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The Kirkendall effect normally refers to comparative diffusive
migrations among different atomic species in metals and/or alloys
under thermally activated conditioABecause of the difference
in atomic diffusivities, for example, zinc diffuses into the copper
faster than the copper diffuses into the brass in a brasgper
interface! A common result form this process is generation of
porosity in the lower-melting component side of the diffusion Figure 1. Schematic illustration of formation of ZnO dandelions: (i)

couple. While metallurgists have tried for decades to prevent void metallic zn (gray core) with its surface oxide (white shell), (ii) modified
formation in alloys and solders, nonetheless, the directional matter Kirkendall process through surface oxide region and ZnO nucleation, and

flow and consequential vacancy accumulation may provide pos- (iii) continuous evacuation of Zn core and growth of ZnO nanorods.
sibilities for chemists to design and synthesize new materials. Very
recently, a process analogous to the Kirkendall phenomenon has

been successfully developed for nanoscale fabrication of a variety Nl N . . .
of hollow crystals, including yolk-shell metametal-oxide struc- x
tures? Herein, we will further demonstrate that the Kirkendall-type Y " L W B o o
mass transport, when coupled with interfacial reactions, can be . l “
utilized in synthetic nanoarchitecture, through which individual _.‘_J_J'-_L._,vm_:._ﬁ_ﬂ;__,r: o
building components can be designed and organized chemically ]
)
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into complex geometrical conformations. As a first example, single-
crystalline zinc oxide (ZnO) nanorods or nanoplatelets have been
aligned into curved arrangements analogous to the “parachutes”

array in a dandelion. This method may provide a new synthetic Fi 2. Evolution of XRD patterns from Zn powder to ZnO dandelions

. . : AR igure 2.
alterrllatlve to materials self orga'nlzatllijﬁ. It should also be (green, red, and pink patterns belong to ZnO while the one in blue belongs
mentioned that the ZnO chosen in this work has attracted greatto the as-received metallic Zn). A small diffraction peak of the metallic Zn
attention in recent years, and various structural and morphological (marked with blue arrows) can still be seen in the ZnO samples synthesized
investigations have been carried out in addition to its property for 2 and 4 h, which is consistent with their color changes of the
studiest.917.18 corresponding suspensions (dispersed in ethanol solvent), from light gray

. o to white after reactions at 18 (the photograph on the right).
In our experiments, 0.0650.65 g (1-10 mmol) of metallic zinc

powder in spherical shape was added 26 mL (mostly 25 mL) Figure 1 depicts the synthetic flowchart of this work. Different
of deionized water under stirring at room temperature to ensure from the conventional Kirkendall process, our process is modified
well dispersion of the powder. A zincate ion (Z0) solution (G- with additional solution reactions:

30 mL, mostly 5 mL; [Zn(NQ),] = 0.5 M and [NaOHJ= 5.0 M _ o

was then addid while[the( stir)rizllg continued. A[fterwagd, the mi)xture Zn+20H —ZnQ," +H, 1)
was transferred to a Teflon-lined stainless steel autoclave and kept o _

inside an electric oven at 16@00°C for 2—24 h. After synthesis, Zn0," + H;0 < ZnO+ 20H )

the ZnO products were washed several t_|mes W'_th deionized water here diffusing Zn atoms at liquigisolid interface turn into soluble
and pure ethanol and collected by sedimentation. The COIleCtedzincate ions Zngr, after which the anions react with water and
samples were then vacuum-dried. The crystal phase was determineqjeposit back to the solid phase (ZnO). The spherical Zn powder
with powder X-ray diffraction (XRD, Shimadzu XRD-6000, Cu a5  diameter in the range of22 um (Supporting Information
Ka radiation). The structural and compositional information of the  (g)1). In most of our experiments, the metallic Zn powder can
product materials was obtained with field-emission scanning pe |argely converted to ZnO within a short reaction time (e.g., 180
electron microscopy (FESEM, JSM-6700F), transmission electron oc 2 h; Figure 2). The dissolution of Zn also occurs<at00 °C
microscopy and selected area electron diffraction (TEM/SAED, and 1 atm, and kbubbles can be seen directly through a transparent
JEM-2010F), high-resolution TEM and energy-dispersive X-ray reactor. Because Hs released, reaction 1 is irreversible, which
spectroscopy (HRTEM/EDX, Tecnai?GFEI), and X-ray photo-  provides an additional driving force for Zn out-diffusion from the
electron spectroscopy (XPS; AXIS-HSI, Kratos Analytical). Depo- metal cores.

