J. Phys. Chem. R007,111,4195-4198 4195

Synthesis and Magnetic Properties of One-Dimensional Zinc Nickel Oxide Solid Solution
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A novel facile method has been demonstrated for large-scale synthesis of zinc-oxide-based one-dimensional
solid solution with a series percentage of nickel dopant. The obtainedNigO nanorods were characterized

by X-ray diffraction, transmission electron microscopy, selected area electron diffraction, and energy dispersed
X-ray spectroscopy. The result shows that the obtained,RinO nanorods are single crystalline with the

Ni?* dopants occupying tetrahedral Zncation sites of wurtzite ZnO. Moreover, the ZiiNi,O nanorods

exhibit robust high-Curie-temperaturécj ferromagnetism at 300 K.

Introduction Solution-phased synthetic schemes for the producing&hO

One-dimensional wurtzite-structured ZnO nanomaterials have iSOtropic quantum dots have been reported by Gamelin et al.
attracted extensive interest because of the wide potentialVery recently, Yang et al. first reported a solution-phased
applications based on their optical and electric propettiEse method for fabrication of ZnxCoO nanowire by thermal
direct band gap energy (3.37 eV) promises ZnO as an ideal d(_acompos_mon of zinc acetate and cobalt(ll) acetate in refluxing
candidate for low-voltage and short-wavelength electro-optical trioctylamine at 310C,*° and Wong et al. reported a two-step
devices in electronics, optoelectronics, photovoltaics, and sen-SOlgt'O”'phased method for the synthesis of rod-shap@ci(ZafO
sors. Fabricating one-dimensional nanoscaled crystal structured?Y introducing pure ZnO seeds as nucleation cerifettrein,
with designed electrical and optical properties is highly desired following our early work on nonsurfactant synthesis of one-
as beyond the controlled shapes for application as sensors, fielddimensional ZnO nanomateridfswe present a simple and facile
emitters, and spintroniés.Contemporaneously, on another Method of large-scale synthesis of a zinc-oxide-based one-
research edge, led by the discovery of ferromagnetism in dimensional solid solution W|th_ a series percentage of nickel
transition-metal-doped semiconductors, spintronics (spin-baseddopant. Moreover, the synthetic process here also allows for
electronics) has been deeply studied both theoretically andthe introduction of other transition metals such as Co and Mn,
experimentally due to its enabling spin as well as the charge tC-
freedom of the carriers for new concept deviéda present as
practical spintronics devices, the materials must exhibit ferro- Experimental Section

magnetic ordering at high temperature. In the quest for materials The synthesis of one-dimensional ZgNi,O solid solution

with a high magnetic transition temperature, tran_3|t|on-met_al-_ is based on an alcoholysis process originally developed for ZnO
doped_ZnO has_ emerged as a attractive candidate as it ISnanocrystal preparation by Kang et'&lzn;_,Ni,O nanorods
theoretically predicted to be ferromagnetic at room temperétdre. with a series of percentage of nickel dopant were synthesized
In fact, as one of the #VI semiconductors, ZnO is optically by similar procedures. In a typical ZaNi,O nanorods syn-
transparent and the direct wio_Ie band_ gap ma_k_es it an iOIeaIthesis, 4.95 mmol zinc acetate dihydrate €0,),Zn-2H,0,
candidate for the magneto-optical devitds. addltlon, D'.et.l 98+%, Aldrich) and 0.05 mmol nickel(ll) acetate tetrahydrate
et al. suggested that £oMO (M = Mn, Fe, Ni, Co) exhibit ,11.0.).Ni-4H,0, 99.998%, Aldrich) were completely dis-
a high t_ransﬂmn_temperatu?é. . ., solved in 20 mL of methanol (C4#OH, >99.8%, Junsei). At 0
Practically, this system has been ex_penmentally studied, °C, 0.05 mol sodium hydroxide (NaOH, 97%, Junsei) was added
however, room-temperature ferromagnetism has been reporteq, the apove alcoholic solution with constant stirring. After

in the vast majority of bulk materials, thin films, or colloids, about 30 min, virescent slurry formed, which was subsequently
etc® ZnO-based one-dimensional dilute magnetic solid solutions obturated in a 60 mL Teflon lined autoclave and kept at a

