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Superior electrical conduction of a water repelling
3D interconnected nano-network†
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A three-dimensional (3D) network of interconnected nanowires of functional materials possesses huge

potential for device fabrication since it hinders sluggish interfacial charge carrier transport owing to

reduced contact resistance. In the present work, the formation of a highly porous 3D interconnected

nano-network by Na+ ion irradiation is demonstrated. The mechanism of solid junction formation

at very low energy is established using the results obtained from TRI3DYN computer simulation

studies. The formation of a 3D interconnected network resulted in a significant improvement in the

electrical conduction as compared to that observed for the pristine nanotube mesh. Further, contact

angle measurement shows a transition from ‘‘superhydrophilic’’ nature, as observed for pristine

nanotubes, to ‘‘superhydrophobic’’ nature for the 3D nano-network. The superhydrophobicity of

the 3D nano-network is expected to find application in miniaturized electronic devices, wherein

water condensation and related effects such as short-circuits and erroneous signal output can be

significantly minimized.

1. Introduction

In past decades a major focus was on the growth and fabrication
of nanostructured functional materials with different morpho-
logies. At present emphasis is being given to using these
nanostructured materials to fabricate devices. For such device
fabrication, one of the most important aspects would be the
joining of individual nanostructures. It is believed that the most
flexible way of fabricating a nanoscale junction is a bottom-up
approach.1,2 Many elaborate studies have been performed on
the joining of metal3,4 and carbon based5,6 nanostructured
components. Very recently, our group has shown that ion
irradiation can be used effectively for joining ceramic nanowires,
producing a 2D interconnected large-scale network.7–9 An impor-
tant challenge still remains to realize a stable 3D interconnected
network of ceramic nanomaterials. To the best of our knowledge
until now there has been no report of the production of a 3D

interconnected nano-network of ceramic nanomaterials by
ion irradiation. A handful of papers are available on 3D nano-
materials which have been grown using mainly chemical routes
for carbon based10–13 and a few ceramics based14,15 nanomaterials.
Ion irradiation has been used to fabricate 3D folding sheets2 and a
3D fin array.16 The present work on a 3D interconnected nano-
network is expected to have versatile applications for mini-
aturized electronic devices, sensors, filters, catalysts etc. The
formation of interconnections reduces contact resistance, and
as a result an enhancement in charge carrier transport is
expected, which in turn will enhance the efficiency of the
nanodevices. The large specific surface area or the improved
surface area to volume ratio of the 3D network structure may
make it useful as a catalyst support.

In this work, we report the formation of a 3D assembly of
hydrogen titanate nanotubes upon ion irradiation. Irradiation
of the as-prepared nanotubes with 5 keV Na+ ions at different
ion fluences resulted in the formation of a complex inter-
connected network, establishing a 3D porous structure. I–V
measurements revealed that the 3D interconnected nano-
network structures exhibit significant enhancement of current
conduction as compared to that of the pristine sample.
Remarkably, the as-prepared hydrogen titanate nanotubes were
superhydrophilic in nature, while the 3D nano-network struc-
ture turns out to be superhydrophobic. Our study shows that
the fabrication of a 3D interconnected nano-network using ion
irradiation is simple, speedy, easily controllable and can be
performed at a large scale.
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2. Experimental details
2.1 Synthesis of nanotubes

Hydrogen titanate nanotubes (HTNT) were synthesised hydro-
thermally. For this synthesis, 99.9% pure TiO2 (anatase) powder
was dissolved in 10 M NaOH solution and stirred continuously
for over 3 days. The solution was then put in an autoclave and
the growth was carried out at a temperature of 150 1C for about
12 h in a hot-air oven. The product obtained in a powder form
was further washed multiple times using dilute hydrochloric
acid to remove sodium ions, which produces hydrogen titanate
nanotubes (HTNT) as the final product. The HTNT powder was
finally washed with deionized water and dried. In order to make
the coating, the HTNTs were dispersed in ethanol and ultra-
sonicated for 30 min. The ultrasonicated HTNT were drop-
casted using a fine-tip pipette on pre-cleaned silicon substrates
and dried in air.

