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Abstract

lon beam assisted joining of nanostructured materials is a relatively new field. In particular ion
beam technique has been proven to be worthwhile for joining ceramic nanostructures. However, a
large scope is still remaining to study heterojunctions between two dissimilar materials as the
process of formation of bonds between two dissimilar materials is still to be understood. In this
work we pick up a ceramic oxide and carbon based material to study ion beam joining. Specifically,
we for the first time show heterojunction formation between hydrogen titanate nanowire (HTNW)
and carbon nanotube (CNT) by the low energy ion beam. In order to understand the mechanism,
we have invoked density functional theory and three-dimensional ion-solid interaction
simulations. Experimental results are supported by predictions of simulations and suggest that the
joining is established through ion beam mixing, surface defects and sputter redeposition at the
junction points. The current study enlightens how the defects and sputtered out atoms are involved
in the joining process. The chemical bonds between HTNW and CNT are formed only when C
vacancy and simultaneously non-lattice O and C were produced during irradiation. The effect of
joining on electrical conductivity and surface wetting has also been studied experimentally in this
work, which is supported by simulations.

Keywords: Welding; lon irradiation; Heterojunction; TRISDYN; Density functional theory;
Transport property; Wetting



Introduction

The ability to manipulate and modify nanostructures has become increasingly important in fields
such as photonics, optoelectronics, flexible electronics and micro- and nano-electromechanical
systems [1]. Since nanowires and nanotubes offer many unique properties and can accommodate
high stresses, they are particularly desirable building blocks. However, nanowire networks are
generally poorly interconnected and suffer from problems such as poor mechanical strength and
high contact resistance. The ability to join (or weld) such structures into integrated networks,
therefore, has great potential for improving their functionality. Various methods have been
employed to achieve such interconnectivity, including: cold welding, fusion welding, solid-state
welding, diffusion bonding, soldering, mechanical bonding, and atomic diffusion. For example,
Moreno-Moreno et al. joined two gold nanowires or silver nanowires by a cold-welding technique
[2] and Seong et al. achieved fusion welding of two silver nanowires by exploiting their high
contact resistance to locally melt the junction by Joule heating [3]. Polymer adhesive coatings have
also been employed. For example, Kang et al joined silver nanowires using sodium halide salts
[4]. Peng et al also creates bonding between Ag nanowires, which is formed by diffusion bonding
in an acidic medium [5]. Soldering and using fastener materials is a modern method of nanowire
joining. Using soldering and fastener materials method, various nanowires, such as silver [6], tin

[7], germanium [8], silicon [9], zinc oxide [10,11], tin oxide [12] have been welded successfully.

Hydrogen titanate nanorods have been widely studied for unique properties and various potential
applications in lithium-ion batteries, field emission, solar cells, hydrogen sensors, hydrogen
storage, and active catalysts. [13—15] However, due to wide bandgap and limited conductivity,[16]
hydrogen titanate exhibits poor battery performance, field emission, solar cells, and gas sensors.
Whereas carbon nanotube is well known for its excellent electrical, optical, mechanical, and
thermal properties. One of the possible ways to improve usefulness of hydrogen titanate could be
by creating heterojunction between hydrogen titanate nanowires and carbon nanotubes. Several
studies have been performed to create homojunction and heterojunction by different methods. Yao
et al. used solution-based polyacrylonitrile for epitaxial welding of CNT.[17] The welded CNTs
exhibit both high conductivity and high tensile strength. CNT is also used as a joining material
between different layers by inserting between the polypropylene layers.[18] Jiang et al. welded

two single-wall carbon nanotubes by graphitic carbon using the chemical vapor deposition method



