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Abstract
A variety of OH containing molecules in their different modes of adsorption onto the rutile
TiO,(110) are studied by means of density functional theory. A special focus is given to
ethanol, ethylene glycol and glycerol. The different species were analyzed with respect to the
adsorption energy, work function, and atomic Bader charges. Our results show that dissociated
adsorption is favored in all cases. Within these modes, the strongest binding is observed in the
case of bidentate fully dissociated adsorption, followed by bidentate partially dissociated then
the monodentate dissociated modes. The dependence is also noted upon charge transfer
analysis. Species adsorbing with two dissociated OH groups show a negative charge which is
roughly twice as large compared to those exhibiting only one dissociated group. In the case of
molecular adsorption, we find a small positive charge on the adsorbate. The change in work
functions obtained is found to be negative in all studied cases. We observe a trend of the work
function change being more negative for glycerol (3 OH groups) followed by ethylene glycol
(2 OH groups) and the remaining alcohols (1 OH group), thus indicating that the number of
OH groups present is an important factor in regards to work function changes. For the
complete series of adsorbates studied (methanol, ethanol, isopropanol, ethylene glycol,
glycerol, hydrogen peroxide and formic acid) there is a linear relationship between the change
in the work function and the adsorption energy for the molecular adsorption mode. The
relationship is less pronounced for the dissociated adsorption mode for the same series.
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1. Introduction

The nature of interaction of adsorbates with metal oxides is
behind most chemical reactions in nature. The interaction is
dominated by both structural and electronic properties of the
reactive system (surface/adsorbate). This has attracted a non-
negligible work in order to obtain data relevant to understand-
ing many fundamental aspects and concepts including adsorp-
tion energy, changes in the work function as well as dipole
moments, electronic redistribution and hybridization, surface
relaxation, shifts of the Fermi level and bands edges, among
others. TiO,, and in particular the (110) surface of rutile TiO,,
is the most understood metal oxide surface and therefore serves
as a prototype for surface interactions and reactions. This
understanding is in part a consequence of its stability in ambi-
ent conditions, its non-toxicity, and its use in a large number of
thermal, photon, and electron driven chemical reactions [1-7].
Finding trends within a family of compounds can provide
information related to shift in selectivity of catalytic reac-
tions such as acetylene hydrogenation to ethylene [8], sur-
face poisoning by undesired adsorbates, such as in CO on Pt
electrodes [9] or accumulation of non-reactive intermediates
that may or may not protect surfaces [10] or enhance cat-
alytic reactions such as in ethylene epoxidation [11]. It can
also help in designing the needed surfaces because of the elec-
tronic and structural changes imposed on them upon adsorp-
tion [12]. While there is a large body of work on the interaction
of many different surfaces with a given chemical [13], less
work has focused on the effect of the nature of a given sur-
face on the interaction of a large family of adsorbates [14].
There are however common trends and observations that were
obtained using both approaches. Focusing on computational
results, over TiO,(110), in general dissociative adsorption of
linear alcohols is more favored than molecular adsorption at
least in the case of ethanol [15, 16] whereas methanol molec-
ular and dissociative adsorptions are largely iso-energetic and
evidence points out to the presence of both on the surface at
300 K [17, 18]. While iso-propanol adsorption on TiO,(110)
has been studied experimentally in good details [19, 20] on the
rutile TiO,(110) we are aware of only one reported PW-density
functional theory (DFT) study [21] in which the results tend to
agree with the observed relative instability of the molecular
form when compared to the dissociative one. This observa-
tion has indeed some implications on photo-catalytic reac-
tions. It was observed computationally that the dissociated
[15, 16, 22] form has the potential to inject electrons into
the valence band (VB) (hole trapping) of TiO, because it is
much closer to its energy level (mainly composed of O2p). On
the contrary, the molecularly adsorbed form has its HOMO
further away (lower in energy) and therefore may not inject
electrons into the VB [23, 24]. Also, in general the adsorp-
tion of oxygen containing compounds (and by analogy their
N and S homologues) results in a decrease of the work func-
tion and dipole moment of the surface [25-28]. Linked to
that are changes in the band gap positions and in particular
the conduction band (CB) minimum [29]. Adsorbates struc-
tures also changes their properties (coverage effect and change
in dipole moment among others) [30—32]; probably the most