2.2 Ion irradiation and characterizations

The irradiation was performed in an ion–solid interaction setup
developed in-house at IIT Bhubaneswar.17 Na+ ions of energy
5 keV were derived from an alkali metal ion source (Kimball
Physics Inc.) to irradiate the samples at different ion fluences.
The beam was uniform, having a diameter of about 1 cm and a
steady beam current of 1 mA. The samples coated on the silicon
substrate were mounted on an indigenously developed 5-axis
manipulator. The pre- and post-irradiated samples were charac-
terized using a scanning electron microscope (SEM, Zeiss
Merlin Compact Gemini) to analyze the surface morphology.
A Raman scattering study was performed using a Jobin Yvon
T64000 Micro-Raman spectrometer equipped with an inverted
microscope. I–V characteristics were studied using a two-probe
method. Two tungsten probes were connected to the surface of
the sample using silver paste. The current was measured by
varying the voltage in the range of �1 V using a Keithley 6517B
electrometer. The wetting properties of pre- and post-irradiated
samples were studied by measuring contact angles of sessile
drops of Milli-Q water using a contact angle meter (OCA15EC,
Dataphysics) at room temperature. The contact angle measure-
ments were done at three different locations on each sample to
check the consistency.

3. Simulation details

The computer simulation of ion irradiation effects on 3D HTNT
was performed using TRI3DYN, which is based on the Binary
Collision Approximation (BCA) and treated using a Monte Carlo
concept.18,19 Unlike the Transport of Ions in Matter (TRIM)20

program, the current simulation can be performed for a 3D
structure with an arbitrary shape, which predicts more accurate
post-collision consequences. The target was comprised of volume
elements of size 400 (depth) � 600 � 600 nm3 and total of
40 � 60 � 60 voxels with periodic y–z boundaries. A uniform and
broad beam of Na+ ions (atomic number 11 and atomic mass
22.98 u) was used as the projectile at an energy of 5 keV and ion
fluences of 5 � 1015 and 1 � 1016 ions per cm2, respectively.

4. Results and discussions

The as-prepared HTNT show a 3D assembly of loosely bound
nanotubes, as observed under a scanning electron microscope
(Fig. 1). The size of the 3D clusters is typically in the range
between 1 and 10 mm. The transmission electron microscope
images of a few nanotubes taken from the 3D cluster reveal that
the individual HTNT units are highly crystalline in nature with
a typical diameter of 15 � 5 nm and a length of about 1–2 mm.
It is further evident from the figure that the nanotubes are
loosely touching each other, possibly due to van der Waals type
interactions and, apparently, there is no solid mechanical
joining.

The pristine 3D assemblies were irradiated with 5 keV Na+ ions
at different ion fluences. At an ion fluence of 1� 1016 ions per cm2

the nanotubes are welded and form large-scale junctions (Fig. 2(a)
and (b)) yielding a 3D interconnected network with solid junctions.
At a larger ion fluence of 2 � 1016 ions per cm2 the junction areas
thicken, as shown in Fig. 2(c) and (d). The 3D network structure is

Fig. 1 (a and b) Scanning electron micrographs and (c) high resolution
TEM image of the 3D pristine hydrogen titanate nanotube assembly.
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comprised of pores of sizes in the range of 20–200 nm. This
observation clearly implies that using low-energy ions a 3D
welded nano-network with a porous structure can be achieved
easily. The joining of the 3D network at a fluence of
2 � 1016 ions per cm2 is further investigated using TEM. This
apparently shows two effects: namely, nanotubes have been
converted into solid nanowires and a clear physical join persists
between them (Fig. 3).

