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Ethanol Oxidation Reaction Mechanism on Gold Nanowires
from Density Functional Theory
O. V. M. Bueno,[a] M. A. San-Miguel,[b] and E. Z. da Silva*[a]

Thin gold nanowires (NWs) are materials that could be used as
support in different chemical reactions. Using density functional
theory (DFT) it was shown that NWs that form linear atomic
chains (LACs) are suitable for stimulating chemical reactions. To
this end, the oxidation reaction of ethanol supported on the
LACs of Au� NWs was investigated. Two types of LACs were
used for the study, one pure and the other with an oxygen
impurity. The results showed that the oxygen atom in the LAC
fulfills important functions throughout the reaction pathway.
Before the chemical reaction, it was observed that the LAC with
impurity gains structural stability, that is, the oxygen acts as an
anchor for the gold atoms in the LAC. In addition, the LAC was

shown to be sensitive to disturbances in its vicinity, which
modifies its nucleophilic character. During the chemical reac-
tion, the oxidation of ethanol occurs through two different
reaction paths and in two stages, both producing acetaldehyde
(CH3CHO). The different reaction pathways are a consequence
of the presence of oxygen in the LAC (oxygen conditions the
formation of reaction intermediates). In addition, the oxygen in
the LAC also modifies the kinetic behavior in both reaction
stages. It was observed that, by introducing an oxygen impurity
in the LAC, the activation energy barriers decrease ~69% and
~97% in the first and second reaction stages, respectively.

Introduction

Gold, a noble metal, is a very stable and nonreactive material in
its bulk form. With the advent of new experimental tools such
as high-resolution electron microscopy (HREM), atomic force
microscopy (AFM), and scanning tunneling microscopy (STM),
for manipulating atoms and high-resolution imaging; various
types of gold nanostructures have been studied, such as
nanoclusters and nanowires.[1–6] At the beginning of the XXI
century, gold nanostructure studies were able to experimentally
produce very thin nanowires, as thin as a one-dimensional
linear atomic chain (LAC) with four to ten gold atoms.[7–11] These
studies revealed many interesting properties, some of which are
their structures and reactivity. One of its most studied proper-
ties was their structures, specifically, the unusually large Au� Au
bond distances of ~3.6 Å.[10] These intriguing results sparked
many experimental and theoretical works.[7,8,10–15] The first
computational studies of pure gold NWs failed to reproduce the
large distances observed experimentally. On the other hand,
HRTEM experiments suggested the possible contamination of
the NWs with light atoms that could be the culprits for the
observed results.[10,13,14] Subsequently, theoretical works using
computer simulations studied the effect of impurities in an
attempt to explain the experimental results. H, C, O, among

other contaminants, were considered.[13–15] The reasoning was
that although experiments were in high vacuum, there is always
a possibility that some residual molecules, such as O2, CO, CO2,
or H2O, could contaminate the NWs. Theoretical studies, in the
first instance, considered H as the probable contaminant.[14]

Further research showed that O could also be a contaminant,
with interesting mechanical effects on the Au� NWs, where
Au� O� Au bonds helped the formation of longer LACs.[15]

Further experimental work verified the theoretical predictions
of the large distances associated with H and O contaminants.[8]

The mechanism that explained the incorporation of O in the
LAC through a chemical reaction between O2 and CO molecules
in Au� NW showed that O2 and CO could form an intermediate
(� Au� COO2� Au� ), which under stress could evolve to the
production of a CO2 molecule released into the gas phase,
leaving an atomic oxygen impurity in the LAC (� Au� O� Au� ).[16]

