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ABSTRACT: We report on the room temperature ferromagnetism of
various highly crystalline zinc oxide (ZnO) nanostructures, such as
hexagonally shaped nanorods, nanocups, nanosamoosas, nanoplatelets,
and hierarchical nano “flower-like” structures. These materials were
synthesized in a shape-selective manner using simple microwave
assisted hydrothermal synthesis. Thermogravimetric analyses demon-
strated the as-synthesized ZnO nanostructures to be stable and of high
purity. Structural analyses showed that the ZnO nanostructures are
polycrystalline and wurtzite in structure, without any secondary phases.
Combination of electron paramagnetic resonance, photoluminescence,
and X-ray photoelectron spectroscopy studies revealed that the zinc
vacancies (Vy,) and singly ionized oxygen vacancies (Vo") located
mainly on the ZnO surface are the primary defects in ZnO structures. A
direct link between ferromagnetism and the relative occupancy of the
V. and V" was established, suggesting that both V,, and V5" on the
ZnO surface plays a vital role in modulating ferromagnetic behavior. An
intense structure- and shape-dependent ferromagnetic signal with an
effective g-value of >2.0 and a sextet hyperfine structure was shown. Moreover, a novel low field microwave absorption signal was
observed and found to increase with an increase in microwave power and temperature.
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1. INTRODUCTION developed to explain the coupling mechanism responsible for
the observed room-temperature ferromagnetism (RTEM).*?
However, the basis of RTFM in DMS is not fully understood,
and the mechanism behind the magnetic ordering is still a topic
of discussion. Additionally, despite some initial promising
results on DMS, it is not clear if they can exhibit this required
high-temperature magnetism, that is, Curie temperatures (T)
above 300 K, in order to be useful for technological
applications.*”” Furthermore, above all the outstanding
previous work, no evidence for ferromagnetic order in the
transition metal atoms in Co- and Mn-doped ZnO systems was
demonstrated.'®'? In addition, several recent reports claimed
the observation of FM in semiconductor and insulating oxide
nanostructures without any doping despite the diamagnetic

Metal oxide (MOX) semiconductors play important roles in
many areas of chemistry, physics and materials science. Among
metal oxides, zinc oxide (ZnO) is a semiconductor with a direct
band gap energy of 3.37 eV at room temperature and a
relatively large binding energy (60 meV)."! ZnO crystallizes in a
wurtzite structure and exhibits n-type electrical conductivity.
Due to the inexpensive and simple synthesis routes of its
various nanostructures, ZnO is widely used as a semiconductor
in solar cells, luminescent materials, transparent conductors,
and gas sensors.”

Recently, research has shifted into transition metal-ZnO
diluted magnetic oxides (DMOs). The increased interest in
these materials is due not only to their promise in spintronic
applications but also to their excellent physical and structural

properties. Diverse magnetic properties have been observed Received: August 16, 2013
experimentally in ZnO-based diluted magnetic semiconductors Accepted: May 20, 2014
(DMSs).*7 Several different theoretical models have been Published: May 20, 2014
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character of the material in bulk.”'*~"? To date, several types of
defects, such as oxygen and zinc vacancies, as well as hydrogen,
oxygen, and zinc interstitials, have been proposed by different
researchers to induce RTFM in ZnO-based nanostruc-
tures.">™"” The desire to clarify the origin of these defects
and to provide an explicit coupling mechanism behind RTEM
in undoped ZnO has inspired extensive experimental and
theoretical research.'”™>* It has, however, proven difficult to
uncover a direct link between magnetization and defects due to
the complexity of the defect states in the ZnO structure.

Irrespective of the great body of research achieved to date in
this type of systems (both doped and undoped), there is still a
strong controversy regarding its origin and whether the FM is
intrinsic or due to extrinsic origins, such as magnetic metal
clusters, secondary phases, or contaminants. As a result,
advanced characterization tools such as X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism
(XMCD) are critical into determining if the RTFM behavior, as
determined from macroscopic magnetometry, is intrinsic or
extrinsic.'%**??