and proposed to use them for fabricating transparent conductive films.[19] Tanaka et al. formed
single-walled carbon nanotubes complexed with polyoxometalate and show the network’s possible
use in the development of neuromorphic devices based on neuroscience.[20] Similarly, Sang et al.
created junctions between titanate nanotubes and TiO2 nanoparticles by thermal annealing for
photocatalytic application.[21] Hirose et al. made Au/Nb-doped strontium titanate Schottky
junctions by RF magnetron sputtering and measured the current transport properties with time.[22]
Protonated titanate/MoS/chromic oxide heterojunction formed by Lu et al. using the solvothermal
method showed efficient hydrogen production application.[23] Although these methods have their
advantages, they generally involve some kind of local heating which can be challenging to control,
and may damage the characteristics of the original building blocks or underlying substructures.
Due to these limitations, ion beam welding has become a substitute solution for nanoscale bottom-
up joining and assembly, as ion beam welding of nanostructures can be achieved without heating
the material and can be focused in small region.[24] In this study, we demonstrate junction
formation between hydrogen titanate nanowires (HTNW) and carbon nanotube (CNT) by low
energy (50 keV) boron ion beam irradiation. Scanning and transmission electron microscopy
confirm the junction formation and TRISBDYN and DFT simulations are employed to understand
the joining mechanism and bond formation. One of the direct applications of nano-joining could
be electro-mechanical device fabrication through bottom-up approach, where transport
characteristic of charge carriers is an important feature. For instance, energy devices require
efficient transport of charge carrier to the electrodes or to external circuit. Thus, device with better
transport properties would help to gain efficiency.[16] Keeping this prospective in mind, the
electrical conductivity has been checked before and after the heterojunction network formation.
The low energy ion beam is further known to alter chemical and / or the surface morphology of
one-dimensional nano-network. Such changes have been observed to affect the wetting properties
of the network. For building a nanodevice, most of the times it is important to have a
superhydrophobic surface to protect the device from water condensation and short-circuits. Earlier
studies pointed out that irradiation causes titanate nanowires to become hydrophobic and carbon
nanotubes to becomes hydrophilic individually.[25-27] In the present study we are dealing with a
hybrid form of the two. Therefore, it is interesting to check the fate of this hybrid network after

irradiation. Hence this motivated us to study the contact angels of the nano-network before and



after the irradiation. The surface chemical structure is examined by X-ray photoelectron

spectroscopy along with the wettability of the surface.

Experimental details

Commercially available multi-walled carbon nanotubes (MWCNT) were purchased from Reinste
Nanoventure Pvt. Lt (purity > 95%, number of walls: 3-5, outer diameter: 5-30 nm, inner diameter:
2-6 nm, length: 1-10 um). Hydrogen titanate (H2TizO7) nanowires (HTNW) were synthesized
hydrothermally. First, anatase TiO2 powder (99.9% purity) was dissolved in a 10 M NaOH
solution and stirred continuously for three days. The solution was then transferred to an autoclave
and heated at 180°C for 24 h in a hot-air oven. After heating, the solution was purified multiple
times using dilute hydrochloric acid to remove sodium ions. This produces HTNW as the final
product, and these were washed with deionized water and dried for final use. HTNW and CNT
were mixed in ethanol at 50:50 weight ratio and ultra-sonicated for 1 hour to ensure complete
mixing. The resulting mixture was then spin-coated onto pre-cleaned silicon and glass substrates

and dried in air.

The coated substrates were subsequently irradiated with 50 keV B* ions to fluences of 1x10% and
3x10% jon.cm using the ion implantation facilities at the Australian National University. The
surface morphology of the samples was analyzed using a Zeiss Ultra Field Emission Scanning
Electron Microscope (FESEM). Raman spectra of pristine and irradiated samples were measured
using a Jobin Yvon T64000 Micro-Raman spectrometer, facilitated with an inverted microscope.
X-ray photoelectron spectroscopy (XPS) analysis was performed at room temperature using a PHI
5000 Versa Probe 11, FEI Inc. The contact angle between a deionized water droplet and the sample
surface was measured in environmental conditions using a contact angle measurement unit (Apex
Instruments Pvt. Ltd, model no. ACAM D1). |-V characteristics were studied using a two-probe
method; Two copper probes were connected to the surface of the sample using silver paste. The

current was measured by in the voltage range of = 1 V using a Keithley 6517 electrometer.