The behavior of Au� NWs suggests that the LACs are reactivate.
This would open up new opportunities and NWs can possibly
be used to stimulate various types of chemical reactions, similar
to how previously shown with gold nanoclusters.[17–21] It should
be noted that NWs could be materials with limited use. Its
complex structure could be a limiting factor both in its
manufacture and in its sustainability and/or stability over time.
However, this problem could be overcome by designing
systems that constantly produce NWs, that is, systems that
allow them to be obtained at every instant of time. Mechan-
ically controllable break-junction method[22] allows this charac-
teristic, therefore, NWs would be manufactured constantly,
thereby eliminating the issue of stability and sustainability. In
addition, it is necessary to take into account that NWs, being
relatively new materials, its manufacture occurs at the labo-
ratory scale. Therefore, NWs could be considered possible
materials with great potential for catalytic use.
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Considering the reactive capacity of Au� NWs with LACs and
following the reactivity studies in Au� NWs,[16] in this work, we
continue to explore the reactivity of Au� NWs. For this, the LAC
was defined considering its pure form (four Au atoms, Figure 1)
and with impurity (four Au atoms and one oxygen atom,
Figure 1). The reaction mechanisms of ethanol oxidation
supported in Au� NW are investigated, with new and interesting
results. We chose ethanol with the intention of also exploring
the activation of the C� H bond in the � CH2� group. The
activation of the C� H bond is well established in the literature
and is defined as the β-C� H mechanism[23–26] and in this work
we explore the mechanism of breaking the C� H bond of
ethanol.

Methodology

The present work employed the program package CP2K,[27,28]

where the module QUICKSTEP[29] was used to combine
gaussians and plane waves (GPW).[30] Wave functions were
expanded in plane waves and gaussians, with a 650 Ry cutoff
for plane waves and multiple grid mapping with a real cutoff of
80 Ry. The orbital transformation method[31] was used for
efficient wave function optimization. The electronic structure
was calculated with density functional theory (DFT) using the
Perdew-Burke-Ernzerhof (PBE) functional[32,33] together with the
reparameterization of an empirical analytical potential of
Grimme’s D3 dispersion correction[34–36] in the range of 15 Å. For
all atoms except Au, the TZV2P-MOLOPT-GTH basis set was
used. For Au atoms, the DZVP-MOLOPT-SR-GTH basis set was
used.[37] Geodecker-Teter-Hutter (GTH) relativistic pseudopoten-
tials were adopted to model the core electron.[38,39] Valence
electrons for Au=5d106s, O=2s22p4 and C=2s22p2 were
used. Additionally, we use different methodologies, in a
particular chemical reaction, to show the consistency of our
methodology. For them, we choose the functionals B3LYP/
D3BJ[40,41] and ωB97X/D3[42,43] using the basis sets def2-TZVP for
the C, H, O atoms and LANL2TZ(f)[44–46] for the Au atoms. Details
are in the supplementary material (Figure S2).

In the DFT-based ab initio molecular dynamics simulations,
the timestep was set to 0.5 fs for all our simulations. The
simulation temperature was adjusted to 300 K (NVT statistical
ensemble) using Nosé-Hoover chain thermostats.[47–49] Equilibra-
tion process was performed using a massive Nosé-Hoover chain
thermostat, with the thermostat-time-constant set to τ=10 fs.
Subsequently, each system was simulated for 2ps with a global
Nosé-Hoover chain thermostat (thermostat-time-constant τ=

50 fs) before starting production. The simulation cell sizes in XY
were chosen so that an empty space between the nanowires
was guaranteed, avoiding the interaction between periodic
images (x=y=20 Å). The simulation trajectories showed that
the ethanol molecule moves around the gold nanowire, staying
infrequently in the vicinity of the LAC, exploring a large number
of configurations of little interest for our purpose. Taking this
into account, the movement of ethanol was constrained to the
vicinity of LAC using an upper harmonic wall with a spring
constant of k=200 kcalmol� 1Å� 2.

To find chemical reactions of interest with a short simulation
time, the molecular dynamics were accelerated using two
techniques: (i) metadynamics[50] and (ii) the extended Lagran-
gian metadynamics scheme,[51] all implemented in the program
package CP2K.[27,28] In both techniques, reaction coordinates
(collective variables) were defined using distances between
atoms. In the ab initio dynamics simulations, using metady-
namics, gaussians were added every 30 fs. The height of the
gaussians was defined as 4.5 kcal/mol and the width of the
gaussians was defined as 0.9 Å. The parameters within the
Lagrangian formalism were defined with a virtual particle mass
of 30.0 a.m.u., a coupling spring constant λ=2.0 (lambda), and
the temperature of the auxiliary variables at 300 K.

