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ABSTRACT

Titanium dioxide is a material with a wide range of applications in several fields,
and understanding its interaction with molecules is fundamentally important for
improvements of the various performance of materials. One important point not
always sufficiently considered is the surface coverage of adsorbates on TiO> surfaces.
In this work, we studied NH3 adsorption at different coverages and cell sizes on the
anatase (001) surface by means of density functional theory (DFT) calculations. The
structural differences for given coverages of 0.25 at 1/4 and 4/16 ML are very
significant depending on the cell size. Upon adsorption, there are Ti-O bond breaking,
and enhanced hydrogen bondings between NH3 and surface oxygen at only 4/16 ML
coverage. The result shows that the use of a small cell cannot reproduce the surface
relaxation due to the large displacement of underlying O atoms and surface Ti-O
bonds breaking. Bond breaking and reformation of Ti-O bonds, and desorption of
NH; have been observed in ab initio molecular dynamics simulations. Similar
structural relaxation was also confirmed with H,O and H:S adsorption. It was
revealed that the adsorptions are induced by the high reactivity of the anatase surface
and hydrogen bonding with adsorbates. The strong hydrogen bonding effects causing
chemical bond breaking challenge conventional surface chemical bonding

mechanisms.

Keywords: ammonia; titanium dioxide; coverage; density functional theory;

molecular dynamics

1. INTRODUCTION

Titanium dioxide (TiO2) is a widely studied material because of its potential
applications in several fields. TiO> exhibited excellent reactivity in heterogeneous
catalysis [1-4] and photocatalysis [5-8]. Moreover, its special properties also make it
possible to be used as pigment [9-12], gas sensors [13-16], and solar cells [17-20].
Studying the surface chemistry of TiO> is mandatory to improve its performance in

these applications.

Actually, many crystal structures of TiO> have been found but are mainly in

three forms in nature, namely rutile, anatase, and brookite. The anatase TiO>
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possesses higher catalysis than the rutile, the most stable crystal. While the most
exposed surface of anatase TiO; is the (101) surface, both experimental results [21-24]

and theoretical calculations [25, 26] show that the (001) surface is more reactive.

The adsorption of a very high number of molecules [26-34] including formic
acid [35], proline [36], glycine [36], acetone [37], methanol [38], ethylene glycol [39],
ammonia [17, 40-42], and water [43, 44] on TiO; surfaces have been studied by
experiments or theories. However, the effects of coverage of adsorbates and the size

of the cell used for modeling have been less explored.

Many factors, such as temperature, pressure, vacancies, or impurities, can affect
the material’s surface reactivity. A usually ignored important fact is the adsorbates
coverage on the surface that can determine the reaction mechanism, as demonstrated
with NO reduction on platinum surfaces [45]. The experimental and theoretical study
of this electrocatalysis reaction found that the first hydrogenation product can be
NHO or NOH, depending on the coverage. The final products are the same despite the
different intermediates formed. Very recently, the photocatalysis mechanism of
ethylene glycol on the rutile TiO2(110) surface has also been experimentally found to
be coverage dependent [39]. CH>O and H are formed by C-C bond cleavage at low
coverage, while CH;CHO and H>O are produced by C-O bond cleavage at high
coverage. These observations show that coverage effects should be considered for

material design.

Therefore, understanding the adsorption mechanisms, especially at different
coverages, is fundamentally important for understanding the reactivities of TiO»
surfaces. The interaction between NH3 and TiO: is regarded as a classical model of
Lewis acid-base interactions [40, 46]. In addition, NH3 could be one effective method
to reduce NOy on the surface [47, 48]. Studies of interaction mechanisms on anatase
surfaces taking into account coverage and cell size are still insufficient. The
adsorption energy of NH3 drops to 58 kJ mol™! from 100 kJ mol™! when the coverage
increases to 1 ML from 0.5 ML on a rutile (011) surface [42]. Moreover, the
adsorption energy on a brookite (100) surface is significantly lower than on a rutile
(011) surface, and a linear dependence with the coverage has been found [41]. Thanks
to the prototypical properties of NH3 and reactivity of anatase (001) surface, the study

of their interactions would be very helpful for understanding the surface chemistry
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and catalysis processes of TiO».