Recently, Barla et al.>® revealed that the RTEM found in bulk
magnetization measurements of Co:ZnO DMS was not due to
Co, whose 3d states showed paramagnetic behavior according
to magnetic probes as XMCD. Keavney et al.** probed the
XMCD at the Cu(3d), O(2p), and Zn(3d) states and found no
dichroic signal consistent with FM originating from any of
these states. Hence, only a paramagnetic (PM) component was
detected at the Cu(3d), and no magnetic signal in the O or Zn
was observed, denoting that the 3d electronic shells of the
cations in these DMS do not carry any measurable
ferromagnetic moment. Therefore, these results rule out the
possibility of RTFM being due to extrinsic effects associated
with 3d cations. However, regarding whether the FM is really
intrinsic, recently, XMCD analyses carried out on ZnO
nanoparticles (NPs) capped with organic molecules and
without any 3d doping have revealed the existence of an
intrinsic ferromagnetic contribution and suggested that it
branches from the interface formed between the ZnO core of
the NP and the capping region created by bonding to the
organic molecules.”>™>

To the best of our knowledge, there are no reports on low
field microwave absorption (LFMA), RTFM, or sextet
hyperfine structures in shape-selective ZnO nanostructures
with different morphologies, such as nanosamoosas, nano-
platelets, hierarchical nanoflowers, and nanocups. Here, we
report novel LEFMA and RTEM observed for various ZnO
nanostructures synthesized via a hydrothermal microwave
route. By employing photoluminescence, electron paramagnetic
resonance, vibrating sample magnetometer, and X-ray photo-
electron spectroscopy, we conclusively prove that the observed
LEMA, RTFM signal, and sextet hyperfine structures are shape
dependent. A direct correlation between the ferromagnetism
and the relative concentration of the zinc vacancies (V) and
singly ionized oxygen vacancies (V") is established, suggesting
that V,, and V' on the ZnO surface play a vital role in
modulating ferromagnetic and sextet hyperfine structures.
Moreover, our results also show that LFMA and FMR signals
increase with increasing microwave power and temperature,
signifying that these structures are stable even at higher
temperatures, as evident by their high Curie temperatures (T
> 400 K).
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2. EXPERIMENTAL DETAILS

2.1. Synthesis of ZnO Nanostructures. All chemicals were
purchased from Sigma-Aldrich and used as received without any
further purification. ZnO nanocups, nanoplatelets, nanosamoosas, and
hierarchical “flower-like” structures were prepared from aqueous
solutions of the Zn** precursor zinc acetate (Zn(CH;C0OO0),-2H,0)
(99.99%) with ammonium (NH,OH) (33% NHj; in water, 99.99%),
lithium hydroxide (LiOH), potassium hydroxide (KOH), and sodium
hydroxide (NaOH) used as hydroxide anion precursors. These
precursor solutions were mixed in 1:4 molar ratios in 100 mL of
distilled water under vigorous stirring. In separate experiments, a few
drops of the chosen hydroxide precursor were added into zinc acetate
solutions until the desired pH of 8 was reached. The pH was
controlled using S220 Seven Compact pH/ion meter. The precursor
solutions were continuously stirred for 15 min, transferred into Teflon
vessels, and subjected to microwave oven irradiation (Perkin-Elmer/
Anton Paar Multiwave 3000) for 10 min at a power of 150 W. A white
precipitate fell from the solution, which was collected by filtration and
washed several times with absolute ethanol and distilled water to
remove undesired impurities. The final product was dried in an oven at
60 °C for 24 h to obtain ZnO nanostructures.

