structures for water on zirconia (11 1) and (11 1)
surfaces, shown in Figs. 6b and c, and 8c and d, can serve as
examples of both types of such an interaction. As an exception,
the most preferred adsorption state on the (1 0 1) zirconia surface
does not have hydrogen bonds since its strength originates from
an interaction with a highly under-coordinated zirconia atom.
However, this surface has another adsorption site (Fig. 7a) where
several hydrogen bonds help stabilize dissociated water.

In the case of titania, hydrogen bonding is observed experi-
mentally in the IR spectrum for rutile, but not for anatase [35].
In agreement with this observation, our anatase models show
the absence of hydrogen bonding between dissociated hydroxyl
groups on the (100) surface (Fig. 10b and c). Conversely, it
is found on the (10 1) surface for molecularly adsorbed water,

which is stabilized by interactions with lattice oxygens (Fig. 9).
Hydrogen bonding is also found for water insertion between
Ti—O bond on the (00 1) surface (Fig. 11).

Since water helps to stabilize a surface, it would be interest-
ing to compare the energy of the hydrated surfaces. We have
calculated the energy of hydrated and non-hydrated surfaces as
the difference between the total energy of the supercell with and
without water and the energy of the equal amount of the bulk
phase with and without water, divided by the area of the super-
cell surface. The results are shown in Table 3. Our energy is
higher than reported in the literature [9,21] due to some differ-
ences in computational methods. However, relative stability of
the surfaces is on the same order for anatase as determined by
Lazzeri et al. [36]. For monoclinic zirconia, the (1 1 1) surface
is the most stable termination based on our work and that of
others [25]. We have found the (1 1 1) surface to be more stable
than the (1 0 1) surface, in reverse order to that found for relaxed
surfaces examined in reference [25], even though the energy
difference between these two surfaces cited in [25] was very
small. Hydration does not change that order for zirconium oxide
(see Table 3). For titania, the highest energy of water adsorp-
tion on the (00 1) surface makes it the second most stable one
when considering hydrated surfaces. However, with an increas-
ing degree of hydration the difference in energy between surfaces
becomes much smaller. The question of what surface may dom-
inate in polycrystalline materials is more difficult to resolve.
For example, if the preparation of a particular metal oxide is
made in the presence of water by calcination of that metal
hydroxide, the resulting microcrystalline particles may be dis-
tributed more equally among the different surface types than pre-
dicted computationally for non-hydrated surfaces. Therefore, it
should be no surprise that higher energy surfaces may occasion-
ally dominate in some cases, like the (1 1 1) surface studied in
reference [26].

The theoretical concentration of zirconium atoms, and poten-
tially, the concentration of water, is higher on a (111) surface,
8.76nm 2, and lesson a (10 1) surface, 5.51nm~2.Ona(111)
surface there are 7.86 nm™2 zirconium atoms, so it can obtain
a greater benefit from the stabilization by water than a (101)
surface. The water concentration found experimentally by H/D
exchange (Table 1) corresponds to 24% and 18% coverage for
the (11 1) surface at 200 °C and 400 °C, respectively. For the
(101) surface this would be 38% and 29% of the theoretical
coverage.

Based on data in Table 1 and the theoretical concentration
of titanium atoms, the anatase (10 1) surface would be 21%
and 16% covered by water at 200 °C and 400 °C, respectively.
Anatase (10 1) and (1 00) surfaces have comparable numbers of
titanium atoms at the surface, 5.04 nm~2 and 5.40 nm~—2, while
the (00 1) surface has a higher Ti atom density of 6.78 nm~2.
It would be covered at about 16% and 12% at 200°C and
400 °C, respectively, if it was the only surface on the studied
anatase samples. Most likely, anatase samples studied in our
work have mainly (10 1) and (1 00) surfaces, with some (00 1)
surface. Since the calculated adsorption energy, 39.9 kcal/mol,
for the unreconstructed (0 0 1) surface is about two times higher
than for the other two surfaces (Table 2, entries 11, 14 and
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16), it should be hydrated more readily, with coverage close
to 100%. The (10 1) and (1 00) surfaces should be hydrated to
a lesser degree. However, if the (1 x 4) reconstruction observed
on anatase (00 1) films [29] also takes place in powders, the
extent of water coverage should be approximately equal on all
three studied surfaces as their energies of water adsorption are
comparable (see Table 2, entries 11, 14 and 17).

