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Project Summary - Grant # (W911NF-08-1-0417)
(Final Report: September 2014)

Novel Flame-Based Synthesis of Nanowires for Multifunctional Application

Stephen D. Tse
Department of Mechanical and Aerospace Engineering
Rutgers University, Piscataway, NJ, 08854

Objective

The objective of the project was to increase fundamental understanding of the mechanisms of nanowire formation
and growth in flames, and utilization of that understanding to define process conditions that enable high-rate and
high-purity synthesis of nanostructures with tailored compositions, crystallinities, and morphologies (e.g. wires,
rods, ribbons, films, etc).

Approach

The program integrates synthesis, in-situ laser-based diagnosis, and subsequent characterization to optimize metal-
oxide nanowire growth using strategic combustion geometries, doping, ambient pressure effects, and electric-field
process control. The integrated primary research components are to:

® Conduct experiments in strategic and aerodynamically simple flow fields, i.e. flat-flame stagnation-point
(premixed) and flat-flame counterflow (non-premixed) configurations, to characterize the effects of fuel
composition, flame temperature, inert addition, hydrogen addition, oxygen concentration, strain rate, pressure,
and other controllable process parameters on nano-rod/wire properties;

Synthesize metal-oxide nanowires, i.e. Al,O3, SnO,, ZnO, MoOs3, CuO, WOs, Fe,03, Bi,03, and MnO,
Perform doping studies (with In, Sn, and Sb) for the ZnO and SnO, systems;

Investigate the influence of electric fields to control nanowire purity, growth rate, and morphology;

Utilize in-situ laser-based diagnostics, including spontaneous Raman spectroscopy (SRS) and laser-induced
fluorescence (LIF), to determine the gas-phase chemical species concentrations and temperature distribution in
the regions near the probe/substrate conducive for nano-rod/wire growth. Laser Doppler Velocimetry (LDV)
will be used to determine the local strain rate;

® Characterize the nano-rod/wire characteristics using field emission scanning electron microscopy (FESEM),
with EDX, and high resolution transmission electron microscopy (HRTEM), with SAED.

e Simulate growth conditions corresponding to the experiments employing modified flame codes with detailed
gas-phase and surface chemical kinetics and transport.

Relevance to Army

Robust materials with improved properties are needed for structural, functional, and device applications in the U.S.
Army. Of strong interest are functional one-dimensional nanostructures due to their unique and innovative
applications in optics, optoelectronics, catalysis, and piezoelectricity. Semiconducting oxide nanowires constitute a
unique group of 1D nanomaterials, which have well-defined and uniform shapes, stable surfaces, and single-crystal
volumes. These properties are keys to nanoelectronic applications like use as field effect transistors, ultra-sensitive
nano-size gas sensors, nanoresonators, and nanocantilevers. Moreover, nanowires of MoQOs, CuO, WO3, Fe,0s3,
Bi,03, and MnO; can be exploited for tailored heat release in nano-energetic applications involving thermite
reactions with nano-Al.

Accomplishments for Reporting Period

Progress for the project has been made in various areas. Specifically, we report on: (i) flame synthesis of metal-
oxide nanowires and carbon nanotubes, (i7) evaporation-condensation synthesis of nanostructured tungsten oxide
(WO.y) fibers and discs, (iii) development of laser-based diagnostics for in-situ Raman characterization of as-
synthesized nanomaterials, (iv) flame synthesis of graphene, (v) flame synthesis of metal-oxide porous films, (vi)
development of low-intensity phase-selective laser-induced breakdown spectroscopy of nanomaterials, (vii)



combined flame and electrodeposition synthesis of energetic coaxial WO, .o/Al nanowire arrays, and (viii) sequential
flame and solution synthesis of tungsten-oxide and zinc/tin-oxide nanoheterostructures.
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Report on Accomplishments

1. Flame Synthesis of Metal-Oxide Nanowires and Carbon Nanotubes (CNTSs)

Below are summaries of the materials synthesized. A draft manuscript is being prepared for submission to a journal
for publication.

Tungsten Oxide Nanowires

Various WOx nanostructures are produced from counter-flow diffusion flames (CDFs), which allow for correlation
of morphologies with local conditions due to the quasi-one-dimensionality of the flow field. The CDF setup
consists of two converging nozzles with a 15-mm separation distance, which can be seen in Fig. 1(a).
Computational simulations allow the chemical species to be tailored in the flame structure. The synthesis is carried
out at one atmosphere pressure using tungsten metal substrates, which can be placed on either the air side or fuel
side of the reaction zone, permitting evaluation of the roles of H,O (or CO;) versus O; in the synthesis of WO
nanostructures. Furthermore, methane flames are compared with hydrogen flames, which only have H,O (and no
CO») as product species. The temperature profiles of the methane and hydrogen flames are strategically matched in
order to compare chemical species. Figures 1(a) and (b) show graphs of the temperature and species concentrations
of the two flame structures obtained by computational simulations using GRI-Mech 1.2, which, although not shown,
are verified using spontancous Raman spectroscopy (SRS). In all the experiments, the gas-phase temperature is
~1720K. On the air side of the flames, the substrate temperature is ~1600K; and on the fuel side, it is ~1550K.
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Figure 1. Counterflow synthesis flame setup.
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Figure 2. FESEM and HRTEM images of nanowires grown on the air side of the methane-based flame.

Probing on the air side of the methane flame, chemical routes involving O, CO», and H,O exist, to produce
a dense yield of well aligned nanowires that have diameters of 20-50nm with lengths > 10um for a sampling
duration of 10min, grown directly on the tungsten substrate, Fig. 2(a). Analysis of the two-dimensional Fourier
transform pattern of the TEM image gives an average spacing for the lattice planes of 3.78 A, which corresponds to
the reflections from d-spacings of (110) planes of the tetragonal WO,9 phase. Thus, these as-grown single-
crystalline nanowires have preferable growth along the [110] direction, as indicated in Fig. 2(b).

Since all of the nanowires are WO, from core to surface, we conclude that hydrogen reduction occurs in
the gas phase, producing gas-phase WO,.9, which then condenses to form WO, ¢ nanowires that grow in length by a
tip-accretion mechanism and thicken by a ledge-growth mechanism, as revealed by TEM imaging. Thus, a likely
mechanism for the O; route is:

5



WO + 1.5 0,® — WO0;®, AG =-198.5 kJ/mol at 1700K,

WO3® + 0.1 Hy® — W0,9® + 0.1 H,0®, AG =-225.5 kJ/mol at 1700K.

For the H,O route, hydrate species formation and “gas-phase” hydrogen reduction is a possible mechanism, i.e.:

WO +4 H,0® — WO,(OH),® +3 H,®  AG =>0 kJ/mol at 1700K,

WO,(OH),® + 0.1 Hy® — WO, + 1.1 H,0® AG = -38.4 kJ/mol at 1700K.
However, as seen above, the first step is not favorable. Yet, tungsten-oxide is known to photocatalytically convert
H,O to OH. Reaction of W(s) with OH would then be favorable in producing gas-phase tungsten hydrate species.
This is currently being investigated in detail using direction illumination during synthesis. For the CO, route, gas-
phase formation does not appear to be favorable, e.g.:

WO +3 CO,® — WO3® +3C0O® AG = +208 kJ/mol at 1700K.
Instead, it can play an important role in seeding nanowire formation through a heterogeneous route,

WO +2.9 CO® — W026® +2.9 CO® AG =-15.8 kJ/mol at 1700K,
whereby subsequent nanowire growth then proceeds from either the O, or H,O routes.

Probing on the fuel side of the methane flame, chemical routes involving CO; and H,O (but no O) exist, to
produce a dense yield of nanowires, Fig. 3. However, these nanowires are not as well aligned as those produced on
the air side, Fig. 2, but also have diameters 20-50nm, with somewhat shorter lengths of > 2um, for the same
sampling duration. TEM imaging and SAED, Fig. 3, confirm that the nanowires are tetragonal WO, but the
growth direction is now [200], different than that for the air side [110].

S

3. FESEM and TEM images of nanowires grown on the fuel side of the methane-based flame.
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Figure

Probing on the fuel side of the hydrogen flame isolates the H>O chemical route (no CO; or O,). Figure 4
shows a sparse yield of unaligned nanowires that are much larger in characteristic diameter (< 150nm) than those
produced in the methane flames. The lengths are ~5um in length, versus 10pum for the methane-air side. TEM
imaging and SAED, Fig. 4, again confirm the tetragonal WO phase, but the nanowire growth direction is now
[101], different than the previous two cases.

Probing on the air side of the hydrogen flame allows for investigation of the H,O and O, (no CO>) chemical
routes. The result is a somewhat sparse yield of unaligned nanowires that are even larger in characteristic diameter
(< 200nm), though as long as those produced on the methane air-side (> 10um), Fig. 5. The nanowires exhibit
tetragonal WO, crystal structure, as confirmed with SAED and HRTEM analyses, Fig. 5. As observed from the
diffraction pattern, the wires grow as single crystals with preferable growth orientation along the <110> direction,
similar to nanowires synthesized on the air-side of the methane flame. In some cases, branching at 90° is observed,
as shown in Fig. 5, due to similar d-spacing between perpendicular (110) and (-110).
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Figure 5. FESEM and TEM images of nanowires grown on the air side of the hydrogen-based flame.

There is no doubt that H, plays in an important role. For all the cases, except that for the hydrogen flame
probed on the air side, small concentrations of H, are inherently present at the probe location (see Fig. 1), which, in
combination with the elevated temperatures, can aid in initial nanoparticle formation. Moreover, as evidenced by
the proposed chemical routes for WO, 9 nanowire formation, gas-phase hydrogen reduction is necessary to form the
sub-oxide in the gas phase. However, for the case of the hydrogen flame probed on the air side, no H; is provided
by the flame reactions as seen in Fig. 1, which is needed for the reactions involving the O, and H>O chemical routes.
Nonetheless, inspection of the H,O chemical route divulges that H» is produced in the reaction of tungsten with
water vapor. Thus, H,O presence is needed in this case for the oxygen route to proceed.