2.2. Characterization Methods. The morphology of the
synthesized ZnO nanostructures was evaluated using a high-resolution
scanning electron microscopy (HR-SEM, Auriga ZEISS) instrument
operated at an accelerating voltage of 3 kV. The internal structures of
the ZnO materials were studied by HR-transmission electron
microscopy (JEOL TEM-2100). The structural properties and grain
size of the materials were investigated using a Panalytical X’pert PRO
PW 3040/60 X-ray diffractometer with a Cu Ka (4 = 0.154 nm)
monochromated radiation source. Raman spectroscopy was conducted
using Horiba Jobin-Yvon HR800 Raman microscope at room
temperature with a 514 nm excitation laser and a spectral resolution
of 04 cm™'. The UV-—visible absorption (UV—vis) and photo-
luminescence (PL) spectra were determined using Perkin-Elmer
Lambda 750 UV—vis and Jobin-Yvon NanoLog spectrometers,
respectively. Emission was detected with a Jobin-Yvon PMT detector.

The microwave absorption measurements of the as-prepared ZnO
samples were carried out using a JEOL X-band electron paramagnetic
resonance (EPR) spectrometer (JES FA 200) equipped with an
Oxford ESR900 gas-flow cryostat and a temperature control (Scientific
instruments 9700). The microwave power was varied between 1 and
30 mW, and the frequency was held at approximately 9.4 GHz. The
DC field was modulated with a superposed AC field with constant
amplitude. The microwave response was measured as a derivative
signal. In this experiment, the temperature was varied between 298 and
450 K. Furthermore, the field dependent magnetic characterization
was performed using Lakeshore 735 vibrating sample magnetometer
(VSM) at room temperature. It is vital to point out that because this
type of sample exhibits small magnetization signals, special care was
taken during measurements as to avoid any trace magnetic
contamination.'**® Magnetic measurements performed on different
batches of ZnO powders showed consistent and reproducible results
demonstrating RTFM behavior. For detailed analysis on the magnetic
measurements, see the Supporting Information. X-ray photoelectron
spectroscopy analyses were carried using a PHI 5000 Versaprobe-
Scanning ESCA Microprobe. The survey scans were recorded with a
100 ym, 25 W, 15 kV beam using monochromatic Al Ko radiation (hv
= 1486.6 eV) and for the higher resolution spectra the hemispherical
analyzer pass energy was maintained at 11.8 eV (C 1s, O 1s, Zn 2p) for
50 cycles. Measurements were performed using either a 1 eV/step and
45 min acquisition time (binding energies ranging from 0 to 1400 eV)
for survey scans or a 0.1 eV/step and 20—30 min acquisition times for
the high-resolution scans. The pressure during acquisition was typically
under 1 X 107® Torr. The surfaces were also sputtered clean for 30 s
using an Ar ion gun (2 kv energy ions) and measurements were
repeated. Thermogravimetric analysis (TGA) was performed on the
ZnO materials using a TA QS00 thermogravimetric analyzer. The
measurements were carried out in air with a heating rate of 10 °C/min
from room temperature to 950 °C. The sample mass was standardized
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Figure 1. HR-SEM micrographs of the as-synthesized ZnO nanostructures (a) nanosamoosas (b) nanoplatelets (or nanodiscs), (c) hierarchical
“flower-like” structure, (d) hexagonal-shaped “flower-like”, and (e,f) open and closed nanocups with “flower-like” structure.

at &2 mg for all of the measurements to reduce any effect deriving
from variation in sample size.

3. RESULTS AND DISCUSSION

The driving force behind the study of shape-selective formation
of ZnO nanostructures through hydrothermal assisted synthesis
with various bases is the ultimate control of the crystal growth,
structure, and morphology. Figure 1 shows high-resolution
scanning electron microscopy (HR-SEM) images of the ZnO
nanostructures synthesized with different base solutions. Figure
la shows that the use of KOH yields ZnO with “samoosa-like”
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structures with diameters and lengths of approximately 50—100
nm and 100—130 nm, respectively. Figure 1b depicts a
“platelet-like” or “disc-like” structure synthesized using LiOH
as base. These structures have diameters in the range of 150—
200 nm and lengths of up to ~#400 nm. These nanoplatelets
were generally found intertwined with each other, with a
thickness of more than 100 nm. Moreover, the polar surfaces of
these nanoplatelets are not clean and are covered with small
particles; they also exhibit a granulated, porous structure.
‘When NaOH solution was used, hierarchical structures with
“flower-like” appearances were formed (Figure lc). These
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ACS Applied Materials & Interfaces