(so-called dilute magnetic semiconductors, DMS) are of vital ., qiant temperature of 20@ for 2 h in aregular laboratory

importance because they not only play an important role as the ;e after the reaction systems cooled down, the products were
building blocks of electronic and spintronic devices in the y,qheq by ethanol and water before being freeze-dried.
bottom-up milestane b.Ut aIS(_) pro_wde exc_ellent opportunities The crystal structure was determined with powder X-ray
to study the effect of dimensionality and size on magnetism. diffraction (XRD, Philips X’Pert-MPD system, Cud<radiation,

To date, little work has been done on the fabrication of one- . .
. 2 . A = 1.54056 A) at a scanning rate of 0°0@er s for @ in the
dimensional nanostructured ZpMO through chemical vapor range from 15 to 8C°. The morphology and compositional

_de_p03|t_|on (CVD.) method_, which he_ts played as superior becauseinformation of the product materials was obtained with trans-
it is quite effectiveness in producing a great amount of one-

dimensional nanoscaled semiconducfatrs\evertheless, the mission electron microscopy (TEM, HITACH, H-7500), high-

CVD methods are evidently limited in homogeneous doping at resolution TEM, selected area electron diffraction (HRTEM/
y . gene ping ED, JEOL, JEM-2010), field emission scanning electron
the extreme vapor-phased experimental conditions.

microscopy, and energy-dispersive X-ray spectroscopy
* Corresponding author. E-mail: yskang@pknu.ac.kr. (FE-SEM/EDS, JEOL, JSM-6700FSEM). The magnetic proper-
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Figure 1. Electron microscopy characterization of the one-dimensional EinO solid solution and pure ZnO nanorods. (a) TEM image of
Zn;,yNiO nanorods. (b) High-resolution TEM image of a single 4NixO nanorod, with an accompanying electron diffraction pattern in the
inset; similar images for pure ZnO nanorods are shown in (c) and (d).

Results and Discussion

The data of one-dimensional ZnNiyO solid solution
presented below correspond to one specific synthesis, but the
electron microscopy characterizations of the products diluted
with different nickel concentration having small variations in
average size were similar. The products were dispersed in
ethanol by sonication to prepare samples for the measurements
of TEM and SEM. Figure 1 shows transmission electron
microscopy (TEM) and high-resolution TEM images of both
ties of the obtained one-dimensional.ZiNixO solid solution Zm-xNixO and pure ZnO nanorods. In Figure 1a, there are no
samples were investigated with SQUID (Quantum Design visible defects, second phase, or precipitation in-£NixO
MPMS XL7). nanorods compared with pure ZnO nanorods in Figure 1c. It

Figure 2. Screw dislocation model: (a) lattice defect, (b) and (c)
propagation of screw.
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Figure 3. SEM images with the corresponding EDS spectra of 2%i O nanorods with a series of percentage of nickel dopant (in the reactants):
(a) and (b) 2.5%, (c) and (d) 5%, (e) and (f) 10% nickel doping. (g) Quantitative elemental distribution in atomic percentage determined from EDS
analysis.
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suggests that the dopant is well integrated into the lattice sites
during the alcoholysis process. The diameter of the nanorods
is statistically invariant regardless of nickel concentration. The
average diameter of Zn,NiO nanorods is 1620 nm with
length range from 0.2 to Am, thus the Zp yNixO nanorods
have an aspect ratio range of-1000. More detailed structure
information of the ZnO-based nanorods was studied by high-
resolution TEM (HRTEM) in conjunction with a selected area
electron diffraction (SAED) pattern. The crystal lattice morphol-
ogy of the nanorods has been examined by high-resolution TEM.
Both of the lattice images in Figure 1b,d, recorded along the
nanorods, clearly show the high crystallinity of the;ZiNi O
and pure ZnO nanorods with no visible line or planar defects
or amorphous shells on the surfaces of the nanorods. The insets
of Figure 1b,d show the corresponding selected area electron
diffraction (SAED) patterns from the same part of the nanorods
shown in HR-TEM images (Figure 1b,d). The clear linearly
arranged patterns confirm that the;ZgNixO nanorod has the
wurtzite structure, and there is no formation of nickel precipi-
tated as a secondary phase. From the HR-TEM images and
SAED patterns, it is seen that both kinds of rods are single
crystalline, with a growth direction along theaxis (indexes
the [0001] direction). ! ’| f\ M