In this work, we conducted a systematic study of NH3 adsorption on the anatase
(001) surface by performing density functional theory (DFT) calculations and
molecular dynamic (MD) simulations. Different cell sizes and coverages were
considered for exploring coverage effects. Interestingly, peculiar adsorption of NHs,
H>0, and H>S molecules with surface Ti-O bonds breaking was found on the anatase
(001) surface at higher coverage. Indeed, we find that the hydrogen bond type under
scrutiny is stronger than the surface Ti-O chemical bond. Very recently, a short strong
hydrogen bond of [F-H-F] ion observed by experiments [49] becomes comparable to
covalent bonds. Based on theoretical results, it appears that the bond is a hybrid
covalent-hydrogen bond rather than a simple hydrogen or covalent bond. Existence of
this bond challenges the current understanding of chemical bonding [50]. Similar to
the recent finding of [F-H-F] ion, we found that a strong hydrogen bond makes
surface chemical bonds break. It challenges the typical understanding of chemical
bonds, which are much stronger than conventional hydrogen bonds. Our predictions
call for experimental verifications, and we expect a better understanding of chemical

bonds to be achieved in the future.

2. METHOD

Periodic DFT calculations were performed with the Vienna Ab Initio Simulation
Package (VASP) [51-53] with the projector augmented wave method [54]. Perdew-
Burke-Ernzerhof (PBE) exchange-correction functional [55] with DFT-D3 dispersion
correction [56] has been used. An energy cutoff of plane-wave expansion of electron
wavefunctions was set to be 400 eV. The U value of the Hubbard model was chosen
to be 3.5 eV for the Ti element to describe the strongly correlated interaction effects.
There are 12 atoms per primitive cell, and supercells have been constructed to
consider the effects of coverage and cell size. Half of the atoms are fixed to their bulk
position. A vacuum layer of 15 A with dipole correction [57] has been used in our
calculations to avoid the interaction of one slab and its image by translation. The
calculations were performed by sampling the Brillouin zonein 6 x 6 x 1,3 x3 x 1, 2
x 2 x 1,and 1 x 1 x 1 Monkhorst-Pack sets for 1 x 1,2 x 2, 3 x 3, and 4 x 4 cells,

respectively.



The average adsorption energy of NH3 is calculated by the following equation:

1
Ead = n (Egas/surf — nx* Egas - Esurf) (1)

where Egqs/5ury 18 the total energy of adsorbed molecules and the covered surface,
and E 4 denotes the energy of a molecule in gas. In addition, Eg,,.r equals the energy

of the slab with a clean surface, and n is the number of adsorbed molecules.

In this work, ab initio molecular dynamics simulations were performed with
VASP using a timestep of 0.5 fs and simulation time up to 3 ps. The Nosé—Hoover
thermostat [58, 59] was used to control the temperature. The NVT ensemble with
simulation temperatures of 300 and 400 K was chosen to understand the behaviors in
a real environment. The optimized coordinates were selected as the initial structures.
In addition, the initial velocities of atoms were sampled by Maxwell-Boltzmann

distribution.

3. RESULTS AND DISCUSSION
3.1 Coverage and cell size

As shown in Figures 1a and 1b, NH3 molecules interact by N with the surface Ti
atom at 1/1 ML (one NH3 per 1 x 1 cell) and 1/4 ML (one NH3 per 2 x 2 cell)
coverage. The N-Ti bond is not perpendicular to the surface due to the interaction
between the surface O atom and the H atom of NHs. No distinctive changes of the
surface structure have been observed, similarly to calculations of NH3 chemisorption
on the brookite (100) surface [41]. However, significant differences of structures at
lower coverages (1/9 ML, 1/16 ML) surfaces have been found (Figures 1c and 1d).
One O atom rises from the surface, causing one Ti-O bond breaking, and the length of

the hydrogen bond becomes shorter by ~0.2 A.

Moreover, the detachment of the O atom also yields the deviation of other
surface atoms. In order to distinguish this special adsorption from general
chemisorption, we call adsorption with bond breaking “cleavage” and general
adsorption “chemisorption”. The adsorption of NHj3 is cleavage at low coverage
instead of chemisorption at high coverage. This kind of significant surface structure

changes controlled by the coverage has seldom been reported before [43, 44, 60]. To
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pursue our calculations, we expand the adsorption structures of 1/1 ML to a 4 x 4
supercell with 16 NH3 molecules per cell, referred to as 4/4 ML keeping the coverage
constant. This structure, 16/16 ML, was optimized (Figure 1f), and a similar structure
to 1/1 ML (Figure 1a) was obtained, showing chemisorption. Interestingly, decreasing
the coverage to 1/4 ML and keeping the same supercell (4 NH3 per 4 x 4 supercell),
4/16 ML, the optimized structure is the combination of chemisorption and cleavage,
different from chemisorption at 1/4 ML coverage in Figure 1b. The staggered
arrangement of cleavage and chemisorption is shown at this coverage in Figure le.
The discrepancies of these results between a small cell and a larger cell mention that
using a small slab to reduce the computational costs may cause inaccurate

descriptions of the surface structures.