Research Article

nanostructures grow outward from the base of the material,
forming a “flower-like” array. Figure 1d shows hexagonally
shaped ZnO nanorods with a “flower-like” structure synthesized
using NH,OH. These “flower-like” ZnO structures are
constructed of dozens of ZnO nanorods radiating out from a
common center. These radially oriented ZnO rods have
diameters and lengths ranging from 200 to 350 nm and 400
to 600 nm, respectively. Figure lef shows hexagonally shaped
ZnO nanorods with both closed and open cavities at their ends.
The closed cavity is composed of hexagonal rods, which energy-
dispersive X-ray spectroscopy (EDS) analysis revealed to be
pure ZnO (see the Supporting Information). The average
outer-diameter and length of ZnO nanocups are approximately
350 and 400 nm, respectively.

ZnO flower-like structures are generally synthesized through
simple hydrothermal methods. The flowers, which are
composed of hexagonal ZnO nanorods, were previously
synthesized by Rai et al*’ using aqueous solutions of zinc
nitrate and sodium hydroxide. In the present study, the
mechanism for the formation of ZnO nanoflowers with
ammonia can be summarized in the following reactions:

NH, + H,0 < NH;-H,0 < NH,* + HO (1)
Zn** + 4OH™ — Zn(OH),*” 2)
Zn** + 4NH, — Zn(NH,),** (3)
Zn(OH),>” — ZnO + H,0 + 20H"~ (4)
Zn(NH,),”" + 20H™ — ZnO + 4NH, + H,0 (5)

When ammonia—water is used as the hydroxide source, zinc
cations readily react to form stable tetrahedral Zn(OH),>” and
Zn(NH,),*" complexes, which act as the growth units of ZnO
structures.”® The high pH growth of ZnO has been previously
shown to be possible with Zn(OH),*” and Zn(NH,),*
complexes acting as growth units.’® A proposed mechanism
for the formation of nanocups is shown in Figure 2. During
microwave irradiation, temperatures are elevated and ZnO
nuclei are formed in the rapid decomposition of Zn(OH),*~
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Figure 2. Possible growth mechanism of ZnO structure from
hexagonally shaped nanorods to form “cup-like” structure.

and Zn(NH,),>*. The speed of the precipitation results in the
formation of very small ZnO crystals or nuclei. First, ZnO
nuclei evolve into hexagonal nanorods by preferential c-axis
([0001] direction) oriented growth. Then, multiple hexagonal
nanorods growing from the center nuclei result in hexagonally
shaped nanoflowers, which are converted into nanocups by a
decrease in the crystal growth rate along the [0001] direction
and simultaneous local dissolution of the polar (0001) surfaces.
While cooling to room temperature over a period of hours, they
age, resulting in the formation of complete cups before
filtration.

To study the structural properties of the samples, X-ray
diffraction analyses were carried out. Figure 3 shows the XRD
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Figure 3. XRD diffraction patterns of the various ZnO nanostructures.

patterns of the as-synthesized ZnO nanostructures with
different shapes. All of the peaks correspond to the wurtzite
structure of ZnO.** No other peaks from impurities or residues
are detected, indicating the formation of pure ZnO. As shown
in Figure 3, the ZnO nanostructures have similar XRD patterns,
with differences in their relative peak intensities due to their
random orientation. The strong (002) and (101) diffraction
peaks suggest that (002) and (101) are the preferred growth
orientations of the ZnO films. The average crystallite sizes,
estimated from the XRD patterns of the (002) and (101) peaks,
are listed in Table 1.

