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A B S T R A C T

Bimetallic nanoparticles (NP) have demonstrated outstanding multifunctional characteristics, which depend on
their size, distribution and composition. In this study, we show the possibility of tailoring the oxidation behavior
of Zn-Fe bimetallic nanoparticles produced by magnetron sputtering and gas agglomeration system. Zn and Fe
metals were coupled to promote faster oxidation of Zn, stimulating a galvanic mechanism due to the dissimilar
corrosion potential in the nanoparticles. The results revealed Zn dissolution occurring at high humidity en-
vironments for bimetallic Zn-Fe nanoparticles where no intermix exists between Zn and Fe; however, such
dissolution is excluded for ZnFe alloys. The effect of the galvanic couple on the Zn dissolution was confirmed by
molecular dynamic simulations. This bimetallic system can be exploited as moisture-activated oxygen scavenger
materials due to the acceleration in the oxidation mechanism.

1. Introduction

The production of bimetallic nanoparticles (NPs) with different
structures and compositions have attracted a lot of attention due to
their unusual characteristics, including catalysis, antibacterial, optical
and magnetic properties [1,2]. These NPs are used in a large variety of
technological applications such as textiles, biomedicine, food and
agriculture, electronics, renewable energy and catalysis [3,4]. These
applications are strongly influenced by the stability, size, distribution
and composition of the nano-scaled systems, which can be tailored by
the synthesis method.

Despite the known advantages of chemical methods in producing
the bimetallic NPs, physical methods have gained significant interest
due to their versatility and eco-friendly character. Magnetron sput-
tering is one of the most common vapor deposition techniques used by
industry, which can be employed for the production of films, as well as
NPs in very short deposition times. Previously, we have reported the
production of carbon-supported Zn NPs, in which a detailed correlation
between the production parameters and the control of size and dis-
tribution of the NPs is performed [5]. Such NPs exhibit an oxidation
mechanism that can be controlled by the humidity in the environment,
however, the maximum oxidation rate is limited. In this work, we

propose a bimetallic system in which Fe accelerates the oxidation of Zn
NPs by a galvanic couple, allowing us to better control the oxidation
rate. In this context, fine control of NP size and composition is required.
However, classic magnetron sputtering (MS) only offers a certain de-
gree of control, which depends on the substrate chemistry, temperature,
discharge power density, discharge pressure and complex kinetic pro-
cesses.

As a new approach, several authors used a gas agglomeration
technique that allows full control of the size and composition of the
nanoparticles [6], demonstrating the successful production of NPs such
as Fe [7], Au, Ag [8], Si [9], using a gas agglomeration system. Junlei
Zhao, et al. [10], for instance, have demonstrated the possibility of
controlling the shape and size of Fe clusters, by regulating the power
applied to the target. The versatility of this technique also permits the
production of multicomponent NPs, which offer not only the properties
of each constituent but also acquire additional characteristics due to the
catalytic process occurring between the elements, enhancing their
functionality. These bimetallic NPs are usually divided into three types:
core–shell NPs, dumbbell NPs and alloy NPs [11], where the distribu-
tion of the elements in the bimetallic NPs determines their function. A
clear example of the gas agglomeration method to produce bimetallic
NPs is the synthesis of bimetallic Fe-Au nanocubes for chemiresistive
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gas sensors with good performance [7].
In this report, we proposed a combination of MS and gas agglom-

eration system to produce different Zn-Fe bimetallic NP arrangements.
Diverse atomic ordering of Zn and Fe were used to demonstrate the
possibility of activating a galvanic oxidation mechanism that can ac-
celerate the oxidation of the NPs. Considering the moisture-activated
oxidation properties of both Zn and Fe metals, the nanostructures were
studied in high relative humidity environment (95–98% RH) to eval-
uate the evolution of the Zn-Fe NPs oxidation and determine the effect
of Zn and Fe distributions on the oxidation kinetics of the NPs. The
experimental results are supported by molecular dynamics simulation,
demonstrating that the existence of an electric field created by the
galvanic couple in a humid environment promoted the oxidation of the
nanoparticles. To the authors’ knowledge, a galvanic effect is for the
first time demonstrated in these nanosystems, where Zn and Fe show
dissimilar corrosion potentials and thus accelerate the oxidation of the
NPs supported on carbon substrates. This shows the potential use of
these NPs as oxygen scavenger for packaging applications.