In Figures 1g-j, two different configurations at 8/16 ML coverage were also
optimized. One yields Ti-O bond breaking while the other does not. These results
show that for a given cell size and a given coverage, the relative arrangement of the

adsorbates significantly affects the surface structure and adsorption mode.

The adsorption mode is found to depend on adsorbate-adsorbate interaction, like
CO; adsorption on TiO; [61]. Interestingly, ammonia can adsorb with completely
different structures at the same coverage depending on the cell size and its relative
position. These results demonstrate that various configurations are stable at the same
coverage and that the most stable one may be very complicated. It is also shown that
the adsorbate arrangement for a given cell size and a given coverage has to be
carefully studied. Surface Ti-O bond breaking is obtained for one arrangement and

not for another one.
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3.2 Energetics

In Table 1, we compare our adsorption energies with previous calculations and

experiments. The adsorption energy at 4/16 ML coverage is in good agreement with



experiments [62]. The previous calculations of Onal [63] are also close to our results
at 1/4 ML coverage since both calculations were performed on the 2 x 2 cell. The
unprecedented increase of adsorption energy from -2.77 to -0.83 eV demonstrates the
great importance of the surface structure. The interaction strength at coverage 1/4 ML
is -1.28 eV. It becomes -2.14 eV at 1/9 ML. This large difference cannot be explained
only by the drop of lateral repulsion between adjacent adsorbates, especially since
there is a surface Ti-O bond breaking at 1/9 ML. We must invoke the unusually strong
hydrogen bond allowed by the Ti-O bond breaking. The adsorption energy at 4/16 ML
is close to the average value of 1/16 and 16/16 ML owing to its mixed surface
structure. It is also lower than at 1/4 ML showing the stabilization allowed by surface

reorganization only when the size of the cell is large enough.

The gap of adsorption energies is only -0.25 eV between our two systems at 8/16
ML coverage, much smaller than the gap between the energies at coverage 1/4 ML
and 1/9 ML. Even if lateral repulsions have to be considered at high coverage, it is not
the only point. Our results show that high coverage also limits surface relaxation. At
8/16 ML, for instance, there could be eight Ti-O bonds breaking. Therefore, the gap
between cleavage and chemisorption becomes much smaller owing to insufficient
surface relaxation for such bond breaking. In Figure 2, the trend of adsorption
energies with increasing coverage is presented. The interaction strength drops sharply

with coverage, and it can be fitted by an exponential function.
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3.3 Geometry

In Table 2, we list the length of the N-Ti bond, four Ti-O bonds, and the
hydrogen bond. Each Ti atom connects with four O atoms in two layers. As shown in
Figure 3, the two uppermost O atoms are denoted as O1 or O2, and the hydrogen bond
involved one is O1. The length of the Ti-N bond in the case of cleavage is 0.1 A
shorter than chemisorption. The length of the Ti-N bond at 1 ML coverage
(chemisorption) is 0.15 A longer than at 1/4 ML coverage in agreement with a
stronger interaction. Let us compare the Ti-N bond length in the case of cleavage with
the one in the case of chemisorption. This can be done by considering the two
adsorption modes for a given coverage. It is easy to understand that breaking one Ti-
O bond enhances interaction strength between N and Ti atoms since Ti lacks one
neighbor. For both adsorption types, the length of Ti-Ol increases, and Ti-O2
decreases compared to the pure surface with four equal lengths of Ti-O bonds around
1.985 A. The formation of the hydrogen bonds causes the tilt of NH3, and thus
squeezes the Ti atom to another side. The lengths of Ti-O3 and Ti-O4 almost keep

constant during the chemisorption and cleavage process, which shows the down layers
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of O atoms are not involved in the NH3 adsorption. It is worth mentioning that the
squeeze of Ti atoms is weakened, and hydrogen bonds are slightly shorter at 1/1 ML
coverage, compared with chemisorption at 1/4 ML coverage. The repulsion of
adsorbates hinders NH3; molecules tilting and facilitates them to reorientate with
enhanced hydrogen bonds interactions to decrease the repulsion. The difference of
bond length of Ti-O1 between cleavage and chemisorption at 8/16 ML is smaller than
at 4/16 ML. As a result, adsorption energies of weakened cleavage and enhanced

chemisorption are very close, in the case of two 8/16 ML coverages.