With increasing temperature, the dissociated, but more
weakly bound, water on the (100) surface would be expected
to desorb first, thus increasing the relative amount of non-
dissociated water on the (10 1) and (1 x 4) reconstructed (00 1)
surfaces which has a higher heat of adsorption and so, remains
longer. This may serve as a supplementary explanation for the
decrease in the degree of water dissociation observed with the
temperature increase. As it has been discussed in Sections 3.2
and 3.3, the interaction of water with the unreconstructed anatase
(00 1) surface may be one of the primary contributors to the same
effect. According to the computations, water is formally disso-
ciated on the (00 1) surface when inserted into Ti—O—Ti bonds
(Fig. 11). However, interaction between neighboring molecules
of water is restricted due to their separation on the surface by
at least one Ti—O fragment. As a result, hydrogens may appear
as non-scrambled in H/D switch experiments if the mechanism
of its exchange includes desorption as the first step followed
by re-adsorption. It is assumed that in the desorption step both
hydrogens are departing together with one of the oxygens, to
which they are attached, i.e. without scrambling on neighboring
H or D. At the same time, the lattice oxygen can be exchanged
as is evident from the water insertion structure in Fig. 11. The
energy of water adsorption on the anatase (00 1) surface is the
highest among other surfaces. It is logical to assume increasing
participation of oxygen from the unreconstructed (00 1) surface
in the exchange on anatase at higher temperature, which agrees
well with the experimental data (Table 1). At high temperature
and low coverage, the ratio of exchangeable oxygens and hydro-
gens is close to the ratio of 1:1 expected for the water insertion
model on the (00 1) surface. The bridging oxygen, Ti—O-Ti, is
“extracted” from the surface to participate in the exchange. The
degree of hydrogen scrambling is low, due to the low cover-
age. Molecules of water are inserted into Ti—O—Ti bonds, and
desorbed with little interaction between each other.
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At low temperature, the coverage is higher and the chance of
hydrogen scrambling due to the intermolecular contacts between
molecules of water adsorbed on surface increases from 30% to
70% (Table 1). Short-lived structures of water formed during
the exchange may include fragments of a second layer atop the
first one as computationally predicted by Vittadini et al. [18].
In that case, water from the top layer may exchange hydrogens
(deuteriums) with the bottom layer without exchanging oxygens.
As aresult, a higher ratio of exchangeable hydrogens to oxygens,
2.5:1, is observed at low temperature (Table 1).

KOH treatment breaks the symmetry in the water exchange by
pairs of hydrogen. If potassium replaces one of the hydrogens
pictured in Fig. 11 on the anatase (00 1) surface, it becomes
clear how the exchange may proceed by single atoms. This is
evidenced by the increase of the degree of hydrogen scrambling
after KOH treatment by 11-27% (Table 1). In addition, KOH
treatment seems to fix more water on anatase surfaces.

However, in contrast to anatase, all adsorption states of water
found computationally on zirconia surfaces support a complete
scrambling of hydrogens. The most evident is the case of pre-
ferred adsorption of water by pairs of molecules on the zirconia
(11 1) surface which is stabilized by hydrogen bonding. Compu-
tational results suggest that hydrogen bonding is responsible for
scrambling observed experimentally on zirconia. Experiments
with zirconia show no deviation of the DHO concentration from
the statistically expected value at the whole range of studied
temperatures. The effect of KOH treatment on zirconia is also
different. Since most water is dissociated on zirconia surfaces
with the formation of hydroxyl groups, potassium may replace
hydrogen in —OH groups and make surface —OK groups. This
would explain the decrease in the concentration of hydrogens
on zirconia measured after KOH treatment (Table 1).

Thus, water has a very different way of interacting with sur-
faces of the two metal oxides, anatase and monoclinic zirconia.

An interesting feature observed in the H/D isotopic switch
experiments may help one to understand the exchange mecha-
nism. A typical GC peak for water (Fig. 14a) is not symmetrical
at the beginning of the exchange sequence. The previously
adsorbed isotope of water elutes slightly earlier than the newly
injected one. For example, when switching to D, O, the GC peak
for H,O comes earlier than D,O. The fact that this is not a chro-
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Fig. 14. (a) Observed distribution of isotopes in a typical GC water peak for isotopic switch study on a metal oxide. H,O replaces D, O. (b) Blank experiment without

a metal oxide sample. D,O replaces H,O.
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matographic separation of water isotopes on the GC column is H _.H
proven by performing the exchange in reverse order, i.e. by sat- o N
urating sample surface with D, O and switching to H»O. In this (o)