known example for organic adsorbates is the 2 x 1 structure of
carboxylates on rutile TiO,(110) surface (maximum coverage
is 0.5 ML with respect to five-fold coordinated Ti*t cations)
[33, 34]. The adsorbate system becomes more complex
when the molecule in question contains more than one
heteroatom such as in ethanolamine (NH,—-CH,CH,—OH)
[35], more than one functional group, such as in glycerol
(OH-CH(OH)CH,-OH) [36] or different functional groups
such as in acrolein (CH, = CHCH = O) [37]. In these
cases, adsorption modes and consequently their effects on the
electronic structure are largely dominated by the nature of
secondary interactions.

In this work, we have investigated in particular three
OH containing molecules in their different modes of
adsorption. These are ethanol (CH3CH,OH), ethylene gly-
col (OH-CH,CH,-OH), and glycerol (OH-CH,CH(OH)
CH,—OH). We have also studied a number of molecules
outside this family for comparison, these include methanol
(to compare with ethanol as it does not have a C—C bond),
iso-propanol (a homologue to glycerol, missing the two
terminal —OH groups) and H,O, which has a stable bridging
adsorption mode [16] but is non-carbon containing compound.
To conduct the work, we have used DFT-GGA-PBE because
it performs reasonably well for surface adsorbates structures
on stoichiometric TiO, even if the band edges are narrowed
when compared to experimental ones by up to 1.5 eV [38].
We have however, also employed DFT + U (U = 4.2 eV) and
the hybrid method ((«¢DFT-GGA + (1 — «) HF), a (mixing
parameter) = 0.25.) as implemented in HSE-06 (for compar-
ison in certain cases). Adsorption energy, work function, and
atomic Bader charge analysis were studied.

2. Methodology

DFT calculations using the Vienna Ab initio Simulation
Package (VASP) [39] and the PAW method [40] with the
Perdew—Burke—Ernzerhof generalized-gradient approxima-
tion (PBE-GGA) functional [41] were employed. All struc-
tures were relaxed until the total energy converges to within
1076 eV during the self-consistent loop, with forces con-
verged to 0.01 eV A~!, while employing the Methfessel-
Paxton method with a smearing of 0.02 eV width. The
energy cut-off and Monkhorst Pack mesh [42] were tested
employing the actual cell dimension determined to be feasible
(see below) for this study. Test calculations show that an
increase from 500 eV to 550 eV or a denser k-mesh,
2 x 2 x 1vs3 x 3 x 1 did not change the total energy
within 0.01 eV. Thus, the Brillouin zone was sampled with
a2 x 2 x 1 Monkhorst Pack mesh and an energy cut-off of
500 eV was used for all calculations. Van der Waals interac-
tions were accounted for by means of the Grimme (D2) scheme
where a correction term is added to the calculation [43].
More sophisticated dispersion correction methods as recently
discussed by Rehak et al [44] show no or only marginal
improvement for molecules adsorbing onto metal oxide sur-
faces. The valence electron configuration for each atom con-
sidered is 0:2s2p*, Ti: 2p®3d34s' (3d*4s! in case of structural
relaxation), C:2s?2p® and H:1s'.
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Figure 1. (A) DFT-PBE computed structures, adsorption energies and adsorbate charges of ethanol, ethylene glycol and glycerol, in differ-
ent configurations, over the rutile TiO,(110) surface. MM represents monodentate molecular, MD monodentate dissociated, BD bidentate
dissociated, BPD bidentate partially dissociated while EM represents the edge monodentate. (B) DFT-PBE computed structures, adsorption
energies and adsorbate charges of methanol, isopropanol and hydrogen peroxide, in different configurations, over the rutile TiO,(110) sur-
face. MM represents monodentate molecular, MD monodentate dissociated, BD bidentate dissociated and BPD represents bidentate partially
dissociated. Please note, each mode of adsorption shown was obtained by creating the respective structure manually which was then further

optimized.

