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ABSTRACT: Crystalline or vitreous silica layers are new two-dimensional (2D) nanomaterials, which
have shown surprising structural similarities with graphene and promise interesting properties. In this
study, one-dimensional (1D) silica structures are formed on metal surfaces. In an in situ electron
microscopy experiment it is demonstrated that lines of silica grow along step edges on metal surfaces.
The growth of 1D silica occurs in competition with the formation of 2D networks and adopts the
crystalline symmetry of the metal surface. Transformations between 1D and 2D structures are observed.
Density functional theory calculations show that 1D silica is energetically favorable over 2D structures if
surface steps prevail on the substrate. Our results indicate that lateral heterostructures with interesting
properties may be developed on metal substrates.

■ INTRODUCTION

Two-dimensional (2D) networks of silica have recently
attracted much attention, as these are among the thinnest
dielectric oxide layers with interesting catalytic properties.1 It
has been found that layers of silica occur either as ordered
hexagonal structures or as disordered arrangements of non-
hexagonal rings. The defects in the former are in striking
similarity to those in graphene.1−3 The latter phase, being a rare
example of a 2D amorphous system, has been denoted as
vitreous silica. Its morphology is very similar to the glass-like
two-dimensional structure proposed in 19324 but has not been
seen experimentally prior to 2010.5−7 It has been found that
silica layers grow on catalytically active metal substrates such as
Pt, Mo, Ni, Pd, Cu, Fe, Co, or Ru. Mono- and double layer
structures of the cellular 2D-silica have been reported.8 It has
also been observed that the epitaxial match with the substrate
determines the structure of the silica layers. While surfaces with
hexagonal symmetry (e.g., the (0001) surfaces of hcp metals)
favor the growth of a perfectly hexagonal network of cells, other
surfaces lead to more or less defective and disordered growth.2,9

Structurally related one-dimensional arrangements of silica have
also been observed on surfaces of Mo layers.10 A recent study
already showed that 2D silica could be grown in an in situ
experiment in the transmission electron microscope.3 It is a
solid-state growth process, starting with a layer system
consisting of amorphous SiO2 and a suitable metal. In the
present work it is shown that, under suitable conditions, even
one-dimensional (1D) silica structures grow, appearing as lines
of SiOx tetrahedra on the metal substrates. The lines follow
atomic steps and reflect the symmetry of the metal surface. The
growth of these 1D silica lines occurs in competition with 2D

silica and can be monitored in situ in the electron microscope.
Characteristic patterns of lines are observed on different metal
surfaces.

■ EXPERIMENTAL DETAILS
The precursor for the growth of 1D silica was a thin amorphous
SiO2 substrate, which has been synthesized by heating
commercially available SiO grids for electron microscopy
(Agar Scientific) in air at 350 °C. The resulting SiO2 films
had a thickness of approximately 10 nm. An analysis by electron
energy-loss spectroscopy showed no other elements than Si and
O (except a slight carbon contamination that often appears on
TEM samples). The silica films were then covered with a thin
metal layer. The deposition of Fe, Co, or Ru with a thickness of
approximately 5 nm onto the SiO2 film was achieved by
sputtering. The system was mounted in the heating stage of a
transmission electron microscope (TEM, operated at an
accelerating voltage of 200 kV). Heating the samples in a first
cycle up to 700 °C caused a ripening of the metal layer by
splitting into isolated nanoparticles of different shapes on the
SiO2 film. An uptake of Si and O atoms by the metal layer is not
immediately detectable but should also occur at high
temperature.3 Successive cooling of the specimen to 450 °C
led to the visible nucleation and growth of silica on the metal
surfaces.3,11 The prerequisite for the nucleation of silica,
however, was not only the heating cycle but also a clean
metal surface, free from amorphous silica that was sputtered off
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by an intense beam. The amorphous residues would have
inhibited growth of silica on the metal layers and, furthermore,
led to a diffuse image contrast with the overlapping metal layer.
The electron beam itself, however, did not promote any
growth; instead it led to the vanishing of structures that were
already present on the metal.