The minimum energy path of all chemical reactions was
quantified using the harmonic nudged elastic band (NEB)
method. Specifically, the climbing-image nudged elastic band
(CI-NEB)[52,53] was used. The spring constant value for NEB
calculations was set to 0.02 au. In some cases, the minimum
energy path has been quantified using free energy surfaces[54]

using well-tempered metadynamics. The additional parameter
that requires well-tempered metadynamics (polarization tem-
perature) was set to 15000 K. This value proved to be adequate
to overcome energy barriers of approximately 30.0 kcalmol� 1.

Results and Discussion

Topological Analysis of Au� NW LAC

Previous work has shown that O2 and CO molecules can react
with LAC to form Au� O� Au bonds.[16] Au� O bonds seem to be
stronger than pure Au� Au bonds, favoring the stability of NWs
that were contaminated with oxygen impurities.[15] To further
verify this point, using electron location function (ELF), we
analyze the chemical bond between Au� Au and Au� O atoms.
See supplementary material (Figure S3) for technical details.

Pure LAC displays regions of highly localized electron
density around the nuclear centers that suffer distortions due to
their structural arrangement (Figure 2A, red color), which leads

Figure 1. Au� NW (theoretical models) considered in our simulations. LAC
with four Au atoms (top image) and LAC with four Au atoms and one
oxygen impurity (bottom image). These structures were taken from
references[15,16] and later relaxed and optimized. For more details on the
optimization methodology used, see supplementary material (Figure S1).
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to the loss of their spherical distribution, as observed in their
bulk form. The LAC with one impurity drastically loses its highly
localized electron density along the linear chain (Figure 2B).
This can be attributed to the high electronegativity of oxygen,
which modifies the electron density localization of all gold
atoms of the LAC. This shows that the Au nanowire, specifically
within the LAC, could show different chemical behavior, both
without and with the presence of impurity. Therefore, the
chemical reactions that could take place would be given by
different reaction paths, or at least have a different kinetic
behavior.

Using the ELF 1D profile between neighboring Au� Au
regions, characteristic η(r) values of a metallic bond[55] can be
observed (Figure S3, profile 1 and profile 4). Furthermore, it is
observed that the η(r) ELF profile corresponding to the Au� O
bond starts with a typical behavior of a covalent bond (η(r)
�0.8), which decreases to a typical value of a metallic bond
(η(r)�0.26), with the presence of a characteristic local minimum
(Figure S3, profile 2 and profile 3). To analyze the stability
window for the Au� O bond, the localization window concept
was used (difference between a nonnuclear maximum ELF value
and the first order saddle point).[55.56] It is observed that a value
of η(r) �0.07 makes clear that the Au� O bond is much stronger
than a neighboring Au� Au bond, which has a value of η(r) ~0.1.
In an alternative way, this can also be checked by determining
the difference in bond energy between Au� Au and Au� O, in
the LAC. Defining an ideal reaction of the type:
tip�Au� Au� O� Au�tip+Au!tip�Au� Au� Au� Au�tip+O, it is
obtained that ΔE=0.59 eV, consult supplementary material.
Therefore, these results show that the impurity (oxygen) in the
LAC fulfills two important functions: (i) it modifies the chemical
nature of the LAC, which could lead to different chemical
reactions, and (ii) it stabilizes the LAC by acting as an anchor
between gold atoms.

Active Sites in Au� NW LAC

The active chemical sites in Au� NWs were qualitatively explored
using the molecular electrostatic potential (MEP) mapping
function.[57] MEP analysis is most useful when representing
color-coded electronic density and represented on equipoten-
tial surfaces (Figure 3). The surface analysis allows visualization
of regions of a molecule with variable charge showing them as
surfaces with excess and deficiency of electrons.[58] The first row
(Figure 3, structures A1–A4) shows the LAC without impurity,
where different perspectives of the LAC view can be observed.
Similarly, the second row presents the LAC with an oxygen

Figure 2. Analysis of the electron location function (ELF) isosurfaces for the
gold nanowire without and with the presence of the impurity. (A and B)
representation of the 3D ELF with n=0.157 and the 2D ELF planes of the
linear atomic chain (LAC).