Results and discussion

A plan view SEM image of the HTNW and CNT coating is shown in Fig. 1 at different
magnifications. The presence of two types of nanostructures is apparent in the image. The thicker
and straighter nanostructures are HTNW with an average diameter of 70£10 nm and length in the
range of 1-2 pum. The thinner and curly nanostructures are multi-walled CNTs with a length in the
range of 1-10 um and the diameter in the range of 5-30 nm. The nanostructures are well separated
from each other, are uniformly mixed, and lay mostly horizontal on the silicon substrate in the
pristine sample. As noticeable in Fig. 1 (b) that both the types of nanostructures have smooth
surface and sharp edges, and there is no visible interconnections between them in case of as-

prepared sample.

(a)

Figure 1: Scanning electron micrographs of the pristine HTNW and CNT film at two different
magnifications.



After irradiation with 50 keV B* ions to a fluence of 1x10%® ions.cm, a noticeable change is
observed (Fig. 2). At 1x10% jons.cm fluence, significant part of the nanostructure is fused and
network formation is observed. Fig 2 (b) shows spreading of CNT over HTNW and a clear joining
between the two nanostructures. This is further evident from the transmission electron micrograph
in Fig. 3 (a), which reveals extensive junction formation between HTNW and CNT. Due to ion
induced secondary cascade collision, different atoms from the surface of nanostructures escape
and redeposited in between two nanostructure and create a dangling bond. With more atom
deposition, these dangling bonds are saturated and create solid junctions.[26] Spreading CNTSs is

also observed on the Si substrate leading to joining between them (Fig 2 (a)).

Figure 2: SEM image of the irradiated HTNW and CNT film at 1x10% ions.cm™ fluence at

different magnifications.



Selected area electron diffraction (SAED) at the junction areas of the nanostructures after
irradiation at 1x10'® ions.cm fluence is shown in Fig. 3 (b). SAED supports the presence of both
the nanostructures in the junction area. In SAED two rings observed at 4.5 and 8.5 mn* of
reciprocal lattice spacing, can be attributed to MWCNT. [28] Along with two rings, several low
intense diffraction spots are observed which is assigned to HTNW. HT is formed by edge-shared
[TiOg] octahedral layers in the ABA stacking sequence and bounded by the hydroxyl group. Due
to variation in hydroxyl group and low periodicity, HT has very low crystallinity. For this reason,

all spots associated with HTNW have relatively low intensity.[16]

Figure 3: (a) TEM image of the sample irradiated with 1x10® jons.cm fluence showing junction

formation between HTNW and CNT. (b) SAED image of ion irradiated junction area.



Figure 4 shows scanning electron micrographs of the irradiated HTNW and CNT film at 3x10%°
ions.cm fluence. At a higher fluence, CNT fused into HTNW (Fig. 4 (a)) and loses its structure
(Fig. 4 (b)). Nano-protrusions appear on the HTNW surface at higher fluence. lon collision
consequences in different types of sputtering of the nanowire surface. Due to preferential
sputtering, light-weight oxygen sputtered out faster than titanium. Sputtering also depends on the
slope of the nanowire surface with respect to incident ion beam. Sputtering may increase with
increasing slope due to curvature-dependent sputtering. The formation of uneven surface may

further enhance the surface-to-volume ratio of the HTNW nanowires.[29,30]

Figure 4: SEM image of the irradiated HTNW and CNT film at 3x10% ions.cm™2 fluence.



The energy dispersive spectrum and mapping at the junction area of the HTNW and CNT film
irradiated with 3x10'® jons.cm fluence and the corresponding TEM image is presented in Fig. 5.
Energy dispersive spectrum is collected from the yellow-boxed area of the TEM image (Fig 5 (a)),
which identifies the presence of titanium K, peak at around 4.5 keV and Kg transition at around
4.9 keV from (Fig. 5 (b)). Along with titanium, a carbon peak is observed at around 0.3 keV and
an oxygen peak at about 0.5 keV. The colored points in the EDS mapping (Fig. 5(c) (e)) also
confirm the presence of the elements C, Ti, and O, respectively.

Figure 5: (a) TEM image at junction area of the HTNW and CNT film irradiated with 3x10'®
ions.cm fluence (b) with the EDS spectrum, and corresponding EDS mapping of (c) carbon, (d)

titanium, and (e) oxygen.