The internal structure of the ZnO products was examined
using transmission electron microscopy (TEM) and high-
resolution (HR)-TEM (Figure 4). The TEM micrograph in
Figure 4a confirms the formation of the “samoosa-like”
structure observed by SEM analysis. Their corresponding
selected area electron diffraction (SAED) pattern, shown in the
inset of Figure 4b, indicates that the “samoosa-like” structures
are polycrystalline in nature and are indexed as the hexagonal
ZnO phase in accordance with the XRD data.”® The ZnO
sample in Figure 4c consists primarily of “flower-like” nanorods
with diameters of 200—350 nm and lengths of 400—500 nm.
The HR-TEM image and SAED pattern in Figure 4d indicate a
ZnO nanorod in the “flower-like” structure, with clear lattice
fringes at a d-spacing of 0.26 nm, corresponding to the (002)
lattice plane of hexagonal ZnO. These measurements
confirmed that the ZnO nanorods of the “flower-like”
structures are single crystalline and grow along the direction
of the (002) plane. Figure 4e shows TEM image of hexagonally
shaped ZnO with a “cup-like” structure, while the lattice fringes
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Table 1. Variations of Crystallite Size and Energy Band Gap of the As-Synthesized ZnO Nanostructures

materials

samoosas
platelets
hierarchical flower

cups

crystallites size (nm)

(002)
24.82 + 0.27
29.55 £ 0.37
26.28 + 0.32
30.38 + 0.12

(101)
17.76 + 0.13
23.84 + 0.98
19.77 + 0.12
22.26 + 0.53

optical band gap (eV) fwhm of E,;; mode (cm™)
3.04 + 0.01 12.29 + 0.68
2.94 + 0.07 10.43 + 0.53
2.99 + 0.06 11.16 + 0.55
11.09 + 0.43

— 4 [00D2)

Figure 4. TEM/HR-TEM images of the typical ZnO morphologies: (a,b) samoosa-like structures and their corresponding SAED pattern (inset),
(c,d) nanorods composing the ZnO “flower-like” structure and corresponding SAED pattern (inset), (e,f) ZnO “cup-like” structure and
corresponding SAED pattern (inset).
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at a d-spacing of 0.265 nm, corresponding to the (002) lattice
plane, are depicted in Figure 4f. The inset in Figure 4f confirms
that the hexagonally shaped “cup-like” structures are single
crystals and are grown along the c-axis direction.

Another effective approach to investigate the phase and
purity of the nanostructures is Raman scattering. ZnO has a
wurtzite structure dis3playing 6 mm symmetry and belonging to
the Cf, space group.”’ The symmetry of the structure governs
whether vibrations are Raman active and appear in the spectra,
whereas factors such as lattice spacing and chemical environ-
ment determine the placement of vibrational frequencies. As
shown in Figure §, the presence of a sharp, strong, nonpolar
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Figure S. Raman spectra of the as-synthesized ZnO nanostructures.

optical phonon E,y; mode at 438 cm™' confirms that the
products are wurtzite hexagonal ZnO structure, with full width
at half maximum (fwhm) values in the range of 10—13 cm™
(Table 1). Due to size effect, the Raman bands become much
smaller. The presence of a high intensity E, mode and weak E,
(LO) mode in the spectrum of ZnO structures indicated
increased Raman scattering due to good crystal quality, a result
that was consistent with XRD results. Two very small peaks
observed at 332 and 376 cm™' are assigned as the E,;—FE,
(multiphonon) and A,; modes; respectively.>> The small
shoulder observed at approximately 537 cm™' corresponds to
the 2B; (low) and 2LA phonon modes. The E; (LO) mode of
crystalline ZnO at 583 cm™" is derived from the formation of
defects of oxygen vacancies.”® It can be seen that the intensity
of the peak at 583 cm™' is improved for the ZnO with
“samoosa-like” and “hierarchical flower-like” structures, indicat-
ing high oxygen defects within the ZnO surface. In addition to
the typical vibration modes of ZnO, there are two weak-
intensity modes at 533 and 660 cm ™', which can be designated
as the F, (2) and A, modes of Zn,, respectively. The low
intensity Raman bands in the region of 1030—1200 cm™ are
attributed to optical overtones and are associated with second-
order Raman active modes.*

