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single-crystalline rutile TiO2 nanowires†

Qiong Liu, a Haifei Zhan, ab Yihan Nie,a Yanan Xu,a Huaiyong Zhu,a Ziqi Sun,a

John Bell, c Arinxin Bo *a and Yuantong Gu *ab

Transition-metal-doping can improve some physical properties of titanium dioxide (TiO2) nanowires (NWs),

which leads to important applications in miniature devices. Here, we investigated the elastic moduli of

single-crystalline pristine and Fe-doped rutile TiO2 NWs using the three-point bending method, which is

taken as a case study of impacts on the elastic properties of TiO2 NWs caused by transition-metal-

doping. The Young's modulus of the pristine rutile TiO2 NWs decreases when the cross-sectional area

increases (changing from 246 GPa to 93.2 GPa). However, the elastic modulus of the Fe-doped rutile

NWs was found to increase with the cross-sectional area (changing from 91.8 GPa to 200 GPa). For NWs

with similar geometrical size, the elastic modulus (156.8 GPa) for Fe-doped rutile NWs is 24% smaller

than that (194.5 GPa) of the pristine rutile TiO2 NWs. The vacancies generated by Fe-doping are

supposed to cause the reduction of elastic modulus of rutile TiO2 NWs. This work provides

a fundamental understanding of the effects of transition-metal-doping on the elastic properties of TiO2

NWs.
Introduction

Due to their unique chemical and physical properties,1 one-
dimensional (1D) titanium dioxide (TiO2) nanostructures are
of great interest and widely exploited in various applications,
such as photovoltaics,2 batteries,3 optoelectronics,4 and elec-
tromechanical systems.5 To facilitate these applications,
a comprehensive understanding of mechanical properties of
nanomaterials is crucial, which plays a key role in the device
degradation and failure. What is more, recent researches show
that mechanical strain can signicantly inuence the electrical
and optical properties of nanomaterials,6,7 making the strain
engineering a salient approach to tune their physical properties.
To date, different kinds of nanostructured materials including
metal and alloys,8,9 semiconductors,10 and functional oxides
have attracted much attention in terms of their mechanical and
mechanical-coupled properties.11,12 A few studies have investi-
gated the mechanical properties (e.g., elastic or Young's
modulus, yielding or failure strain) of 1D pristine TiO2 nano-
structures in the past decades.13–16 As the most stable phase
among the four polymorphs (rutile, anatase, bronze, and
brookite) of TiO2, 1D rutile nanostructures such as nanoribbon
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and nanobelt attracted great research interest on their elasticity.
For example, Young's modulus of polycrystalline rutile TiO2

nanoribbon was measured to be �120 GPa.16 The single-
crystalline rutile TiO2 nanobelt (30 nm in thickness, 160 nm
in width) was reported with Young's modulus �360 GPa using
nanoindentation technique aer carefully subtracting the
substrate effect.15

Recent works reveal that some physical properties of TiO2,
such as light absorption,17 dielectric property,12 and ferromag-
netic property,18 can be enhanced through homogeneous
transition-metal-doping. However, the impacts from the
transition-metal-doping on the mechanical properties of 1D
TiO2 nanomaterials have been rarely discussed. Generally,
Young's modulus depends on the crystalline structure and
defects in the materials.19,20 For instance, Chen et al. found that
single-crystalline wurtzite GaAs NWs with rich stacking faults
have a larger elastic modulus than their defect-free counterpart
NWs.20 Previous works veried that homogeneous metal incor-
poration would not bring line defects and newborn phases in
the host TiO2, only with some oxygen vacancies generated.12,17

Oxygen vacancies belong to the point defect family, which
normally increase the average bond length and thus cause
a reduction in elastic modulus.19 Hence, it is speculated that
Young's modulus of metal-doped rutile TiO2 NWs would be
decreased. However solid experimental evidences should be
provided to verify this speculation.

Severe nanoscale-related experimental challenges have
hampered the mechanical measurements on NWs. To address
this issue, various techniques have been developed to
This journal is © The Royal Society of Chemistry 2020
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characterize the mechanical behaviours of NWs, including
bending tests using atomic force microscopy (AFM) or nano-
indentation,15,21,22 mechanical resonance methods,23,24 and
scanning/transmission electron microscopy (S/TEM)-based
methods.8,25–28 Among them, nanoindentation-induced
bending is a relatively effortless approach, which allows
quickly obtaining the Young's modulus.15,19 Nanoindentation
can be performed on a 1D nanostructure lying on a substrate.
Whereas, the deformation of the substrate and the associated
substrate-sample friction will cause an inaccuracy of the
measurements, which is known as the substrate effects.15 Here,
we synthesized single-crystalline pristine and Fe-doped rutile
TiO2 NWs and investigated their elastic moduli. To minimize
the substrate effects, we adopted a three-point bending
approach using a nanoindentor,29 where the TiO2 NW was
clamped at the two ends by Pt pads over a hole drilled on
a silicon substrate. It is found that the elastic modulus of Fe-
doped rutile NWs (�156.8 GPa) is around 24% smaller than
that of their pristine counterparts (�194.5 GPa).