Table 1. The comparison of adsorption energy (eV) between our results and previous

calculations and experiments.

References Method Model Adsorption Energy
Onal 2006 [64] B3LYP/6-31G**  Relaxed cluster -0.992
Erdogan 2009 [65] B3LYP/6-31G** ONIOM cluster -0.845
Onal 2010 [63] PWI1 Periodic, 1/4 ML -0.919
Roman 1991 [66] TDS -0.702
Srnak 1992 [67] TPD -0.61, -1.17
Sprinceana 1999 [62] XRD BET -1.34~-1.56
This work PBE-D3+U 1/1 ML -0.848
This work PBE-D3+U 1/4 ML -1.284
This work PBE-D3+U 1/9 ML -2.142
This work PBE-D3+U 1/16 ML -2.766
This work PBE-D3+U 4/16 ML -1.631
This work PBE-D3+U 8/16 ML (cleavage) -1.349
This work PBE-D3+U 8/16 ML (chem.) -1.105
This work PBE-D3+U 16/16 ML -0.830
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Figure 3. Atoms labels in the case of cleavage adsorption mode. Purple, orange, and
red spheres represent oxygen atoms, while white and gray spheres correspondingly

represent H and Ti atoms.

Table 2. The bond length (A) and adsorption energy Eaa (eV) at different coverages.
NH3 molecules with different types of adsorption are discussed, respectively. The
cleavage and chemisorption modes are listed respectively in the case of the mixed

mode at 4/16 ML.

Coverage/ML R(H-O1) R(Ti-N)  R(Ti-O1)  R(Ti-O2) R(Ti-O3) R(Ti-O4) Ead
11 1.861 2.409 2.147 1.834 1.984 1.980 -0.848
1/4 2.045 2.242 2.415 1.824 1.985 1.985 -1.284
1/9 1.540 2.147 3.923 1.806 1.964 1.960 -2.142
1/16 1.587 2.161 4.125 1.810 1.969 1.964 -2.766
4/16 cleavage 1.539 2.154 4.055 1.806 1.967 1.967 -1.631
4/16 chem. 2.520 2.287 1.996 1.860 2.036 1.993 -1.631
8/16 cleavage 1.585 2.172 3.620 1.791 1.965 1.952 -1.349
8/16 chem. 1.885 2.267 2.521 1.818 2.061 1.990 -1.105
16/16 1.861 2.409 2.144 1.836 1.981 1.983 -0.830

3.4 Electronic structure

We performed Bader charge analysis, and the results are shown in Table 3. The
charges of H atoms are around 0.5. In the cleavage case, O lost some negative charges.

It is surprising since the hydrogen bond is stronger when Ti-O bond breaking occurs.
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This is another proof that this kind of hydrogen bond is special. The charge of this O
atom of Ti-O bond breaking is around -0.1 smaller than the average value. By contrast,
the charges of Ti atoms of N-Ti bonds are close to the average value of surface Ti

atoms, so the charges of Ti atoms are slightly affected by adsorption.

Table 3. The Bader charge at different coverage. The charges are averaged if there are
more than one adsorbed NH3 per unit cell. The charges averaged on total H, Ti and O

atoms are also shown.

Coverage/ML N Ol Ti Average H Average Ti Average O
1/1 -1.440 -1.028 2.021 0.495 2.019 -1.015
1/4 -1.310 -0.997 1.992 0.485 2.011 -1.010
1/9 -1.259 -0.895 1.981 0.473 2.010 -1.007
1/16 -1.293 -0.886 1.983 0.483 2.013 -1.008
4/16 cleavage -1.306 -0.930 1.979 0.476 2.012 -1.010
4/16 chem. -1.271 -0.995 2.021 0.476 2.012 -1.010
8/16 cleavage -1.368 -0.994 1.967 0.508 2.007 -1.013
8/16 chem. -1.323 -1.006 1.984 0.475 2.009 -1.011
16/16 -1.448 -0.999 1.983 0.498 2.013 -1.013

