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Composite nanomaterials are expected to have complex device

functionalities due to their diverse properties, which can be tailored L =

by fine-tuning the morphology, composition, and organization § = | Il

pattern of the primary nanobuilding blocksin recent years, % ! | i

progress has been made in the fabrication of nanocomposites with § :| J| .|: i

core—shell, coaxial nanocable, one- and two-dimensional (1D and BEIE oFERe o Fagt

2D) heterojunction structuréslo explore the potential applications, z:dt‘; J"}Hoﬁdgr“;‘;ﬂﬁt

however, architecturally assembling primary nanobuilding blocks 26 (degree)

into expected geometric forms is required. Despite the hierarchical dpe- =

complex structures achieved on ZnGMa,2 ZnO/TiO,,* SnO/ A 1

SnO¢ etc.? a general scheme for the controlled organization and = /; "I.,_J,-”KI -vwm'll |

studies on the preferential crystallographic orientation of the o .F"-. ! fﬁ,_.f"- = '\I

secondary structure are lacking. _,J' it "\
As important fundamental materials, SfiGnd FgOs’ have WA Norere by

attracted great interest. It has been demonstrated that&H&,03
binary oxide has better gas sensitivity than pure Sm@a-Fe03.8
In this paper, we presented a facile solution method to assemblefgure 1. (a) SEMimage; (b) XRD pattern of the composite; the asterisks
SnO, nanorod arrays hierarchically on the surface FeOs indicate _thefpeaks coming fromFeO3 nanotub_es, Whlle the |nd§xeq_ones
are coming from Sn@nanocrystals. (c) Dark field image of an individual
nanotubes. Induced by the geometry of thEe,O3 nanotubes, the hierarchical structure. (d) Compositional profile line scanning along the
heterostructures were of 6-fold symmetry. The crystallographic dark line indicated in (c).
orientation at the interface was also studied.
a-Fe,05; nanotubes were synthesized via a “coordination-assisted
dissolution” proces&.The nanotubes, with diameters of 16010
nm, are bounded with six11Gt planes (Figure S1); 0.01 g of
o-Fe0; nanotubes was dispersed into a reverse micelle solution
consisting of heptane (10.2 mL), hexanol (3.0 mL), sodium dodecyl
sulfate (SDS, 1.44 g), and Sn(Q) (Vsncia,0.5molt:VNaoH,5.0molil
= 1:2; 2.0 mL). After ultrasonication for 5 min, the mixture was
transferred into a 25 mL Teflon-lined autoclave and heated to 220
°C for 6 h. When cooled to room temperature naturally, the resulting
precipitates were collected by centrifugation and decanting and were 5
washed several times with absolute ethanol and distilled water. “
Figure 1ais a typical scanning electron microscopy (SEM) image §
of the product (a broad view is shown in Figure S2). It demonstrates =
that the products exhibit hierarchical structures, where the secondary
nanorod arrays stand perpendicular to the side surfaces of theFigure 2. (a) A closer TEM observation from the interfacial region of an

a-Fe0; nanotubes as multiple rows in a parallel manner. The 6-fold ingividual hierarchical structure. (b) HRTEM image recorded from the white
symmetry feature can be clearly observed from the image recordedframe in (a). (c, d) Schematics of the interfacial lattice mismatch between

from the cross-section of the nanocomposite (inset of Figure 1a). {11G a-recosand [101], [001] growth of Sng) respectively.

We proposed that the symmetry feature was determined by theiong the black line in Figure 1c. It suggests that the secondary
hexagonal geometrical nature of theFe,0; nanotubes (inset of nanorods are pure SaOwhich cover then-Fe,O; nanotubes.

Figure Sla). Powder X-ray diffraction (XRD) patterns (Figure 1b)  The structure of the nanocomposite was further characterized
identified the composite as a mixture@fFe,0s (a=b = 4.36 A, by high-resolution TEM (HRTEM). Figure 2a displays the interface
¢ =13.75 A; JCPDS No. 33-0664) and tetragonal (= b = region of a typical hierarchical structure. Figure 2b is a HRTEM
4.75 A, c = 3.18 A; JCPDS No. 77-0450). To identify the local image recorded from the white frame of Figure 2a, with the electron
atomic composition of the heterostructures, nanoprobe X-ray energybeam irradiating perpendicular to the axis of the interface (also
dispersive spectrometry (EDS) was used. Figure 1d is the compo-see Figure S3). The border between $m@norods and-Fe,03
sitional profile line by scanning across an individual heterostructure nanotubes is almost invisible, which suggests that composition
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fusion may occur at the interface. On the other hand, the lattice Scheme 1. lllustration of the Composite Formation Process

fringes parallel to the interface can be clearly observed. The spacing
is 0.264 nm for the secondary nanorods and 0.251 nm for the inner

nanotubes, corresponding to the (101) plane of tetragonaj &mD
the (110) plane ofx-Fe0;3, respectively. It revealed that SpO
nanorods grew on thigl1Gt planes ofo-Fe,O3 with the interfacial
orientation relationship as (1Qhp4(110)—rFe20s The growth
direction of the Sn@ nanorods can be determined as [101].
Noteworthy, it differs from our previous repétithat [001] is the
preferential growth direction for Sn®anorods obtained at a similar
condition but withouto-Fe&,03 nanotube directing.