2. Materials and methods

2.1. Materials production

Two production methods, illustrated in Fig. 1, were used to obtain a
different distribution of the Zn and Fe elements. First, Zn and Zn-Fe
nanostructures were deposited by classic magnetron sputtering onto
TEM Cu-grids with an ultra-thin carbon layer (Fig. 1a), using a pulsed
DC power supply. The power supply was plugged to a high purity Zn
target (99.99%) or a Zn target modified with Fe pellets (99.95% purity).
The substrates were located at 70 mm from a rotational substrate
holder. The rotation speed of the substrate holder was maintained at
8 rpm to achieve homogeneous particle distribution. The temperature
(313 K) and the substrate bias voltage (ground) remained constant
during the depositions. The chamber was evacuated to 2 × 10 -4 Pa and
filled with Ar as an inert gas. The power density of the discharge for the
Zn nanostructures was 0.2 W cm−2, the discharge pressure 1.3 Pa and
the deposition time 240 s. On the other hand, the power density for Zn-
Fe nanostructures was modified (0.2 to 0.3 W cm−2).

The second approach adopted was a hybrid process with both gas
agglomeration system and magnetron sputtering (Fig. 1b). The system
consists of a water-cooled cluster source, which exit slit (2 mm dia-
meter) projects the clusters to the main chamber. This source was set
with a Fe target (99.95% purity) of 50 mm in diameter and connected
to a DC power supply. The nozzle is located at 95 mm from the sub-
strate holder, which rotates continuously at 8 rpm. The main chamber
is also equipped with a magnetron with a high purity Zn target
(99.99%), located at 70 mm from the rotating substrate holder and
provided with a DC power supply. The chamber and cluster source were
evacuated to 3 × 10-3 Pa and 2 × 10-2 Pa, respectively, while the
working pressure was adjusted to 7.2 × 10-1 Pa and 200 Pa,

respectively. After optimizing the Fe power density (see supplementary
information Fig S1), the cluster mean size obtained was 5.1 ± 1.6 nm.
Those conditions were combined with the optimized conditions for the
Zn nano-islands in the new system (0.35 Wcm−2, 240 s). Thus, the Zn
target was activated during 240 s a single time, while the Fe target was
maintained ON for 2400 s. A full description of the deposition condi-
tions can be seen in Table 1.

2.2. Methods

Morphological and structural characterization of the NPs was per-
formed to study the effect of the deposition conditions on their crys-
tallinity, size, and distribution. For this purpose, bright-field (BF) TEM
images were acquired using a JEOL 2100 operated at 200 kV, equipped
with the Gatan OneView camera. Particle segmentation was carried out
to determine the size distribution and average size of the NPs using
ImageJ [12]. The circularity of the particle was used to differentiate
individual (circularity > 0.8) from coalesced NPs (circularity < 0.8).

To investigate the oxidation process of the NPs, the materials were
subjected to a high (95–98%) relative humidity (RH) environment to
monitor the NPs oxidation and determine its effect on the oxidation rate
and oxidation mechanisms. An environment with 95–98% of RH was
used to simulate the conditions in which the NPs are used as oxygen
scavengers for food packaging applications. For high RH, the humidity
was controlled using a saturated potassium sulfate solution prepared in
distilled water. The solution was poured inside a desiccator and sealed
until equilibrium was reached. Thereafter, the samples were inserted
into the desiccator and sealed for 1 month.

HAADF STEM images were acquired on an aberration-corrected FEI
Titan ChemiSTEM operated at 200 kV acceleration voltage. The ex-
traction voltage was 3.35 kV and the pixel dwell time was set at 10 µs. A
camera length of 135 mm was selected, which corresponds to accep-
tance angles ranging from 56 to 200 mrad, approximately.