The work function is calculated by subtraction of the Fermi
energy obtained in the OUTCAR file from the vacuum ref-
erence potential (mid-point) that was obtained by employing
the p4vasp software. The charge on each atom was computed
employing the Bader charge analysis [45].

Bulk TiO, was cut along the 110 direction at a thickness of 5
stoichiometric layers adding a 22 A vacuum layer to create the
TiO,(110) surface. In the following, lattice parameters were

optimized to a = 2.964 A and b = 6.569 A. The adsorption of
the investigated molecules was studied initially at the
2 x 1 supercell to reduce the computational cost, while
finial optimization took place at a 4 x 2 super cell with
dimensions of a = 11.857 A and b = 13.137 A. Test cal-
culations, employing all investigated molecules, shows that
further increasing the dimension from those of the 4 x 2
super cell to a = 15.000 A and b = 20.000 A does not change
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Figure 2. (A) DFT-PBE computed adsorption energies and adsorbate charges for the series containing one, two and three hydroxyl groups
over the rutile TiO,(110) surface. (B) Charge of the adsorbed species in their molecular, partially dissociated and fully dissociated

configurations.

the total energy of the isolated molecules (e.g. in case of
ethanol it remains at —46.97 eV).

The following molecules were adsorbed to the TiO,(110):
methanol, ethanol, isopropanol, glycerol, ethylene glycol,
formic acid and hydrogen peroxide. All species were adsorbed
with the O of the OH group facing a fivefold coordi-
nated surface Ti atom. In case of dissociative adsorption,
the H being split off was placed within 1 A of the nearest
neighbor twofold coordinated O atom. Adsorption geome-
tries investigated included the monodentate molecular (MM)
and monodentate dissociated (MD) arrangement in all cases,
while some species were also studied in a bidentate dis-
sociated (BD) and bidentate partially dissociated (BPD)
fashion.

The adsorption energy is defined as

ey

Eus = Eads+T102 - (EM + Ebare TiOz)

where ads is an abbreviation for adsorbate and M for the free
molecule. The coverage of the 4 x 2 surface that contains
8 Tis. is 1/8 for a monodentate adsorption and 1/4 for a
bidentate mode.

3. Results

Figure S1 (https://stacks.iop.org/JPCM/34/154002/mmedia)
presents the surface of the rutile TiO,(110) and the corre-
sponding Bader charges on Ti and O atoms computed by
means of DFT, DFT + U (4.2 eV) [46] and HSE06. Although
each method has its shortcomings regarding the charge anal-
yses, yet the trend is in line with expectation and previous
work [47, 48]. Bridging oxygen atoms have a slightly less
negative charge (—1le) than the in-plane three-fold oxygen
atoms (—1.1e). Probably the coordination number is the rea-
son for this, since the in-plane oxygen atoms are in contact
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Figure 3. (A) Computed work function changes for the series of adsorbates containing one, two or three hydroxyl groups over the surface of

rutile TiO,(110) using different methods. Blue (solid) for DFT-PBE,

Red for DFT + U and Green for HSE-06. The horizontal lines are the

average work function change for all modes of adsorption using the three methods. (B) Ionization potential and relative polarity for the
series of adsorbates considered in (A) (there are no reported experimental ionization energy for glycerol). (C) Computed redox potential of a
series of organic compounds with respect to normal hydrogen electrode [57], HT/1/2H,, also shown are the valence and CBs of TiO,.

with three Ti cations while the bridging oxygen atoms are in
contact with two Ti cations. No difference is seen between
the five- and six-fold coordinated surface Ti cations (+2.3¢)
and no difference is seen between Ti atoms in the second and
first layers. It seems however, that charges are slightly more
localized moving from DFT-GGA to DFT + U to HSE-06.
To gauge the modes of adsorption, adsorption energy, and
adsorbate charges we have compared those of ethanol, ethy-

lene glycol, and glycerol. The adsorption of oxygen containing
compounds, such as alcohols, on stoichiometric metal oxides
in general is largely governed by an acid-base type of inter-
action in which no electron transfer occurs. In this case the
interaction is dominated by the electron density around the
oxygen atom (the Lewis base site) and empty electronic states
of the metal cation of the surface (the Lewis acid site of the
surface) [15, 49, 50]. This in its simplest form leads to a molec-
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Figure 4. A plot of computed (DFT-PBE) changes in the work function versus the adsorption energy for the series of compounds studied in
the different molecular and dissociative adsorption modes; the lines are linear regressions.