Figure 3. The images show the molecular electrostatic potential (MEP) map projected onto a surface of isodensity defined at 0.001 electrons/bohr3. A1–A4
show the LAC without the presence of oxygen in its structure. B1–B4 show LAC with an oxygen atom in its structure. C1–C4 show the LAC with an oxygen
atom in its structure and an oxygen atom at the tip of its structure. Deficiency and excess load are represented by blue and red colors, respectively. The color
scale was defined in BGR format in the range of � 0.007 to 0.09.
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impurity (Figure 3, structures B1–B4), and the third row shows
an oxygen impurity in the LAC and an oxygen impurity at the
tip (Figure 3, structures C1–C4).

It is observed that Au� NW without oxygen impurity in its
structure maintains approximately charge neutrality (green)
across its surface, with a slight displacement of positive (blue)
and negative (red) charges (Figure 3, where A1–A4 show
different viewing perspectives of the pure NW). This behavior
suggests that Au� NW could have a weak nucleophilic and/or
electrophilic character. Accordingly, possible chemical reactions
with organic molecules, such as ethanol, could occur with
difficulty. However, when introducing an oxygen impurity into
the LAC (Figure 3, where B1–B4 show different perspective
views of the NW with an oxygen atom in the LAC), the gold
atoms acquire a partial negative charge (red). This behavior
makes the LAC increase its nucleophilic character, that is,
becoming an active site to stimulate the chemical reaction.
Additionally, when an oxygen impurity is introduced at the tip
of the Au� NW, no charge distribution is observed (Figure 3,
where C1–C4 show different view perspectives of the NW with
an oxygen atom in the LAC and an oxygen atom in the tip);
that is, the gold atoms maintain their initial charge neutrality
(green).

All these results suggest that the most sensitive active site
of Au� NW is specifically in LAC, and consequently, the nanowire
tip is of little interest in comparison with the LAC. Therefore, it
can be said that the presence of the oxygen impurity in the LAC
of the Au� NW specifically modifies its nucleophilic character.
This apparently special feature of LAC has been observed in
other studies,[59,60] showing to be a common behavior. In these,
it was also observed that the transition metal LACs could easily
create centers with excess and deficient charge. Therefore,
considering these results, our reactivity study will be restricted
to LAC.

Interaction of Ethanol with LAC

The charge redistribution in the interaction of ethanol with
Au� NWs was analyzed with the electron density difference

(EDD). To know the technical details of how the EDD was
defined, consult supplementary material. In the study, two
situations were defined: (i) the interaction of ethanol with the
pure LAC and (ii) the interaction of ethanol with the LAC
containing an oxygen impurity. (Figure 4). In the pure LAC,
charge redistribution occurs mainly through the interaction
between H (� OH group) and LAC atoms, and to a lesser extent
between O (� OH group) and LAC atoms (Figure 4, A1–A2),
observing in these cases the flow of charge toward the LAC.
Similarly, in the LAC with an oxygen impurity, charge redistrib-
ution towards the LAC occurs mainly through the interaction
between the O and LAC atoms (Figure 4, B1–B2). This shows
that ethanol also contributes to the increase in the nucleophilic
character of LAC, both in pure LAC and in LAC with an oxygen
impurity. Therefore, the presence of ethanol near the LAC plays
an important role before any chemical reaction even occurs. In
addition, it is suggested that in a more realistic system, that is, a
system with a higher ethanol concentration, the amount of
ethanol could play an important role, such as defining the
nucleophilic character of Au� NW. These results show that the
LAC is sensitive to disturbances in its environment, making NWs
an optimal material to stimulate chemical reactions.

Additionally, adsorption energy[61] calculations (see supple-
mentary material for technical details) showed that the
adsorption of ethanol in the LACs without and with impurity
presented adsorption energies of � 0.638 eV and � 0.958 eV,
respectively. The magnitude of these energies is consistent for
similar systems, such as ethanol absorbed on the surface of
platinum.[111][62] Considering the thermal fluctuation of our
system at 300 K, which is equivalent to fluctuations of the order
of ~0.0259 eV, we can suggest that, in a possible chemical
reaction between ethanol on the LAC, the ethanol-LAC
adsorption energy plays an important role in the initiation of
the reaction kinetics.