Interestingly, no tungsten carbide nanowire formation is found in our investigations, despite favorable
Gibbs free energy calculations for the reactions. The activation energy, which controls the kinetic rates, is probably
much larger for the associated tungsten carbide reactions, contributing to why tungsten oxide is the preferred growth
structure. In other works, tungsten carbide is found to form only when substrate temperatures are above 1673K,
supporting the activation energy argument. In our experiments, the substrate temperatures are between 1550K and
1600K. As a result, although carbide induced breakup of the substrate surface likely plays a role in initial formation
of nucleation sites (including that for tungsten oxide) for our cases, no subsequent carbide nanowire growth occurs.
In this project, comparisons of nanostructures synthesized between methane and hydrogen flames allows for
assessment of the respective roles of H,O versus CO; versus O, on WOy morphology and composition. We evince
that O is not necessary to produce the nanowires. Although the H,O route is isolated and shown to produce
nanowires, it is not very efficient, in terms of yield or quality. A combination of O,, H,O, and CO; routes seem to
produce optimum growth, where the heterogeneous CO, route aids considerably in seeding nanowire growth.

Zinc Oxide Nanostructures

Zinc can be oxidized by interactions with water vapor, carbon dioxide, and oxygen, all of which are present in a
methane diffusion flame. In this work, ZnO nanostructures are synthesized in methane and hydrogen diffusion
flames to isolate growth mechanisms and perform a paramettic study of local growth con@itions. A zinc-plated steel
probe is inserted into a counterflow diffusion flame (CDF) at various axial distances in order to correlate
morphologies with local growth conditions. We demonstrate the growth of ZnO nanostructures at 1000, 1300, and
1600K (see Figs. 6 and 7). Growth appears to be a vapor-liquid-solid mechanism, with key parameters being radical
species present, oxidizer, carbon dioxide, and water vapor concentrations, substrate temperature, and gas-phase
temperature.




Molybdenum Oxide Nanoplates

On the air side of the methane flame, molybdenum-oxide (MoO) nanoplates are formed. The nanoplates, shown in
Figure 8(a) and (b), are a few hundred nanometers wide, about 50nm thick, and about one micron in length. On the
fuel side of the methane flame, smaller nanoplates are grown than on the air side. In Error! Reference source not
found. 8(c) it can be seen that there is a large coverage density of molybdenum oxide on the substrate surface; and
in Error! Reference source not found.(d), it can be seen that the width and length of the nanoplates are less than
100nm and 1 micron, respectively.

S T (b 2 . vk -
Figure 8. Molybdenum oxide nanoplates grown in the CH4 flame on the air side (z=+.83cm) at (a) low magnification (b) and
high magnification. Molybdenum oxide nanoplates grown in the CH4 flame on the fuel side (z=+0.79cm) at (c) low

magnification (d) and high magnification.

(a)

Copper Oxide Nanowires

Cu,0 nanowires are grown only on the air side of the flames with the densest yield in the methane flame. Figure 9
show a dense yield of copper oxide nanowires grown at ~900K in the methane flame. The nanowires are
approximately 150nm in diameter and a few microns in length.

XxS000 - 6 Smm I x10000 © " Zum -

Figure 9. (a) Low magnification copper oxide nanowires grown in a CHg flame (z=+0.97cm) (b) Magnified FESEM image of
nanowires grown in CHs

Iron Oxide Nanowires

A dense yield of FesO4 nanowires are grown on the air side of the methane and hydrogen diffusion flames at
~1000K. The fuel side results show some oxidation of the iron as well as carbon nanotube growth. Figure 10(a)
shows iron oxide nanowires grown on the air side of the methane flame. The wires are about 150nm in diameter and
a few microns in length. Iron oxide nanowires are also grown in the hydrogen flame, as seen in Error! Reference
source not found.. 10(b). They are ~200nm in diameter and a few microns in length.
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Non-Catalytic Flame Synthesis of Carbon Nanotubes

Using the counterflow diffusion flame configuration of Fig. 1, with a tungsten substrate inserted on the fuel side of a
methane flame (Fig. 1(b)), carbon nanotubes (CNTs) are synthesized without the use of catalysts, presumably due to
the high temperatures involved the combustion flow field (versus that for conventional CVD). Figure 11(a) shows
the CNTs deposited on the substrate. Figure 11(b) divulges that the CNTs are MWNTSs. Fig. 11(c) shows the
presence of nano-onions. Some of the TEM images suggest the presence of graphene as well; see Fig. 11(d). These
results are presently being verified using Raman Spectroscopy.

(o | S ®) " o
Figure 11. (a) TEM showing CNTs, (b) HRTEM of MWNTSs, (¢) HRTEM of nano-onions, (d) HRTEM showing possible

graphene.

2. Evaporation-Condensation Synthesis of Nanostructured Tungsten Oxide (WO:.s) Fibers and Discs
Evaporation of WOs3 powder during transmission electron microscopy resulted in the formation of nanofibers of
WO, which deposited on adjacent cooler regions of the carbon substrate. Controlled experiments using the inert
gas condensation (IGC) method were performed to investigate the formation mechanism of the nanofibers.
Depending on the growth conditions, different morphologies of WO,9 phase were observed. Structural
characterization was carried out using analytical electron microscopy techniques. All the morphologies observed in
these experiments have [110] growth direction. HRTEM imaging of the faceting of single crystal nanodiscs
permitted an estimation of the relative surface energies. On the basis of these observations, a qualitative growth
model is proposed. Details of this work have been published and are found in [Pub. 1, Al-Sharab et al., Crystal
Growth and Design, 2009].

3. Development of Laser-based Diagnostics for In-situ Raman Characterization of As-synthesized
Nanomaterials

Raman spectroscopy is applied to diagnose nanoparticle presence and characteristics in a gaseous flow field.
Specifically, in situ monitoring of the Raman-active modes of TiO, and Al,O3 nanoparticles in aerosol form is
demonstrated in high-temperature flame environments. This technique serves as a sensitive and reliable way to
characterize particle composition and crystallinity and delineate the phase conversion of nanoparticles as they
evolve in the flow field. The effect of temperature on the solid-particle Raman spectra is investigated by seeding
nanoparticles into a co-flow jet diffusion flame, where local gas-phase temperatures are correlated by shape-fitting
the N> vibrational Stokes Q-branch Raman spectra. Applying the technique to a flame synthesis environment, the
results demonstrate that in situ Raman of as-formed nanoparticles can be readily applied to other gas-phase synthesis
systems, especially as an on-line diagnostic. Details of this work have been published and are found in [Pub. 2, Liu
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et al., Applied Physics B: Lasers and Optics, 2010]. Nanoparticle diagnosis was the first step in developing this
technique for the in-situ characterization of nanowires during flame synthesis.

4. Flame synthesis of Graphene

Functionalized graphene may not only act as a stabilizer for reactive metal nanoparticles, providing a significant
energy barrier, but also offers catalytic sites to control the combustion of the nano-energetics As such, research in to
flame-synthesized graphene has been conducted

Few-layer graphene is grown on copper and nickel substrates at high rates using a novel flame synthesis
method in open-atmosphere environments. Transmittance and resistance properties of the transferred films are
similar to those grown by other methods, but the concentration of oxygen, as assessed by X-ray photoelectron
spectroscopy, is actually less than that for graphene grown by chemical vapor deposition under near vacuum
conditions. The method involves utilizing a multi-element inverse-diffusion-flame burner, where post-flame species
and temperatures are radially-uniform upon deposition at a substrate. Advantages of the specific flame synthesis
method are scalability for large-area surface coverage, increased growth rates, high purity and yield, continuous
processing, and reduced costs due to efficient use of fuel as both heat source and reagent. Additionally, by adjusting
local growth conditions, other carbon nanostructures (i.e. nanotubes) are readily synthesized. Details of this work
have been published and are found in [Pub. 3, Memon et al., Carbon, 2011].

Graphene films are grown in open-atmosphere on metal substrates using a multiple inverse-diffusion flame
burner with methane as fuel. Substrate material (i.e. copper, nickel, cobalt, iron, and copper—nickel alloy), along
with its temperature and hydrogen treatment, strongly impacts the quality and uniformity of the graphene films. The
growth of few-layer graphene (FLG) occurs in the temperature range 750-950°C for copper and 600-850°C for
nickel and cobalt. For iron, the growth of graphene is not exclusively observed. The variation of graphene quality
for different substrates is believed to be due primarily to the difference in carbon solubility between the metals.
Details of this work have been published and are found in [Pub. 6, Memon et al., Proceedings of the Combustion
Institute, 2013].

Multi-walled and single-walled carbon nanotubes (CNTs) and few-layer graphene (FLG) are grown
directly on spinel powders using flame synthesis. CNT and FLG growth occurs via the decomposition of flame-
generated carbon precursors (e.g., CO, CoH,, and CHy) over nanoparticles (i.e., Ni, Co, Fe, and Cu) reduced from
the solid oxide. The growth of CNTs is investigated on NiAl,04, CoAl,O4, and ZnFe,;Os, using counterflow
diffusion flame and multiple inverse-diffusion flames (m-IDFs), while the growth of FLG is investigated on
CuFe204 using m-IDFs. As shown by analytical electron microscopy techniques, Raman spectroscopy, and X-ray
diffraction, substrate temperature and spinel composition play critical roles in the growth of both CNTs and FLG.
Details of this work have been published and are found in [Pub. 7, Memon et al., Carbon, 2013].

Using open-atmosphere flame synthesis, graphene films and carbon nanotubes (CNTs) are grown directly
on nickel and nickel-alloy substrates. The gas-flow input CH4 to H, ratio (1:10) is held constant. For nickel,
copper—nickel, and Inconel, few-layer graphene (FLG) grows at 850°C. Transitional growth from FLG to CNTs is
observed on nickel, copper—nickel, and Inconel, as the substrate temperature is decreased to 500°C. CNT growth is
found for nitinol at 500°C; however, graphene growth is not observed for nitinol at elevated temperatures for the
examined experimental conditions. Details of this work have been published and are found in [Pub. 8, Memon et
al., Chemical Physics Letters, 2013].