ular mode of interaction. All other type of interaction would
be very weak. Also, in general the structure is dominated by
the shape of the HOMO orbitals of the adsorbed molecule and
empty orbitals (states) of the surface atoms (metal cations)
[51] and the repulsive nature of the alkyl chain of the adsor-
bate with the surface. This leads to upright or titled configu-
rations [52]. The three molecules have the hydroxyl groups in
common that may dissociate upon adsorption. The presence of
multiple hydroxyls allows for bridged configurations in addi-

tion which can be dissociative or non-dissociative. Figure 1
presents the different modes of adsorption for these three com-
pounds. Ethanol adsorbed in the molecular form has an energy
of —1.43 eV while its dissociative mode is slightly more
stable (—1.6 eV). The Bader charge analysis indicates that
the molecular mode has a small positive charge which might
be due to some loss associated to the O2p interaction with
the empty d orbitals of the five-fold coordinated Ti** cations
(Tisc). A slight decrease in the charge of similar molecules has
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also been observed by others [53, 54]. The dissociated mode on
the contrary is negatively charged due to the loss of the proton
(to protonate the bridging oxygen atom). The molecular
adsorption of ethylene glycol is similar to that of ethanol,
albeit the adsorption energy is slightly higher (—1.55 eV)
and its dissociative mode (in a monodentate structure) is con-
siderably more stable (—1.92 eV). The bidentate modes of
adsorption were also investigated. The partially dissociated
one has a higher adsorption energy (—2.35 eV) and the fully
dissociated bidentate mode was further stabilized (adsorption
energy = —2.60 eV). Like ethanol the molecular adsorption
resulted in a marginal change of the Bader charge. The par-
tially dissociated modes were both negatively charged (up to
—0.4¢) and the fully dissociated mode was twice as much
charged (—0.87¢). The different modes of adsorption of glyc-
erol are also presented in figure 1. Like ethylene glycol, the
molecular mode showed the weakest adsorption energy (about
—1.75 eV) with negligible changes in the charge. The adsorp-
tion via the terminal or central —OH group (MM vs EM
mode) showed virtually no change in both adsorption energy or
charge. The bidentate modes were more stable. The most stable
mode was the fully dissociated one with the highest adsorption
energy found to be equal to —2.68 eV and the charge (—0.91¢)
was very close to that observed for ethylene glycol (—0.87¢).
For a given compound, the distance between the oxygen of
the adsorbate and Tis. tracks the adsorption energy with the
shortest distance found for the most stable modes of adsorp-
tion, table S1. For example, in the case of ethylene glycol the
Ti—O distance was 2.13 and 1.81 A for the molecular and fully
dissociated modes, respectively.

To determine any possible trends, the computed adsorption
energies and charges for all modes investigated are presented
in figures 2(A) and (B). The increasing adsorption energy from
ethanol to glycerol is mostly determined by the overall elec-
tronic structure of the molecule and is not connected to the
charge. The main contribution of the charge is the dissocia-
tive versus molecular adsorption with the former appearing
to be additive; the dissociative bidentate mode has a charge
twice as large as the monodentate dissociative mode of adsorp-
tion. The main reason is the loss of the protons, which also
explains the almost identical charges comparing the MD and
BPD cases. In these, only one OH group dissociates. The Ti—O
bond length also does not give a general trend indication about
the magnitude of the adsorption energy; with the exception
of the molecular versus dissociative interaction as indicated
above. For example, the Ti—O bond length of dissociatively
adsorbed ethanol is very close to that of the bidentate glyc-
erol in a dissociative mode yet the adsorption energy differ-
ence is about 1 eV (see table S1). Further we have investigated
methanol, isopropanol and hydrogen peroxide. We have cho-
sen to study methanol due to its similarities with ethanol and
isopropanol because it is structurally homologous to glycerol
except that the two terminal -OH groups are absent. We have
previously studied H,O, in its different modes and it is here
studied to determine similarities, albeit non-carbon containing
compound, with regards to the bidentate structural effect [16].
Figure 1(B) presents the structural modes, adsorption energies
and charges for these three molecules. The trends observed for