■ RESULTS AND DISCUSSION
After the irradiation, not only the previously observed cellular
2D structures appeared3 but also linear ones, growing at the
same time. The lines have quantitatively the same contrast as
the cells and are often attached to the 2D structures. Figure 1

shows the linear structures on a Fe nanoparticle, which has
previously been cleaned from all residues of amorphous SiO2.
One- and two-dimensional structures appear. The evolution of
the structure during growth is shown in the series of images in
Figure 1 (see also videos 1 and 2 in the Supporting
Information).
The silica lines follow the basic crystallographic directions on

the metal surface. Experiments on different metal surfaces show
different symmetries. Examples are shown in Figure 2. On a

(111) surface of Fe (bcc), the lines form a hexagonal pattern
with angles of 120° (Figure 2a). By contrast, on the (100)
surface of Fe, a rectangular labyrinth-like pattern appears
(Figure 2b, see also Figure 1). An example of the (0001)-
surface of an hcp Co crystal shows with lattice resolution how
most of the lines follow the (011̅0)-planes and form a
hexagonal pattern (Figure 2c).
For the elemental analysis of the linear structure, electron

energy-loss spectroscopy (EELS) with an electron beam
focused directly onto the structure was not applicable due to
the large thickness of the metal in the plane-view geometry.
However, EELS on larger areas showed no other elements than

Si, O, and the respective metal. The identification of the cellular
structure as silica has already been shown in a previous study,3

and the cellular structure at the edge, where the silica is in the
side-view geometry, confirms the presence of silica. Two- and
1D structures could not be clearly distinguished in side view.
However, the simultaneous growth of lines and cells, their
similar contrast, and the observation that one transforms into
the other during growth, makes it reasonable to assume that the
linear structures are composed of silica (and not of elemental Si
or other species). The transformation between linear and
cellular structures is shown in Figure 3 for examples on Fe and
Ru substrates.

Both the cellular and linear structures of SiO2 are sensitive to
the electron beam (200 keV) and disappear after intense
irradiation. However, after blanking the beam, new structures
appear again. The metallic particles tend to transform their
shape under electron irradiation and to develop a higher surface
curvature. The growth of the 1D structure is particularly
apparent when the 2D structure has already grown on a flat
metal surface and was removed by intense electron irradiation.
Irradiation rounds the metal surface, and larger surface
curvature of the metal favors the growth of the lines (c.f.,
Figure 2a). This makes it reasonable to assume that the lines
grow at surface steps of the metal substrate that appear as soon
as the surface develops curvature. This assumption is further
supported by the observation that the lines reflect the preferred
directions of surface steps. An image series showing higher
surface steps on Ru is shown in Figure 4. Since monatomic
surface steps are hardly visible in plane-view TEM images, the

Figure 1. Series of images taken from the same region on the (100)-
surface of a Fe layer at 470 °C. The time spans over 2 min from the
first to the last image. The arrow points to the same detail so that the
evolution of the structure can be followed.

Figure 2. Symmetry of the linear structures corresponding to the
symmetry of the respective underlying metal surface. (A) On the
(111) surface of bcc-Fe; (B) on the (100)-surface of bcc-Fe; (C) on
the (0001)-surface of hcp-Co. The insets show diffractograms from the
corresponding lattice images (A,C) and a diffraction pattern from the
same region as the image (B). All structures grew at 470 °C.

Figure 3. Transformation between linear (1D) and cellular (2D)
structures on Fe and Ru surfaces. (A,B) On a (100)-surface of bcc-Fe
at 470 °C. (A) shows an earlier stage of growth than (B). A clearly
visible transformation is arrowed. Here, the lines grow in such a way
that a cellular network is formed. (C) On a (0001)-surface of Ru.