Energy-dispersive X-ray spectroscopy mapping (EDX-mapping) was
performed in an aberration-corrected FEI Titan ChemiSTEM equipped
with a Super-X EDX detector. Iterative maps of 512 × 512 pixels were
recorded with a dwell time per pixel of 10 µs at 200 kV to determine the
elemental distribution. The maps were collected during 10 min of ac-
quisition with a beam current of approximately 0.2nA measured on the
phosphorus screen.

Particle segmentation was carried out to determine the size dis-
tribution and average size of the nanoparticles. At least 200 nano-
particles were used for determining the particle average size, following
the methodology described by D.J. Groom et. al. [13].

2.3. Reax simulations

Molecular dynamics simulations were carried out using ReaxFF
(reactive force field) [14], to study a ZnO (0001)/H2O interface, using a
parameterization to describe ZnO surfaces [15]. An electric field was

Fig. 1. Schematic representation of the systems used in this report a) classic magnetron sputtering chamber, b) magnetron sputtering chamber couple with an
agglomeration gas system and c) a zoomed view of the gas agglomeration system in b).
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applied to understand the effect of the galvanic couple formed in the
presence of Fe NP on the dissolution of Zn/ZnO.

ReaxFF uses a bond-order (BO) dependent potential, that allows the
formation and breaking of bonds between atoms. The interaction en-
ergy is described by the Eq. (1):

= + + + + + +E E E E E E E Esystem bond over under lp val vdWaals Coulomb (1)

The total energy on the system is divided into various partial energy
terms that can be grouped into the bounded terms that include, bond
energies (Ebond), penalty energies for over (Eover) and under coordina-
tion E( under), lone pair energies E( )lp , valency angle energies (Eval), and
the nonbonded terms, namely the van der Waals (EvdWaals), and
Coulomb (ECoulomb) interaction energies. The bounded terms depend on
the bond order (BO) parameter, which is determined dynamically based
on the interatomic distances. The atomic charges are dynamically re-
assigned using geometry dependent charge equilibration methods
[16,17] allowing for the description of charge transfer in chemical re-
actions.

The ZnO (0001)/H2O interface model consisted of a slab of 11
layers of ZnO, with the (0001) surface saturated with oxygen atoms.
The (0001) surface was solvated by a 20 Å layer of water, and a vacuum
layer on the opposite surface. The size of the simulation box was
81.238 × 81.238 × 61 Å3. The ZnO slab and water layer were pre-
heated at a temperature of 300 K in two independent simulations before
they were put in contact, and a 200 ps run was then performed.
Simulations were done using the ReaxFF version as implemented on the
LAMMPS software package [18,19]. Molecular dynamics runs were
performed using the canonical ensemble (NVT) at a temperature of
300 K that was maintained using a Nosé-Hoover [20,21] thermostat

with a damping constant of 1 fs. The atom trajectories were integrated
using the velocity Verlet algorithm [22] with a time step of 0.1 fs.
Periodic boundary conditions were applied on × and y directions and a
reflective wall was used on the top and bottom boundaries of the z-
direction to avoid the loss of atoms. An external electric field was ap-
plied on the z-direction, adding a force F = qE to each atom propor-
tional the atomic charge. Different simulations were performed using
different values for the electric field: 0.0 V/Å (no electric field), 0.10 V/
Å, 0.20 V/Å, 0.32 V/Å, 0.42 V/Å and 0.64 V/Å.

3. Results and discussion

3.1. Magnetron sputtering production

It is generally known that the species ejected from the target in
magnetron sputtering will form films or nanometric islands on the
substrate surface during the initial stage, depending on the affinity
between the deposited species and the substrate. In the case of nano-
metric islands, only after a certain period these nanostructures coalesce
and generate a continuous coating [23]. The energy of the species ar-
riving at the substrate determines the structure, size, and distribution of
the nano-islands, which depends on power density, temperature, sub-
strate bias and mean free path in the deposition. This initial stage can
be used to produce NPs, which grows primarily in a kinetically con-
trolled process. For instance, in a previous report [5], we have de-
monstrated that the deposition time and power applied to a Zn target
can partially control the distribution and size of Zn NPs. This study
demonstrated that number of particles can be increased, such that a
continuous films is formed, when the power density or the deposition

Table 1
Deposition conditions for Zn and ZnFe nanoparticles by magnetron sputtering (first approach) and gas agglomeration system (second approach).