Experimental section
Synthesis of TiO2 NWs

High-quality single-crystalline rutile TiO2 NWs were synthesized
using a reported molten salt ux method.17 Typically, 1 g of P25
powers, 1 g of Na2HPO4, and 4 g of NaCl were ground in
a mortar with pestle to form an even and ne mixture. The
mixture was transferred into an Al2O3 crucible and sintered in
a muffle furnace at 825 �C for 5 h. Aer cooling to room
temperature, the mixture was washed using hot deionized water
by centrifugation. To synthesize Fe-doped rutile TiO2 NWs, 2%
FeCl3 (by atomic percentage) was added to the mixture followed
by the above procedure.

Sample characterization

Morphologies of as-prepared NWs were characterized using
a eld-emission SEM (JEOL JSM-7001F, Japan) and a TEM (JEOL
JEM-2100, Japan). The crystalline phases were dened by X-ray
diffraction (XRD) patterns using a Philips PANalytical X'pert
pro diffractometer equipped with a graphite monochromator
with 40 kV Cu Ka radiation. The crystalline structures were
further analysed by HRTEM. The elemental compositions of the
as-prepared NWs were determined by an energy dispersive
spectrometer (EDS) attached in the TEM. The chemical state of
Fe, Ti, and O were dened using X-ray photon spectroscopy
(XPS, Manchester, UK) technique.

Three-point bending tests

To do the bending tests, micro-holes with diameters of 15 mm
and a depth of 3 mm were drilled using the focused ion beam
(FIB) on a Si substrate inside a FIB/SEM dual-beam working
system (Scios FEI, USA). A single TiO2 NW was picked up using
easy-li nanomanipulation system and bridged over a hole
milled by Ga source FIB. A double-clamped TiO2 nanobeam was
then built by the Pt/C block using the electron beam induced
deposition (EBID), with the pinning points situated at the edge
This journal is © The Royal Society of Chemistry 2020
of the hole. The EBID technique is used to deposit the Pt/C
because the electron beam in SEM has much lower energy
than that in TEM. It can hardly generate surface damage and
surface defects on the NW that can be observed when a ceramic
NW is under irradiation in TEM.30,31 Moreover, EBID can protect
the NWs from crystal structure damage that can be caused by
the high-energy ionic beam induced deposition technique.32

The pinning can accurately dene the effective wire-beam
length and to eliminate the substrate effect caused by the
wire-substrate friction. Three-point bending tests were con-
ducted using a nanoindentor (Hysitron TI950, Bruker corpora-
tion, USA) with a diamond Berkovich tip (radius ¼ 140 nm)
attached to a 1D transducer. Before each bending test, the
sample topography was obtained using scanning mode to
exactly determine the middle point of the NW beam. Then, the
bending test was performed in contact mode at the middle
point of the nanobeam. Each bending test consists of a loading-
unloading cycle with each half of the cycle set to be nished in
20 s.

Results and discussion

Fig. 1a and d show SEM images of the pristine and Fe-doped
rutile TiO2 NWs, respectively, revealing the wire-like
morphology with diameters ranging from 100 to 1200 nm and
lengths from 10 to 30 mm. Fig. 1b and e display typical TEM
images of these two kinds of NWs, further illustrating their
wire-like morphology. HRTEM images were captured at the
NWs' edges to further analyze their crystalline structures. Fig. 1c
is the HRTEM image of the pristine TiO2 NW, where the marked
d-spacing of 0.319 nm is in good agreement with that of (110)
planes. The corresponding selected area electron diffraction
(SAED) pattern (inset, Fig. 1c) viewed along the [1�10] zone axis
indicates the [001] growth direction of the NWs, and the single
set of diffraction dots in it further conrms the single-
crystalline nature of the rutile TiO2 NW. The HRTEM image
(Fig. 1f) of the Fe-doped rutile NW and the corresponding SAED
pattern (inset, Fig. 1f) also show the high crystallization of the
material. The growth direction of the Fe-doped rutile NWs can
also be dened along [001] direction, which is consistent with
that of the pristine counterparts. Furthermore, the HRTEM
image the Fe-doped rutile NW shows the absence of line or
plane defects and impurity phases caused by the Fe-doping.