Ethanol Oxidation Reaction Mechanisms

Ethanol oxidation reactions were studied with ab initio molec-
ular dynamics in conjunction with well-tempered metadynamics

Figure 4. Electron density difference (EDD) defined to study the charge rearrangement caused by the presence of ethanol. (A1 and B1) represent the nanowire
without and with the presence of impurities. (A2 and B2) represent the differences in charge density (Δρ) of the nanowires/ethanol defined in A1 and B1. The
light yellow and light green regions indicate electron accumulation and depletion, respectively.
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to observe chemical reactions with shorter simulation times. As
suggested by the MEP, EDD, and ELF studies, the ethanol
molecule was conveniently restricted to the vicinity of LAC to
take advantage of its reactivity potential. It also helped to
reduce the computational cost, avoiding exploring regions
irrelevant to our purpose.

The thermodynamic stability at room temperature of our
system (NW) was confirmed by calculating the Gibbs free
energy of the system. For them the linear atomic chain length
of the NW was used as a collective variable (Supplementary
Material, Figure S4). The results showed that NWs are indeed
stable at room temperature. Confirmed the thermodynamic
stability of our system, we start our reactivity study.

Pristine Au LAC

The free-energy landscape of the interaction between the
ethanol molecule and Au� NW LAC was constructed using the
reaction coordinates CV1=d(OH� Au) and CV2=d(CH2� Au) as
collective variables (Figure S5). It is observed that, at room
temperature (300 K), ethanol through its three functional
groups (� CH3, � CH2� , and � OH) interacts very frequently with
the LAC, defining three different local minima, where Au� CH3,
Au� CH2, and Au� OH interactions prevail over time (Figure S5
B� D, blue color). The three preferred conformations adopted by
ethanol in LAC suggest that the chemical reaction could occur
with any of the groups � CH3, � CH2� and � OH. Therefore, to
explore these possible reactions, surface potential energy scans

were performed. For this, the distances defined by the atoms
CH3� Au (Figure S6A), CH2� Au (Figure S6B), and OH� Au (Fig-
ure S6C) were used. It is observed that of the three groups
analyzed (Figure S6A, B, and C), the � CH2� group when
approaching the gold atom at ~2.3 Å presents an abrupt
energy drop (Figure S6B). The drop in energy is related to the
transfer of one of the hydrogens from the � CH2� group to the
LAC (Figure S6B, observe B2–B3 distances). Furthermore, the
� CH2� group turns out to be the only one that favors a
chemical reaction with lower energy cost. That is, the activation
of the β-C� H bond of the � CH2� group is observed, involving
the formation of acetaldehyde as a reaction product.[63]

Considering this result, the reaction coordinate, that is, the
d(CH2� Au) distance, was chosen to be used as a collective
variable in the simulation of ab initio molecular dynamics with
metadynamics.

The study starts by stimulating the chemical reaction for the
pure LAC (Figure 5A). Metadynamics was applied only until the
chemical reaction occurred (Figure 5B). It is observed in this
process that the potential energy of the system fluctuates
abruptly (during the use of metadynamics) due to the formation
and breaking of chemical bonds. The trajectory analysis shows
that the chemical reaction occurs with the formation of an
intermediary in its first step (Figure 5A). The time evolution of
the Au� C distance (Figure 5C) shows that the intermediate
begins to form when the Au� C distance acquires values less
than 5.0 Å. Once the intermediary was formed, another
molecular dynamics routine simulation (without metadynamics)
was performed to further analyze the stability of the interme-