The joining mechanism at this low energy, where thermal
spike related effects are less likely, is investigated by employing
TRI3DYN simulations. The collisional effects can be realized
through this simulation while looking into the evolutions of
atomic fractions of the nanotubes before and after irradiation.
For instance, in Fig. 4(a) and (b), the titanium atomic fraction is
shown on two HTNT oriented perpendicular to each other in a
3D geometry. With an increase in ion fluence from 5 � 1015 up
to 1 � 1016 ions per cm2 (Fig. 4(c) and (d)) a consistent
downward flow (along the direction of ions) of titanium atoms
occurs due to recoils and sputtering. The ion irradiation further

creates dangling bonds due to collision-induced defects on the
surface of the nanotubes. Thus, the amassed atoms in between
two nanotubes bridge the gap by saturating the dangling bonds
and establish a solid join.9 The simulation further shows that
the hollow part of the nanotubes is gradually filled with atoms,
producing a solid wire-like structure, as is also evident in
the TEM image (Fig. 3). The simulation predicts a change in
the Ti/O ratio with increasing ion fluence (Fig. 5(a) and (b)).
It is apparent that the Ti/O ratio increases mostly in the lower
nanotubes of the given geometry from an initial 0.42 to about
0.8, which indicates the role of preferential sputtering and
surface diffusion.8,9 Such altered abundances of Ti and O
may trigger the formation of a new phase of titanium oxide.
The simulation also predicts that some negligible amount of
silicon gets deposited only at the bottom of the nanotubes
(Fig. 5(c) and (d)). Silicon atoms from the substrate are ejected
due to sputtering, which is caused by primary ions as well as by
recoiled atoms. The sputtered-out silicon atoms are slow
enough and, therefore, they settle at the bottom part of the
nanotubes. TRI3DYN simulation shows that the atomic fraction
of silicon at the bottom of the nanotubes is nearly 0.2. The
primary Na+ ions travel across the nanotube walls and suffer
successive collisions with the lattice atoms and lose energy
mostly through nuclear stopping (i.e. elastic collision). We have
performed a calculation using the TRIM20 program to simulate
the collision details, which shows that the Na+ ions have range
of about 8 nm. Since the average wall thickness of a nanotube is
5 nm, the ions are mostly stopped on the opposite side of the
wall of entry as well as just outside the nanotube: i.e. in the
junction areas. The TRI3DYN simulation confirms the presence
of most of the sodium atoms at the sidewall and junction areas,
as seen in Fig. 5(e) and (f). The simulation results in Fig. 4 and 5
further show that the bottoms of the nanotubes are physically
welded to the substrate, which offers the possibility that the
irradiated titanate surface can be used as a coating material.

The irradiation-induced formation of a new phase is also
apparent in the Raman scattering study. As shown in Fig. 6, the
pristine sample shows characteristic peaks at around 198, 272.
458 and 678 cm�1 that correspond to the hydrogen titanate
nanotubes. At the largest ion fluence used in this study several
strong peaks appear. Apart from the peak at 272 cm�1 for
hydrogen titanate, peaks around 440 and 612 cm�1 correspond
to the rutile phase and the peak around 150 cm�1 corresponds
to the anatase phase of titanium dioxide.21

4.1 Electrical property

I–V measurements for pristine and irradiated 3D samples show
interesting aspects (Fig. 7). For pristine HTNT the current has
been measured in the voltage range of �1 to +1 V, which yields
a nonlinear curve with current in the range of 3–5 mA (Fig. 7(a)).
The current increases drastically at an ion fluence where large-
scale welding is formed and it reaches about 10 mA at a fluence
of 2 � 1016 ions per cm2 (Fig. 7(b)). The distance between the
two tungsten probes was fixed at 4 mm for both pristine and
irradiated samples. Each probe has a width about 2 mm.
While the conductivity of the pristine sample is estimated to

Fig. 2 SEM micrographs of 3D HTNT samples irradiated with 5 keV Na+

ions at fluences of 1 � 1016 ions per cm2 (a), (b) and 2 � 1016 ions per cm2

(c), (d).