Sample Zn Power Density [W
cm−2]

Fe Power Density [W
cm−2]

Working Pressure Main
Chamber [Pa]

Working Pressure Cluster
Source [Pa]

Deposition time of Zn
[s]

Deposition time of Fe [s]

Classic Magnetron sputtering
Zn 0.2 0 1.3 – 240 –
ZnFe 0.2–0.35 pellets 1.3 – 240 –
Gas agglomeration system
Zn + Fe 0.35 5.1 0.72 200 240 2400

Fig. 2. BF-TEM images of Zn and ZnFe nanostructures deposited on carbon substrates at different discharge power density a) Zn at 0.2 W cm−2, b) ZnFe at
0.2 W cm−2, c) ZnFe at 0.3 W cm−2 and d) ZnFe at 0.35 W cm−2, with their respective histograms for individual and coalesced particles size (e-h). The equivalent
radius (req) was calculated taking into consideration an equivalent circumference with the same area of each particle.
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time increase. The same behaviour is observed by decreasing the
working pressure during the deposition. Thus, selecting optimized de-
position conditions from that report (0.2 W cm−2, 240 s, 1.3 Pa), Fe was
incorporated aiming to produce a galvanic couple between the Zn and
Fe to better control the oxidation of the nanoparticles.

When Fe is introduced by classic magnetron sputtering, a clear al-
teration on the particle size and distribution is observed. Comparing Zn
with ZnFe deposition, at the same power density (Fig. 2a and b re-
spectively), a significant decrease in the deposition rate for ZnFe is
observed. This phenomenon is due to the lower sputtering yield of Fe
(see supplementary information Fig. S2), which promotes a decrease in
the deposition rate of the system for similar discharge powers. Thus, to
obtain a significant number of particles, the power of the target was
systematically increased and the size and distribution of the particles
were evaluated (see Fig. 2b – d).

The distribution of the NPs was notoriously modified, obtaining a
remarkable homogenous size and distribution of the NPs as shown in
Fig. 2c. This regular distribution of the particles shows how Fe atoms
act as impurities during the Zn nucleation process, promoting sites of
nucleation, and reducing the mobility of Zn, explaining the reduced size
of the NPs, compared to Zn deposition. The increase in power density
lead to a larger number of particles to coalesce, of the particles, redu-
cing the number of individual particles

The Zn and Zn-Fe NPs demonstrated different growth modes. Zn
forms isolated NPs, which follow the Vomer-Weber mode, while Zn-Fe
grows by forming a discontinuous thin film and NPs, as depicted in
Fig. 3. The decrease in the mobility of adatoms for the Zn-Fe deposition
is expected due to the existence of Fe atoms on the surface, which
promotes the nucleation sites, reducing their coalescence. EDX analysis
of the NPs demonstrates that the film and the NPs differ in composition,
showing a larger concentration of Fe in the film, as observed in Fig. 4.
The elemental distribution of the as-deposited particles reveals a na-
noalloy with less than 3 at. % of Fe, distributed in the entire particle
(Fig. 5 e-h). Considering the phase diagram of Fe-Zn [24], for these
concentrations of Fe and the distribution of Fe in the particle, the
material is likely to be formed by a mixture of hexagonal Zn and a FeZn
alloy (e.g. FeZn13 or FeZn11). However, the accurate determination of
the phases is not possible due to the existence of similar inter-planar
distances between Zn, ZnO, FeZn11 and FeZn13 phases, as shown in the
detailed analysis of the images presented in Fig. S3.