Fig. 2a is the photograph of the as-prepared samples,
showing the color change from white of the pristine TiO2 to
light red of the Fe-doped rutile TiO2. The reddish color indicates
the presence of Fe in the structure. The XRD patterns of the
synthesized samples are shown in Fig. 2b. As can be seen, the
diffraction peaks of the pristine TiO2 index well to (110), (101),
(200), (111), (210), (211), (220), (002), (310), (301) and (112) of
tetragonal rutile phase (JCPDS, 21-1276). From the XRD pattern
of Fe-doped sample, the rutile phase is conrmed to exist in the
NWs, without any other phases appearing. This further indi-
cates that the Fe-doping causes no phase transformation or
structural degradation. The EDS elemental mapping results of
the Fe-doped TiO2 NW are shown in Fig. 2c–f, where the
uniform distribution of Ti, O, and Fe can be observed.
Nanoscale Adv., 2020, 2, 2800–2807 | 2801
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Fig. 1 SEM and TEM characterization of the TiO2 NWs. (a) SEM image, (b) TEM image, and (c) HRTEM image (inset, SAED pattern) of the pristine
rutile TiO2 NWs. (d) SEM image, (e) TEM image, and (f) HRTEM image (inset, SAED pattern) of the Fe-doped rutile TiO2 NWs. Scale bar, 10 mm (a)
and (d), 200 nm (b) and (e), 5 nm (c) and (f).
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XPS surveys were conducted to verify the valence state and
chemical composition of pristine and Fe-doped TiO2 NWs.
Fig. 2g shows the high resolution XPS spectra of Ti in the two
kinds of samples. In the XPS spectrum of pristine TiO2 NWs, the
two characteristic peaks located at 458.5 and 464.2 eV agree well
with 2p3/2 and 2p1/2 for Ti

4+, respectively; in the one of Fe-doped
TiO2 NWs, both of the two peaks shi to lower binding energies,
which are located at 458.0 and 463.9 eV, respectively. This shi
in peaks indicates the nonstoichiometry in the Fe-doped NWs is
contributed by the incorporation of Fe, which reects the
presence of oxygen vacancies.33 Fig. 2h shows the high resolu-
tion XPS spectrum of Fe in Fe-doped TiO2 NWs, where the two
peaks at 711.3 and 724.3 eV are ascribed to Fe 2p3/2 and Fe 2p1/2
of Fe3+, respectively.34 Previous works show that oxygen vacan-
cies can be induced by doping of aliovalent cations. In Fe-doped
TiO2 NWs, Fe3+ ions occupy substitutional Ti4+ sites in TiO2

lattices, forming oxygen vacancies to maintain charge
neutrality.33,35 The formation formula of oxygen vacancies can
be given by:

TiO2 þ Fe3þ/FeTi
3þ þ 1

2
VO

where FeTi
3+ and VO denote Fe3+ on Ti4+ sites and the oxygen

vacancy, respectively.33
2802 | Nanoscale Adv., 2020, 2, 2800–2807
The bending behaviors can be reected from the force versus
displacement (F–d) curves obtained during the loading-
unloading cycles with increasing maximum deection of the
NW beam. Fig. 3a displays the curve of a single loading–
unloading cycle for a pristine rutile NW with the diameter of
�800 nm. As is shown, the curve trajectories of loading and
unloading almost completely overlay with each other, indi-
cating the full recovery of the NW from an elastic bending
deformation. In addition, Fig. 3a shows a typical hysteresis loop
in the loading–unloading curve. This hysteresis loop shape also
exists in the loading–unloading curves discussed below, which
arises from the friction between the NW and the indenter tip or/
and the penetration of the indenter tip into the NW surface.22,25