We have also calculated the total density of states (DOS) (Figure 4). They are
slightly affected by NH3 adsorption. The energy gap becomes larger with the increase
of coverage. The upper limit of energy is not always increasing with coverage, and the
largest one is at 8/16 ML coverage. At low coverage, 1/16 and 4/16 ML, the DOS is
very similar, so the electronic structure of the surface is not influenced significantly.
By contrast, the DOS is also similar at higher coverage but different from 1/16 and
4/16 ML coverage. Although the adsorbed structure is completely different for
cleavage and chemisorption at 8/16 ML, their DOS is very similar. Therefore, the
smallness of adsorption energies difference can be understood. The projected density
of states (PDOS) is presented in Figure 5 to study the bond formation and orbital
hybridization. The N-H bonding is extremely strong, with a considerable overlap from
-4 to -3 eV and -1.5 to -0.5 eV. Overlap of N and Ti atoms, H and O atoms in many

regions of PDOS demonstrates the strong interaction of N-Ti and hydrogen bonds.
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16/16 (e) coverages.

3.5 Molecular Dynamics

As shown in Figure S1, we performed molecular dynamics at 1/9 and 1/16 ML
coverage at 300 K. We did not observe surface Ti-O bonds reformation. MD results
demonstrate the Ti-O bond breaking is stable at these low coverages due to significant
surface relaxation with only one Ti-O bond breaking. In Figure 6, the snapshots and
notable changes at 4/16 ML at 300 K can be seen. The O2 atom is very active so that
a new Ti-O bond breaking can be clearly found in snapshots since 1 ps, and one
hydrogen transfers from NH3 to O in 2 and 3 ps. Actually, there is another Ti-O bond

breaking and recombination in a short period, which cannot be seen in snapshots. In
14



order to have a quantitative insight, notable bond lengths are also presented in Figure
6. One Ti-O bond is broken after 0.5 ps and keeps this state, while another Ti-O bond
is broken in 1 ps and recombines in 1.5 ps. In addition, based on the changes of N-H
and O-H bond length, one hydrogen moves back and forth between N and O. It
demonstrates a strong hydrogen bond effect because hydrogen transfer between
O+ * *H-N and O-H * * * N happens easily. However, the bond breaking and
recombination, and hydrogen transfer are not found at 400 K by molecular dynamics
at the same coverage. The snapshots at 400 K can be seen in Figure S2. The reason is
that higher temperature makes the O atoms more active and hydrogen bonds weaker.
Therefore, the O-Ti bond is always broken, and no recombination occurs and the

hydrogen transfer becomes difficult owing to a higher free energy barrier.

The number of breaking Ti-O bonds is counted in Figure 7. The criterion is the
bond length of Ti-O beyond 3 A. In Figure 7a, the number of Ti-O bonds breaking
increases more slowly at 400 K, and the final number is four instead of three. In
Figure 7b, cleavage with eight Ti-O broken bonds and chemisorption with no broken
bond have been compared. The number of broken Ti-O bonds decreases for cleavage

and increases for chemisorption very quickly.

Interestingly, the final number is four for both initial configurations at 300 and
400 K. The snapshots can be seen in Figures S3 and S4. We also found one NH3
desorption in chemisorption configuration at 300 K. Similar to counting the Ti-O
bonds breaking, a Ti-N bond longer than 3 A is regarded as desorption. At 16/16 ML
coverage, the Ti-O bonds breaking and NH3 desorption can be observed in Figure S5.
Therefore, the structure with sixteen NH3 molecules adsorbed is not stable. In Figure
7c, the final amounts of Ti-O bonds breaking and desorbed NH3 molecules are
sensitive to temperature at 16/16 ML coverage. By contrast, four Ti-O bonds are
broken in 3 ps at 8/16 ML coverage, regardless of initial configurations (cleavage or
chemisorption) and temperatures (300 or 400 K). NH3 molecules are more likely to
desorb at high temperatures, and thus fewer NH3 molecules adsorbed on the surface
facilitate surface relaxation yielding more Ti-O bonds breaking. Based on MD results,
chemisorbed and cleaved NH3 molecules convert spontaneously, so the chemisorption
and cleavage mixture is more stable. The peculiar NH3 adsorption with broken Ti-O

bonds is expected to exist at any coverage.
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Figure 7. The number of Ti-O bonds breaking and NH3 desorbed molecules at 4/16,
8/16, and 16/16 ML coverages.