5. Flame synthesis of Metal-Oxide Porous Films

A novel premixed swirl flame in stagnation point geometry is used to synthesize uniform, high-quality
nanostructured TiO; films at growth rates of 20-200 nm/s in a single step. The roles of precursor concentration and
substrate temperature in controlling film morphology and characteristics are investigated. Increasing precursor
concentration, for a given substrate temperature, significantly increases the packing density of the nanoporous film.
The specific surface area of the film is mainly dependent on substrate temperature, where two distinct regimes, i.e.
in-flame-agglomeration at low temperature and on-substrate-sintering at high temperature, specify film properties.
A simplified deposition model for the formation of the nanoporous film structure is proposed, correlating
penetration distance of thermophoretically-driven Brownian particles into the film with the resultant morphology.
The model predicts the packing density in excellent agreement with experiments, thereby clarifying the complex
roles of precursor concentration and substrate temperature. Finally, increasing substrate temperature, at fixed
precursor concentration, changes the packing density little, but considerably decreases specific surface area, as
sintering becomes dominant among controlling mechanisms. Details of this work have been published and are
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found in [Pub. 4, Zhang et al., Journal of Aerosol Science, 2012]. Nanoparticle films was the first step in
developing this technique, and nanowire films are currently being investigated.

6. Development of Low-Intensity Phase-Selective Laser-Induced Breakdown Spectroscopy of Nanomaterials
Novel low-intensity laser-induced breakdown spectroscopy (LIBS) is employed to conduct an in situ study on swirl
flame synthesis of TiO, nanoparticles. Collected emissions agree well with Ti atomic spectra from the NIST
database. In contrast to traditional application of LIBS on particles, the power used here is much lower (~35
mJ/pulse or 28 J/cm? at 532 nm); and no macroscopic spark is visually observed. Nevertheless, the low-intensity
LIBS shows interesting selectivity—only exciting Ti atoms in particle phase, with no breakdown emission occurring
for gas molecules (e.g. titanium tetraisopropoxide precursor, air). The emission intensity increases as the
nanoparticles grow in the synthesis flow field, plateauing as the particles become larger than 6 nm, indicating the
absorption efficiency to be size-dependent for small particles. The signals saturate at a fluence of ~16 J/cm2. When
the precursor concentration is larger than 150 ppm (corresponding to particle sizes of 6—8 nm), the emission
intensity increases linearly with precursor concentration. The selectivity of the low-intensity LIBS for such
application could be advantageous for tracking nanoparticle formation and for measuring particle volume fraction
during gas-phase synthesis or other systems. The size-dependent absorption efficiency could be used to measure
nanoparticle size in situ. Details of this work have been published and are found in [Pub. 5, Zhang et al.,
Combustion and Flame, 2013]. Nanoparticle diagnosis was the first step in developing this technique for the in-situ
characterization of nanowires during flame synthesis.

Low-intensity phase-selective laser induced breakdown spectroscopy (LIBS) with secondary resonant
excitation from the same single laser pulse is employed in the in-situ study of flame synthesis of TiO, nanoparticles.
Excitation from the third harmonic (i.e. 354.71 nm as measured) of an injection-seeded Nd:YAG laser breaks down
flame-synthesized titanium-dioxide nanoparticles in-situ into their elements and then subsequently excites the
titanium electrons resonantly. With low-intensity laser excitation (~30 mJ/pulse or 60 J/cm?), only the nanoparticle
phase is selectively broken down, forming nano-plasmas without any observable plasma Bremsstrahlung radiation.
The induced emission at 497.534 nm resulting from the secondary resonant excitation is markedly stronger than
other/primary emissions. Compared to 532 nm excitation (with no secondary resonant excitation), with saturation at
a laser power of ~20 mJ/pulse, the emissions from 354.71 nm excitation exhibit no saturation with laser power, until
gas-phase breakdown. Temporal evolutions of the emissions are also studied, revealing that the 497.534 nm
emission peaks earlier, but does not last as long as the other emissions. Emission peak splitting and dependence on
excitation laser wavelength are observed and investigated, respectively. Using the secondary resonant excitation
effect, phase-selective measurements of nano-aerosol characteristics can be made at improved detection thresholds.
Details of this work have been included in a draft manuscript to be submitted to a journal for publication, as found in
Attachment A.

7. Combined Flame and Electrodeposition Synthesis of Energetic Coaxial WO:.o/Al Nanowire Arrays

A nanostructured thermite composite comprising an array of tungsten-oxide (WO;9) nanowires (diameters of 20—50
nm and lengths of >10 pum) coated with single crystal aluminum (thickness of ~16 nm) has been fabricated. The
method involves combined flame synthesis of tungsten-oxide nanowires and ionic-liquid electrodeposition of
aluminum. The geometry not only presents an avenue to tailor heat release characteristics due to anisotropic
arrangement of fuel and oxidizer but also eliminates or minimizes the presence of an interfacial Al,O3 passivation
layer. Upon ignition, the energetic nanocomposite exhibits strong exothermicity, thereby being useful for
fundamental study of aluminothermic reactions as well as enhancing combustion characteristics. Details of this
work have been published and are found in [Pub. 9, Dong et al., Nano Letters, 2013].

8. Sequential Flame and Solution Synthesis of Tungsten-Oxide and Zinc/Tin-Oxide Nanoheterostructures

Several new kinds of heterostructures of WO; 9 nanowires with ZnO/SnO- nanostructures have been synthesized via
a combined flame and solution synthesis method. First, vertically well-aligned single-crystal tungsten-oxide
nanowires are grown directly on a tungsten substrate via a flame synthesis method. Here, WO 9 nanowires are
produced by the vapor-solid (VS) mechanism, with gas phase species (O2, H,O, CO,, and H;) and local gas phase
temperature (1720K) specified at the substrate for desired growth, e.g. diameters of 20-50nm, lengths > 10um, and
coverage density of 10°-10'%cm?. Then, various kinds of ZnO/SnO; nanostructures are grown on the WOayo
nanowires by adjusting the concentration ratio of Zn?>" and Sn?" in an aqueous ethylenediamine solution. With
WO, nanowires serving as the scaffold, sequential growth of hexagonal ZnO nanoplates, Zn,SnO4 nanocubes, and
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SnO, nanoparticles are attained for Zn?":Sn*" ratios of 1:0, 10:1, and 1:10, respectively. High-resolution
transmission electron microscopy (HRTEM) of the interfaces at the nanoheterojunctions show atomically abrupt
interfaces for ZnO/WO;9 and Zn,SnO4/WO, despite lattice mismatches of >20%. The process demonstrated in
this work might provide a rapid, readily scaled, and versatile synthesis route for development of functional
nanoheterostructures. Details of this work have been included in a draft manuscript to be submitted to a journal for
publication, as found in Attachment B.
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Abstract

Novel low-intensity phase-selective laser induced breakdown spectroscopy (LIBS) with
secondary resonant excitation from the same single laser pulse is employed in the in-situ study of
flame synthesis of TiO2 nanoparticles. Excitation from the third harmonic (i.e. 354.71 nm as
measured) of an injection-seeded Nd:YAG laser breaks down flame-synthesized titanium-
dioxide nanoparticles in-situ into their elements and then subsequently excites the titanium
electrons resonantly. With low-intensity laser excitation (~30 mJ/pulse or 24 J/cm?), only the
nanoparticle phase is selectively broken down, forming nano-plasmas without any observable

plasma Bremsstrahlung radiation. The induced emission at 497.534 nm resulting from the
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secondary resonant excitation is markedly stronger than other/primary emissions. Compared to
532 nm excitation (with no secondary resonant excitation), with saturation at a laser power of
~20 mJ/pulse (16 J/cm? fluence) the emissions from 354.71 nm excitation exhibit no saturation
with laser power due to the secondary resonant excitation, until gas-phase breakdown. Temporal
evolutions of the emissions are also studied, revealing that the 497.534 nm emission peaks earlier,
but does not last as long as the other emissions. Emission peak splitting and dependence on
excitation laser wavelength are observed and investigated, respectively. Using the secondary
resonant excitation effect, phase-selective measurements of nano-aerosol characteristics can be

made at improved detection thresholds.

Key words: resonant laser induced breakdown spectroscopy (LIBS); phase selective; flame

synthesis; nanoparticles
1. Introduction

Laser induced breakdown spectroscopy (LIBS) has been applied extensively to solids,
liquids, gases, and aerosols in various environments [1-4]. LIBS has become a very popular
analytical method due to its unique features such as no (or minimal) sample preparation,
applicability to almost any type of sample in almost any environment, capability for in-situ
measurements, and speed of analysis. LIBS analysis on aerosols have been employed in many
conditions, such as coal gasification systems [5], ambient environments [6], experimentally
controlled conditions [7,8], as well as single particles [9]. There have been efforts at gaining
better understanding and extending the capability of LIBS on aerosols. Hybl et al. [10]
discriminated biological agents from natural background aerosols based on different ratios of the

atomic lines. Diwakar et al. [11,12] developed a near real-time measurement of elemental
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compositions of aerosols of 30-900nm size at low concentrations by collecting particles onto a
flat-tip microneedle electrode and then performing LIBS on the needle tip. Thérnhage et al. [13]
aided LIBS with a trigger system such that the laser was fired only when a particle was expected in
the focal zone, thus significantly increasing the hit rate for detection and classification of
micrometer-sized single particles in real-time. Fortes et al. [14] combined optical catapulting
(OC) and optical trapping (OT) with LIBS, permitting separation and manipulation of particles in
a heterogeneous mixture, with subsequent analysis of the isolated particle of interest by changing

the condition of optical trapping.

In our previous work [15], a novel low-intensity phase-selective LIBS method for
nanoparticle detection during flame synthesis was developed. We demonstrated that unlike the
conventional LIBS process for aerosols referenced above, the laser fluence is appropriately low
so that only a nanoplasma is created around the nanoparticle with no gas-phase breakdown or
macroscopically-observable plasma. Moreover, the breakdown occurs only when nanoparticles
are present, allowing distinguishing of the elements from the solid particle phase. Thus, this
technique is particularly helpful in understanding the gas-to-particle transition process. This
technique has been further developed to achieve two-dimensional imaging of the gas-to-particle
transition [16] and to measure the volume fractions of metal-oxide nanoparticles in a flow
field [17]. The absorption-ablation-excitation mechanism in laser-cluster interactions of the low
intensity LIBS process has been scrutinized by comparing Rayleigh scattering versus atomic

emission of aerosol clusters in this regime [18].

