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Density functional theory (DFT) and Car-Parinello molecular dynamic simulations were employed to investigate the interaction
of acetic acid with nonpolar facets of ultra-thin ZnO nanowires. We consider both a dry and a water environment as well as
different molecule coverages for the hydrated system. Our calculations reveal that the fully-covered nanowire is energetically
favored in aqueous environment at room temperature. We also identified a minor influence of liquid water on the denticity of the
ligands for the fully modified system. On the other hand, a monodentate adsorption is expected for a half-covered nanowire due

to strong ligand-water interactions.

1 Introduction

For the increasing demand to develop a sustainable and green
nano-technology, the fabrication of nanostructure-based de-
vices with high integration densities has gained importance as
it requires less source material than conventional layer-based
approaches. Nanostructured materials have large surface-to-
volume ratios which offers a unique possibility of enhancing
sensitivity and selectivity. Chemical species introduced onto
the surface of such nanostructures could then be employed to
create novel hybrid functional devices. Charge accumulation
or depletion in one-dimensional nanostructures can take place
in the bulk region of the structure, which gives rise to large
changes in their electrical properties. Such feature is particu-
larly desirable for efficient charge injection in solar cells. In
particular, one-dimensional nanostructures such as nanowires
are preferable, since they naturally provide a direct path for
electrical transport. Experiments reveal that electron trans-
port can be up to two orders of magnitude faster in nanowire-
based dye-sensitized solar cells (DSSC) than in nanoparticle
DSSCs 3,

Currently, hybrid organic-inorganic solar cells have a rela-
tively low efficiency (below 10%) and limited stability. These
factors strongly depend on the structural details of the organic-
inorganic interface which includes binding mechanisms, band
offsets and electron injection. Due to the complexity of the
interface an explicit theoretical understanding at the atomistic
level can help unveiling the limiting factors and consequently
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enhancing the device performance.

In DSSCs the organic dye molecules usually attach to the
oxide surface via one or several functional groups. The na-
ture of the exposed surface planes of the oxide and the mode
of interaction with the organic molecule is the first important
information to understand. For example, in the adsorption of
the N3 dye on TiO; anatase (101) surfaces, the sensitizer binds
through two of the four carboxyl groups (-COOH), at least one
of them being anchored via a bidentate configuration bridging
two adjacent titanium sites?. However, there are still contro-
versies on how the geometry of these molecules on the oxide
surfaces and the character of this interaction (physisorption
versus chemisorption) affects the electronic and optical prop-
erties of the hybrid material >/,

Although TiO; has become the semiconductor material of
choice for the preparation of DSSCs, ZnO-based solar cells
have been increasingly investigated.”%!> ZnO represents an
appealing alternative to TiO2 due to its promising transport
properties and the possibility of fabrication of an ample vari-
ety of ZnO nanostructures. However, the highest efficiencies
accomplished with ZnO-based DSSCs are still considerably
smaller than for TiO,-based cells.!®!7 In this sense, a bet-
ter understanding of the dye-ZnO interface and in particular,
the interaction of ZnO with the employed anchoring groups,
may be crucial for the design of solar cells with improved ef-
ficiency.

Among the compounds employed for the functionalization
of ZnO surfaces and nanostructures, carboxylic acids have
emerged as one of the most promising choices.>'32> How-
ever, there seems to be a general discrepancy about the success
of -COOH as an anchor group for this metal oxide. Whereas
some measurements suggest a favorable covalent binding of
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the functional group on ZnO nanostructures, 32426 other

studies indicate surface etching under certain experimental
circumstances.?’ Especially, pH conditions must be carefully
controlled to prevent that the ZnO structures undergo un-
wanted reactions in the presence of carboxylic acid. The-
oretical investigations have demonstrated the stability of -
COOH group on ZnO surfaces in gas phase 2*=°_ In a previous
work 2? we pointed out that the stability of acetic acid (AcOH)
[employed as prototype adsorbate to study the interaction of
-COOH with ZnO] on nonpolar ZnO surfaces remains even in
a water environment for moderate concentrations of the lig-
and. This conclusion was drawn from purely thermodynamic
considerations. The explicit inclusion of water in the hybrid
system is however fundamental to gain more insight into these
phenomena.