To address how the-Fe0O3; nanotubes had affected the growth
direction of the Sn@nanorods, we compared the lattice mismatch
of different interfacial orientations. For Sp@anocrystals growing
along [101], the interface is composed 611G ,—re203 and
{103} sn02 The structure model of atomic arrangement (Figure S4a)
shows that one period of (0Ql)ez0s and two of (110)-rez03
constitute a 2D unit cell in the (11Q)re203 With the lattice
parameters ofa,_rez03 = 13.75 A and by—re20s = 8.72 A,
respectively. For (10%)os the 2D unit cell can be defined as
(010)no2and the intercept of (106)ozin (101)kno2 (Figure S4b).
From the geometry of the crystal structure, the corresponding lattice
parameters can be determinedsgso, = 4.75 A andbsno,= 5.72
A, respectively. As shown in Figure 2c, the optimized lattice
compatibility along thea direction is threeagno, matching to one
a,-re203 With the lattice mismatch of3asnoz—8u—re203/@u—Fe204
= 3.6%. Similarly, thredisno, match to twob,—re203along theb
direction, with the lattice mismatch of 1.6%. In the case of [001]
growth of SnQ, (100%n02 and (0103.0, are the low-indexed
perpendicular planes. Since for tetragonal gred space of (100)
is equal to that of (010) (4.75 A), a square 2D unit cell can be
found in (001yn02 As shown in Figure 2d, although the lattice
mismatch along the directiod,—re203iS the same as that of [101]
growth SnQ, that is, 3.6% with threeasno, matching to one
a,-re203 While along the direction ofoy—re203 the mismatch
increases to as large as 8.9% with fdao, matching to two
b.-re203 Therefore, the decreased lattice mismatch should be
responsible for the varied growth direction. In addition, the similar
atomic arrangement ifi110} ,—re203 and {101} spoo Mmay further
facilitate the formation of the composites (Figure S4c). As we know,
(001) is the highest energy plane for rutile Sn@he deviated
growth from it implied that the least interfacial lattice mismatch
could lower the heteronucleation energy barrier and thus make it a
key factor in determining the growth behavior of the secondary

phase. Similar phenomena were also observed by Wang et al. in a

VLS systemt! The result may cast some light on the nucleation
growth process in a heterogeneous system.

The length of the secondary nanorod can be modulated by
controlling the reaction time (Figure S5). With the reaction time
shorter than 0.5 h, only bame-Fe,0O; nanotubes were observed.
With the reaction prolonged to 1.5 h, a layer of nanoparticles with

a thickness of few nanometers deposited on the surface of the ©)

a-Fe0; nanotubes. Extending the reactiam @ h caused nano-
particles to grow into arrays of nanorods with a length of around
70 nm. The deposition of Snn the inner surface of-Fe03

tubes took place simultaneously, and it reflected from the increased

Sn signal inside the-Fe,0; tube domain in Figure 1d. Their lengths

Sn(OH)™ ions (<)

SnO, nucleating on §& SnO, nanoparti-
heterogfenous the surface of o cles growing into &
nucleation Fe,O, nanotubes nanorod arrays

/
0-Fe,0, nanotube &/

are restricted by the inner space @fFe0; tubes. The time-
dependent experiments provided the information on the composite
formation process vividly, which was depicted in Scheme 1. The
whole process can be simplified into two stages:
nanoparticles nucleated on the surfaces ofatffes,0O3 nanotubes.
Driven by the decreased lattice mismatch, the Snénoparticles
took [101] as its preferential orientation. (2) With the dehydration
of Sn(OH)}?~, SnG nanoparticles anisotropically grew into nano-
rods to form hierarchical heterostructures with 6-fold symmetry.

(1) snO

In summary, Sn@nanorod arrays were hierarchically assembled

onto the surface ak-Fe0O3 nanotubes by a facile solution method.
Determined by the hexagonal geometry of th€e,0O3 nanotubes,

the heterostructures were of 6-fold symmetry. HRTEM character-
izations demonstrated that the lattice mismatch at the interface
played an important role in determining the growth direction of
the secondary nanorod arrays. The as-prepared,/&&a,0;
hierarchical assembly is a promising candidate with improved
properties, such as gas sensitivity.
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