In the current work, the effect of excitation wavelength is investigated using the third
harmonic of the Nd:YAG laser in low-intensity phase-selective LIBS instead of the second

harmonic as done in previous research. Interestingly, LIBS with subsequent resonant excitation
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is observed. With low-intensity excitation (~30 mJ/pulse or 24 J/cm?), only the titanium in the
particle phase is selectively broken down, and the induced emission from the subsequent
resonant excitation is markedly stronger than other emissions, demonstrating the capability to

achieve a very low limit of detection for element(s) of interest from the nanoparticle phase.
2. Experimental setup

A stagnation swirl flame setup is utilized to synthesize TiO> nanoparticles, as shown in Fig. 1.
The details of the setup can be found in Refs. [15,19]. In brief, the burner consists of an 18-mm
diameter stainless-steel nozzle with an internal swirler, and a stagnation substrate (temperature
controlled) is situated 19-mm downstream. Premixed CHs4, O> and N> flow into the burner,
supporting a premixed flame, while a portion of the N2 (2 L/min) runs through a bubbler
containing TTIP precursor (titanium tetraisopropoxide) and carries the precursor to the flame.

TiO2 nanoparticles ~10 nm in size are formed for the given conditions.

The setup for the laser-based diagnostics is shown in Fig. 2. An injection-seeded
Nd:YAG laser, that can run at second (532nm) or third (355nm) harmonic modes, serves as the
excitation source. The output laser beam is focused by a 500-mm focal-length plano-convex
fused silica lens to the region of interest in the nano-aerosol. The collection optics consist of two
400 mm focal-length achromats, an image rotator, and reflection mirrors. The emissions are
collected at 90° into a triple spectrometer (Princeton Instruments TriVista), which is composed
of two 0.5m spectrometers with 1800 groove/mm holographic grating and one 0.75m
spectrometer with 1800 groove/mm holographic grating. An ICCD camera (Princeton
Instruments PIMAX 3) detects the signal with selected delay and gate timing to minimize

background interference and to study the temporal evolution of the process. A photomultiplier



Draft Manuscript

tube (PMT, Hamamatsu R928), connected to the spectrometer at another port, with signals
captured by a digital oscilloscope (Agilent Infiniium 54845A oscilloscope, 1.5 GHz sampling
rate), further assesses the temporal evolution of the emissions at selected wavelengths. The
typical slit width is set to 50-200 pum to minimize instrumental broadening and to obtain

appropriate spatial and spectral resolutions.
3. Results and discussions

In order to achieve high stray light rejection and better spectral resolution, the triple spectrometer
is first run in subtractive mode, where the first two stages work as a band pass filter and the third
stage works as the main spectrometer. The entrance slit is set to 200 um. The emission spectra
from 532 nm and 355 nm laser excitation are shown in Fig.3. The laser power is 30 mJ/pulse for

both cases and the signal collection time is 150 seconds.

For 532 nm excitation, the results are consistent with our previous work [15], where
strong emissions at 498.173 nm, 499.107 nm, 499.950 nm, 500.721 nm, and 501.428 nm
corresponding to Ti (I) atomic emission lines [20] from the nanoparticle-induced nanoplasmas
are observed. However, for 355 nm excitation, a new high intensity emission at 497.534 nm
appears. As will be discussed, this line likely corresponds to the Ti (I) atomic line produced by
the transition from upper state 3d*(?D2)4p with term w'F° to lower state 3d*(?D2)4s with term
b!D. The line strength can be calculated from the expression [1]:

I hVA,.jNOg

E, .
47 eXP(—ﬁ) (1

where [ is the emission intensity (W/sr); /4 is the Planck’s constant; v is the frequency; and 4;; is

the transition probability (with Einstein 4 coefficient) from the upper state j to the lower state i
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with energy difference of Av; N is the absolute number density of the atoms at upper state j; Ny is
the total number of atoms; Z is partition function, usually taken as the statistical weight of the
ground state; E; is the energy of the upper state; g is the statistical weight of energy state j; k is

the Boltzmann’s constant; and 7 is the electron temperature.

Based on the data from the National Institute of Standards and Technology (NIST) [20]
and Wiese [21], and assuming an LTE (local thermodynamic equilibrium) plasma temperature
of 10,000 K , the emission intensity at 497.534 nm should be less than 10% of the emission
intensity at 498.173 nm. However, the experimentally measured emission intensity at 497.534
nm is about 5 times greater than that at 498.173 nm, indicating a mechanism beyond traditional

LIBS or previously-studied PS LIBS.

To confirm that the 497.534nm line is from Ti atomic emission, rather than from
intermediate species in the combustion and decomposition processes during flame synthesis,
aerosolized Ti particles are examined. Ti particles are generated using the spark generator as
given in the work by Byeon et al. [22]. Two titanium rods serve as electrodes, and 3kV are
applied to the rods in an argon atmosphere, producing sparks/particles. Using focused excitation
at ‘355nm,’ strong emission at 497.534 nm is reproduced, confirming that the emission is indeed

from atomic titanium.

As mentioned above, the 497.534 nm emission likely corresponds to the Ti (I) atomic line
produced by the transition from upper state 3d3(?D2)4p with term w'F° to lower state 3d*(°D2)4s
with term b'D. The ‘355 nm’ laser line is actually measured to be 354.71 nm, equivalent to one-
third of the fundamental wavelength of the Nd:YAG laser at 1064.13 nm, which is consistent
with the value from the literature [23]. Coincidentally, this laser line matches the Ti (I)

absorption line at 354.703nm, with the upper state of this line being exactly the upper state of the
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497.534 nm transition line, such that the electrons can be excited to the 3d*(?D2)4p upper state
with term w'F°. Besides the direct emission from the w'F° state, there can also be some internal
transitions to other states, as the 480.541 nm emission (upper state s°D°, with energy slightly

lower than from the w'F° state) is also observed with high intensity.

There are several relevant mechanisms for describing this phenomenon, namely LIBS-
LIF (laser induced fluorescence), RELIBS (resonant enhanced laser induced breakdown
spectroscopy), and RLIBS (resonant laser induced breakdown spectroscopy). For LIBS-LIF, one
laser pulse creates the plasma and another pulse excites selected states to produce
fluorescence [24-27]. Two laser pulses, usually two lasers, are employed, which may result in
system complexity. For RELIBS, one pulse performs the ablation and another pulse resonantly
excites atoms, along with rekindling the plasma. A delay time of 30 ns or more relative to the
second pulse is needed for signal collection [28,29]. For the RLIBS technique [30-34], which is
a combination of resonant laser ablation (RLA) [35-38] and optical emission detection, only one
laser pulse of selected wavelength is employed to create the plasma and also excite the electrons
resonantly. In the RLIBS process, the first-come photons ablate the sample and then the other
photons resonantly excite and ionize the vapor [39]. There are also some enhanced desorption
for the ablation process [40], exothermic collision for vapor heating and reaching local
thermodynamic equilibrium (LTE) [41], and transition of the energy from excited species to
other components [31]. Based on the energy levels and the description of these three
mechanisms, our observed phenomenon is most related to the RLIBS mechanism, with the
354.71 nm laser ablating the samples and then resonantly exciting the electrons of Ti atoms from
a'G sate to w'F° state. The excited electrons then undergo radiation processes, transitions, and

exothermic collisions. It is worth noting that the a'G state is not the ground state of Ti, and thus
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the number of electrons in this state is not very large compared to that in the low-energy states,

which means that the signal can be enhanced upon strategically selecting the excitation laser line.

RLIBS and RLA have been applied to major and trace element detections, manifesting
part-per-billion sensitivity [30,37,38,42] and potential for quantitative measurements [33].
Some modeling work has been done to better understand the process [43]. However, for all the
literature found, the RLIBS and RLA have been done with solid bulk samples or pure gas vapor.
The work presents the first study of the RLIBS effect in nanoparticle aerosols. More importantly,
combining of resonant ablation and low-intensity phase-selective LIBS will create some new
features. Resonant ablation process is shown to be capable of selectively ionizing different
target analyte from the same composite sample [42,44]. Combined with the low-intensity
phase-selective LIBS on nanoparticles, it is possible to perform phase-selective and analyte-

selective LIBS with low detection limit.

To demonstrate phase-selectivity, emission intensities along the centerline axis of the
synthesis flow from 532 nm and 355 nm laser excitations are shown in Fig. 4. The ‘total’
intensities are calculated by integrating the emission from 497 nm to 502 nm. The emission
intensities both show a quick increase at 5-12 mm downstream from burner exit, where the flame
region is located, indicating phase change and particle growth. Nonetheless, differences exist for
these two excitation wavelengths. At 2 mm downstream from burner exit (before particle
growth), there is no emission around 500nm for 532nm excitation, while there is for 355 nm
excitation, albeit with low intensity. Since in this low-swirl flame burner the gases and precursor
are pre-mixed prior to the burner exit, the TTIP precursor encounters Oz, and there will be some
reaction in the gas phase at ~ 100°C to form some TiO; clusters at the burner exit, eventually

producing TiO; particles at longer residence times [45,46]. These clusters can somehow absorb
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the 355 nm laser light and be excited and broken down, while the 532 nm laser light cannot be
absorbed much, due to different absorption efficiencies for the different wavelengths [47,48].
This dissimilar detection threshold for particle size may be further developed to be a quantitative

method for size characterization.