Figure 5. Chemical reaction of ethanol supported on Au� NW with LAC without the presence of impurity. (A) Graphical representation of the chemical reaction
showing the reagent and the product (In this step, the product is the intermediate in the overall ethanol oxidation reaction). (B) Behavior of the system‘s
potential energy before, during, and after applying metadynamics. (C) Behavior of the Au� C distance throughout the simulation. The Au� C distance is used to
obtain information on the formation and stability of the intermediary. (D) Stability of the intermediate formed, measured indirectly using the Au� C bond
during a 2.5 ps trajectory simulation. (E) NEB of the minimum energy path for the chemical reaction of ethanol in its first stage.
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diary. In this case, the trajectory was extended for approx-
imately 2.5 ps (Figure 5D). It is observed that the intermediate
remains stable along the simulation path, keeping its Au� C
bond fluctuating at approximately 2.1 Å. Therefore, with these
results, it can be stated that ethanol reaction will occur in
stages and will involve at least the formation of an intermediate
that will be stabilized in LAC (Figure 5D).

Regarding the minimum energy path of the chemical
reaction, the NEB results show two interesting things (Fig-
ure 5E): (i) The activation energy barrier turned out to be
~0.96 eV, which implies overcoming a height of 37 times the
height defined by a thermal fluctuation at 300 K (KBT=

25.7 meV), to observe a chemical reaction. This suggests that
the formation of an intermediate (in pure NW) requires a
relatively high activation energy barrier. (ii) The formation of
the intermediary takes place in an endothermic chemical
reaction. Therefore, to favor the reaction kinetically, an increase
in the temperature of the system would be necessary. Also, it is
expected that in the next stage of the reaction, the reaction
product should be formed in an exothermic process.

The second stage of the chemical reaction could lead to the
formation of acetaldehyde (C2H4O). Its formation is plausible, as
it has been observed experimentally in different works.[64–66]

Therefore, assuming that the second step of the reaction forms
acetaldehyde, then, in this case, only the proton of interme-
diary-1 (� OH) should be freed from its structure by proton
transfer (Figure 5 A, intermediary-1). The NEB results show that
an activation energy barrier of ~0.36 eV has to be overcome for
proton transfer to a LAC gold atom to occur (Figure S7). This
energy barrier turned out to be much smaller than the energy
barrier crossed in the first stage (~0.96 eV). It is more likely that
this energy barrier is overcome by thermal fluctuations more

easily than the barrier of the first stage since it only represents
14 times the barrier height defined by a thermal fluctuation at
room temperature. In any case, the reaction could occur at
room temperature since the energy barrier is not excessively
high. The NEB results also show that the formation of
acetaldehyde takes place in an endothermic process. Therefore,
the formation of acetaldehyde from ethanol (in pure LAC) is a
purely endothermic process where an increase in temperature
could be adequate to easily overcome, mainly, the barrier of
the first stage.

Experimental studies show that the dehydrogenation of
ethanol occurs at temperatures around 260 °C. For example,
specifically on pure copper surfaces, this reaction occurs at
temperatures around 260–290 °C.[67] Therefore, our result sug-
gests that within the experimentally observed temperature
range, the proposed reaction mechanism occurs easily.

On the other hand, transferring the proton to the LAC
would be much more accessible (much lower activation energy
barrier) if the LAC had an impurity (oxygen) in its structure since
a proton transfer from one oxygen to another is far more
favorable. It could even lower the activation barrier of the first
stage. Therefore, it might be advantageous to add oxygen
impurity in the LAC. With that in mind, to form acetaldehyde in
the next step of the chemical reaction, we considered the case
of an oxygen impurity atom in the LAC.

LAC with an Oxygen Impurity

In this part, the study begins with the presence of an oxygen
impurity in the LAC structure (Figure 6 A). The simulations show
the same results observed in the previous case (pure LAC). That

Figure 6. Initial step of the chemical reaction of ethanol supported on Au� NW with LAC containing an oxygen atom impurity in its structure. (A) Graphical
representation of a chemical reaction, where the reactant and the product are shown (In this step, the product is the intermediate in the overall ethanol
oxidation reaction). (B) Behavior of the intermediary-1 Au� C bond during a 2.5 ps trajectory simulation. (C) NEB of the minimum energy path for the chemical
reaction of ethanol in its first stage.
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is, the formation of the same intermediary-1 as in the first step
is observed (Figure 5 A). Where, again, activation at the β-C� H
bond cleavage is achieved. Additionally, it is observed that
intermediary-1 maintains its stability over time (Figure 6 B). That
is, the Au� C bond remains fluctuating around 2.2 Å. Also,
complementarily, the interaction of H that was directed towards
the LAC is described in the supplementary material (Figure S8).

