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Metallicity Enhancement in Core-shell SiO2@RuO2 
Nanowires 

J. I. Martínez,*a F. Calle-Vallejo,b E. Abadc and J. A. Alonsod 

Metallic oxide compounds have interesting applications in catalysis, in optoelectronics, and as 
sensitive detectors. One of these, RuO2, is also an excellent material for charge storage. 
Composite core–shell nanowires formed by an inner insulating SiO2 wire serving as scaffold to 
an external RuO2 nanotube have promising uses. Electronic structure calculations reveal an 
interesting modification of the electronic band structure of the external oxide shell induced by 
the presence of the SiO2 core. The small changes in the interatomic distances in RuO2 as it 
adapts to the underlying core lead to some bands crossing the Fermi level, and to an 
enhancement in the metallicity of the system. As a consequence, a substantial increase of the 
conductance of the wires is predicted when the composite SiO2@RuO2 wires are 
accommodated between two gold electrodes. The result suggests that the small strain occurring 
as metal-oxide wires adapt to the insulating core can be used to tailor the electrical 
conductance. 
 

 
Metallic oxide compounds have attracted increasing attention 
due to their wide applicability range as catalysts,1–4 in 
optoelectronics,5,6 and as highly sensitive detectors,7 to name 
just a few. Additionally, a large variety of metallic oxides 
exhibits enhanced paramagnetic, ferromagnetic, and 
antiferromagnetic behaviors, which can be combined in layered 
heterojunctions.8 The study of nanostructured metallic oxides, 
such as monolayers, surfaces, nanoclusters and nanotubes,9,10 
has arisen as an area with promising technological applications. 
It is important to notice the advances in the study of their 
electronic, magnetic and optical properties, which can be tuned, 
depending on the targeted functionality, by introducing 
structural defects or just by doping. As a consequence, the step 
from laboratory research towards design and fabrication of 
devices is nowadays getting closer. 
 A paradigmatic example of metallic oxide compound is 
ruthenia, RuO2, which has a low resistance and high thermal 
and chemical stabilities at ambient conditions, yielding a good 
material for applications such as corrosion-resistant electrodes 
for chlorine or oxygen evolution,11,12 or as a catalytic agent for 
photodissociation of water.13 Ruthenia is an extraordinary 
material for charge storage14 that possesses the highest 
measured efficiency. Employing cores of an inexpensive 
material acting as its scaffolding becomes an ideal way to 
reduce the content of the expensive metal ruthenium. Following 
this line, cylindrical fibers and nanowires have been 
synthesized formed by a thin RuO2 shell surrounding the inner 
solid core formed by a SiO2 nanowire.15 This has motivated us 
to study small diameter composite SiO2@RuO2 nanowires with 
the purpose of assessing their electronic and conducting 
properties. Most low diameter SiO2 nanowires have 
semiconducting character.16 The constraints imposed on the 
surrounding RuO2 shell by the underlying core may somehow 

affect its structure and electronic properties (as compared to the 
properties of empty RuO2 nanotubes10). Indeed, we find that the 
electronic structure of the RuO2 shell suffers changes in the 
region near the Fermi energy, which lead to a substantial 
enhancement of the conductance. This finding suggests a new 
method to modify the electronic and conducting properties of 
metal-oxide nanowires and nanotubes, by preparing a core-shell 
nanocomposite wire with the thin metal oxide shell surrounding 
an inner SiO2 core. 
 

 
 
Figure 1. Side and front views of the two optimized SiO2@RuO2 
nanowire models used in the present study. O, Si and Ru atoms are 
represented by red, yellow and pink spheres, respectively. 
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Figure 2. GW+BSE–corrected DFT band structure diagrams (referred to the Fermi energy) for the pure RuO2 nanotubes with 12 and 16 functional 
units per unit cell (extracted from10), in comparison with those for the composite SiO2@RuO2 (4/12) and (12/16) nanowires, along the direction 
parallel to the nanotube axis. Two different views of the band diagram are given for each nanowire, displaying wide and narrow energy windows, 
respectively. Projected densities of states for the SiO2 core and the RuO2 shell are also included for the SiO2@RuO2 nanowires. 