One-dimensional growth of pure ZnO nanorods has been 30 w50 e 70 80
reported previously in alcoholic solutioh.In the reported 2 theta [deg )
process, the one-dimensional growth was enabled by the screw
dislocation model of crystal growth, which can be simply
presented in Figure 2. At the nucleation stage, the low-energy °
facets such as the nonpolar facé®l-1G and polar facets '
(0002) in wurtzite structure have the preference to be formed
first.12 The kink site (for example, lattice defects, etc.) of the
nuclei with the highest binding energy is the most favorable
position for the incorporation of a unit molecule from the
solution phase, and the angular velocity near the corner of the
lattice defects is faster than that at the edge of the crystal. Thus,
the dislocation proceeds in a spiral form in the propagation of
the step, which results in the smooth side facets of the crystals.
Finally, the extending of the smooth low-energy side facets,
the{01-1Q facets of wurtzite structure, lead the oriented growth : i i : : :
into one-dimensional form&:13 1t is believed that the screw 3430 3435 3440 3445 3450 3455 3460 3465
dislocation model plays the similar role in fabrication of 2 theta (deg.)
Zn1—4NixO nanorods here, which formed the uniform diameters Figure 4. Compared XRD patterns of pure ZnO nanorods and
and single crystalline structures of the;ZiNi,O nanorods along ~ Zn-NixO nanorods with a series of percentage of nickel dopant (in
their entire length on the-axis (the [0001] growth direction). the reactants). (a) Full angle range of XRD patterns. (b) High-resolution

. . . of (002) peak.

Figure 3 shows SEM images and the corresponding energy
dispersive X-ray spectroscopy (EDS) of ZiNixO nanorods  Figyre 4. In all cases, wurtzite is the only phase in existence
with various levels of nickel doping. The EDS spectra from hat indicates the possible uniform doping throughout the
parts a, ¢, and e of Figure 3 are correspondingly displayed in nanorods. It should be noted that, even though no nickel clusters
parts b, d, and f of Figure 3, respectively, and the quantitative or other secondary phases were observed under the resolution
elemental distribution in atomic percentage is presented as thejimit of XRD, their existence cannot be completely excluded.
table in Figure 3g. With consideration of the accuracy of the However, the microstructure of the ZaNixO nanorods was
EDS analysis, we can conclude that there a&1%,~4.6%,  examined by high-resolution TEM, and all images show that
and~10.9% atomic ratios of nickel doping in the ZnO nanorods, the surfaces of the Zn,NiO nanorods are rather smooth and
respectively, corresponding with the series levels of nickel clean and the lattice is uniform throughout their entire lengths.
acetate ranging from 2.5% to 5% and 10% in the reactants. TheThys, nickel ions were uniformly doped into wurtzite ZnO by
difference of nickel concentration between reactants and prod-replacing the zinc sites. The small difference between the ionic
ucts is possibly caused by the formation of small oxide clusters radii of the tetrahedrally coordinated zinc(ll) (0.74 A) and the
of both ZnO and NiO, which did not precipitate out or, nickel(Il) (69 A) allows incorporation of Ni* into ZnO with
alternatively, the different dissolution ratios between ZnO and 0n|y S||ght decrease in lattice parameters that cause a shift of
NiO clusters. Both of which were discarded in the purification the ZnO (002) peak to a higher angle by about 0 @& shown
steps. in Figure 4b). The similar phenomenon, ZnO (002) peaks shifted

Powder X-ray diffraction was used to characterize the to a lower angle due to the difference between the ionic radii
structure of the products. Typical XRD patterns of;ZiNixO of the tetrahedrally coordinated Mn(l1) (0.80 A) and zn(ll), was
nanorods with various levels of nickel doping are presented in reported in Mn-doped ZnO nanowire by Lee ef*al.
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Figure 5. Magnetization (300 K) of Zn4NixO nanorods with a series
of percentage of nickel dopant (in the reactants).
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The magnetic properties of the ZgNixO nanorods with
various nickel doping levels were investigated on a SQUID
magnetometer. Figure 5 shows the magnetizatibt) s
magnetic field H) measured at 300 K. The diamagnetic

background of the sapphire substrate has been subtracte
Whereas paramagnetism dominates the magnetism of the

Zn;—NiyO nanorods with low nickel doping levels, which results

Zhang et al.

in ZnO nanorods plays a major role in producing the detected
ferromagnetic behaviors. These 1ZfNiyO nanorods offer
applications in fundamental science and future nanoscale
spintronic devices. Moreover, the economical and facile method
presented here can be potentially applied in wide range of one-
dimensional dilute magnetic semiconductors.
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