these species are all in line with respect to the three alcohols
studied earlier. We find the bidentate mode the most stable,
with the dissociated monodentate preferred over the molecu-
lar mode. The charges also reflect the earlier noted trends of
(1) a slightly positive charge of the adsorbate in case of molec-
ular adsorption (ii) all dissociated modes show a notable neg-
ative charge (iii) and a roughly doubling of the charge moving
from the fully dissociated monodentate mode to the bidentate
adsorption mode.

The extraction of the work function changes upon adsorp-
tion was conducted next. The work function changes were
computed using the three methods mentioned earlier to deter-
mine possible variations. To do this we have minimized the
structure using DFT-PBE then applied DFT + U and HSE06
on these structures without further minimization. In doing so
we may see the effect of the method on the same structure.
Figure 3 presents the results of the series of alcohols, ethy-
lene glycol, and glycerol. Changes in the work functions are,
as expected, negative since all molecules are electron donating.
The magnitude of the work function changes with the method
used, yet they seem to be in line with the overall properties of
the adsorbates. Three main observations can be extracted from
these results. The first observation is that glycerol induces the
highest effect on the work function followed by ethylene gly-
col then by the alcohols, which indicates a relation between
the work function and the number of OH groups present. The
higher the number of OH groups the more negative is the
change in work function. The second observation is that the
mode of adsorption has a small effect on changes in work func-
tion, this extends further into the dissociative versus molecu-
lar mode where no particular effect is seen. Considering that
changes in the atomic structure of TiO, between a dissocia-
tive and non-dissociative mode are very small, then most of
the work function change would be related to the adsorbate
itself and in this case, there is no a priori reason why a molec-
ular adsorption mode would affect the work function differ-
ently compared to a dissociative mode. The third observation
is related to the method used. While DFT-PBE and HSEO06
gave mostly the same results, DFT + U deviated considerably.
The lack of differences between DFT-PBE and HSE06, may be
expected upon closer inspections of both methods because sto-
ichiometric TiO, does not have d electrons, which is the main
reason why HF is introduced into the semi-local PBF func-
tional [55]. In HSE, and in order to avoid difficult convergence
problems due to long-range HF exchange, a screened Coulomb
potential (1/r) is introduced (only affecting the exchange
part of the exchange correlation potential). This exchange
part is arbitrary decomposed into long-range and short-
range contributions. The following equation introduces the
exchange correlation HSE functional: EISE = oEHFSR () +
(1 — o) EPBESR 4 pPBELR | pPBELR. with SR and LR being
the short- and long-range contributions of the Coulomb inter-
action, ! = SR + LR = 1=etlen) 4 eflln) -y (mixing param-
eter) and w (screen parameter) are empirically derived as
0.25 and 0.21 A~', respectively and EMSE, EHSE EHSE are
the exchange—correlation, exchange and correlation energies
respectively. It is to be noted that the long-range interaction
of the HF is not included and when w goes to infinity HSE



J. Phys.: Condens. Matter 34 (2022) 154002

C Rohmann and H Idriss

becomes PBE (the erf(wr) — 1) [56]. In other words, prob-
ably a non-negligible effect of the changes induced by these
OH groups of the organic adsorbate are of a long range. As
this is not considered in the mixing, the use of HSEO6 in this
case may not be needed, or at least does not affect the overall
electronic interaction. Another point to mention (and unlike
in the case of the PBE and HSE06 methods), the magnitude
of deviation when employing DFT + U seems to be related
to the number of OH groups in the molecules. In this case the
work function changes appear to be directly linked to the num-
ber of OH groups (the center of the electron donating in the
adsorbates). While the three methods performed similarly in
the case of glycerol, changes investigated by DFT + U were
smaller in the case of ethylene glycol and became consider-
ably smaller for all alcohols investigated. In other words, the
presence of more hydroxyl groups was more tracked using
DFT + U.