Irradiation with 50 keV B* ions create atomic displacements, leading to recoiled, sputtered target
atoms, and bond reorganization. These ballistic effects can be modelled using the TRISBDYN code



which uses Monte Carlo technique to simulate the response of arbitrary 3D structures to ion-
irradiation.[31] For the simulation, the HTNW-CNT system was divided into small boxes with
dimensions of 150(depth)x250x250 nm? (Fig. 6); This volume was divided into 60x100x100
voxels, and in the lateral directions periodic boundary conditions were applied. Two CNTs with
30 nm and 20 nm outer and inner diameters were placed perpendicular to a HTNW of 80 nm
diameter. One CNT was placed in contact with one end of the HTNW and the other was placed
beneath the HTNW (Fig. 6 (a)). The evolution of this structure was modelled under ion irradiation
with 50 keV B* ions, with results for fluences of 1x10% jon.cm™ and 3x10% ion.cm™ shown in
Fig. 6. For reference, the projected range of 50 keV B* ions in HTNW and CNT is 73.6 nm and

62.8 nm, respectively.

The CNT situated at the end of the HTNW is directly impacted by B* ions and is more extensively
damaged than the underlying CNT. However, even the underlying CNT is damaged at higher
fluence due to the increasing contribution from the ions at the end of the range distribution. Even
at low fluence, the joining of HTNW and CNT is observed. With increasing fluence, the surface
roughness of the nanostructure increases and sputtered atoms from the surfaces redeposit on the

junction area increasing the junction thickness (Fig. 6).

Irradiation at the interfaces leads to intermixing, with the movement of the atoms between the
nanowires, as shown in Figure 7. Note that these results have been averaged over a central slice of
5 nm thickness. In case of pristine sample, the carbon atomic fractionsin the CNT and HTNW are
1.0 and 0.0, respectively. Following irradiation to a fluence of 1x10%® ion.cm, the carbon atomic
fraction in the CNT situated at the edge of the HTNW reduces to 0.8, whereas the carbon atomic
fraction in the CNT situated at the bottom of the HTNW remains largely invariant (Fig. 7 (b)). At
higher fluence of 3x10'® jon.cm, the carbon atomic fraction in the CNT placed at the edge of the
HTNW decreases to 0.3 and the same in the CNT beneath the HTNW decreases to 0.6 (Fig. 7 (c)).
At the same time, the carbon fraction in the HTNW increases, reaching a carbon atomic fraction
of nearly 0.25 inside the NW and 0.45 at the bottom edge. O atoms are preferentially sputtered
(recoiled) from the bottom of the HTNW, with the average atomic fraction decreasing from 0.7 to
0.3 as the B* fluence increases from 1x10% to 3x10% jons.cm™. Oxygen atoms are also deposited
and mixed with the CNT situated at the edge of the HTNW, with atomic fractions of 0.1 and 0.4
estimated for fluences of 1x10® and 3x10%® ions.cm, respectively. In contrast, the oxygen atomic



fraction in the underlying CNT was 0.00 and 0.13 for fluences of 1x10® and 3x10%® ions.cm™

fluence, respectively (Fig. 7 (e, )).
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Figure 6: TRI3BDYN simulations showing the carbon atomic distribution in two carbon nanotubes
with outer diameter of 30 nm and inner diameter of 20 nm, attached to a hydrogen titanate nanowire
of diameter 80 nm. Pristine sample (a) and irradiated sample at a fluences of 1x10%® jons.cm™ (b)

and at a fluence of 3x10% ions.cm (c).
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Figure 7: Cross-sectional view of elemental profiles for C (a-c) and O (d-f) for the CNT and
HTNW structure. Pristine sample (a,d) and after irradiation to fluences of 1x10%® jons.cm™ (b,e)

and 3x10% ions.cm™ (c,f).

