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Phenol near Ni(111), Ni(110), and Ni(221) surfaces in a vertical ring geometry: A density
functional study of the oxygen-surface bonding and O-H cleavage
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Existing experimental studies of phenol on Ni(111) surfaces show no direct evidence for the formation of an
oxygen-surface bond and O-H cleavage. Such processes are known for other transition metals [e.g., Pt(111) and
Rh(111)] or other surface structures such as Ni(110). For this reason, we investigate the structure and energet-
ics of a possible oxygen-surface bond and O-H cleavage for a phenol molecule interacting with a (close-
packed) Ni(111) surface. In order to clarify the surface-molecule interaction, we make a comparison with
different Ni surfaces, namely, the (110) and the (221)-step surfaces. By using a density functional theory
approach, we find interesting agreement with experiments.
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I. INTRODUCTION

Phenol adsorption on metal surfaces is a topic of high
interest for its relevance in catalytic processes; despite its
importance, only few ab initio studies are available.'> Nowa-
days, due to the growing interest toward organic and/or in-
organic interfaces, the relevance of phenol and/or metal in-
teraction starts to expand beyond the scope of catalysis
problems and to cover aspects related to different fields span-
ning from material science to biophysics and biotechnology.
For example, such a system played the central role in mod-
eling the adsorption of polymers, containing phenolic sub-
units, interacting with a metal surface.> As for benzene,®3
we have previously found* that phenol strongly interacts
with the d electrons of the Ni(111) surface via its 7 orbitals.
The maximum adsorption energy (i.e., the most stable con-
figuration) was equal to —0.9 eV, with the center of mass
located at the bridge site and the carbon ring lying flat on the
surface. In Ref. 4, however, the attention was focused mainly
on molecule-surface configurations which could mimic the
adsorption of a phenolic chain end of polycarbonate on the
surface; thus, that study did not require the analysis of bonds
formed via the oxygen lone pairs nor of the possibility of
O-H bond breaking. This latter aspect is actually particularly
relevant for Ni(111); in fact, while for Rh(111) and Pt(111)
experimental results clearly show that the phenol binds to the
surface via the oxygen atom in a tilted or perpendicular
geometry,”!? for Ni(111) there is no such evidence. In a par-
ticular experiment,!' the interaction of phenol with the
Ni(111) surface was studied with temperature-programed re-
action, reflection-adsorption infrared spectroscopy (RAIS),
and Auger electron spectroscopy. The RAIS technique was
particularly useful in determining the correct bonding con-
figuration; no signals in the RAIS spectrum corresponding to
vibrations of the tilted ring were detected and this result led
to the conclusion that the molecule must be bound with the
ring parallel to the surface. Despite the high relevance of
such a result, to our knowledge, there were no complemen-
tary theoretical studies which may support such conclusions.
In Ref. 9, it was suggested that the mechanism of O-H cleav-
age should be as sketched in Fig. 1: first, the phenol forms a
bond with the surface via the oxygen lone pair electrons, and
subsequently, the O-H bond is broken. Our study is meant to
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be complementary to our previous work,* which partially
supports the experimental results of Ref. 11 regarding the
parallel adsorption geometry via the 7 orbitals. In particular,
we want to investigate in detail whether or not a bond be-
tween the surface and the oxygen can form and the bond
breaking can occur via the mechanism suggested in Fig. 1.
Since for the Ni(110) surface, there are experimental evi-
dences of the O-H cleavage,'? here we study also the adsorp-
tion and dissociation of phenol, again limited to the vertical
ring orientation, onto the Ni(110) surface. Furthermore, in
order to characterize the electronic properties of the
molecule-metal bond, we include the study of the phenol
adsorption onto a third surface, the Ni(221) step, as a repre-
sentative of “open” metal surfaces.