Additionally to the Zn and Fe signals, the EDX results revealed
oxygen presence, which is dissimilar for both Zn and Zn-Fe nano-
particles (Fig. 5c and g). This oxygen presence is predictable due to the
spontaneous oxidation of both metals when exposed to air. On this
basis, Zn NPs showed an oxidized surface, forming core–shell struc-
tures, in agreement with previous results [5]. On the other hand, the
incorporation of Fe promotes a polycrystalline growth in Zn-Fe

nanostructures and prevents uniform passivation of the NPs, shown in
the oxygen distribution in Fig. 5g and h.

These results show the possibility of producing both Zn NP’s and Zn-
Fe alloys by classic magnetron sputtering. However, to successfully
build a galvanic couple between Zn and Fe, we need to avoid the for-
mation of ZnFe alloys, forming separate phases of Zn and Fe, but in
contact with each other. Thus, to attain these structures, a hybrid
system between magnetrons sputtering and gas agglomeration system
was utilized.

3.2. Hybrid system

In the case of the hybrid system (Zn + Fe), a gas agglomeration
system coupled with a classic magnetron sputtering was used. The
mode of growth in this system differs from a classic magnetron sput-
tering, since, on the one hand, the particles produced by magnetron
sputtering growth in an atom by atom mechanism on the substrate, but
on the other hand, Fe cluster are pre-formed in the agglomeration
chamber at very high pressure and bombarded to the substrate through
the nozzle. These clusters arrive at the substrate with specific sizes and
energies depending on the agglomeration conditions. Only during the
first 240 s of the process, the Zn target in the main chamber is activated
(ON), making the Zn NPs grow, while the rest of the time the Fe clus-
ters/NPs collide with the Zn particles already deposited on the sub-
strate, promoting the redistribution of the material. The BF-TEM image
in Fig. 6a shows the particles forming agglomerates, which are created
after the collision of Fe NPs. A detailed analysis of these agglomerates
shows the formation of polycrystalline agglomerates (cf. Fig. 6b) and an
additional presence of very small clusters (~3 nm) observed on the
substrate, as depicted in Fig. 6c. The surrounding area of large ag-
glomerates shows a depletion zone of such small clusters (see Fig. S4),
indicating an agglomeration mechanism caused by the collision of the
Fe nanoparticles. The small clusters are identified as ZnO in the ma-
jority of the cases, and in fewer cases as Zn/ZnO particles, as observed
in the digital diffraction patters in in the inset of Fig. 6c.

The analysis of the compositions of the agglomerates was performed
by EDX spectrum images, demonstrating the existence of Fe NPs which
are, in most of the cases, surrounded by Zn NPs, as observed in Fig. 7.
The bimetallic agglomerates (for now one referred as Zn + Fe NPs), are
composed of Zn and Fe NPs, exhibiting an oxidized surface. Fig. 8
shows a detailed analysis of the composition in different locations, with
their respective EDX spectrum. Three zones were analyzed, a Fe rich
Zone (1), a Zn rich zone (2) and the substrate (3).

3.3. Oxidation process

The three atomic arrangement produce are schematized in Fig. 9

Fig. 3. Phase-contrast HR-TEM images of a) pure Zn nanostructures, b) ZnFe nanostructures, and c) ZnFe discontinuous film deposited on carbon substrates. The
insets in the images represent the corresponding FFT of selected area in the red square.
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insets. These configurations were subjected to high relative environ-
mental conditions (95–98% RH) to evaluate their oxidation mechanism.
As previously reported, for high RH environments (95–98%), Zn NPs
revealed that the oxidation is accompanied by a dissolution process that
evolves to a ZnO layer on the carbon. This dissolution is shown in the
porous structured observed in Fig. 9a, where pits are observed all over
the particle, including in the centre of the particles. These particles have
been meticulously characterized in a previous study and the identifi-
cation of the phases can be found elsewhere [5]. Such dissolution ap-
pears to be avoided or deaccelerated by doping the Zn structures with
Fe, as shown by the absence of pits on the ZnFe nanostructures (cf.
Fig. 9b). This indicated more stable structures, controlling the oxida-
tion/dissolution of the NPs, which may prevent oxygen scavenger
capabilities. To interpret this behavior, it is essential to take into con-
sideration that for high relative humidity environments, and especially
for 95–98% RH, a layer of water is expected to be formed on the surface
of the NPs, promoting corrosion processes. Such electrochemical pro-
cesses are known to stimulate the transformation of metallic Zn to Zn+2