Figure 8 shows the Raman spectra of pristine and irradiated samples. Four prominent peaks
attributed to CNT's are observed for the pristine sample, located at 150, 1345, 1594, and 1746 cm’
1[32] The peak at 1594 cm™, denoted as G-band (Ezg), originates from in-plane vibration of C
atoms, which includes the incorporation of bending and stretching of the carbon-carbon (C-C)
bonds. The peak at 1345 cm™ corresponds to the disorder-induced D-band (Aig), a highly
dispersive spectral feature, which is due to the combined in-plane vibration of atoms towards and
away from the center of the covalently (sp?) bonded hexagons carbon atoms. The ratio of D and G
peaks is known as the disorder parameter.[33] The disorder parameter represents the degree of
defects in CNT. After the baseline corrections, the disorder parameters of all samples have been
calculated using the ratio of peak area. For the pristine sample, the value of the disorder parameter
is 0.015, which increases with increasing ion fluence and becomes 0.047 and 2.281 at fluences of
1x10'® and 3x10% ions-cm™2, respectively. After irradiation, the disorder parameter increases
drastically, indicate the disordering and amorphization of the CNTs.[34] The peak situated at 150
cm* associated with radial breathing mode (RBM). The RBM mode is correlated to vibrational
movement of the all carbon atoms towards and away from the central axis of CNT.[35] The peak
at 1746 cm™, denoted as M-band, originates due to second-order overtone of out-plane tangential
optical phonon mode contribute to those electron-phonon modes for (g=0). M band associated with
diameter-dependent curvature of CNT.[36] With increasing ion fluence, CNT loses its structure
and the relative intensity of both RBM mode and M band decreases. Several small peaks observed
at 175, 1086, and 1136 cm™ in the pristine sample originate from the HTNW and are due to Ti-O,
Ti-O-H, and Ti-O-Ti bond vibration.[37][38] The intensity of these peaks decreases following

irradiation.
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Figure 8: Raman spectra of pristine and irradiated samples at ion fluences of 1x10% and 3x10'®

jon.cm™.

Ti 2p core-level X-ray photoelectron spectra of pristine and irradiated (3x10% ions.cm™2) samples
are shown in Fig. 9 (a) and (d), along with the components after spectral decomposition. The two
peaks situated at 458.7 and 464.5 eV are assigned to the Ti 2ps;2 and 2p12 levels of the Ti 4* valence
state.[39] No noticeable change is observed in the Ti 2p XPS peaks after irradiation, suggesting
that the Ti 4" valence state responsible for O-Ti-O bond formation in both HTNW and TiO;
remains dominant. Figure 9 (b) and (e) shows detailed C 1s core-level XPS spectra acquired from
the pristine and the irradiated sample, with peaks situated at 283.9 and 284.7 eV assigned to carbon
sp? and sp® hybridization, respectively. The binding energies for C-O-C and C-OH bonding are
assigned at 289.9 and 288.4 eV, respectively.[34] The peak areas of the sp? and C-O-C peaks are
significantly affected by irradiation, with the relative intensity of the C=C bond (sp?) decreasing
due to structural deformation of the CNT, a feature evident in the TRI3BDYN simulations. The
relative intensity of the C-O-C's increases post-irradiation, which may be attributed to bond

formation between carbon and the HTNW or environmental oxygen. A significant chemical shift



is also observed in the O 1s spectra, with Fig. 9 (c) and (f) showing detailed O 1s core level XPS
spectra acquired from the pristine and the irradiated sample. Three peaks are observed in the O 1s
spectra; the peak at 530.1 eV arises from the Ti-O bond present in HTNW, while at 531.8 eV is
due to both the O-H bond in HTNW and water present in the sample, and the peak at 530.7 eV is
assigned to the C-O bond.[40] In case of pristine sample the area ratios for the Ti-O, C-O, and H-
O peaks was 4:1:5, while after irradiation they were 10:5:4. At 90% confidence interval, the
variation in the area ratios of the Ti-O, C-O, and H-O peaks for the pristine and irradiated sample
were +0.414 and +0.446, respectively. In the irradiated samples the relative peak area of Ti-O
increases due to ion induced bond reorganization. Due to the preferential sputtering of oxygen
from the surface hydroxyl group less H-O is present in the irradiated sample and the relative

fraction of C-O increases by more than factor of two.
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Figure 9: XPS spectra of Ti-2p, C-1s, and O-1s for pristine (a, b, and ¢) and irradiated at 3x10%°
ion.cm (d, e, and f) for HTNW and CNT ensemble.