Figure 4. Development of a (0001)-surface of Ru under extended
electron irradiation with moderate intensity. Besides the cellular
structure (e.g., top left), surface steps, reflecting the crystalline
symmetry, are visible. The image on the right-hand side was recorded
approximately 1 min after the initial image on the left-hand side. The
temperature was 470 °C.
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steps are most likely higher and due to step bunching. These
steps can be clearly distinguished from the one- or two-
dimensional silica structures (also visible in Figure 4) due to the
weaker contrast of the steps. The steps migrate during
observation due to the influence of high temperature and
electron irradiation.
The growth of the silica lines appears to follow the same

principles as the growth of two-dimensional structures.3 The
metal layer at high temperature takes up silicon and oxygen
atoms. Upon cooling, segregation on the surface occurs,
followed by the reaction to silica. It is reasonable to assume
that surface steps act as pinning sites for migrating Si and O
atoms. At these steps, the reaction should be preferred. To test
the hypothesis of growth of 1D silica structures along step
edges and to obtain information on the energetics of these
systems, we performed density functional theory (DFT)
calculations for candidate 1D-SiOx structures at step edges,
and compared their stability to that of the continuous 2D
network. The calculations were carried out with the projector
augmented wave formalism using the VASP package.12,13 The
exchange-correlation functional PBEsol14 was used for
structures on Ru, selected on the criterion that it gives the
correct equilibrium lattice constants for the bulk metal. Our
previous study3 demonstrated that the difference in binding
energies of the Si2O5 network on Ru and Co is on the order of
0.1 eV. As we show below, this is an order of magnitude smaller
than the difference in binding energy of 1D SiOx structures as
compared to the 2D network, so we believe that the
characteristics found for Ru will be similar for the other metals.
The metal slabs were 4 atomic layers thick, the plane wave
cutoff used was 400 eV, and the Brillouin zone was sampled
with a grid spacing of ∼0.2 Å−1. The structures were allowed to
relax until the maximal force on any atom was smaller than 0.02
eV/Å.
Models of 1D silica structures with varying oxygen content

along an atomic step on a Ru (0001) surface are shown in
Figure 5. The lowest oxygen content structure has the
structural formula Si2O4, two models, Si2O5-a and Si2O5-b,
have the same formula with the difference being whether the
oxygen sits in the bridge to the step or on the opposing side
(i.e., whether O or Si atoms form bonds with the step edge),
and the last model, Si2O6, has oxygen atoms on both sides. In
all the cases, hydrogen atoms have saturated Si and O dangling
bonds (this does not exactly correspond to the experimental
situation since the electron beam rapidly sputters off hydrogen

atoms). To study the energetic stability of the silica structures,
we define their formation energy Ef by the formula

μ μ

= − −

− − −

E E E E

E N

[ (silica@Ru ) (Ru )] [ (Si O @Ru)

(Ru)]

f step step 2 5

O O H (1)

where E(structure) is the total energy of the structure, μO and
μH are oxygen and hydrogen chemical potentials, respectively,
and NO is the number of extra oxygen atoms (or missing atoms,
depending on the structure) required to match the number of
oxygen atoms in the 1D silica structure to those in the 2D
reference Si2O5 system.

3 Equation 1 relates the energy per 2 Si
atoms of the 1D silica structure attached to the step edge (the
term in the first parentheses) to the energy of the continuous
cellular Si2O5 network on a Ru (0001) surface (the term in the
second parentheses) and the oxygen chemical potential, which
is multiplied by NO. Since there are no hydrogen atoms in the
continuous network, we also have a dependency on μH, which
is less important for the stability, as shown below.
Figure 6 shows Ef calculated through eq 1 as a function of the

oxygen chemical potential for the investigated 1D silica
structures, assuming a value of μH = 0. As a reference, three
values of the oxygen chemical potential were calculated, the O2
molecule, and a single O atom adsorbed on the perfect Ru

Figure 5. One-dimensional silica structures attached to a step edge on the Ru (0001) surface in the top and side views. In the top view, the metal
atoms forming the step are shown in light purple. The second and third structures have the same number of oxygen atoms as the 2D reference Si2O5
system, one atom is missing in the first structure, and the fourth has one extra oxygen atom.