sition of Au nanoparticles onto the prepared ZnO was also carried  Our XRD study in Figure 2 shows that all the prepared ZnO
out, and optical properties of the AZnO nanocomposites were  samples are in wurtzite phase (space groBgzmc, JCPDS card
investigated with a UWvis—NIR scanning spectrophotometer no. 36-1451%,'8 and the lattice constants of this hexagonal phase
(Shimadzu UV-3101PC). Co anda, are 5.21 and 3.25 A, respectively.
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Figure 3. FESEM images (AC) of ZnO dandelions (180C, 24 h). (A) Figure 5. FESEM images of ZnO dandelions prepared at room temperature.
Overall product morphology. (B, C, and |_nset) Detailed shell structures (A and B) With large Zn particles (512 um). (D) With small Zn particles
assembled by ZnO nanorods. (D) SAED (inset) and a HRTEM image. (150200 nm). (C) General surface structure of the hollow spheres in (A
and B). Experimental conditions: 2% for 4 h.
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Figure 6. O 1s and Zn 2g, XPS spectra of as-received Zn patrticles.

upon a longer reaction time due to Ostwald ripening. At higher
temperatures, on the other hand, platelet-like ZnO building units
Figure 4. FESEM images of ZnO dandelions prepared from small zn metal €20 b€ prepared in constructing another type of dandelions (also
balls (A and B, 180C, 2 h), and hollow ZnO dandelions prepared at higher With hollow interiors, Figure 4C,D). The platelets in the shell were
temperatures (C and D, 20€, 4 h). grown from a lateral elongation along tfigl—200directions of
nanorods while keeping theg-orientation unchanged (still per-
As shown in Figure 3, the ZnO “dandelions” comprise numerous pendicular to the spheres, 100% morphological yield; SI-5).
one-dimensional nanorods with theirc-axes ([006-1]; SAED) Similar to those synthesized at 20R00°C, core hollowing can
pointing toward the center of dandelion sphere (Figure-8A. also take place at room temperature. Figure 5 shows some of our
The diameter and length of these nanorods are in the ranges ofresults using two different sizes of metallic zinc particles. In general,
100-300 nm and +4 um, respectively, depending on the synthetic much finer but less perpendicular ZnO nanorods were obtained at
conditions. For example, the thickness of ZnO shell (equal to the lower temperatures (Figure 5C). In certain areasyiented flat
nanorod length) in Figure 3C is estimated to be about-2.Bm. domains were formed (indicated with white arrows; Figure 5A),
With this approach, a large central space can be created (see avhich implies that, unlike the previous cases, the common center
cracked opening, Figure 3C). Individual ZnO nanorods are single is no longer held for all the nanorods of the shells. As a further

crystalline, as revealed in the diffraction pattern of the-1D0] extension of the present work, pristine Zn particles with a size
zone spots (Figure 3D) and shown in the hexagonal prismatic facetsdistribution of 156-200 nm were also tested for ZnO formation.
and clear lattice fringes ofipoo2 (2.6 + 0.1 A; Figure 3D)p18 Once again, similar dandelion-like ZnO can be obtained but at a