 

 
 

Figure 3. Side and section views of fragments of the SiO2@RuO2 
(4/12) and (12/16) nanowires between gold electrodes with the shape of 
a truncated pyramid. The length of the nanowire fragments is eight 
times the unit cell. O, Si, Ru and Au atoms are represented by red, 
green, pink and yellow spheres, respectively. 
 
 We present first-principles calculations of the structural, 
electronic and transport properties of SiO2@RuO2 nanowires. 
Density functional theory (DFT) has been used to optimize the 
geometric structures of these wires. The electronic energy band 
structures of the nanowires have been improved by applying 
many-body techniques to account for self–energy corrections 

and excitonic effects. The RuO2 shell has to adapt itself to the 
presence of the inner SiO2 core, and this leads to important 
modifications in the electronic properties of the RuO2 tube. 
Those modifications are a consequence of the structural 
changes in the outer shell of the nanocomposite as it adapts to 
the underlying core. The structural changes are small, but their 
effects on the electronic structure are strong. Electronic 
transport calculations have then been performed within the 
Fisher-Lee approach17 by placing finite portions of the 
SiO2@RuO2 nanowires between two gold electrodes. In this 
way, we map electrical conductance versus energy, relating the 
transport properties with the electronic-structure. A promising 
result is the prediction of a drastic increase in the metallicity of 
the external RuO2 shell and a sizable enhancement of the 
electronic transport, compared to the isolated RuO2 nanotube. 
This occurs due to the presence of the core wire, which 
modifies the band structure of the external RuO2 shell, thereby 
inducing multiple band-crossings with the Fermi level. 
 We have studied two SiO2@RuO2 nanowires with different 
diameters. The nanowires have been constructed from RuO2 
nanotubes and SiO2 nanowires investigated in previous 
works.10,16 The thin composite wire was formed from a SiO2 
nanowire with four SiO2 units per cell confined inside a RuO2 
nanotube of twelve RuO2 units per cell, and the thick wire was 
formed from a SiO2 nanowire with twelve SiO2 units per cell 
confined inside a RuO2 nanotube of sixteen RuO2 units per cell. 
In the following, these two composite nanowires will be called 
(4/12) and (12/16) nanowires, respectively. To optimize the 
structures, the starting geometries were thermally annealed by 
using a simulation method, which combines molecular 
dynamics (MD) and slow cooling quenching, implemented in 
FIREBALL  (see18 and references therein), a DFT code that uses a 
localized-basis set for the electronic wave functions. This
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Figure 4. Calculated electrical conductance, in G0 units, as a function of the energy, for the optimized SiO2@RuO2 (4/12) and (12/16) nanowire 
fragments of Figure 3 accommodated between gold electrodes (panels A and B, respectively). 
 
technique has been successfully applied for obtaining global 
minimum energy structures of other one-dimensional-like 
systems10,19 (further details in ESI). To improve the interaction 
between the core and shell parts of the composite wire, the 
structures obtained from the previous MD process were used as 
starting geometries in a steepest-descent reoptimization carried 
out with the plane-wave-based PWSCF code,20 which 
implements a perturbative treatment of van der Waals 
interactions within the DFT+D approach21 (see ESI). During 
the whole structural optimization process all atoms were 
allowed to relax, and the lattice parameter parallel to the 
nanowire axis was fully optimized. Additionally, in order to 
evaluate the robustness of the structures obtained, some tests 
were carried out by heating the system up to T=500K and the 
nanowires were found to be stable (full description in ESI). 
 Figure 1 shows the optimized SiO2@RuO2 (4/12) and 
(12/16) nanowire structures. The RuO2 shell has to adapt to the 
presence of the inner SiO2 core, and this results in a slight 
change of the average shell radius, which increases by 3% and 
5% for the SiO2@RuO2 (4/12) and (12/16) wires, respectively, 
with respect to the starting RuO2 nanotubes. A measure of the 
shell-core interaction can be obtained as Eint = E(SiO2@RuO2) 
− [E(SiO2) + E(RuO2)]. Here E(SiO2@RuO2) is the total energy 
per unit cell of the composite nanowire; E(SiO2) and E(RuO2) 
are the energies of the SiO2 core and RuO2 shell fragments with 
exactly the same structure that these have in the composite 
wire. The values of the interaction energy per unit cell are -0.7 
and -1.1 eV for the (4/12) and (12/16) nanowires. By noticing 
that the unit cells of those two nanowires have 48 and 84 atoms, 
respectively, those energies reveal a quite small interaction 
between core and shell. For this reason, SiO2 appears to provide 
an efficient and quite inert scaffold to support the metal oxide 