In this paper we investigate the adsorption of AcOH on the
surfaces of ZnO nanowires under both dry and aqueous condi-
tions by employing Density functional theory (DFT) and Car-
Parinello molecular dynamic simulations. The aqueous case
is simulated by specific addition of bulk water in our model.

2 Model and computational details

The bare nanowires have been modeled by cutting a hexago-
nal prism out of a ZnO wurzite structure in such a way that
their growth direction is oriented along the c-axis and they ex-
hibit non-polar (1010) and (1210) facets as shown in Figure
1. For all systems we considered a tetragonal supercell with
a dimension of 30 x 30 x 5.41 A3, containing 48 atoms and a
large vacuum region so that no spurious interaction with the
nanowire replicas takes place. The lattice parameter ¢ for the
bare structure was optimized and kept fixed for every subse-
quent calculation. We define the molecular coverage on the
nanowire 0 as the number of AcOH molecules adsorbed per
surface Zn-O pair. For the AcOH-covered nanowire in a dry
environment, we consider adsorption of the molecules on ev-
ery available binding site, which corresponds to 8 = 1. This
amounts to 12 molecules per supercell.

The initial molecular geometries correspond to the pre-
ferred configurations found in a previous investigation on the
adsorption of AcOH on non-polar surfaces?®. It should be
noticed that the (1010) surface is invariant under a reflection
about a perpendicular (1210) plane containing the zinc binding
sites (Znp in Fig 1). Additionally, as AcOH is an achiral com-
pound, bend molecular configurations with orientations to one
or the other direction along the normal to the (1210) plane are
equivalent. We chose alternate orientation of the molecules in
such a way that on a same (1010) facet they look in the same
direction whereas the orientation is switched in the neighbor-
ing (1010) facets. This in turn implies that at the (1210) facets
they are either oriented towards or opposing each other. In this
way, every second (1210) facet displays a ligand-free region

Fig. 1 Cross-sectional view of the optimized structure of the bare
ZnO nanowire. Zinc (oxygen) atoms are displayed by silver (red)
spheres.

which has been explicitly flagged with black arrows in Fig-
ure 2. We will come back to this point later. It is obviously
possible to build up a system with all molecules oriented to-
ward the same direction. However, the chosen model allows
us to study two possible scenarios regarding the ligand adsorp-
tion while considering a single adduct configuration.

For the geometry optimization, DFT calculations were
performed as implemented in the Vienna ab initio Simu-
lation Package (VASP) code3!*. The Kohn-Sham equa-
tions were solved using the generalized gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE) form
for the exchange-correlation functional®>-¢. Plane wave ba-
sis sets with a cutoff energy of 300 eV as well as the
projector-augmented wave (PAW) method37-*® have been em-
ployed. For the integration in the Brillouin zone, a (1x1x4)
Monkhorst-Pack k-point sampling3**° was conducted. Dur-
ing the calculations, all atoms were allowed to move till the
interatomic forces were smaller than 1072 eV/A.

Molecular Dynamic (MD) simulations were performed us-
ing Car-Parinello MD as implemented in the CPMD code. !
We used ab-initio ultrasoft-pseudopotentials to describe the
atomic potentials *>. The plane wave cutoff energy was set
to 30 Ryd (300 Ryd) for the electronic wavefunctions (charge
density). For all MD simulations the Brillouin zone integra-
tion was performed using the I'-point only. The equations of
motion were integrated using a timestep of 5 a.u. and an elec-
tron mass of 300 a.u. All systems were heated up to 300 K
using a Nose-Hoover thermostat applying a heating figure in
which the temperature is held constant at values of 40, 70,
120, and 200 K for 500 integration steps 3. The region be-
tween the periodically repeated nanowires was filled with wa-
ter molecules up to a density of about 1g/cm® which corre-
sponds to 124 water molecules per supercell. Molecular cov-
erages of 8 = 0, 0.5 and 1 were considered.
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3 Results