3.6 H2S and H20 adsorption

The water molecules may have similar chemical properties as NH3 on TiO>
surfaces. Indeed, it can interact as a base through N with the surface acidic Ti. Yet,
the large surface reorganization has not been observed for H>O adsorption on
TiO2/SnO> rutile (110) surface at 1/12 and 1 ML coverage [68]. Moreover, H,O
adsorption at 0.25, 0.50, 0.75, and 1.0 ML coverage has been studied on several TiO2
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surfaces, including the anatase (001) surface [69]. No special adsorption structures
have been mentioned. Interestingly, the peculiar adsorption properties on the same
surface have been found in calculations with a larger cell and with the dissociative
adsorption mode [44]. The computed adsorption energies change dramatically with
the coverage, which is not simply induced by adsorbate-adsorbate repulsion nor any
typical lateral interaction. This extraordinary behavior has never been observed on
other surfaces. Since water molecules on the anatase (001) surface are also found to
adsorb with bond breaking [44], the properties of water and ammonia are similar, and
their adsorption mechanisms on the same surface are likely to be the same. The
aforementioned NH3 adsorption on the brookite (100) surface [41] has not been found
to own properties like the anatase (001) surface. Therefore, the extraordinary
adsorption characteristics may originate from the structure of the anatase (001)
surface and the hydrogen bond interactions between adsorbates and surface O. In
order to validate our conjectures, we also performed DFT calculations of H>O and

H>S adsorption.

In Figure 8, the structures of H>S and H»O at different coverages are shown.
Similar to NH3, the H>S adsorption has not caused the Ti-O bond breaking at 1/4 ML
coverage. Nevertheless, the difference is that HoS tends to dissociate directly at 1/16
ML coverage. We conclude that HoS is more reactive than NH3 on this surface. The
adsorption of H>O is different from NH3 and H>S adsorption, and it tends to dissociate
at the three coverages. The surface relaxation with Ti-O bond breaking can even be
observed at 1/4 ML coverage. The adsorbate dissociates into proton and anion, just
like H>O dissociates to OH™ and H* on the surface. The difference between these three
molecules can be simply explained by the basicity of dissociative anion and surface
oxygens, as proton tends to bind with a stronger base [70]. Dissociative adsorption of
water molecules can be explained because the surface oxygen is a stronger base than
OH'". As a result, OH is less reactive and cannot attract a proton adsorbed on surface
oxygens to reform a water molecule. By contrast, NH>™ being a stronger base than
surface oxygens explains the molecular adsorption. In addition, the HS™ basicity is
comparable to the basicity of surface oxygens so molecular or dissociative adsorption
of H»S is determined by coverage. These DFT calculations proved our assumption
that the strong hydrogen bond interactions between adsorbates and surface O are

required to break Ti-O bonds on the anatase (001) surface.
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Figure 8. Optimized structures of H»S at1/4 (a), 1/9 (b) and 1/16 (c) ML coverage, and
H>O at 1/4 (d), 1/9 (e) and 1/16 (f) ML coverage. White, gray, red, and yellow spheres

represent H, Ti, O, and S atoms, correspondingly.

4. CONCLUSION

In conclusion, our DFT calculations revealed coverage-dependent mechanisms
of ammonia adsorption on the anatase (001) surface. The large displacement of
underlying O atoms and surface Ti-O bonds breaking affects adsorption energies
significantly. Similar structure relaxation is also found for H>O and H>S adsorption.
These peculiar adsorption mechanisms are induced by specific reactivity of the
anatase surface and by the strong hydrogen bond of adsorbates with the surface. In
addition, the structure differences at 1/4 and 4/16 ML coverage revealed that a small
cell fails to reproduce the surface relaxation. We also performed ab initio molecular
dynamics simulations at 300 and 400 K. Complete cleavage and chemisorption
structures are not stable at 8/16 ML coverage. They convert spontaneously to form a
chemisorption and cleavage mixture. The chemisorption structure at full coverage is
also unstable at room temperature. Moreover, the final structure depends on
temperature, unlike at lower coverage. Our calculations challenge the traditional

theory of chemical bonds because the strong hydrogen bond effects cause chemical
19



bond breaking. More experiments and theoretical researches are needed to gain a clear

idea of the peculiar properties of adsorption on this type of surface.
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