II. COMPUTATIONAL DETAILS

We perform geometry optimizations using the pseudopo-
tential based code CPMD (Ref. 13) in the free energy func-
tional (FEMD) version.'* In this method, the electron density
and the Hellman-Feynman forces are determined via a sub-
space diagonalization of high-temperature electron-density
matrix. We expanded the subspace in a plane-wave basis set
with a cutoff of 60 Ry. Besides the adsorbing phenol, our
systems consist of (a) a Ni(111) surface modeled using a
(3 3) unit cell and four layers, (b) a Ni(110) surface repre-
sented by a (3X3) unit cell and four layers, and (c) a
Ni(221) surface modeled as a (1X3) unit cell and three
(I11) layers. We employ a 3X3X 1, 2X3X1, and 4 X4
X1 k-point mesh in the Monkhorst-Pack scheme for the
(111), (110), and (221) cases, respectively. The cell dimen-
sion in the z direction is 20 A, which ensures that the thick-
ness of the vacuum between the molecule and the bottom
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FIG. 1. Possible mechanism of adsorption for phenol on a tran-
sition metal. (i) A strong bond between the oxygen and the surface
is formed; (ii) the O-H bond is broken and the hydrogen adsorbs.
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FIG. 2. (Color online) Top view of the the two main molecular
orientations (in-plane orientations) in the plane of the Ni(111) sur-
face with the oxygen (represented by the biggest sphere) located at
each of the three high-symmetry sites.

layer of the image slab of nickel is at least 9—10 A. We use
a Troullier-Martins pseudopotential for oxygen and carbon,'
a local one for hydrogen,'¢ and the one developed by Lee for
nickel.'” The PBE generalized gradient approximation is
applied.'® The computational setup reported above was ex-
tensively tested in our previous work;?>>?® the maximum er-
ror on adsorption energies is estimated to be of 0.05 eV.
During the optimizations, the bottom two layers of the sur-
face were kept fixed for the (111) case, while all atomic
coordinates were relaxed for the (110) and (221) cases.

III. RESULTS AND DISCUSSION
A. Ni(111) surface

Since we are interested in studying the possibility of a
molecule-surface bond via the oxygen lone pairs and since
the geometry with the carbonic ring parallel to the surface
was already extensively studied in Ref. 4, here we look at
vertical and tilted ring geometries (out-of-plane orientation)
with the oxygen pointing to the surface. For both geometries,
at each surface high-symmetry site, we consider the main
molecular orientations in the plane parallel to the surface
(in-plane orientation, i.e., the orientation of the projection of
the carbon ring on a plane parallel to the surface, see Fig. 2).
Each of these configurations was taken as initial input for a
geometry optimization, and for each optimized structure, the
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adsorption energy was calculated as E,q,=Efacerphenol
= Egurface= Ephenot» Where all energies correspond to relaxed
geometries. The whole structure was considered converged
when the maximum component of the atomic forces fell be-
low the value of 2X 10~* a.u. On the (111) surface, regard-
less of the initial in-plane molecular orientation and the lo-
cation of the adsorption site, the tilted geometries tend to
align parallel to the surface and eventually end up in con-
figurations such as those found in Ref. 4. For the vertical
geometries, no strong binding to the surface is found, the
molecule stays vertical, and the most stable configuration
corresponds (see Table I) to the oxygen located atop on a Ni
atom, i.e., the configurations labeled as atop-a and atop-b in
Fig. 2 (the difference of —0.04 eV in adsorption energy be-
tween them is negligible at our accuracy level). The atop
nickel atom is lifted by 0.14 A (atop-a) and 0.07 A (atop-b)
with respect to the average position of the top layer. The
other four configurations either have nearly null adsorption
energy (bridge-a and hollow-a) or are not bonding (bridge-b
and hollow-b). The adsorption energy for the most stable
configuration would not be high enough to justify the possi-
bility of a mechanism such as that of Fig. 1, since a small
thermal energy would be sufficient to tilt the molecule and
drive it toward the flat high-energy configurations of Ref. 4.
In order to check whether there is an energy barrier which
hinders the phenol from finding a more adsorbing configura-
tion with the oxygen closer to the surface, we studied the
dependence of the adsorption energy on the distance of the
oxygen from the surface. We started from the most stable
configuration and adiabatically moved the molecule toward
the surface. At each step, the z coordinate of the oxygen was
kept fixed while the rest of the system was allowed to relax.
The optimized geometry of each step was used as an input
for the next step, with the molecule shifted by 0.1 A toward
the surface. The adsorption energy increases monotonically
up to the nonbonding value of 0.16 eV; thus, no evidence for
the existence of any barrier was found. A further check con-
sisted in locating the molecule above the surface in such a
way that the oxygen-surface distance was below 2.0 A (char-
acteristic O—metal bond distance, see, e.g., Ref. 19) and then
allowing the system to relax without constraints; also, in this
case, the system ends up in the minimum reported before. On

TABLE I. Adsorption energy (in eV) and structural data for the adsorption configurations of phenol (in its
vertical ring orientation) onto the three Ni surfaces. The height of the oxygen atom above the surface (4q) is
calculated as hg=zp—2Zn;, Where zg is the z coordinate of the O atom and Zy; is the average z coordinate of
the top layer of the Ni surface. The quantity dg_y; is the distance between the oxygen atom and the closest Ni
atom. Both these distances are expressed in A. The total number of displaced electrons Q and the squared
charge displacement Q are defined in text and are expressed in elementary charge (e) units.