To better understand the dominant bonding mechanisms, pristine and irradiated HTNW and CNT
assemblies were studied using DFT simulations. To represent the pristine structure, we placed a

slice of CNT onaslice of HTNW at 0.2 nm distance from the top surface, and allowed the structure



to relax. To understand the irradiation effect, five different structures were then created by
introducing O and C vacancy and non-lattice O and C atoms in relaxed pristine structure. The DFT
calculation of total energies was performed using Rappe-Rabe-Kaxiras-Joannopoulos ultrasoft
(RRKJUS) pseudopotentials within the Perdew-Burke-Ernzerhof (PBE) approximation of
exchange-correlation functional. The plane wave cutoff energy was set at 25 Ry and the density
cutoff at 225 Ry, the convergence threshold for self-consistency was set at 10® Ry. The lattice
parameters and all atoms' positions were relaxed until the force was less than 1x10- Ry/Bohr. All
calculations were performed using the Quantum ESPRESSO (QE, version 6.2).[41] Mechanical
strength of all bond calculated using the model described by Guo et al.[42]

C interstitial

Figure 10: Optimized geometries of pristine (a) and irradiated HTNW and CNT ensembles with

O and C vacancy and non-lattice O and C (b, c, d, e, and f).

Optimized pristine HTNW and CNT assemblies are shown in Fig. 10 (a). After optimization, the
CNT moves away from the HTNW, indicating no possible bond formation between unmodified

HTNW and CNT. Figure 10 (b) shows an optimized mixed structure with a C vacancy, showing



C-O-Ti bond formation between the HTNW and CNT and the mechanical strength of the bond is
6.4 nN. Figure 10 (c) shows an optimized mixed structure with a non-lattice C, placed between
CNT and HTNW. During optimization, the interstitial C atom moves back to the CNT, and no
bond is formed. Figure 10 (d) shows an optimized mixed structure with an O vacancy. The
optimized structure shows no bond formation or attraction between HTNW and CNT. Figure 10
(e) shows optimized HTNW and CNT ensembles with an O atom placed between CNT and
HTNW. The optimized structure shows C-O-C bond formation in the CNT but no bond is formed
between the two nanostructures, which is evident from XPS spectra. Figure 10 (f) shows an
optimized mixed structure with non-lattice C and O atoms, placed between CNT and HTNW. In
the optimized structure, C atoms move to the CNT and O moves to the HTNW structure, and a C-
O-Ti bond is formed between the HTNW and CNT and the mechanical strength of the bond is 5.55
nN. In all possible irradiated structures, bonds formed only when C vacancies are present and both

O and C atoms simultaneously present in between HTNW and CNT.
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Figure 11: I-V curves for a pristine HTNW and CNT ensembles (black) and for ensembles

irradiated with 50 keV B* ions at fluences of 1x10% (red) and 3x10'® jons-cm™2 (green).

I-V measurements of pristine and irradiated HTNW and CNT ensembles were measured with a
Keithley 6517B electrometer using the two-probe method; Two copper probes placed 10 mm apart,
connected using silver paste. The pristine HTNW and CNT ensembles displayed a near Ohmic
characteristic with currents of -44.32 and 31.02 mA measured at voltages of -1 and +1 V (Fig. 11).



The resistance increased with the increasing ion fluence, such that the sample irradiated to a
fluence of 1x10%® jons.cm recorded currents of -15.04 to 15.04 mA, the sample irradiated to a
fluence of 3x10'® ions.cm™ recorded currents of -10.90 to 10.99 mA for -1 V and +1V,
respectively. Such analysis shows that the pristine sample has a conductivity of 2.2x10° S.m™ due
to the presence of highly conductive unmodified CNT, while that of the irradiated samples is
6.0x10* S.m* after irradiation to a fluence of 1x10'° ions.cm2and 4.7x10* S.m™* after a fluence of
3x10% ions.cm™. Despite this reduction, the conductivity of the irradiated HTNW and CNT
mixture is about three times higher than irradiated hydrogen titanate.[26] This opens up the

possibility of fabrication of more efficient hydrogen titanate based nanodevice.
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Figure 12: Contact angle of a water droplet on (a) a pristine and on HTNW and CNT ensembles
and on films irradiate with 50 keV B* to fluences of (b) 1x10%® and (c) 3x10*® ions-cm2.