Fig. 3 High resolution TEM image of 3D HTNT irradiated with
2 � 1016 ions per cm2 showing welded junctions.
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be 7.86 S m�1 at 0.5 V, the value for the irradiated sample is
2.19 � 104 S m�1, which is about four orders of magnitude
larger than that of the pristine sample. For pristine 3D mesh
the nanotubes are loosely connected to each other, which
leads to the high contact resistance. In contrast, for the
irradiated 3D sample, the nanotubes are physically welded,
providing good contacts with a large area, as shown schema-
tically in Fig. 8. Furthermore, the nanotubes are converted
into solid nanowires providing high cross section areas for the

conduction of charge carriers. Thus the combined effect of
welding and conversion into solid nanowires enhances the
electrical conductivity and reduces the overall resistance.6

At high ion fluence (2 � 1016 ions per cm2) the I–V curve
tends to become more linear with no barrier potential. Since
the work function of silver (4.3 eV22,23) is comparable with the
electron affinity of titanium oxide, which is in the range of
3.9–4.8 eV,24–26 this leads to a zero barrier height with almost
no rectifying action in this case.

Fig. 4 The surface contours as obtained from the TRI3DYN computer simulation show Ti atomic fractions: (a, b) for pristine sample, (c, d) and (e, f) after
5 keV Na+ irradiation at ion fluences of 5 � 1015 ions per cm2 and 1 � 1016 ions per cm2, respectively. The outer diameter of the nanotubes is 15 nm with a
wall thickness of 5 nm. The Ti atomic fraction is shown in the range from 0 to 0.5.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
25

 1
1:

58
:0

5 
A

M
. 

View Article Online

https://doi.org/10.1039/C7TC05374F


This journal is©The Royal Society of Chemistry 2018 J. Mater. Chem. C, 2018, 6, 1951--1958 | 1955

4.2 Wetting property

The interaction of water droplets with both pristine and
irradiated 3D samples has been studied using contact angle
measurements. The water droplet on the pristine sample dis-
appears extremely fast, as shown in Fig. 9. The time evolution of
the droplet has been captured from the initial stage, i.e. before
touching the surface. Within 0.15 s the water droplet flattens on
the surface with a contact angle close to 01 and it vanishes
completely before 5 s. Thus the pristine sample turns out to be
superhydrophilic in nature. This, however, changes drastically

upon ion irradiation. As shown in Fig. 10, the contact angle of
water increases with increasing ion fluence. At an ion fluence of
8 � 1015 ions per cm2 the sample surface becomes hydrophilic
with a contact angle of 531 � 21 (Fig. 10(a)) from an initial
superhydrophilic surface. At an increased ion fluence of
1 � 1016 ions per cm2 the sample surface becomes hydrophobic
with a contact angle of 1051 � 21 (Fig. 10(b)). At the highest ion
fluence of 2 � 1016 ions per cm2 used in this work, the surface
turns superhydrophobic with a contact angle of 1501 � 2.51
(Fig. 10(c)). There was almost no change in the contact angle of
the irradiated sample (i.e. superhydrophobic nature) measured
two months after the irradiation (Fig. 10(d)). We have delved
into possible reasons for such drastic changes.

Usually the wetting property depends on the chemical
property of the surface as well as on the microstructures
present on the surface. It is known that a monoclinic hydrogen
titanate structure contains lot of –OH groups on the surface.27,28

Thus the presence of OH groups in a pristine sample attracts
water molecules, leading to the superhydrophilic nature of the
surface. On the other hand, irradiated samples contain rutile and
anatase phases, as evident from Raman spectroscopy, which
usually yields a hydrophobic surface.29,30 However, a significant
contribution towards a strong water repelling nature comes
from the 3D porous network. Usually the roughness of a
nanostructured surface leads to a hydrophobic nature, termed
a Wenzel surface.31,32 The other type is a Cassie–Baxter type
surface, where trapped air in the nanostructure pushes back

Fig. 5 X–Y cut-through the axis of the upper tube. The Ti/O atomic ratio (a, b); the silicon atomic fraction (c, d) and sodium atomic fractions (e, f) are
shown for two different ion fluences of 5 � 1015 ions per cm2 (left-hand figures) and 1 � 1016 ions per cm2 (right-hand figures).