To further investigate the characteristics of phase-selective LIBS with resonant 355
excitation on nanoparticles, the emission intensity change with laser intensity is studied, as
shown in Fig. 5. The inset compares the emission intensity change at 532 nm laser excitation.
For both cases, the measured location and precursor concentration are set to 14 mm downstream
from the burner exit and 116 ppm respectively. The particle size is ~10 nm [15]. With 355 nm
excitation, the laser power increases from 0.5 mlJ/pulse to 35 mJ/pulse without gas-phase
breakdown or visible plasma, which is observed at 40 mJ/pulse. The resonant emission at
497.534 nm can be detected and distinguished easily by the ICCD even at 0.5 mJ/pulse laser
power, corresponding to a laser fluence of 0.4 J/cm? which is still above the breakdown
threshold for most metals [49]. With 532 nm excitation, the LIBS emission intensity saturates at
a laser power of 20 mJ/pulse, plateauing until gas breakdown at 70 mJ/pulse. Nevertheless, the
emission intensities from 355 nm laser excitation exhibit no saturation, even up to gas-phase
breakdown at 40 mJ/pulse. The saturation at 20 mJ/pulse with 532nm excitation corresponds to
complete ablation of the particles. In contrast, PS-LIBS with 355 nm resonant excitation can
continue to excite more electrons, with the upper state transitioning to other energy states, thus

leading to continuous increasing of the 497.534 nm emission as well as other emissions.

The temporal evolution of the emissions at a laser power of 30 mlJ/pulse is then
investigated with gated ICCD camera and PMT. The gated ICCD camera records the emission

spectrum at a gate width of 5ns with different delay times relative to the initial laser pulse. The
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PMT obtains more detailed temporal evolution for emissions at a certain wavelength range. To
obtain the temporal evolution using the ICCD with sufficient emission intensity, the camera is
placed at the output of the first stage of the TriVista system; and the size of the entrance slit is set
to 50 pum. While for the PMT setup, the PMT is placed at the output of the second state of the
TriVista system, with the first and second stages working in the double subtractive mode as a
fine band pass filter (with 40 um intermediate slit size, corresponding to a width of 0.04 nm pass

band).

The temporal evolution of the emission spectrum recorded by the ICCD camera from
delay time O to 30 ns (the time when the laser pulse reaches its peak is set to 0) with 5 ns gate
width is shown in Fig. 6. The curve at 0 ns delay time is the emission collected from O to 5 ns;
the curve at 5 ns delay time is the emission collected from 5 ns to 10 ns, and so forth. Due to the
property of the low-intensity phase-selective LIBS, the white noise is low even at 0 ns delay time.
The 497.534 nm emission is fairly strong at 0 ns delay time and then decays with time until it
vanishes at 25 ns delay time. However, for the other emissions, e.g. 498.173 nm, they increase
from 0 to 10 ns delay time, and then decline gradually. They are still detectable at 30 ns delay
time, disappearing at 35 ns delay time. The 497.534 nm emission decays faster than the 498.173
nm emission. As calculated above, for LTE, the 497.534 nm emission should be much weaker
than for the 498.173 nm emission. The high emission intensity at 497.534 nm at the early stage
is due to the selective excitation by the laser, which produces more electrons in the w'F° state

than that for the LTE condition.

Interestingly, at 0 ns delay time (peak of the laser excitation), the emission at 497.534 nm
is composed of two peaks, and this is further investigated close to the laser time, i.e., from -10 ns

delay to 0 ns delay, as shown in Fig. 7. At -10 ns delay time, there are two peaks straddling
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497.534 nm, distinct from each other. At -5 ns delay time, the intensity of the emissions
increases, and the two peaks get closer to each other. At 0 ns delay time, the two peaks get even
closer, but are still distinguishable from each other. The two peaks are fitted with Lorentzian
profile, and the center wavelength evolution is shown in the inset of Fig.7. The two peaks are
0.3 nm away from each other at -10 ns delay time, about 0.15 nm from 497.5 nm on both sides.
Thereafter, they move towards 497.53 nm, and merge into one peak at 5 ns delay time. This
splitting is attributed to influence of the magnetic field via the Zeeman effect. Magnetic field
generated by laser-induced plasma has been observed since the early 70s [50] and is shown to be
about coincident with the laser pulse [51]. The Zeeman effect has been employed to calculate
the strengths of magnetic fields [51-53]. Based on the energy difference of the splitted peaks,
the configuration of the electrons [20], and the formula given by Drake [54], the magnetic field
is calculated to be 2.8 tesla, which may seem exceedingly large, but is actually consistent with

the value given by McLean et al. [51] for laser power at this range.

Detailed temporal responses captured by PMT detector for different wavelengths are
given in Fig. 8. The emissions around 497.53 nm are examined to show the detailed evolution of
different wavelengths, i.e., from 497.35 nm to 497.70 nm at 0.05 nm intervals. The evolution of
emission centered at 498.17 nm is also displayed for comparison. The pulse width (FWHM, full
width at half maximum) of the laser is fitted to be 10 ns, and the time when the laser pulse
reaches maximum peak is set to zero. The emissions around 497.53 nm increase rapidly when
the laser pulse is present. However, the 498.17 nm emission rises slowly but lasts for a longer
time. The sequence when the emissions reach their peaks is shown in Fig. 9. Relative to the
laser pulse peak, the emissions around 497.53 nm climax about 3 to 6 ns later, while the 498.17

nm emission climaxes about 12 ns later. The emissions around 497.53 nm climax 6-9 ns prior to
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the emission around 498.17 nm. The laser excites the electrons resonantly, leading to fast
increase in emission at 497.53 nm. However, this emission is highly dependent on laser presence
and decays as the laser pulse weakens. After the laser pulse ends at ~15 ns, the emissions around
497.53 nm last for another 15 ns, corresponding approximately to the transition decay time for
the Ti (I) 497.534 nm line, which is on the order of 1/4;;= 16 ns based on the data given by

Wiese [21].

Another interesting phenomenon is the dissimilarity observed for the emissions resulting
from excitation laser with and without the injection seeder. For seeded laser excitation, as shown
above, the 497.534 nm emission splits into two peaks with the onset of laser excitation. On the
other hand, for unseeded laser excitation, the 497.534 nm emission does not split completely, but
rather broadens. As shown in Fig. 10, the fitted FWHM is 0.18 nm at the beginning and then
decays with time. The emission spectrum collected from -10 ns to -5 ns is shown in the inset.
From 25 ns to 30 ns, there is no longer any emission, which is the same as for the seeded case.
Moreover, the 480.54 nm emission is 4 times stronger for the excitation with unseeded versus
seeded laser. The intensity change of the magnetic field produced and the line width change of
the laser may also play a role. And further theoretic research is required regarding to this

phenomenon.
4. Concluding Remarks

Novel low-intensity phase-selective laser induced breakdown spectroscopy (LIBS) with
secondary resonant excitation from the same single laser pulse is employed in the in-situ study of
flame synthesis of TiO» nanoparticles. Besides the phase-selectivity property of the low-

intensity LIBS, the emission at 497.534 nm due to the secondary resonant excitation from the
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same single laser pulse is much stronger than other/primary emissions. Due to the continuous
resonant excitation of the atoms, the emissions show no plateauing as that with 532nm laser
excitation. The 497.534nm emission is highly dependent on laser presence, climaxing prior to
other emissions and decaying fast as the laser pulse weakens. The temporal evolution of the
emissions also shows that the 497.534 nm emission split into two lines at the beginning, which is

attributed to the magnetic field generated by the laser via the Zeeman effect.

The combination of phase-selective LIBS and resonant LIBS on nanoparticles
measurement results in high intensity signal for the particle phase detection. The technique has
the potential to make elemental measurements of nanoparticles at very-low detection limits, and
make phase-selective analyte-selective measurements. With short focal-length lenses, the laser
power can be lowered significantly while still maintaining strong signal. This can even be
utilized with micro-LIBS technique [55-57] to improve the limit of detection. Besides the
resonant LIBS process, there is also possibility to create lasing. Mirrorless lasing has been
performed in air [58] and metal vapors [59], and lasing with titanium vapor at different
wavelength are investigated [60-63]. With backward lasing, the remote detection with high

signal intensity can be realized. This is the subject of on-going work.
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Fig. 1. Schematic of the stagnation swirl flame setup with TEM of particles collected on

substrate

Fig. 2. Schematic of the laser diagnostic system

Fig. 3. Emissions around 500 nm from 532 nm (a) and 355 nm (b) laser excitation
Fig. 4 Signal intensity along axis at 532 nm and 355 nm laser excitation

Fig. 5. Intensity change with laser power for 497.534 nm and other emissions, inset shows the

intensity change with laser power at 532nm laser excitation.

Fig. 6. Temporal evolution of the emission spectrum from 0 to 30 ns delay time

Fig. 7 Temporal evolution of the emission spectrum from -10 to 0 ns delay time, the inset shows

the center wavelength of peaks from -10 to 5 ns delay time
Fig 8. Temporal evolution of the emission for different wavelengths
Fig. 9. Relative time (to the laser peak) for the emissions to reach peak value

Fig. 10. Peak width of 497.534 nm emission excited with unseeded laser, the inset shows the

spectrum collected from -10ns to -5 ns delay time
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Fig. 1. Schematic of the stagnation swirl flame setup with TEM of particles collected on
substrate, the scale bar is 20 nm, showing particle size of ~10nm
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Abstract

Several new kinds of heterostructures of WO29 nanowires with ZnO/SnO: nanostructures have
been synthesized via a combined flame and solution synthesis method. First, vertically well-
aligned single-crystal tungsten-oxide nanowires are grown directly on a tungsten substrate via a
flame synthesis method. Here, WO:9 nanowires are produced by the vapor-solid (VS)
mechanism, with gas phase species (O2, H20, CO, and Hz) and local gas phase temperature
(1720K) specified at the substrate for desired growth, e.g. diameters of 20-50nm, lengths > 10um,
and coverage density of 10°-10'%m™>. Then, various kinds of ZnO/SnO, nanostructures are
grown on the WOy nanowires by adjusting the concentration ratio of Zn?" and Sn®" in an
aqueous ethylenediamine solution. With WOz nanowires serving as the scaffold, sequential
growth of hexagonal ZnO nanoplates, Zn,SnO4 nanocubes, and SnO> nanoparticles are attained
for Zn?":Sn?" ratios of 1:0, 10:1, and 1:10, respectively. High-resolution transmission electron
microscopy (HRTEM) of the interfaces at the nanoheterojunctions show atomically abrupt
interfaces for ZnO/WO:.9 and Zn2SnO4/WO,.9, despite lattice mismatches of >20%. The process

demonstrated in this work might provide a rapid, readily scaled, and versatile synthesis route for

development of functional nanoheterostructures.
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Introduction