ions, in neutral/acid electrolytes [25] and, therefore, explain the dis-
solution of the NPs. However, at low concentration of Fe, Zn forms
electrochemically stable phases such as FeZn11 and FeZn13, which have
been demonstrated to possess a higher corrosion resistance when
compared to pure Zn phases [9].

Contrary to the ZnFe alloys, the dissolution behavior is observed in
the bimetallic agglomerates Zn + Fe, produced by gas agglomeration.
The dissolution is evidenced by the existence of pores or pits after
1 month of exposure to the environment, as shown in Fig. 9c and
Fig. 10c.

To better observe this phenomenon, HAADF-STEM images were
acquired on the three systems after exposure to the 95–98% of relative
humidity (Fig. 10a-c), where the pits or pores created during the dis-
solution are shown as dark zones inside the particle. A larger number of
pits are observed for the Zn + Fe system, showing a drastic dissolution
(Fig. 10c and Fig. S5), compared with the Zn and Zn-Fe systems, despite
having the same exposure time to the humidity environment. EDX
spectrum images also confirm the Zn depletion zones, observed for Zn

Fig. 4. a) EDX spectra of ZnFe sample acquired inside (black) and outside (blue) of the nanoparticle, as shown in b), b) EDX spectrum image acquired for ZnFe
nanoparticles.

Fig. 5. (a and e) HAADF STEM images of as-deposited pure Zn and ZnFe nanoparticles, respectively, (b - d) EDX spectrum images acquired for particles shown in a)
and (f - h) EDX spectrum images acquired for particles shown in e).

A. Castro, et al. Applied Surface Science 537 (2021) 147896

5



and Zn + Fe nanostructures, while Zn-Fe NPs exhibit a passivated
surface, forming core–shell structures. Remarkably, the dissolution of
the Zn is more predominantly observed for the Zn + Fe agglomerates,
when compared to the other two systems, confirming the galvanic ac-
tivation process.

The acceleration in the oxidation rate for Zn + Fe nanostructures is
explained by the dissimilar corrosion potential of zinc and iron. In pure
water, these two metals show a difference of the redox potential of
approximately 320 mV [26], creating a galvanic couple, where the Zn
behaves as the anode and the Fe as the cathode in the reaction. This
process is potentiated by the carbon substrate, which acts as a more
noble material. On the other hand, we attribute the lack of dissolution
of Zn-Fe structures to the formation of FeZn alloys, which present a
higher corrosion resistance when compared to a pure Zn phase, as
previously mentioned.

3.4. ReaxFF molecular dynamic simulations

Molecular dynamic simulations were carried out to evaluate the
effect of the galvanic couple on the water dissociation and Zn/ZnO
dissolution on the surface of Zn and ZnO. First, a (0 0 0 1) ZnO surface
is exposed to water and the evolution of the oxygen, Zn atoms and
water molecules are monitored. In this simulation, Fe was not directly
included due to the complexity in the interatomic potential required to
simulate Zn and Fe phases. However, as demonstrated by the experi-
mental results, the effect of Fe is mainly to create a galvanic pair that
promotes the existence of an electric field in humid environments.

For Zn, the initial oxide is formed in contact with an oxygen at-
mosphere, due to the adsorption of oxygen on the Zn surface, forming
an oxide layer that stabilize around 2.7 nm, as discussed elsewhere [5].
By introducing humidity in the environment, ZnO becomes unstable
against the formation of zinc vacancies, favoring the dissolution of
oxide [23].

Fig. 6. a) BF-TEM images of Zn-Fe nanoparticles produced by gas agglomeration system (Zn + Fe), b) phase-contrast HR-TEM images of the agglomerates and c)
phase contrast HR-TEM images of the substrate in a). The insets in the images represent the corresponding FFT of the selected area in the red square.