case, the D>O peak comes before the H,O peak. The observed
effect is related to the change in the ratio of isotopes in the vapor
cloud as it passes along the sample. We would like to demon-
strate here that the asymmetry of the water peak is an expected
phenomenon. For this purpose, we have modeled the course of
exchange with a variable concentration of the new isotope in the
cloud. We assume that the concentration of water should be the
highest in the center of the vapor cloud and it changes according
to the Gaussian (normal) distribution toward the edges. When
the edge of the cloud reaches the sample, the exchange begins
with a higher ratio of the old isotope to the new one. As the
center of the cloud passes through the sample, the ratio changes
in favor of the new isotope. Consequently, the beginning of the
GC peak should have a higher concentration of the old isotope
and the tail should have more of the new one (Fig. 15).

By comparing experimental results for oxygen and proton
exchange with a zirconia sample, we are proposing an exchange
mechanism via adsorption of water in excess to the thermody-
namically equilibrated amount, followed by desorption of the
€xcess.

This mechanism may be pictured, for instance, on a Ity
surface by adsorption of a new water molecule to site C (Fig. 6¢)
in addition to an old one adsorbed on site A (Fig. 6b), followed
by desorption of an old water from site A, resulting in the new
molecule adsorbed on site C. Re-adsorption on site A and des-
orption from site C may be repeated, leading back to the more
stable adsorption state A in Fig. 6b with the new water iso-
tope. Obviously, hydrogens can be completely scrambled and
the mixed water, DHO, can be formed according to the statisti-
cal law based on population of H and D. The proposed exchange
mechanism is shown in Scheme 1.

intensity

A 4

time

Fig. 15. Simulated GC water peak for the D,O-H,O switch experiments. It is
assumed that the concentration of H,O in the vapor cloud passing through the
sample bed changes from the center to the edge of the cloud according to the
Gaussian (normal) distribution. H>O isotope: circles; D,O: diamonds.

Scheme 2.

In a similar way, water may exchange on the other monoclinic
zirconia surfaces, suggested by structures in Figs. 7c and 8d.
In our opinion, the proposed mechanism is more credible for
monoclinic zirconia than the widely used, but inadequate repre-
sentation in Scheme 2. However, Scheme 2 may represent the
interaction of water with the (00 1) surface of anatase (Fig. 11).
Participation of the bridged oxygen atom from the anatase lattice
in the hydration step is somewhat analogous to silica hydration
[37].

6. Conclusions

A novel and convenient experimental method has been devel-
oped to find the degree of hydrogen scrambling for water
adsorbed on the surface of metal oxides. This method provides
a quick and easily available measurement of the mixed water
concentration during the isotopic switch, from which one can
elucidate the mechanism of the water exchange with the surface
at the temperatures of interest.

DFT calculations for periodic structures predict water disso-
ciation on the most important (I111),(101)and (111)surfaces
of monoclinic zirconia at low coverage. In contrast, adsorption
is predicted to occur without dissociation on the major (10 1)
surface and on the minor (1 x 4) reconstructed (00 1) surface
of the anatase form of titania. Water does dissociate on the
anatase (1 00) surface and interacts with the anatase (00 1) sur-
face through insertion into Ti—O—Ti bonds. Upon desorption
of water from the latter surface, the original Ti—O—Ti bonds
restoration takes place without scrambling hydrogens at low
coverage.

The combination of experimental data and computational
analysis suggests that the interaction of water with titania and
zirconia surfaces proceeds in different ways. The degree of
hydrogen scrambling on the surface of monoclinic zirconia is
very high, approximately 99%, and does not change with temper-
ature within the 200—400 °C range. This is due to the mechanism
of H/D exchange on monoclinic zirconia including water adsorp-
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tion on neighboring cationic sites and exchange of hydrogens
through hydrogen bonding.

The degree of hydrogen scrambling on anatase decreases
from 70% to 30% with the temperature increase from 200 °C
to 400 °C. Exchange of water without scrambling hydrogens is
predicted by DFT computations for the next two models: (1)
molecular adsorption of water on the anatase (10 1) surface and
(2) insertion of water into Ti—O bonds on a (00 1) surface.

The authors believe that this approach can provide a new
perspective into the dynamics of water interaction with metal
oxide surfaces which will be helpful in understanding the many
catalytic processes in which water is either directly involved or
just present.
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