Surface Site Egs ho do i 0 0?

(111) Atop-a -0.14 2.38 2.27 0.58 0.030
Atop-b -0.10 2.39 2.33

(221) Atop -0.32 2.08 2.14 0.69 0.037
Bridge -0.26 2.11 2.29

(110) Atop -0.35 2.16 2.14 0.75 0.041
Bridge -0.26 2.15 2.45
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the basis of such results, one can conclude that the O-H
cleavage, as suggested in Fig. 1, is unlikely to happen. We
further support this conclusion by additional calculations.
First, we studied the effect of pulling away the hydroxy pro-
ton and let the system relax without constraints. We found
that up to a stretch of about 60%—-70% of the O-H equilib-
rium distance, the optimization returns to the initial configu-
ration; only for a stretch larger than 70%, the bond is defini-
tively broken and the hydrogen adsorbs onto the surface, but
the barrier for this reaction is much higher than the small
adsorption energy of phenol. In fact, by also doing an adia-
batic stretch of 0.1 A per step and fixing at each step the O-H
distance with a 0.05 A tolerance, we find a barrier for the
dissociation of nearly 2.0 eV. On the basis of these results,
we conclude that the interaction between phenol and the
Ni(111) surface via the oxygen atom is so small that the O-H
cleavage is unlikely to happen.

B. Ni(110) surface

The case of the Ni(110) surface is different. For this and
the step surface, we did not optimize the system starting
from all the possible configurations. Knowing that hydrogen,
bonded in molecules to other atoms, is generally repelled by
metal surfaces, we selected as initial configurations those
that allow the molecule a certain freedom to keep the hydro-
gen as far as possible from the surface atoms. For the (110)
surface, this criterion is matched by aligning the trace of the
ring projected onto the (110) plane along the [001] direction,
i.e., perpendicular to the “edge.” We also find that in this
case, the most adsorbing configuration is that of the atop,
with E,4,=-0.35 eV, while the bridge site has a slightly
lower value in magnitude (—0.26 eV). In the adsorption, the
nickel surface undergoes a mild reconstruction, with the atop
atom lifted by 0.06 A from the layer average position; we
also note that the atop atom in the third layer is lifted from
the average position by 0.06 A. From the equilibrium ad-
sorbed configuration, we also studied the effect of pulling the
hydrogen apart from the oxygen. In this case, we find a con-
formation with phenoxide still bound, via oxygen, at the atop
site, while the hydrogen binds to the hollow site, with a total
adsorption energy of the system of —0.25 eV; interestingly,
we find the relatively small barrier of 0.7 eV for the O-H
cleavage. This suggests that, in contrast with the (111) case,
the cleavage is at least in competition with the desorption at
finite temperature. The cleavage might be more favorable
than that indicated by the values we find; in fact, the final
state could be more stable than our —0.25 eV if hydrogen
penetrates further into the open surface or binds to another
dissociated hydrogen coming from a neighboring phenol
molecule, to give molecular hydrogen. Furthermore, the
simple way we estimated the barrier does not prevent the
barrier from being lower than the value we find if more com-
plicated mechanisms are available. We can conclude that, in
sharp contrast with the (111) surface, for the (110) the disso-
ciated state is at worst of comparable energy with the non-
dissociated one, while the reaction barrier is not higher than
0.7 eV. This observation is consistent with the experimental
findings of Ref. 12.
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FIG. 3. (Color online) Electron-density displacement for the
most adsorbing configuration of phenol onto a Ni (111) (top), (221)-
step (center), and (110) (bottom) surface, for the vertical ring ori-
entation. Only two of the four (111) planes used for the calculation
are displayed. For the (110) and (221) cases, all the planes are
displayed. For the (221) surface, only the metal atoms are periodi-
cally replicated to help visualize the step structure. The accumula-
tion (depletion) zones are displayed by means of light (dark) col-
ored isosurfaces at the level 0.02 e/A3.