Furthermore, it is observed that one of the main differences
in relation to pure LAC is the kinetic behavior in the formation
of intermediate-1 (Figure 6 C).

The NEB results showed that the activation energy barrier
strongly decreases relative to the chemical reaction barrier in
pure LAC (Figure 5E). In this case, a much smaller activation
energy barrier of ~0.30 eV was found (Figure 6C). That is, now,
the height of the barrier becomes only 11 times the height
defined by the thermal fluctuation at room temperature, and
no longer 37 times as observed in the pure LAC. This shows
that the presence of oxygen (in LAC) modifies the reaction
kinetics, favoring the formation of intermediary-1. A behavior
with these characteristics was expected since the ELF results
(presented above) showed a different chemical nature between
LACs with and without impurity. Furthermore, another differ-
ence found is that the local minimum established by the
formation of intermediary-1 is more stable than the local
minimum defined by the reagent. That is, in the presence of
oxygen, the formation of intermediary-1 takes place in an
exothermic process. Therefore, highlighting the role of oxygen,
it can be said that oxygen, in addition to strengthening the
chemical bond of the LAC, also controls the kinetics of the first

step of a chemical reaction (chemical reaction acceleration), and
forms a more stable intermediate-1.

Experimental studies showed that, in the presence of
oxygen, less temperature is required to form acetaldehyde. For
example, using molecular beam scattering ultra-high vacuum
(UHV), on the surface of PdAu,[111] traces of acetaldehyde were
observed around 200 K.[68] Also, the theoretically calculated
activation energy barrier for acetaldehyde formation (for differ-
ent reaction mechanisms) varies between 0.4–2.0 eV.[68] Another
theoretical study showed that, on an Au[111] gold surface in
the presence of oxygen, the barrier needed to activate the β-
C� H bond is ~0.29 eV.[69] Other studies, in the presence of
oxygen, also showed similar activation energy barriers.[70–73] This
shows that our result is in agreement with works similar to ours.

Next, we explored the role of oxygen in the following stage
of the reaction, that is, in the formation of acetaldehyde
(Figure 7A). At this step, acetaldehyde formation requires
proton transfer from intermediary-1 (� OH) to the LAC. There-
fore, we consider only the H� O transfer (Figure 7A). For this,
molecular dynamics (without metadynamics) was used to
observe the H� O transfer. Intermediary-1 maintains its stability,
while its � OH group is relatively far from the oxygen atom of
the LAC (H� O distance). This can be seen in the temporal
evolution of the Au� C and O� H distances (Figure 7B and C). It is
also observed that while the O� H distance decreases, the
intermediary destabilizes (increasing the Au� C distance) to form
acetaldehyde.

In the process of acetaldehyde formation (which implies
only the transfer of a proton), it is observed that the potential
energy of the system abruptly decreases to a more negative

Figure 7. Final step of the chemical reaction of ethanol supported on Au� NW with LAC containing impurity in its structure (an oxygen atom). (A)
Representation of the chemical reaction showing the reactant (intermediary) and product (acetaldehyde), this is an idealized graphical representation of the
chemical reaction showing the reagent and product, considering only the LAC part of the NW to achieve a better visualization. (B) and (C) These plots detail
the time evolution of Au� C and O� H bonds over approximately 5 ps. (D) Potential energy behavior of the system focused on the formation of acetaldehyde.
(E) NEB of the minimum energy pathway for acetaldehyde formation from the intermediary.
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value (Figure 7D), suggesting that the local minimum defined
by the formation of the product (acetaldehyde) is still more
stable than the other local minimum defined by the intermedi-
ate and ethanol. The NEB result confirms that acetaldehyde
formation effectively leads to a much more stable local
minimum (Figure 7E). NEB analysis (Figure 7E) also shows that
proton transfer occurs at negligible energy cost (~0.01 eV). That
is, it is only necessary that the � OH and oxygen groups in the
LAC (H� Au) be relatively close. Therefore, this suggests that
intermediary-1 will lose stability as the presence of impurities
(oxygen) in LAC increases.