 
shell. Nevertheless, the small dilatation of the interatomic 
distances in the shell RuO2 compared to isolated RuO2 wires 
leads to important modifications of the electronic band-
structure. 
 The electronic band-structures for the optimized 
SiO2@RuO2 (4/12) and (12/16) nanowires have been obtained 
starting with the standard DFT electronic structure and applying 
many-body corrections by combining the quasi-particle GW 
approach22,23 to account for the exchange-correlation self-
energy, and the Bethe-Salpeter (BSE) equation24,25 to account 
for excitonic effects (electron-hole interaction) in the 
unoccupied and excited states. For this purpose, the YAMBO 
simulation package26 has been used (see details in ESI).  
     Figure 2 shows the GW+BSE–corrected DFT band structure 
diagrams (where E = 0 is taken at the Fermi energy). In that 
figure, the band structures parallel to the nanotube axis are 
compared to those for the pure isolated RuO2 nanotubes in their 
own lowest energy equilibrium structure, along the high-
symmetry line Γ → X → Γ. The bands of the two pure RuO2 
nanotubes (left columns in both A and B panels) exhibit a 
pronounced dispersion along this high-symmetry line. Those 
nanotubes behave as indirect gap semiconductors with gaps of 
nearly zero magnitude. On the other hand, the presence of the 
SiO2 core induces substantial changes on the band structure of 
the RuO2 shell. Focusing on the energy region between -1 eV 
and +1 eV around the Fermi level, a region dominated by RuO2 
states, there is a modest splitting of bands that were congested 
in pure RuO2. A consequence is that the lowest unoccupied 
bands become stabilized and cross the Fermi level, and the 
highest occupied bands become destabilized and also cross the 
Fermi level. In this way, the composite SiO2@RuO2 nanowires 
develop multiple band-crossings with the Fermi energy (right 
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column in both A and B panels), drastically increasing their 
metallicity and conducting character. In the SiO2@RuO2 (4/12) 
nanowire, two previously occupied and two previously empty 
bands cross the Fermi level. The two previously occupied bands 
that now cross the Fermi level are degenerate in the proximity 
of the X point, and the same occurs with the two previously 
empty bands. This builds up a promising scenario for enhancing 
the conductance by the activation of new channels for 
electronic transport. Two of the crossing bands (those 
previously unoccupied) display a parabolic behavior in the 
crossing region, a signature of free-electron-like behavior, 
which increases substantially the mobility of the conduction 
electrons. Similarly, in the SiO2@RuO2 (12/16) nanowire, three 
previously occupied bands and one previously empty band 
cross the Fermi energy near the X point. As in the other 
composite wire, the previously empty band shows parabolic 
free-electron-like behavior in the crossing region. In addition, 
previously empty bands also cross the Fermi level at the Γ 
point.  
       It is interesting to point out that standard DFT calculations 
using the local density approximation (LDA) to exchange and 
correlation (that is, without many-body corrections) deliver 
band structures very similar to those in Figure 2, with the same 
main features and only minor specific differences. In particular, 
the enhancement of metallicity due to the bands crossing the 
Fermi level is also predicted (see ESI). 
 To understand better the origin of the mechanism 
underlying the drastic metallicity enhancement, we have 
calculated the GW+BSE-corrected DFT projected density of 
states (PDOS) onto the separate SiO2 core and RuO2 shell, for 
both SiO2@RuO2 (4/12) and (12/16) nanowires. The PDOS are 
shown also in Figure 2. The electronic bands in the region near 
the Fermi level come exclusively from the RuO2 shell. The 
electronic states of the inner SiO2 core play no role in the 
electronic conduction of the composite wires. The insulating 
SiO2 core just acts as a scaffold to support the RuO2 shell. 
However, it plays an indirect role in the enhancement of the 
metallicity of the RuO2 shell by inducing a slight dilatation of 
the interatomic distances in the RuO2 shell, and of the shell 
radius, which modifies the band structure of the external layer, 
yielding multiple band-crossings with the Fermi level. 