Interaction of water with pristine and irradiated HTNW and CNT ensembles was examined using
static and dynamic contact angle measurements of a water droplet. The water droplet on the pristine
surface makes a contact angle of 100°+2.8° (Fig. 12 (a)). With increasing ion fluence, the contact
angle increases. After irradiation with 1x10% ions.cm™ the contact angle increases to 131°+1.55°
(Fig. 12 (b)) and after irradiation with 3x10'® ions.cm™2 it increases further to 143°+0.8° (Fig. 12
(c)). Both the pristine and the irradiated surfaces are hydrophobic. The evolution of water droplets
on the sample surface was been observed for 10 minutes, and characterized by the height of the
drop (h), the contact radius (rv), the radius of the sphere (Rs), and the contact angle (0)
characteristic parameters. The diffusion coefficient (D) was calculated using Fick's law of
diffusion for water droplets using these parameters.[43,44] In the case of the pristine sample,
contact angle, and contact height change significantly but the contact radius remains almost

constant (Fig. S1); the contact angle changes from 100° to 32° within 10 minutes (Fig. S1 (a)),



giving a diffusion coefficient of 6.30x10°° m2sec’?, which is very high compared with the normal
evaporation of water droplets at room temperature. In case of the sample irradiated with 3x10%
ions.cm~2 the contact angle, contact height, and contact radius remain almost constant. The contact
angle changes from 143° to 139° over the same duration. In this case the diffusion coefficient is
estimated to be 2.14x10° m™sec, comparable to the normal evaporation of water droplets into
the environment at room temperature.[45] Changes in the wetting behavior of the pristine sample
result from competitions between different wetting properties of the constituent materials. The
pristine surface is hydrophobic due to the presence of superhydrophobic CNT but hydrogen
titanate contains a high concentration of -OH groups which attracts water molecules, leading to
fast absorption of water. The change in contact radius and the estimated diffusion coefficient
indicate droplet did not spread over the sample surface or evaporate in this case. lon irradiation
removes -OH groups from the surface and creates 3D porous network structure through ion-
induced joining of the nanowires. Air trapped in the porous network repels water from the surface
and it behaves as a Cassie-Baxter like surface.[29,43] Due to reduction of -OH groups and the

Cassie-Baxter like behavior, the irradiated surface is hydrophobic in nature.

Conclusions

In conclusion, we have demonstrated heterojunction formation between carbon nanotubes and
metal oxide nanowire by energetic ion-irradiation. Irradiation with 50 keV B* ions to fluences in
the range from 1x10%® to 3x10 jons.cm2 were shown to produce a well interconnected 3D nano-
network of nanowires and nanotubes. Details of the ion beam modification and associated bonding
processes have been corroborated by 3D Monte Carlo based TRISBDYN simulation code and the
DFT calculations, respectively. The TRI3BDYN simulations detailed the redistribution and ion
beam mixing resulting from ballistic collisions between the incident ion and target atoms. With
increasing fluence, the surface roughness of the nanostructure increased and sputtered and recoiled
atoms were redeposited at the nanostructure junctions and subsequently intermixed to form welded
junctions. The 3D network structure and surface roughness produced a highly porous structure
with large surface area as well as volume. Raman scattering confirmed gradual amorphization of
the nanostructures, while XPS analysis and DFT simulations showed that bond formation between

the HTNW and CNT was mediated by a combination of carbon vacancies and non-lattice oxygen



and carbon atoms produced during irradiation. The electrical conductivity of the irradiated
nanostructures was found to be about three times higher than that of irradiated hydrogen titanate,
opening up the possibility of fabrication more efficient hydrogen titanate based nanodevice. Water
contact-angle measurements showed that the pristine HTNW and CNT ensemble was hydrophobic
and that it became more hydrophobic with increasing ion irradiation. This water repelling property
provides an advantage for this structure to avoid water condensation as well as to avoid water-

borne corrosions.
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