Heterostructured nanomaterials have attracted significant attention due to their unique physical
and chemical properties, allowing them to be employed in novel electronic, photonic, and
chemical sensor devices [1-4]. Various low dimensional nanostructures have been used as
building blocks in multicomponent and complex nanostructures, such as core/shell nanowires [8],
epitaxial heterostructured nanowires [2,3,5], and hierarchical heterostructures [6,7]. Avoidance
of lattice mismatches between nano-scale materials with different lattice constants can provide
promising high electronic performance, which usually cannot be obtained from their bulk
counterparts [1,2]. Wu et al. [2] successfully fabricated NiSi/Si segmental nanowires with
atomically sharp interface. A field-effect transistor (FET) device demonstrated the spatially and
electronically well-defined interface between NiSi (growth direction of [221]) and Si (growth
direction of [112]). Milliron et al. [3] grew epitaxially CdTe on the tip of CdS nanorods, which
exhibited stacking-fault-free continuous growth of linear junctions despite large lattice mismatch
(11%) between CdTe and CdS. Typically, multiple synthesis steps, e.g. involving solution-
liquid-solid (SLS) [5, 6], solution-solid (SS) [24], vapor-liquid-solid (VLS), and vapor-solid (VS)
[7] mechanisms, are utilized to produce heterostructured nanomaterials. Via the Bi-assisted SLS
method, Ouyang et. al. [5] prepared CdS/CdSe nanorod heterojunctions with low stacking faults
(<5%) regardless of the diameter difference between CdS (diameter of 15-80 nm) and CdSe
(diameter of 20-130 nm). Using solution synthesis, Zhang et al. [6] produced hierarchical a-
Fe203/Sn0O» heterostructures where SnO2 nanorods were grown vertically on the surface of a-
Fe>O3 nanotubes (diameter of 100-110 nm). The results indicated that lattice mismatch at the
interface may lead to [101] growth of SnO; nanorods rather than the usual [001] direction.

Tungsten-oxide based heterostructured nanomaterials have also been produced. Baek et al. [7]
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fabricated hierarchical W/WQO3 heterojunctions, where W nanorods (diameters of 20-60 nm)
were grown on the surface of WO;3 stems (diameters of 200-500 nm); the W/WO3
heterojunctions displayed excellent field emitting properties with a turn-on field of 6.2 Vum™.
Kim et al. [9] decorated WO3 nanowhiskers (diameters of 80 nm - 1 um) with CdS nanoparticles
(diameters of 20-50 nm), which possessed enhanced photocatalytic efficiencies, using a two-step
process involving thermal evaporation and chemical bath deposition. Other tungsten oxide
related heterostructured nanomaterials include SnO»/Wi3O49 hierarchical heterojunctions [10],
TiO2/WO3 core/shell nanoparticles [11], and Pd/WOs3 heterojunctions [12]. Here, we report the
epitaxial growth of ZnO nanostructures (produced by solution synthesis) on WO2¢ nanowires
(produced by flame synthesis). Specifically, hexagonal ZnO nanoplates, Zn,SnO4 nanocubes,
and SnO; nanoparticles are grown on WO29 nanowires, where the composition and morphology

of the added nanostructures are controlled by the ratio of zinc to tin ions in the aqueous solution.

Experiment

A schematic of the experimental setup is given in Fig. 1. In the first step, a counter-flow
diffusion flame synthesizes well-aligned tungsten-oxide nanowires directly on a tungsten
substrate [19], as shown in Figure 1(a). The burner configuration consists of two convergent
nozzles with a 19-mm exit diameter and 15-mm separation distance. Airflow as oxidizer is
issued from the top burner, and nitrogen-diluted methane flow is issued from the bottom burner,
establishing a flat flame in-between. Co-flowing nitrogen eliminates oxidizer entrainment into
the flame, extinguishes the outer flame, and minimizes shear instabilities. For the relative
concentrations of fuel and oxidizer used in our experiments, the flame is located on the oxidizer
side of the stagnation surface. A tungsten substrate probe (0.8 mm) is inserted into the oxidizer

side of the flow field (where the gas-phase temperature is 1720 K), and arrays of WOy
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nanowires grow from it. The synthesis method is robust in that the combustion process
inherently provides for i) an elevated enthalpy source to evaporate metal substrate atoms, ii) the
gas-phase chemical species e.g., oxidizer, water vapor, and hydrogen to produce the requisite

oxide, and iii) a favorable temperature gradient for growth of the nanowires.

In the second step, solution synthesis is utilized to grow different compositions and
morphologies of nanomaterials on the scaffold nanowires, as shown in Figure 1 (b), forming new
heterojunctioned nanomaterials. Specifically, the substrate is placed into ethylenediamine
(C2HgN2) (97%, Fisher Scientific) solutions with different amounts of precursor compositions
and concentrations, as shown in in Table 1, at 338.15 K for 2.5 hours under atmosphere pressure.
For Case 1, the solution contains only zinc nitrate hexahydrate (Zn(NOs)>-6H>0) (98%, Fisher
Scientific) as precursor, which provides the Zn ions to form the desired ZnO/WO:y9
heterostructrured nanomaterials. From Cases 2-7, progressively more Sn ions comprise the
aqueous solution, affecting the final composition of the as-produced nanostructures. For Case 8,
the solution contains only tin chloride dehydrate (SnCl-2H>0) (98%, Fisher Scientific) as
precursor, which provides only Sn ions to form the desired SnO/WOx heterostructured

nanomaterials.
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Figure 1. Schematic diagram of the experimental setup. (a) 1% step, the growth of WOx nanowires via flame
synthesis method. (b) 2™ step, the growth of heterojunctions via solution synthesis method.

Table 1. Composition of solution for different cases.

Concentration (mol/L)
Case number o ) . . '
Ethylenediamine Zinc nitrate hexahydrate Tin chloride dehydrate

CoHN, Zn(NO3),-6H,0 SnCl-2H,0

Case 1 0.005 0.005 0

Case 2 0.005 0.005 0.0005
Case 3 0.005 0.004 0.001
Case 4 0.005 0.003 0.002
Case 5 0.005 0.002 0.003
Case 6 0.005 0.001 0.004
Case 7 0.005 0.0005 0.005

Case 8 0.005 0 0.005
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During the solution synthesis process, ethylenediamine (EDA) gradually decomposes
around 338.15 K, continuously providing ammonia which then forms ammonium hydroxide and
complex intermediates with zinc and tin ions [14]. The dehydration of these intermediates leads
to the formation of the desired oxides, namely ZnO, Zn>SnO4, and SnO,. The proposed reaction

routes are [13-18]:

C,HgN, + 2H,0 < 2NH; + C,H 0, )

NH; + 2H,0 < NH} + OH- @)

20H + Zn?* - ZnO0(s) + H,0 (3)

80H™ + 2Zn%* + Sn?* - Zn,Sn0,(s) + 4H,0 4)
40H~ + Sn?* - Sn0,(s) + 2H,0 (5)

In the formation of ZnO, Equations (1, 2, 3) likely take place. OH™ can be generated through
Equations (1, 2), followed by reaction with Zn®". After the dehydration of zinc related
intermediates, the desired ZnO species can be produced, as shown in Equation (3). Similarly,
Zn>SnO4 and SnO» can also be produced through Equations (1, 2, 4) and Equations (1, 2, 5),

respectively.

The morphologies of as-produced samples are investigated using field emission scanning
electron microscopy (FESEM). Elemental analysis is performed using energy dispersive X-ray
spectroscopy (EDS) attached to the FESEM. Structural features of the samples are investigated
using high resolution transmission electron microscopy (HRTEM), and chemical phase is

determined using selected area electron diffraction (SAED).
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Results and Discussion

Tungsten-oxide nanowire arrays

The FESEM images of tungsten-oxide nanowires are presented in Figure 2. The images show a

high-density of nanowires growing directly from the surface of the tungsten substrate. The as-

grown nanowires (Fig. 2(b)) have diameters of 20—-50 nm, with lengths > 10 um.

20 pm EHT = 5.00 kV Mag= 233KX WD = 8.4 mm Signal A= SE2 2pm EHT = 5.00 kv Mag= 8.25KX WD = 7.4 mm Signal A = SE2
W_CH4_A_1720 Photo No. = 2808 Date :9 Mar 2010 W_CH4_A_1720 Photo No. = 2804 Date @ Mar 2010

Figure 2. (a) Low magnification FESEM image of as-grown tungsten oxide nanowires showing
high density of yield. (b) Typical FESEM image of as-grown tungsten oxide nanowires from a

side view revealing the vertically aligned growth direction.
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Figure 3. (a) Typical side-view low magnification TEM image of as-synthesized tungsten oxide
nanowire. (b) HRTEM image of as-produced tungsten oxide nanowire. (c) Selected area electron

diffraction (SAED) pattern of as-produced tungsten oxide nanowire.

Figure 3(a) presents a low-magnification TEM image of a single as-produced tungsten-
oxide nanowire, revealing is well-defined shape and structure. Figure 3(b) shows an HRTEM
image which indicates the dislocation-free and single-crystal nature of a nanowire. The growth
direction is <110>; and the indexed SAED pattern gives three d-spacings of 3.755, 3.137, and
2.314 A, which match well with the tetragonal phase (space group P4 / nmm) of WO, (PDF

card NO. 18-1417). The d-spacings correspond to {110}, {101}, and {201}, respectively.