We are not aware of any systematic experimental studies
conducting work function measurements for the series investi-
gated and therefore it is not clear if DFT + U is more accurate
or the outliner. In a discussion on the effect of the +U param-
eter [58] on systems related to catalysis [59] it was indicated
that the energy correction (4+U) depends exclusively on an
occupation matrix, sensitive to electron configuration, in other
words dependent on the chemical bonding. If there is some
overstabilization of the PBE (and probably HSE06 consider-
ing the above argument) the +U parameter may correct this.
This is because the +U potential is linear in the occupations
of the orbitals to which it is applied. Subsequently it is argued
that the +U parameter might tune the effective electronegativ-
ity of both substituent atoms (in our case the O atoms of the
hydroxyls) and the overall molecule.

Furthermore, the decrease in the work function does not
seem to be related to the redox potential of these adsorbates.
For example, methanol and ethylene glycol have similar redox
potentials yet the latter induced twice as much changes in the
work function. Similarly, the redox potential of isopropanol
is lower than that of methanol with respect to the CB of
TiO, yet, it causes larger changes in the work function. In
addition, the change in work function also do not seem to
be related to the ionization potential of the adsorbates either.
For example, isopropanol and ethylene glycol have the same
ionization potential (10.2 eV). The polarity of the adsorbates
also seems not related to the work function since methanol
and ethylene glycol have almost the same relative polarity.
Closer inspection of the adsorbate structures in figure 1 shows
that there is a non-negligible secondary interaction with the
other OH groups in the case of ethylene glycol and glycerol
and this might be the cause due to their high electron den-
sity which may have long range induction into the surface.
To gauge this, the average changes of the different adsor-
bate structures for a given molecule was computed. These
are plotted as horizontal lines in figure 3 for the three differ-
ent methods. If we attribute the changes to be largely related
to the number of OH groups, it seems that DFT + U per-
forms best since the changes are tracked best employing this
method.

A last correlation is plotted in figure 4 which presents the
relationship between the adsorption energy and the changes
in work function for the complete series, including formic
acid, isopropanol, and hydrogen peroxide. One can observe
a trend, in general the higher the adsorption energy of a
molecule the larger is the change in the work function.
However, one needs to distinguish between molecular and
dissociative modes because in most of these compounds
the dissociative adsorption mode prevails (highest adsorption
energy). It is however clear, that once a given molecule is dis-
sociated its mode of adsorption (structural differences) has a
far more effect on the adsorption energy and far less on the
work function changes.

4. Conclusions

We have analyzed adsorption energy, work function, and
atomic Bader charges of OH containing molecules in their dif-
ferent modes of adsorption onto rutile TiO,(110) with a special
focus on ethanol, ethylene glycol and glycerol. Results show
a strong preference of bidentate over monodentate binding,
which is weakened only if the respective OH groups do not
fully dissociate. The overall trend in regards to the binding
strength is BD > BPD > MD > MM. Furthermore, the Bader
charge analysis reveals that adsorbate having two or more OH
groups present and as such are able to form BD structures,
show a significant larger negative charge which is roughly
twice as much compared to the BPD or MD modes. The MM
mode on the other hand shows a small positive charge. It is
interesting to note, that the adsorption mode seems to be the
main contributor rather than the structure itself for the changes
in the charge, since all structures show similar values for the
respective adsorption mode. The analysis of the work function
is less clear due to the different methods employed; however, a
negative value is obtained in every case. Yet, we also note the
influence of the number of OH groups present. In general, a
trend in terms of the number of OH groups on a given molecule
is seen; most negative for glycerol (3 OH groups) followed
by ethylene glycol (2 OH groups) and the remaining alcohols
having one OH group is the least.
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