C. Ni(221) surface

For the (221)-step surface, similarly to the (110) case, we
studied only configurations with the trace of the phenol ring
initially perpendicular to the step edge. We find the atop
configuration to be the most adsorbing with E,4,=-0.32 eV,
but the adsorption energy for the bridge site has the very

113403-3



BRIEF REPORTS

close value of —0.26 €V, i.e., at the limit of discrimination
for our setup. Practically, the two adsorbing sites can be con-
sidered as equivalent. In the atop binding, the atop nickel
atom is lifted by 0.05 A with respect to the other two atoms
constituting the unit edge.

D. Electronic properties

In Fig. 3, we show, for the most adsorbing configuration
at each surface, the electron-density difference Ap(r). This
quantity is calculated by subtracting the electron densities of
the isolated phenol and of the surface from the electron den-
sity of the adsorbed system. The O-Ni,,, bond always has
the same features on the three different surfaces. This is seen
by looking at the space distribution of the accumulation and
depletion electron-density zones in all the cases. The pres-
ence of a covalent bonding is marked by the accumulation
region midway between oxygen and the atop nickel. Consid-
ering that the scales and the isosurface levels are exactly the
same in the three panels, one can graphically note that the
O-Ni bond is weaker on the (111) than on the other two
surfaces. We also note that on the (111) surface, the polar-
ization of the metal atom is largely confined to the six top
layer neighbors of the atop atom, with a small fraction of
polarization found around the three second layer neighbors
of the atop atom. In contrast, for the (221) and (110), the
polarization penetrates deep into the metal, suggesting a
tighter binding with the metal layers. We define the number
of transferred electrons as Q=(1/2) [dr|Ap(r)|, and the
squared charge displacement as Q%=(1/2){[dAp(F)]*}">.
The latter quantity assigns more weight to the larger
electron-density displacement, giving higher signature for
more localized electron-density displacement. The calculated
values for Q and Q7 are in Table 1. The trend of values for O
and Q? follows the magnitude of the adsorption energy; thus,
the more bonded is the surface, the larger is the number of
displaced electrons (Q) and the more localized (see Q?) is the
electron density.

E. Comparison to flat configurations

In vertical geometry, chemical intuition may suggest that
phenol binds on the (111) surface via the formation of a
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relatively stable O-Me bond. We have shown that this is not
the case for the (111) surface, but indeed it is the case for the
more opened surfaces. The consequences are thus the follow-
ing: on the (111) surface, “vertical ring” phenol indeed binds,
via O-Ni bond, but the energy is small compared to thermal
fluctuations. Thus, at any coverage, the only observable ad-
sorption geometry would be the one studied in Ref. 4; this
confirms the interpretation of the experiment reported in Ref.
9, which was still suffering from the lack of a theoretical
counterpart. Our results lead to a further relevant point: on
both the (110) and the step surface, the adsorption energy is
strong compared to thermal fluctuations, while one may ex-
pect a much stronger bonding for the flat configuration also
on these surfaces (see Ref. 6 for a rather similar molecule
such as benzene). The vertical configuration might become
competitive at high coverage, suggesting also the formation
of a dense brush phase when phenol is a polymer chain end.

IV. CONCLUSIONS

We have presented a density functional study of the ad-
sorption of phenol onto Ni(111), Ni(110), and Ni(221)-step
surfaces, with phenol limited to its tilted and vertical ring
orientations. This work is complementary to the study lim-
ited to the flat ring orientation presented in Ref. 4; here, we
address the topic of the O-H cleavage after adsorption both
on Ni(111) and Ni(110). Consistently with experimental ob-
servations, we find a mild adsorption (E,4=-0.14 eV) of
(vertical ring) phenol onto the atop site and an impracticably
high barrier for the cleavage, and we find a stronger adsorp-
tion (E,4,=—0.35eV) onto the Ni(110) surface and a rela-
tively small activation barrier for the cleavage. On the (221)-
step surface, we find an adsorption (E,4=—0.32¢eV) of
strength practically equal to the (110) case. By means of
electron-density displacement maps, we show a systematic
comparison of the phenol bonding onto the three nickel sur-
faces, finding a clear trend of the covalent character of the
bond that reflects on the trend in adsorption energies.
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