3.1 Geometry and binding energies under dry conditions

Previous results show that AcOH dissociates on ZnO nonpo-
lar surfaces as one hydrogen atom migrates from the -COOH
group to the surface oxygen site>®2°. Our results regarding the
adsorption on the nanowire support this dissociative regime.
The molecule was also found to relax to a bidentate chelating
mode in a similar manner as reported for the surface, as seen
in Figure 2. To have insight into the strength of the adsorbate-
substrate interaction and compare it with previous results for
the surface, we calculated the absorption energy per ligand.
This quantity is defined as

1
Eags = ;(ET — Evare — nEACOH)7 (D

where E is the total energy of the modified nanowire, Epqre 1S
the total energy of the bare nanowire, Eacop is the energy of
an isolated neutral AcOH molecule in gas phase and 7 is the
number of molecules absorbed on the nanowire. The obtained
adsorption energy of AcOH on the ZnO nanowire is -1.31 eV,
which compares well to the adsorption energy of AcOH on the
surface which is -1.39 eV.%

The relaxation of nanowire facets upon adsorption of AcOH
also resembles that observed for the ZnO surfaces. The sur-
face Zn atoms relax outwards, thus enlarging the bond length
of Zny-Oy4 surface pairs. In this case, the bond length goes
from 1.90A for the bare nanowire to 2.04-2.12A for the modi-
fied nanostructure, for a relative elongation of up to 12%. This
value is slightly greater than the 9% enlargement found for the
two-dimensional model. At the same time, the bond lengths
between the four-fold coordinated Zng and the O4 atoms in
the modified nanowire experience a reduction of around 6%
with respect to the bare wire. Hydrogen bonds with one of the
-COOH oxygens have bond lengths of 1.66A. Previous DFT-
based tight-binding calculations for the interaction of AcOH
with the (1010) ZnO surface reported a somewhat larger value
of 1.74A.%% The C-O bond lengths of the -COOH group vary
from 1.31 to 1.27A. This is in agreement with the findings for
the (1010) surface.

3.2 Geometry and adsorption energies in aqueous envi-
ronment

Our discussion has so far been limited to the adsorption of
AcOH in a dry environment. We now turn to a more realistic
model by including bulk water in the AcOH/ZnO system. This
model is suitable as a first approximation to investigate the sta-
bility of the modified nanowire in a wet environment.The opti-
mized structure for the adsorption in the dry environment was
chosen as initial configuration of the adsorbate. To analyze
the influence of the aqueous media on the ligand adsorption,

Fig. 2 Cross-sectional view of the optimized structure of the
AcOH-modified ZnO nanowire. Zinc, oxygen, hydrogen and carbon
atoms are displayed by silver, red, white and cyan spheres,
respectively. The black arrows indicate a ligand-free regions on the
nanowire facets.

an eight-picoseconds (ps) MD run was performed. To verify if
the considered supercell is large enough to sample a bulk wa-
ter regime, we calculated the radial water density surrounding
the nanowire during the MD run. Our results yield the stan-
dard water density of 1 g/cm® (data not shown), thus showing
that the dimension of the supercell is indeed appropriate.

A snapshot of the corresponding trajectory at 8 ps is de-
picted in Figure 3. In order to describe the dynamics of the
adsorbates, the Zna-O; and Zna-O, bond lengths, as well
as the H-O; hydrogen bond length are evaluated over time.
The latter is shown in Figure 4 for every AcOH molecule in
the supercell. The employed color code corresponds to that
used in the snapshot of the trajectory (Figure 3) and the hy-
drogen bond lengths are plotted clockwisely starting from the
-COOH group with the gray-dyed carbon atom. The curves
shown in Figure 4 can be split into two different groups ac-
cording to the stability of the corresponding hydrogen bond.
The first group comprises the plots in the first two columns
(corresponding to adsorbates marked with colors gray, orange,
green, black, purple and ochre), which yield very stable hy-
drogen bonds with an average length ranging approximately
from 1.65A to 1.75A. The hydrogen bond lengths for the sec-
ond group of adsorbates (third and fourth column in Figure 4)
exhibit a stronger overall fluctuation. For the red-dyed ligand
the fluctuations are especially large; the corresponding hydro-
gen bond length reaches values grater than 2.5A. The large
fluctuations for the second group of ligands can be explained
by their positions on the nanowire. They adsorb right next to
the ligand-free region indicated with black arrows in Figure 3.
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Fig. 3 Snapshot of the molecular dynamics run at 8 ps for the
fully-covered ZnO nanowire in aqueous medium. To distinguish
between the twelve identical adsorbates, the carbon atom of the
carboxylic group is shown in different colors. Zinc, oxygen and
hydrogen atoms are displayed by silver, red and white spheres,
respectively whereas the carbon atoms of the methyl groups has
been represented by cyan spheres. For ease of viewing the bulk
water is displayed transparent. The black arrows indicate the sites
where bulk water is able to settle in.