Zn0O hexagonal nanoplates on the tips of WO nanowires (Case 1)

As shown in Fig. 4(a), abundant heterostructured nanomaterials are found on the surface of the

tungsten substrate. Nearly all tips of WOx nanowires are capped with hexagonally-shaped ZnO
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nanoplates, with no ZnO nanostructures found elsewhere. In Fig. 4(b), a high magnification
FESEM image shows a side view of a heterojunction, which evinces epitaxial growth of ZnO on
the tip of WOx. The diameter of the hexagonal ZnO nanoplate is ~200 nm, significantly larger
than that of the supporting nanowire, and the thickness is ~60 nm. Here, the hexagonal shape of
the ZnO nanoplate provides strong evidence for the <0001> growth direction of ZnO [21]. It is
possible that the thickness of the ZnO nanostructures can be further increased by longer

processing times.

g A
Mag= 1340KX WD = 7.8 mm Signal A = SE2 200 Mag= 7683 K X WD = 7.8mm Signal A = SE2
Photo No. = 1856 Date :7 Jui 2010 I { Photo No. = 1860 Date :7 Jul 2010

Figure 4. FESEM images of the as-produced ZnO/WOx heterojunctions. (a) Low magnification image showing
abundance of as-grown heterostructures. (b) High magnification image showing the side view of a single
heterostructure. The WO, 9 nanowire is capped by a ZnO nanoplate which has the typical hexagonal structure. The
edge of hexagon is ~200nm.

Spectrum 3
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Figure 5. EDS spectrum of as-grown ZnO/WOx heterojunctions.
A typical EDS spectrum of as-prepared ZnO/WOx heterostructures in Fig. 5 corroborates the
presence of elemental oxygen (O), zinc (Zn), and tungsten (W), along with a small amount of
carbon (C), that is probably deposited on the surface of the WOx nanowires during synthesis [19]

or from residue in the solution.

Figure 6. (a) Typical side-view low magnification TEM image of as-synthesized ZnO/W O, heterojunction. (b)
HRTEM image of the ZnO/WO, heterojunction. (c) Selected area electron diffraction pattern (SAED) of
ZnO/W O, ¢ heterojunction.

Figure 6(a) presents a low-magnification TEM micrograph of the ZnO/WO2y9
heterojunction, confirming epitaxial growth of ZnO on WOx. Hou et al. [20] observed epitaxial
growth of ZnO nanowires at the nodes of ZnO nanowalls, where such nodes are believed to be
the most thermodynamically active nucleation sites. In this work, the tips of the tungsten oxide
nanowires play the similar role as those nodes for the nucleation of ZnO nanostructures.
Furthermore, the enlarged growth of the ZnO nanostructures in the radial direction is most likely

promoted via the self-assembly [20,25] and solution-solid (SS) mechanisms [24], with no
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catalysts involved as is typical for VLS [26] and SLS mechanisms [22]. Similar to the VS
mechanisms for gas-phase synthesis [7], precursors containing zinc-related atoms, ions, and
molecules in the solution diffuse to favorable nucleation sites and continuously promote the
growth of the ZnO nanostructures under supersaturated conditions [22-26]. Finally, optimized
energy compensation will be purchased under certain circumstance resulting to the as-

synthesized heterojuncions [20,23,25].

Figure 6 (b) presents a HRTEM micrograph of the ZnO/WO29 heterostructure. Due to
the relatively large lattice mismatch of 22.8% between WO29 (110) planes (lattice fringes of
0.372 nm) and ZnO (100) planes (lattice fringes of 0.281 nm), slight stacking faults can be
observed at the interface region. Similar interface structures were found in CdS/CdSe
heterojunctions with slight stacking faults (<5%), as reported by Ouyang et.al [5]. For very large
lattice mismatches, high density defects between Zn (101) planes (lattice fringes of 0.21 nm) and
ZnS (0001) planes (lattice fringes of 0.63 nm) were observed by Shen et al. [27]. Moreover,
atomically sharp interfaces of heterojunctions have been successfully fabricated, such as for
NiSi/Si [2], CdTe/CdS [3], and Ge/ZnS [27]. As found in the literature [1, 25], atomically abrupt
interfaces can readily be obtained between two materials with matched lattice structures, e.g. as
shown by Shen et.al [27]. However, it is also possible for two materials with lattice mismatches
to form atomically abrupt interfaces or slight defect-containing interfaces under nanoscale,
driven by self-assembly mechanisms [1,25]. As shown in Fig. 6(c), the indexed SAED pattern
with d-spacing of 2.79 A matches well with {100} planes of the hexagonal phase (space group
P63mc) of ZnO (PDF card NO. 15-5780), further verifying the (100) plane of ZnO as measured

from the HRTEM micrograph of Fig. 6(b).
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Zn>SnO4 nanocubes on the tips of WOx nanowire (Cases 2-4)

Various spinels (space group Fd3m [30]) crystallizing in a cubic-shaped structure has been
produced, such as ZnFe>O4 [28], ZnAl,04 [29], and Zn,SnO4 [31-35]. Zinc stannate compounds
are widely used for sensors [35], photocatalysts [33], solar cells [32], and anodes for Li-ion
batteries [34]. In this work, tin chloride dihydrate (0.0005 M) is introduced into an aqueous
ethylenediamine (0.005M) solution containing zinc nitrate hexahydrate (0.005 M) to produce the
desired spinel compound of zinc stannate (ZTO, Zn2SnO4), corresponding to case 2 of Table 1.
A top-view low-magnification FESEM image (Fig. 7(a)) shows an abundance of as-grown
Zn2Sn04/WOx heterostructures. Nearly all the tips of the tungsten-oxide nanowires are capped
by Zn>SnO4 nanocubes. Figure 7(b) shows Zn2SnO4 nanocubes with the size ~200 nm that
prefer to nucleate and grow on the tips of the WOx nanowires, similar to the epitaxial growth of

hexagonally-shaped ZnO nanostructures on the tips of WOx nanowires from Case 1.

R 3\ e Fer 5 i SUD -
1 pm' EHT = 5.50 kV Mag= 1538 KX WD=86mm  Signal A= SE2 200 nm* EHT = 5.50 kV Mag= 5360 KX WD=86mm  Signal A= SE2
— Photo No. = 2277 Date :17 Jul 2010 e Photo No. = 2278 Date :17 Jul 2010

Figure 7. FESEM images of as-produced Zn,SnO4/WOxX heterojunctions. (a) Low magnification image showing
abundance of as-grown Zn,SnO4/WOx heterostructures. (b) High magnification image showing the side view of
Zn>Sn04/WOx heterostructures. The WO,.9 nanowires are capped by cubic Zn,SnO4 nanoparticles with the size of
around 200 nm.
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Figure 8. EDS spectrum of as-grown Zn,SnO4/WOx heterojunctions along with atomic ratio of C, Sn, Zn, W and O
(inserted).

A typical EDS spectrum of as-prepared Zn2SnO4/WOx heterostructures is given in Fig. 8,
showing the presence of element oxygen (O), tungsten (W), zinc (Zn), and tin (Sn), along with a
small amount of carbon (C), with atomic ratios of 64.25%, 13.74%, 13.37%, 6.51%, and 2.13%,

respectively. The atomic ratio of Zn to Sn is fittingly ~2.05.

0.500 nm £n,5n0,

*//<. (111)

nm

Figure 9. (a) Typical side-view low magnification TEM image of as-synthesized Zn,SnO4/WOx heterojunction. (b)
HRTEM image of the Zn,SnO4/WOx heterojunction. (c) Selected area electron diffraction pattern (SAED) of
Zn,SnO4/WOx heterojunction.
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Figure 9(a) shows a side-view low-magnification TEM micrograph of an as-synthesized
ZnySn04/WO29 heterojunction. As indicated by the arrow, a tungsten-oxide nanowire has
broken, during the TEM sample preparation, with a stem remaining, on which a Zn>SnOg4
nanocube has been epitaxially grown. From the HRTEM micrograph (Fig. 9(b)), the lattice
mismatch between WO (110) planes (lattice fringes of 0.372 nm) and Zn>SnO4 (111) planes
(lattice fringes of 0.500 nm) is 34.4%, which is even larger than the 22.8% for ZnO (100)/WO2.9
(110). However, only slight stacking faults are observed at the interface region between
ZnpSnOs and WO29. The results seem to confirm that atomically sharp interfaces at
heterojunctions can be formed between different nanomaterials with large lattice mismatches,

which usually cannot be obtained in their bulk counterparts [1, 25 ,27].

We hypothesize that the formation of Zn2SnO4/WO:.9 heterojunctions is governed by the
self-assembly and SS mechanisms. The Zn and Sn related precursors diffuse to the tips of the
WO29 nanowires and nucleate as Zn.SnOs nanostructures. Further crystallization of cubic
Zn>SnOy4 along the <111> direction is most likely promoted under the supersaturated conditions.
As shown in Fig. 9(c), the indexed SAED pattern with d-spacing of 4.97 A matches well with the
{111} planes of the cubic phase (space group Fd3m) of ZnoSnO4 (PDF card NO. 02-4234). The

lattice spacing of the (111) plane of Zn2SnO4 is shown in the HRTEM micrograph of Fig. 9(b).
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Figure 10. FESEM images of the Zn,SnO4/WOx heterostructures. (a, b) Low magnification and high magnification
images for case 3 showing abundance of as-grown heterostructures with the cubic particle size of ~200 nm. (c, d)
Low magnification and high magnification images for case 4 showing abundance of as-grown heterostructures with
the cubic particle size of ~100 nm.

Tin chloride dihydrate is added continuously into the solvent containing ethylenediamine
(0.005 M) to tune the composition of the solution. As shown in Table 1, the molar
concentrations are 0.004 M and 0.001 M for Zn(NOs)2:6H20 and SnCl>-2H20, respectively, i.e.
Case 3. In Case 4, the mole concentrations are 0.003 M and 0.002 M for Zn(NO3)2:6H>O and
SnCl>-2H>0, respectively. The FESEM images in Fig. 10(a, b) and Fig. 10(c, d) display the
results for Case 3 and Case 4, respectively. The yield of as-grown Zn;SnOs/WOx

heterojunctions is still very high; and epitaxial growth of ZnoSnO4 nanocubes on the tips of
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tungsten-oxide nanowires is easily identified from the high-magnification FESEM images (Fig.
10(b, d)). The size of Zn>SnO4 nanocubes from Case 4 is measured to be ~100 nm, smaller than
the ~200 nm for Cases 2 and 3. The size of Zn,SnO4 nanocubes (20 to 1500 nm) may be
determined by the type of alkaline mineralizers due to the solubility of Zn,SnO4 in different
alkalines [36]. Here, the size of as-synthesized Zn2SnO4 nanocubes could be governed by the
ratio of Zn to Sn ions, i.e. 10, 4, and 1.5 for Cases 2, 3, and 4, respectively. For Cases 2 and 3,
with the ratio of Zn to Sn higher than 2, the average size of nanocubes is ~200 nm. With the ratio
lower than 2, the average size of nanocubes suddenly drops to 100 nm. A higher concentration of

reactants causes faster diffusion of reactants for crystal growth.