Fig. 6 Raman scattering spectra of pristine and irradiated (2 � 1016 ions
per cm2) samples.
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the water, leading to the superhydrophobic nature of the
surface.32,33 The welded network traps air, which forms a
Cassie state, resulting in a hydrophobic nature. With increasing

ion fluence, the welding occurs over a large scale and more
trapped air pockets are produced, which leads to the super-
hydrophobic nature of the surface. We have studied the time
evolution of water droplets on the irradiated surfaces for

Fig. 7 I–V curves for pristine (a) and irradiated 3D hydrogen titanate at an
ion fluence of 2 � 1016 ions per cm2 (b).

Fig. 8 Schematic showing reduced contact resistance and increase in
conduction area after the ion irradiation.

Fig. 9 Optical image of water droplet on pristine 3D hydrogen titanate
assembly at 0 (a), 0.14 (b), 1.4 (c) and 4.9 s (d).

Fig. 10 Optical image of water droplet on irradiated 3D hydrogen titanate
network for ion fluences 8 � 1015 ions per cm2 (a), 1 � 1016 ions per cm2

(b), immediately (c) and two months (d) after the ion irradiation at a fluence
of 2 � 1016 ions per cm2.
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different ion fluences, as shown in Fig. 11. It is evident that for
lower ion fluences (8 � 1015 and 1 � 1016 ions per cm2) the
contact parameters, such as contact angle (y), contact height (h)
and contact radius (rb), drop drastically to about 50–70% within
2 min. Whereas, at the highest fluence of 2 � 1016 ions per cm2,
y, h and rb remain almost constant for a long time.

The diffusion coefficient (D) was calculated using Fick’s law
of diffusion for a sessile water droplet.33,34 For the highest
fluence used, this yields a value of (3.13 � 0.52) � 10�5 m2 S�1,
which is comparable with the normal evaporation of water
droplets into the environment at room temperature.35 This
implies that the irradiated 3D surface acts as a good water
repellent. We have further tested the wetting behaviour of the
nanowelded surface with saline water (concentration 1%),
which showed a superhydrophobic character with a contact
angle of about 1511 (figure not shown). Thus the water repelling
property of the irradiated surface is retained for both normal
water and salted water. It may be interesting to note that usually
the sodium based compounds are hygroscopic in nature. The
network structure supersedes the water-attraction nature of
sodium and makes the sample superhydrophobic. In principle,
the amount of sodium implanted is tiny and it is mostly inside

the surface with an approximate range of 8 nm (as obtained from
TRIM simulation). Therefore, sodium plays almost no role in the
wetting behaviour of the sample. The dynamics of interaction
of the water droplets with the present superhydrophilic and
superhydrophobic surfaces are provided in the form of videos
in the ESI† as V1 and V2, respectively.

5. Conclusions

In conclusion, low-energy ion irradiation is used as a tool to
fabricate a well-interconnected 3D nano-network of titanium
oxide based nanowires. The Na+ ion irradiation leads to the
formation of nanowires from hollow nanotubes and triggers
solid mechanical joining between them. The 3D network struc-
ture offers a highly porous structure and is expected to have
a large surface area as well as volume. The interconnected
network shows about four orders of magnitude enhancement
in electrical conductivity compared to that of the pristine
sample, which is attributed to the physical joining and the
conversion into solid nanowires. Taking into consideration the
high surface area and volume with better conduction of charge
carriers, this 3D interconnected nano-network could be a potential
candidate for sensors or filtering applications. The water contact
angle measurements show that the pristine hydrogen titanate
nanotubes are superhydrophilic in nature. A drastic transition
takes place upon irradiation with Na+ ions. The surface gradually
becomes hydrophobic and finally turns superhydrophobic at larger
ion fluences. This wetting property provides an advantage for this
structure for use as a water-borne corrosion resistive coating.
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