Furthermore, our EDX measurement affirms a strict stoichiometric much smaller size range (25850 nm; Figure 5D); their hollow
ratio of Zn:O = 1:1 (SI-2) for the prepared ZnO. The product interiors were also affirmed (SI-6).
morphology of this type can be easily controlled; a 100% of Dandelion-like conformation had been recently fabricated for
morphological yield of ZnO dandelions with interior space had been CuO, on the basis of geometrical constraints of starting building
achieved in this work (SI-3). blocks (each building unit in turn was formed in situ from individual
Our synthetic parameters allow further structural manipulation. CuO nanoribbons via a “oriented attachment” process, or a “growth-
In addition to the large dandelions, for example, smaller ZnO then-assembly” method§.The approach of Figure 1, in contrast,
dandelions consisting of fewer nanorods can also be prepared withbelongs to a “growth-cum-assembly” process. It has been revealed
a shorter reaction time, as displayed in Figure 4A,B. This crystal that the preformed ZnO oxide layer on the pristine Zn powder is
morphology was formed from small-sized pristine Zn balls (SI-1), crucial to the success of initial nucleation and subsequent deposition
and a high morphological yield can also be attained with a of ZnO. In Figure 6, binding energies of Zn Zpphotoelectrons
sedimentation separation (100%, Sl-4). Nonetheless, they wereof Zn?" and O 1s photoelectrons oPOwere measured at 1021.4
metastable and readily converted to the larger ones (i.e., Figure 3)and 530.4 eV, respectively.This XPS analysis reveals that ZnO
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Figure 7. (A and B) FESEM images of AuZnO composite dandelions.
(C) FESEM image with Au element mapping in red dots. (D) -UXs
spectra of ZnO and AuZnO dandelion suspensions (in ethanol). Experi-
mental condition: 0.1 g of ZnO dandelions in 20 mL of®H+ 1.0 mL of
0.01 M sodium citratet 1.0 mL of 0.01 M HAUC} + 2.0 mL of 0.01 M
ascorbic acid at room temperature for 5 min.
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Figure 8. (A) XRD patterns of ZnO (unmarked in blue) and Au (marked
with the purple arrows) for an A4ZnO composite. (B) Color change upon
the Au deposition (dispersed in ethanol): ZnO dandelions (white) to the
Au—ZnO composite dandelions (purple).

61 70

is a predominant surface phase on the as-received Zn powder. In

our modified Kirkendall process, introduction of ZgO to the
starting solution is a prerequisite to protect this layer (i.e., to prevent
the equilibrium (2) from shifting to the left). Our experiments have
showed that this oxide layer was destroyed in absence of initial
Zn0O,%~; incomplete dandelions were formed (SI-7). Nonetheless,
an exceedingly high concentration of starting ZfO would
promote the spontaneous nucleation in solution and thus eliminate
the desired shell growth (SI-7), giving unorganized rodlike ZnO

products. In a broader sense, therefore, one can consider that an

overall ZnO dandelion conformation is “sculptured” chemically

from a single piece of raw material (i.e., a single Zn ball). As a
further confirmation, the intermediate structure of Figure 1lii has
been indeed found in our experiments with a short reaction time
(e.g., 180°C, 2 h; SI-8).

In addition to the above morphological controls, composition of
the prepared ZnO dandelions can still be tailored. As an example,
Figures 7 and 8 show such a synthetic flexibility in fabricating-Au
ZnO nanocomposite where Au nanospheres2% nm) have been
evenly deposited onto the surfaces of nanorods, as indicated in
Figure 7A-C (element mappings: SI-9). Interestingly, the tips of
nanorods are also decorated with Au nanopatrticles (i.e., Au on the
(0002) planes of ZnO; SI-10). The resultant -ANO shows a
distinct color change (Figure 8). Consistent with this, a surface
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plasma resonance peak of Au is observed at ca. 530 nm (Figure
7D), apart from the UV absorption of ZnO at 373 nm (not shot#n).
One of the structural features of these dandelion-like materials is
that one- or two-dimensional building blocks (anisotropic) can be
selectively made and aligned into highly symmetrical three-
dimensional conformations (isotropic), which may promise us new
types of applications. For example, this class of metal-oxides and
metal-semiconductor composites should be potentially useful for
applications such as storage of light-generated electfoihsee-
dimensional lasing,and new ways of photocatalysis'®

In summary, micrometer- and submicrometer-scale hollow ZnO
dandelions with single-crystalline building units (either nanorods
or nanoplatelets) can be constructed via a modified Kirkendall
process in solution, where the preformed oxide layer serves as a
shell template for the initial nucleation and growth. In principle, a
great variety of oxide dandelions and their nanocomposites can be
fabricated through this type of total synthetic architecture.
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