The electronic transport properties of the SiO2@RuO2 nanowires 
have been investigated by using the Fisher-Lee Green-function 
method17 (further details in ESI). For that purpose, we have relaxed 
portions of the SiO2@RuO2 nanowires between two gold electrodes. 
The electrodes have the form of truncated pyramids grown on gold 
surfaces. The nanowires had a length of eight unit cells, long enough 
to minimize the structural and electronic effects arising from the 
coupling with the electrodes, which could broaden the electronic 
levels of the nanotube. The optimized structures for the 
electrode/nanowire/electrode systems are shown in Figure 3. The 
conductance of the nanowires is plotted in Figure 4 as a function of 
electronic energy, for energies E-EF between -1.5 and 1.5 eV. The 
calculated conductance is given in G0 units, where �� = 2�	/ℎ is 
the quantum of conductance. A remarkable feature is the appearance 
of a high conductance peak at the Fermi energy for both wires. The 
peaks have values of 3.12 G0 and 2.74 G0 for the (4/12) and (12/16) 
nanowires, respectively, indicating high conductance through the 
nanowires when carriers are injected from the electrodes. Those 
prominent peaks, which arise from the bands crossing the Fermi 
level, do not appear when empty RuO2 nanotubes are placed 
between the gold electrodes.10 Comparison between the two panels 
of Figure 4 indicates that the influence of the wire diameter is low in 
this region of small diameters.  

In addition, to address the influence of the wire length on the 
conductance pattern we have carried out calculations for a (4/12) 
SiO2@RuO2 nanowire fragment between the same two gold 
electrodes with a wire length of ten unit cells, to be compared with 
the results for a (4/12) SiO2@RuO2 nanowire fragment with a length 
of eight unit cells shown in Figure 4. The conclusion is that the 
conductance patterns of the two nanowire fragments – with nanotube 
lengths of eight and ten unit cells – are practically the same for the 
energy window between -1.5 and 1.5 eV, which guarantees 
converged results with respect to the nanowire length. 

Consequently, the enhancement of the conductance has to be 
attributed to the presence of the inner SiO2 core; that is, to the 
changes in the electronic band structure arising from the small 
elongation of the interatomic distances in the RuO2 shell needed to 
accommodate to the core. Additional effects increasing the 
conductance may be the slight structural rearrangements of the 
nanowire fragments sandwiched between the Au electrodes, 
especially at the contact regions; and that, even in quasi-static 
equilibrium, electrons available from the Au electrodes redistribute 
the internal electronic charge of the nanowire (with the chemical 
potentials of electrodes and nanowire tending to align after the 
contacts are formed). Nevertheless, those effects are expected to be 
small compared to the main effect discovered here, that is, the 
changes in the band-structure of the nanotubes. 

Conclusions 

 In summary, we have shown in this communication the 
reaches of the synergistic effect of core-shell SiO2@RuO2 
nanowires. Such effect enhances significantly the metallic 
nature of the external RuO2 shell, which in turn results in 
improved electronic conductance of the system. These highly 
conductive and stable core-shell nanostructures with reduced 
Ru-content open up the pathway for cost-effective applications 
in diverse fields such as nanoelectronics and electrocatalysis. 
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