Fig. S1† shows a TiO2 NW aer the three-point bending test,
where it can be seen that no apparent residual indentation can
be observed, indicating that the penetration depth into the NW
surface of the indenter tip cannot be comparable to the NW
deection during bending. Therefore, penetration depth into
the NW surface of the indenter tip cannot cause a large
hysteresis in the F–d curve. Fig. 3b shows curves of six repeated
loading-unloading cycles of the NW with gradually increasing
the bending deection. The coincidence of the curvilinear trend
of the six curves suggests no degradation of the elasticity of the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Characterization of the as-prepared rutile TiO2 NWs. (a) Photograph and (b) XRD patterns of pristine and Fe-doped rutile TiO2 NWs. (c–f)
EDS mapping results of the Fe-doped rutile TiO2 NW. (g) High resolution XPS spectra of Ti in pristine and Fe-doped rutile TiO2 NWs. (h) High
resolution XPS spectrum of Fe in Fe-doped rutile TiO2 NWs.
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NW with increasing deformation deection. When the
displacement is increased to 1100 nm (curve 6), the NW fails
eventually, as indicated by the sharp drop of the force, which
suggests a brittle failure of the NW. The fracture of the NW can
be seen from the SEM image, which located at the center of the
NW, as shown in Fig. 3e. The sharp fracture edges also indicate
the brittle failure of the NW. Aer fracture, we also observed
a section of the NW being removed, which is likely caused by the
mechanical vibration aer the instant fracture. Meanwhile, the
Pt welding point was not torn apart during the tests, suggesting
the stability of the Pt welding and the sample preparation to be
valid for the three-point bending test. To better observe the
curvilinear shape from each loading-unloading cycle, the curves
are displayed by stacking along Y coordinate axis, as shown in
Fig. 3c. Initially, the applied force, F, increases linearly with the
This journal is © The Royal Society of Chemistry 2020
bending displacement, d, as can be seen from curves 1–3. When
the bending deection reaches around 700 nm, a nonlinear
trend begins to appear in the curve, as seen from curves 4–6.

Fig. 4 shows F–d curves of a Fe-doped rutile TiO2 NWwith the
diameter of �733 nm. Unlike the pristine rutile TiO2 NWs, the
loading curve shows a slight deviation from the one of
unloading, which may be caused by a fractionally irreversible
deformation. The overall deformation trait still resembles that
of the pristine TiO2 NW. The F–d curves also exhibit a nonlinear
behavior with increasing displacement. The nonlinear feature
has been observed when characterizing the elastic moduli of
various kinds of NWs, such as Si,22 WC,32 and Na2Ti3O7,21 which
is caused by the inherent axial tension.36 Increasing the
maximum deection to 600 nm, a sharp drop of the force also
occurred, indicating the failure and brittleness of the NW.
Nanoscale Adv., 2020, 2, 2800–2807 | 2803
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Fig. 3 Results of three-point bending tests of the pristine rutile TiO2 NW. (a) F–d curve of a single loading-unloading cycle. (b) F–d curves of six
loading–unloading cycles. (c) F–d curves stacking in Y coordinate axis. (d and e) SEM images before testing and after fractured, respectively. Scale
bar, 1 mm.

Fig. 4 Results of three-point bending tests of the Fe-doped rutile TiO2

NW, showing the F–d curves of three loading–unloading cycles.
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To better evaluate and compare the elastic properties of the
two kinds of rutile TiO2 NWs, the elastic moduli were calcu-
lated. Nine pristine rutile TiO2 NWs and seven Fe-doped rutile
TiO2 NWs with different cross-sectional areas were tested. Based
2804 | Nanoscale Adv., 2020, 2, 2800–2807
on the linear part of the F–d curves, Young's moduli of the NWs
can be obtained according to the equation,

E ¼ FcenterL
3/(192Idcenter), (1)

where I is the moment of inertia, A is the cross-sectional area,
d is the deection at the midspan of the NW. Detailed calcula-
tion method of A and I is based on that of a polygon,37 as shown
in Fig. S2.† As can be seen in Fig. 5, the measured Young's
modulus is plotted as a function of cross-sectional area to more
accurately study the potential size effect given the irregularity of
the NWs' cross sections. The measured Young's moduli of
pristine rutile TiO2 NWs are shown in Fig. 5a, decreasing from
246 GPa to 93.2 GPa with the cross-sectional area reducing. It is
obvious that there is a signicant size effect on Young's
modulus, which is caused by the surface effect that derives from
the surface atom rearrangement.20,38–40 Generally, the core-
surface model (Miller–Shenoy model) based on a continuum
mechanics approach is adopted to account for the size effect on
the Young's modulus of NWs. In this model, the total effective
Young's modulus, E, is contributed by the core and the surface
with zero thickness of the NW, which can be expressed as, E ¼
Ec + 8Es/D, where D is the diameter for a circular cross section,
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Results of the measured effective elastic moduli of (a) pristine and (b) Fe-doped rutile TiO2 NWs. (c) Relationship between atomic ratio of
Fe and diameter of Fe-doped rutile TiO2 NWs. (d) Comparation of elastic moduli of the two kinds of NWs with similar cross-sectional areas. The
dashed lines in (a–c) are the corresponding fitted curves.
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and Ec and Es are the Young's moduli of the core and the shell,
respectively.40 From the model, it can be found that the surface
may contribute to a large portion of the total effective elastic
modulus.
Table 1 Summary of elastic moduli of individual 1D TiO2 nanostructure

Structures
Young's
modulus (GPa) Size (nm)

Nanober45 75.6 Diameter: �109
NW46 11.87 Diameter: �252
NW47 110.77 Diameter: 320
[210]-oriented NW14 56.3 Diameter: 20–80
Nanoribbon16 120 Width: 1600; thickn
[110]-oriented nanoribbon15 360 Width: 160; thickne
Bulk48 287.9
Bulk49 280
[001]-oriented NWa 194.5 Diameter: �998

[001]-oriented NWa 156.8 Diameter: �750

a Results in this work.