Zn>SnO4 nanocubes on the lateral surfaces of WOx nanowires(Cases 5, 6)
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Figure 11. FESEM images of the Zn,SnO4/WOx heterostructures. (a, b) Low magnification and high magnification
images for case 5 showing abundance of as-grown heterostructures. (¢, d) Low magnification and high
magnification images for case 6 showing abundance of as-grown heterostructures.

For Case 5, as shown in Table 1, the molar concentrations are 0.002 M and 0.003 M, for
Zn(NO3)2-6H20 and SnCly-2H>0, respectively. For Case 6, the molar concentrations are 0.001
M and 0.004 M, for Zn(NO3)2:6H>,0 and SnCl:2H>O, respectively. With increasing Zn ion
concentration, the as-formed Zn>SnO4 nanocubes are found not only on the tips of the tungsten-
oxide nanowires but also along on the lateral surfaces of the nanowires, as seen in the FESEM
images of Figure 11. The yield of as-grown ZnSnO4 nanostructures is higher than that for Cases
2-4, since the nanocubes are found both on the tips and lateral surface of the tungsten oxide

nanowires, as seen from the high-magnification FESEM images (Fig. 11 (b, d)). The
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characteristic size of the ZnSnO4 nanocubes in Case 6 is also smaller at <50 nm, which may be
caused by low concentration of Zn,SnOy in the solution. The growth morphology observed in
Fig. 11 seems to indicate heterogeneous growth of the nanocubes on the nanowires rather than
homogenous nucleation in the solution with subsequent deposition on the nanowires. For
example, Fig. 11(b) shows a nanocube with a nanowire running through it. As such, compared
with Cases 1-4 where nanostructures grow on the tips of WOx nanowires, the growth of
nanocubes (in Cases 5 and 6) on the lateral surface of nanowires may be due to the presence of
more nucleation sites. Considerable amount of tiny nanoparticles (with size <10 nm) can be
found on the surface of WOx nanowires, as shown in the inserted image of Fig. 11(b), which
could play a role in serving as nucleation sites for the growth of the nanocubes. As the ratio of
Zn to Sn reduces to 0.7 (Case 5) and 0.25 (Case 6), the additional Sn-related species may affect
nucleation conditions. As reported by Fang et.al [17], the as-produced materials are SnO> and
Zn>SnO4 when the ratio of Zn to Sn is 0.43, by using NaOH as the mineralizer under
hydrothermal conditions. So, it is possible that the tiny nanoparticles found in Fig. 11(b) are
SnO,. The full understanding of the as-synthesized Zn>SnO4/WOx heterojunctions in Case 5 and
6 is still not very clear. However, Equation (5) may take place due to the excess amount of Sn-
related species, leading to the formation of more thermodynamically active nucleation cites on
the surface of WOx nanowires. Subsequently, the ZnoSnO4 can grow on the surface of the WOx
nanowires driven by the self-assembly and SS mechanisms as described before. As can be seen
from Fig. 11(b) and (d), the distribution of nanocubes becomes denser as the ratio of Zn to Sn
decreases from 0.7 to 0.25, indicating that the amount of favorable nucleation sites on the surface

of WOx nanowires increases with increasing the ratio of Sn to Zn.
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Coaxial film of SnO» nanoparticles on WOx nanowires (Cases 7, 8)

The concentration of tin chloride dihydrate is continuously increased by decreasing the
concentration of zinc nitrate, in Cases 7 and 8. As shown in Table 1, for Case 7, the molar
concentrations are 0.0005 M and 0.005 M, for Zn(NO3),:6H>O and SnCl>-2H,0, respectively,
corresponding to a Zn to Sn ratio of 0.1. For Case 8, the molar concentrations are 0 M and 0.005
M, for Zn(NOs3)2:6H>O and SnCl,:2H>0, respectively, corresponding to a Zn to Sn ratio of 0.
The FESEM images in Fig. 12(a, b) and Fig. 12(c, d) show the resulting morphologies for Cases
7 and 8, respectively. Different from the previous cases, nanocubes are no longer found on the
tungsten-oxide nanowires. Instead, the high-magnification FESEM (Fig. 12(b, d)) indicates a
uniform deposition of material, where that the average diameter of the nanowires increases to
~70 nm and ~120 nm for Cases 7 and 8, respectively. EDS (Fig. 13) shows the presence of
elemental oxygen (O), tin (Sn), and tungsten (W), along with a small amount of carbon (C).
Again, the carbon is probably deposited on the surface of the WOx nanowires during synthesis
of from residue in the solution. Thus, the main product from the solution synthesis is tin oxide
rather than ZnO or Zn>SnOy as the ratio of Zn to Sn (0.1 for this work) decreases below a critical
value. As indicated by Fang et.al [17], the main products become SnO> as the ratio of Zn to Sn

decreases to 0.25. Reaction 5 may be the main reaction during the synthesis process.
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Figure 12. FESEM images of the SnO,/WOy heterostructures. (a, b) Low magnification and high magnification
images for case 7 showing abundance of as-grown heterostructures. (¢, d) Low magnification and high
magnification images for case 8 showing abundance of as-grown heterostructures.
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Figure 13. (a) EDS spectrum of as-grown SnO»/WOx heterojunctions for case 7. (b) EDS spectrum of as-grown
SnO,/WOx heterojunctions for case 8.

Figure 14. (a) Typical side-view low magnification TEM image of as-synthesized SnO,/WO, ¢ heterojunction for
case 7. (b) HRTEM image of the SnO»/WO, ¢ heterojunction for case 7. (c) Selected area electron diffraction pattern
(SAED) of SnO2/WO; ¢ heterojunction for case 7.

TEM (Fig. 14(a)) reveals that the coating on the tungsten-oxide nanowires is actually a
nanoparticle film. The measured d-spacing (3.38 A) of the (110) plane for the nanoparticles

matches very well with the tetragonal phase of SnO, (PDF card NO. 00-9163). In Fig. 14(c), the
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indexed SAED pattern, with the first three highest intensities of 3.35, 2.65, and 1.74 A, agrees
well with the tetragonal phase (space group P42/mnm) of SnO> (PDF card NO. 00-9163). The d-
spacings correspond to {110}, {101}, and {211}, respectively. The measured average size of the
as-synthesized SnO; nanoparticles is ~6-7 nm, which matches very well with the diameter
increase of the nanowires (shown in FESEM) from ~50 nm to ~70 nm (for Case 7). As a result,
the Sn-related species tend to nucleate on the surface of the tungsten-oxide nanowires leading to
a uniform coating of SnO> nanoparticles. For Case 8, more nanoparticles are deposited on the
tungsten-oxide nanowires, leading to larger diameter increase (~120 nm versus ~70 nm for Case
7).  With only tin precursor in the solution, the obtained nanomaterials are SnO/WOx

heteronanostructures.

As can be seen from the low-magnification TEM micrograph, some of the SnO:
nanoparticles stack on the inner layer of SnO2 nanoparticles, forming double layered coatings of
SnO; nanoparticles on the surface of the tungsten-oxide nanowire, as shown by the arrow in Fig.
14(a). Furthermore, the as-grown SnO; nanoparticles possess irregular shapes. The formation of
SnO; nanoparticles seems to be very quick, leading to the production of considerable amounts of
SnO; particles in a short amount of time. The second layer of SnO> nanoparticles may be
homogeneously formed in the solution, which then deposits on the first layer of SnO:
nanoparticles. As can be seen from Fig. 14(b), the HRTEM micrograph of the interface between
a WOz nanowire and SnO; nanoparticles clearly shows the deposition of irregular shaped SnO»

nanoparticles on the surface of WO2.9 nanowire.

Solution Synthesis when no WOx nanowire scaffold nanowires are present

Synthesis of uniform film
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Concluding Remarks

In this work, hexagonal ZnO nanoplates, ZnoSnO4 nanocubes, and SnO; nanoparticle films are
grown on tungsten-oxide nanowiresvvia a two-step synthesis process combining flame-based and
solution-based methods. We hypothesize that the formation of as-grown heterojunctions is
governed by self-assembly and SS mechanisms. Under certain conditions, the tips of tungsten-
oxide nanowires serve as ideal thermodynamically active nucleation sites for the synthesis of
various secondary nanomaterials. Epitaxial growth of hexagonal ZnO nanoplates on the ends of
tungsten oxide nanowires takes place when only Zn precursor exists in the solution. On the other
hand, fine uniform coating of SnO> nanoparticles on the surface of tungsten-oxide naowires are
obtained when only Sn precursor is in the solution. It is possible that the formation of fine
irregular shaped SnO» nanoparticles is much faster than that of ZnO leading to the formation
core/shell WO29/SnO. nanowires. By decreasing the ratio of Zn to Sn, epitaxial growth of
Zn2Sn0O4 nanocube/WO29 nanowire heterojunction can change to radial growth of cubic
Zn>Sn0O4 nanocube/WOz.9 nanowire heterojunction on the lateral surfaces of the nanowire. The
results reveal that the concentration of Sn-related precursors affects the distribution of available
nucleation sites for the growth of ZnoSnO4 nanocubes. As the ratio of Sn to Zn increases, more
nucleation sites tend to be formed on the surface of tungsten oxide nanowire,s resulting in radial
growth of Zn2SnO4 nanocube/WO2.9 nanowire heterojunction. Furthermore, the combined flame
and solution synthesis process shows a promising technique for the fabrication of defect-free

interface of heterostructured nanomaterials with relatively large lattice mismatches in the future.
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