Fig. 7. (a) HAADF STEM images of as-deposited Zn + Fe nanoparticles, (b - f) EDX spectrum images acquired for the particle.
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Fig. 11a and b show the initial and final state of the model for 0
electric field. For this case, the formation of a Zn-OH layer is evidenced,
creating a small separation between the water and the ZnO of about
1.4A, as shown in detail in Fig. 11d. The formation of the hydroxide is
well-known and has been reported to be one of the steps on the oxi-
dation of the Zn. However, no significant dissolution of zinc is observed

during the 200 ps of simulation. When a constant electric field is ap-
plied, to mimic the galvanic couple effect, the Zn atoms on the surface
start to move to the interior of the double layer, evidencing the accel-
eration of the corrosion process, as shown in Fig. 12. Additionally,
dissolution of Zn become evident for electric fields larger than 0.32 V/Å
and a significant amount of Zn moves to the liquid phase for 0.42 V/Å.

Fig. 8. (a) HAADF STEM image of as-deposited Zn + Fe nanoparticles, (b - c) EDX spectrum images acquired for the particle shown in a), and (d) EDX spectra in
different zones highlighted in figure b).

Fig. 9. Phase-contrast images of the nanostructures after 1 month in a high humidity environment (95–98% RH) for a) Zn, b) ZnFe, c) Zn + Fe.
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These results demonstrate the acceleration of the dissolution when a
galvanic couple is introduced, caused by the increase in the driving
force for the ions to diffuse. For larger electric fields (0.64 V/Å) the
structure is disrupted and the surface collapses, which may be inter-
preted as a breakdown potential.

The evolution of water molecules as a function of time was also
analyzed and is depicted in Fig. 12g. For all the electric fields, the
number of molecules significantly decreased during the first 20 ps,
which is attributed to two phenomena, (i) water adsorption on the
surface and (ii) water dissociation forming the zinc hydroxide phases.
However, for each applied electric field the water molecules stabilize at
different values. Such plateau is not completely attained for 0.62 V/Å,
due to the continuous dissolution of Zn. Fig. 12h, show the number of
water molecules at the end of the simulation time (0.2 ns). The number
of water molecules increases as the electric field increases up to 0.2 V/
Å, which is attributed to the desorption process caused by the polar-
ization of the surface. Nonetheless, as the electric field increases, the
dissolution of the metal promotes more water to be in contact with Zn
and thus, stimulating the water dissociation.

4. Conclusions

In summary, we study Zn-Fe NPs synthesized by two methods, de-
monstrating a simple production of bimetallic systems using a hybrid
magnetron sputtering and gas agglomeration chamber. The different
atomic arrangements of the Zn and Fe allow the control of the moisture-

activated oxidation mechanism, accelerating the oxidation process for
NPs with separated Zn and Fe phases while decelerating the process for
ZnFe alloys. Sputtering Zn from a classic magnetron sputtering and Fe
from a cluster gun produces an atomic configuration that promotes a
galvanic couple formation, which in the presence of high humidity
environment create a difference of potential between the two phases
and thus, accelerate the oxidation process. Co-sputtering Zn and Fe
from the same target, on the other hand, promotes the formation of
ZnFe alloys, decreasing the oxidation rates in the systems.
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Fig. 11. Side view ZnO- H2O model (a) after relaxation time, (b) after 200 ps, (c) the dissociation of water on the ZnO surface and (d) detail view of the surface after
0.2 nm. Red, blue, and grey spheres represent H, O, and Zn atoms, respectively.

Fig. 12. Side view ZnO-H2O model after 200 ps under an electric field (a) 0 V/Å, (b) 0.10 V/Å, (c) 0.20 V/Å, (d) 0.32 V/Å, (e) 0.42 V/Å, (f) 0.64 V/Å, (g) evolution of
H2O molecules as a function of time and (h) number of H2O molecules after 200 ps for each potential.
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