Figure 6. Formation energy of the investigated 1D silica structures
relative to the formation energy of a 2D network (the Ef = 0 line) as a
function of the oxygen chemical potential, μO, calculated relative to the
O2 molecule.
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(0001) surface and on a step edge. Two of the structures have
the silica formula unit Si2O5 and thus have formation energies
that are constant with respect to the continuous network. The
first important result is that all formation energies are below
zero, demonstrating that the 1D structure bound to a step edge
is energetically favorable over the surface-covering network for
all structures studied here. The hydrogen chemical potential
contributes a constant shift of the zero of energy, but since the
minimal value of μH found was −3.7 eV, for adsorption at the
step edge, this shift is not sufficient to destabilize the 1D
structures relative to the continuous network.
From the significantly lower energy of Si2O5-a than Si2O5-b,

it is clear that having an oxygen bridge to the step edge is
energetically most favorable. Within the range of μO values
studied here, the Si2O6 is always the most stable, indicating that
the saturation of oxygen in the silica structure should occur
prior to adsorption at the surface. It should be noted, however,
that we only study μO as differences between static
configurations to obtain estimates of the relevant energy
range and that the oxygen chemical potential in the experiment
is unknown. In a growth process, the chemical potential is
strongly dependent on the kinetics and overall availability of
oxygen, but still we may conclude that all of the 1D-structures
considered would be stable over the continuous network.
The calculations show that, in the presence of surface steps

on the metal substrate, the linear arrangement of silica
tetrahedra is energetically much more favorable than the
growth of a planar network aloof from the edge. Kinetics might
also play a certain role since steps trap atoms diffusing on the
surface. As long as the metal particles have a faceted surface
without any steps (this is presumably the case for many flat
metal islands in the beginning of these experiments), the 2D
network nucleates and grows laterally. A few isolated steps
might act as nucleation points where lines start growing and
eventually propagate laterally as a 2D network. The similarity
with crystal growth on stepped surfaces is apparent. As we have
seen, electron irradiation leads to ripening effects and to a
curvature of the metal surface, hence to the formation of atomic
steps. If the steps prevail with sufficient density, the lateral
growth of the network might be less favorable than the
formation of lines. Such a case is visible in Figures 1 and 2.
Figure 2a, in particular, is quite instructive since it shows a Fe
particle with the geometry of the top section of a sphere that
has been cut along high latitude (like a semiconvex lens). The
(111)-direction is parallel to the polar axis. While there are
almost no steps in the rather flat center, the density of steps
increases toward the edge, as is made visible by the presence of
silica lines that decorate the steps. Indeed, there is a close
analogy with decoration techniques that have been used for a
long time to make atomic steps visible. Step bunching, in
particular at high temperature, could also play a role and lead to
limited vertical growth of the silica structures. The linear
structures observed here are different from silica double lines
with a width of 0.5 nm that have been observed earlier in an
STM study to grow on a Mo surface.10 Such parallel lines of
SiO4 tetrahedra, whose formation is facilitated by the atomic
arrangement on the (112) surface of Mo, did not occur here
and would have been easily detectable with the available image
resolution.

■ CONCLUSIONS
The present experiments provide information on the conditions
for the growth of one- or two-dimensional silica networks on

metal substrates. For the realization of mono- or biatomic
atomic silica layers, either as vitreous disordered or hexagonally
ordered networks, it is important to grow the layers on flat
metal substrates, free from atomic steps. The presence of steps,
however, leads to the growth of linear silica structures that,
hence, act like a decoration to visualize atomics steps on the
metallic substrate. The lower energy of the silica structure when
growing along steps can explain the observations as well as the
kinetics of the diffusing and finally reacting Si and O atoms on
the surface. Interesting labyrinth-like patterns are formed whose
structure depends on the surface curvature and crystallographic
direction of the metal substrate. Future work by STM or AFM
would allow the imaging of steps before growth of the silica
structures. If growth of silica lines can be combined with a
subsequent growth of another epitaxial material between them
using, e.g., molecular beam epitaxy, lateral heterostructures with
interesting properties can potentially be developed.
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