With the presence of an oxygen impurity in the LAC, the
formation of another intermediary was also observed. In this
case, from intermediary-1 (Figure 8, P1), the formation of
intermediary-2 (Figure 8, P2) was also seen. Instead of a direct
proton transfer to form acetaldehyde, the carbon atom that is
bonded to the gold atom first prefers to bond to the oxygen of
LAC (Figure 8, intermediary-2). The NEB result shows that once
intermediary-2 is formed, the energy cost to return to
intermediary-1 is quite high (~2.5 eV). Therefore, once interme-
diary-2 is formed, the reaction route to form acetaldehyde takes
another path (Figure 8, P2, P3, P4, and P5).

NEB also shows that once intermediary-2 is formed, the
energy cost to form acetaldehyde is relatively low (Figure 8,

energy difference between P3 and P2 ~0.6 eV). This process
involves intramolecular proton transfer synchronized with a
C� O bond breaking (Figure 8, P3). The size of the energy barrier
is affordable to allow the reaction by thermal fluctuations at
ambient temperature (300 K). Therefore, intermediary-2 also
leads to the formation of acetaldehyde. At this stage of our
analysis, we could say that ethanol oxidation, supported in NW
with an oxygen impurity, could occur via two reaction pathways
(Figure 9). Out of these two possibilities, the pathway involving
the formation of only intermediary-1 (Figure 7) is a little more
favored for presenting a lower energy barrier to form
acetaldehyde.

Conclusions

In this work, different techniques were used to explore the
chemical behavior of NWs in order to study the reactions that
occur when ethanol interacts with Au� NWs LACs containing an
oxygen impurity in its structure and also in its pure form.

Electrostatic molecular potential, electron density difference
and electron localization function techniques showed interest-
ing results. It is concluded that the most reactive part of the
gold nanowires is in its linear atomic chain (LAC). LACs with and

Figure 8. NEB results of the minimum energy path of the events leading to the formation of Intermediary-2 from Intermediary-1. The formation of
acetaldehyde from the intermediate is also shown. The graph was taken from the simulation trajectory, considering only the LAC part of the NW to achieve a
better visualization.

Figure 9. Idealized graphical representation of the reaction pathways observed in the formation of acetaldehyde, only the LAC part of the NW is represented
for a better visualization. Intermediary-1 can directly leads to acetaldehyde formation. Additionally, intermediary-1 can form another intermediary-2, which
also leads to the formation of acetaldehyde.
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without oxygen impurity in their structure are sensitive to
interactions with ethanol, drastically modifying their nucleo-
philic character. Furthermore, it was found that the oxygen
impurity plays different roles in the behavior of the NW. It acts
as an anchor for the gold atoms, providing stability to the LAC,
and also lowers the activation energy barriers, facilitating the
chemical reactions of ethanol.
Ab initio molecular dynamics simulations showed that the

chemical reaction of ethanol has a different kinetic and
thermodynamic behavior when they occur in NWs with and
without oxygen impurity.

Regarding the kinetic behavior, in the first stage of the
ethanol reaction, the activation energy barrier is reduced by
~69% when the reaction occurs in the LAC with oxygen
impurity. Regarding thermodynamic behavior, the formation of
intermediary-1 occurs in an exothermic process when the LAC
contains oxygen impurity, and in an endothermic process when
the LAC is pure.

It was also observed that, when the reaction occurs in the
LAC with oxygen impurity, the ethanol reaction leads to the
formation of acetaldehyde through two different reaction
pathways. Therefore, one important conclusion of the present
work is that the presence of the O impurity in the LAC is of
paramount importance to the enhanced reactivity of the Au
nanowire.

Supporting Information Summary

Additional information on optimization of geometry, alternative
methodology DFT, ELF and EDD analysis, adsorption energy,
bond energy, PES and NEB analysis.

Additional cited references within the supporting informa-
tion are the references 74,75 and 76.
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