This journal is © The Royal Society of Chemistry 2020
However, the relationship between elastic modulus and
cross-sectional area of the Fe-doped rutile TiO2 NWs displays
a reverse trend compared to that of the pristine rutile TiO2 NWs.
As shown in Fig. 5b, the elastic modulus of Fe-doped rutile TiO2

NWs increases with the cross-sectional area increasing, ranging
s with different phases obtained from experimental works

Phase Testing method

Polycrystalline anatase AFM three-point bending
Single-crystalline anatase SEM bending
Single-crystalline TiO2-B AFM bending
Single-crystalline rutile SEM tensile test

ess: 60 Polycrystalline rutile AFM bending
ss: 30 Single-crystalline rutile Nanoindentation

Single-crystalline rutile
Single-crystalline rutile
Single-crystalline rutile Three-point bending using

a nanoindentor
Single-crystalline
Fe-doped rutile

Three-point bending using
a nanoindentor

Nanoscale Adv., 2020, 2, 2800–2807 | 2805
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from 91.8 GPa to 200 GPa. This is most likely caused by the
decreased oxygen vacancy density in the Fe-doped NWs. Fig. 5c
shows the quantitative EDS mapping results of Fe in the doped
rutile TiO2 NWs with increasing diameter, where the Fe ratio
decreases with increasing NW diameter, indicating the
increasing oxygen vacancy density caused by Fe-doping.41,42

More oxygen vacancies generated by Fe-doping in TiO2 NWs can
increase average bond length and thus result in the reduction of
elastic modulus.19,43,44 Fig. 5d shows the average elastic moduli
of pristine rutile and Fe-doped TiO2 NWs with similar cross-
sectional areas (normalized value ranging 0.01–0.31). It is
found that the average elastic modulus of pristine rutile TiO2

NWs is 194.5 GPa, which is 24% larger than that of Fe-doped
rutile TiO2 NWs (�156.8 GPa). To be noted, the average cross-
sectional area of pristine rutile TiO2 NWs is 1.8 times of that
of Fe-doped rutile TiO2 NWs. Hence, the reducing effect on the
elastic modulus of rutile TiO2 NWs caused by Fe-doping may be
underestimated.

Generally, the levels of oxygen vacancy density in TiO2 vary
among different crystalline structures, resulting in the distinc-
tions in the elastic moduli. Table 1 lists the elastic moduli of
individual 1D TiO2 nanostructures with different phases ob-
tained using various experimental testing methods. Ignoring
the measurement deviations caused by the testing methods, it
can be seen that even though the Fe-doping in this work can
cause a decrease in elastic modulus of rutile TiO2 NWs, it still
makes the elastic modulus larger than that of their 1D anatase
and TiO2-B counterparts, respectively. This suggests that even
though the Fe-doping can bring a degradation in the elastic
modulus of high-quality single-crystalline rutile TiO2 NWs, the
doped rutile TiO2 NWs are still stronger than their pristine
counterparts with other phases.

Conclusions

In conclusion, we investigated the elastic moduli of high-quality
single-crystalline pristine and Fe-doped rutile TiO2 NWs. It is
found that the sizes of the two kinds of NWs played different
roles in their elastic moduli, respectively. The Young's modulus
of the pristine NWs was found to decrease with increasing the
cross-sectional area, ranging from 246 GPa to 93.2 GPa. However,
the elastic modulus of the Fe-doped NWs increased with
increasing the cross-sectional area, ranging from 91.8 GPa to
200 GPa, which is related to the increase oxygen vacancy density.
Comparing the mean value of the elastic moduli of the two kinds
of NWs with similar sizes, it is found that the elastic modulus of
Fe-doped rutile NWs (�156.8 GPa) is 24% smaller than that of the
pristine rutile TiO2 NWs (�194.5 GPa). It is assumed that the
vacancies generated by the Fe-doping result in the reduction of
elastic modulus of rutile TiO2 NWs. This work can help under-
stand the effects of transition-metal-doping on the elastic prop-
erties of TiO2 NWs and offer us a guidance when carrying out
strain engineering on transition-metal-doped TiO2 NWs.
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