Our results indicate that these ligand-free regions allow bulk
water to approach the surface. These water molecules then
interact with the carboxyl groups of the second group of ad-
sorbates via formation of hydrogen bonds. From the analysis
of the hydrogen bond lengths, it is therefore straightforward to
identify a first influence of the bulk water on the adsorption of
AcOH on the nanowires.

Similarly to the dry case, under wet conditions the -COOH
group adsorbs in a bidentate mode as inferred from the analy-
sis of the Zn-O bond length depicted in Figure 5. A common
feature among the twelve plots is the formation of a bond be-
tween the surface Zn atom and one oxygen of the carboxyl
group with an average bond length of about 2 A. The distance
between the second carboxyl oxygen and the Znp site shows,
on the other hand, strong fluctuations ranging from 2.2 to 3.2
A. In general, the oxygen atom forming the stable Zn-O bond
is not fixed during the MD run. In this sense the role of the two
oxygens is interchangeable. Thus, we can conclude that the
AcOH-ZnO interaction is dominated by a bond between one
of the carboxyl oxygens and the Zn site with a bond length
similar to that for Zn-O bonds in bulk ZnO. Analysis of the
trajectory suggest that this tendency to a monodentate adsorp-
tion in the hydrated system is not mainly because of the in-
teraction with water but rather due to the thermal fluctuations.
Our results indicate, therefore, that the presence of bulk water

o

hydrogen bond length in A

N —

N —
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2 6 2 6 2 6 2 6

time in ps

—_

Fig. 4 Hydrogen bond lengths between one of the oxygen atoms of
the carboxyl group and the hydrogen atom transferred to the surface
for the fully-covered ZnO nanowire during the simulation time. The
color code corresponds to the one used in Figure 3.

appears to play only a minor role in the adsorption mode of
the ligands for the fully covered ZnO nanowire.

o

Zn-O bond length in A

time in ps

Fig. 5 Bond lengths between the oxygen atoms of the carboxyl
group, O; and O», and the surface zinc atoms, Zny, for the
fully-covered ZnO nanowire during the simulation time. The color
code corresponds to the one used in Figure 3 and the atom notation
to the one employed in Figure 2.

To inspect if these results depend on the ligand coverage,
we considered a second model where the nanowire is capped
with a one-half monolayer of AcOH (8 = 0.5) in a bulk wa-
ter environment. There are, doubtlessly, numerous ways to
model the semi-covered ZnO nanowire, but as just the interac-
tion between neighboring ligands is of interest here, we chose
a configuration in which every second ligand was removed
from the surface. The evaluation of the trajectory regarding
the O;-H, Zny-O; and Zny-O, bonds is shown in Figure 6.
The results for the hydrogen bond length exhibit strong fluc-
tuations, especially for the molecules marked with the gray
and yellow-dyed carbon, where the O;-H distances reach val-
ues grater than 3 A. Analysis of the corresponding trajectory
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shows that the bulk water is able to settle in between every
neighboring AcOH molecules due to the newly available ad-
sorption sites on the surface. These water molecules are able
to form hydrogen bonds with the oxygen atoms of the carboxyl
group. This interaction competes with the formation of hydro-
gen bonds between the molecule and the surface H atom. This
finding is evinced from the analysis of the Zn-O bond lengths
over time. Only the carboxyl oxygens of the pink- and green-
dyed molecules alternately bind to the Znp site. For all other
molecules the surface Zn atoms remain attached to the same
molecular oxygen during the simulation. These results indi-
cate that the adsorption of the ligands occurs in a monodentate
mode. This reveals that the presence of water leads to an im-
portant stabilization of the anchor groups through formation
of hydrogen bonds.

O-H Zn-0

by JL . YW 3 T

24 v 171 1
o<t

1
£
CDS, 4 4
22 J
]
@21
©3
¥ 3t ¢ £
N il WP 2 vt
0 2 4 0 2 4 0 2 4 0 2 4
time in ps

Fig. 6 O;-H hydrogen bond lengths (left) and Zna-O; and Zna-O;
bond lengths (right) for the half-covered ZnO nanowire during the
simulation time. The color code corresponds to the one used in
Figure 3 and the atom notation to the one employed in Figure 2.
Only the data for the adsorbed molecules are shown.

We finally consider a system in which all AcOH molecules
are detached from the nanowire facets at the beginning of the
simulation. This case corresponds to 6 = 0. The potential en-
ergy versus time for the three investigated coverages is shown
in Figure 7. The energy of the system with 8 = 0 was set to
the zero of energy. The energy plots corresponding to 6 = 1
and 0.5 show a similar trend and exhibit some overlap over
nearly all time regimes. For 6 = 0 the energy converges to a
higher value during the MD run. To determine the adsorption
energies for the considered systems we evaluated the energies
obtained during the MD simulations in an approach similar
to the one employed in a previous work on the adsorption of
small molecules on TiO, surfaces*3. A Gaussian curve was
fitted to the energy distribution obtained in the last picosecond
of the simulation. The binding energies are then estimated as
the difference between the Gaussian maxima of the investi-
gated system and the system with 8 = 0. This leads to a total

binding energy of -8.84 eV for 8 = 1, which corresponds to
an adsorption energy per ligand of -0.74 eV. For 6 = 0.5 we
find a binding energy of 6.84 eV and an adsorption energy
per adsorbate of -1.14 eV. Thus, for both coverages the ad-
sorption energies are smaller than for the system in the dry
environment. Our results indicate that the fully-covered ZnO
nanowire is the most stable system. This suggests that the
modified nanostructure is stable against adsorption of liquid
water under ligand-rich conditions. This is in agreement with
recent experiments, which have demonstrated the successful
functionalization of ZnO nanotips by immersing them in solu-
tions of AcOH diluted to 2 mM per liter>. However, it should
be borne in mind that an energy barrier needs to be overcome
to replace molecules from the first water layer by AcOH. In-
vestigation on energy barriers is out of the scope of this paper.

time in ps

Fig. 7 Energy distribution over the last picosecond of the simulation
time obtained for the ZnO nanowire with the three considered
coverages: full coverage (6=1), half-coverage (6=0.5) and total
ligand desorption (6=0). The energy of the ligand-free nanowire
was set to the zero of energy. The inset shows the course of the
energy over the entire simulation time.

4 Conclusions

We have investigated the adsorption of acetic acid on the
facets of ZnO nanowires under dry conditions and in aque-
ous medium. For the former case, the geometry optimization
of the adduct at 0 K indicated a strong bidentate adsorption of
the ligand via two asymmetric O-Zn bonds. MD simulations
of the system at 300 K and under wet conditions show small
fluctuations of the bond length between one oxygen atom of
the carboxyl group and the surface Zn atom around its opti-
mized value at 0 K. In contrast, the distance from the other
carboxylic oxygen to the Zn binding site was found to fluctu-
ate considerably around larger values, thus indicating that this
second attachment is weaker. This tendency to a monoden-
ticity of the anchor groups is better seen for a system with
half-covered nanowires. In this case, water occupies the now

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [veol], 1-6 |5



Physical Chemistry Chemical Physics

available binding sites and interact with the adsorbed AcOH
via H bonds, thus weakening one of the O-Zn bonds. The ab-
solute value of the adsorption energy per adsorbate decreases
considerably for the fully-covered nanowire under wet condi-
tions compared to the dry case. Our results suggest that ZnO
nanowires modified with acetic acid are still stable in aqueous
solution at room temperature, as we have previously suggested
in a more simplified model. Finally, we believe that our results
motivate the investigation of migration barrier for the substi-
tution of adsorbed water by AcOH which could help under-
stand better the adsorption of functional groups and organic
molecules on oxide surfaces in a wet environment.
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