To study the defect structure of the various ZnO
nanomaterials, photoluminescence (PL) was employed (Figure
6). The PL of the ZnO materials originates from either the
exciton recombination or intrinsic defects.”* It is evident from
Figure 6 that all the ZnO nanomaterials display an ultraviolet
(UV) near-band-edge (NBE) emission at 3.3—3.4 eV (~38S
nm) and a blue emission band around 2.9 eV (418 nm). The
blue luminescence is assigned to electronic transitions from the
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Zn interstitial levels (Zn;) to the valence band,® as its peak
energy (2.9 €V) is in good agreement with the calculated
energy difference between the Zn; levels and the top of the
valence band (2.9 eV).*® It is worthy to point out that the
strong violet-blue emission centered at 445 nm is observed for
the ZnO nanoplatelets. Studies revealed that the violet-blue
emission is strongly related to the interstitial zinc in the
Zn0.>**7 1t is observed in Figure 6 that all the ZnO structures
reveal a defect related green-orange band (480—695 nm). It can
be seen that this emission shifts as the particle size as well as the
shape changes. The origin of broad-band emission is, however,
controversial and several kinds of defects and vacancies are
found to be responsible for this emission.>*** Typically, the
reported defects present in ZnO-based nanostructures are
oxygen vacancies with different charged states, zinc vacancies,
zinc interstitial, and adsorbed molecules."****® Djurisic et al.*’
indicated that the resulting defect-related emissions for these
mentioned defects normally occur near the blue-green (~480—
550 nm), yellow (~550—610 nm), and orange-red (~610—750
nm) regions. To understand the role of individual defects on
the magnetic properties of the ZnO nanostructures, a three-
peak (Gaussian) fitting method on the broad visible emission
was adopted. Thus, deconvoluted spectra in Figure 6b,c show
three peaks around 529, 580, and 650 nm for the hierarchical
structures, whereas the “samoosa-like” structures only show
emissions at higher wavelengths, 544, 613, and 690 nm. The
green emission around 529 nm is generally attributed to the
recombination of electrons trapped in singly ionized oxygen
vacancies (F* center or V") with photogenerated holes'®*" or
the zinc vacancies (V,,).** Studies indicated that the V,, can
also give rise to the green luminescence, which is centered
between ~518 nm (2.4 €V) and ~495 nm (2.5 eV).*** The
PL emissions around 560 and 612 nm are related to the doubly
ionized oxygen vacancy (F** center or V5™)'®* and oxygen
interstitials (O,),* respectively. Furthermore, from Figure 6d,e,
“cup-like” structures show a PL around 525 and 600 nm,
whereas the “platelet-like” structures reveal an emission around
575 and 650 nm. On the basis of the PL intensity, we can
conclude that “samoosa” and “hierarchical flower” contain more
of the V;;, and V5" than their counterparts, “platelet” and “cup-
like” structures.

Figure 7 shows the UV—vis absorption spectra of different
ZnO nanostructures. The absorption spectra of the nano-
samoosas, platelets, and hierarchical “flower-like” structures
show a well-defined exciton band in the region between 335
and 352 nm, which blue-shifted relative to the bulk exciton
absorption (373 nm). This blue shift cannot be due to the
quantum confinement effect and its effect is not well-known.
However, Chen et al.*’ suggested that the blue shift may be
attributed to a surface resonance effect caused by an enhanced
surface to volume ratio. A less pronounced absorption peak at
approximately 385 nm is observed for the nanocups (see inset,
Figure 7a), indicating a red shift relative to bulk ZnO (373 nm).
This red shift can be explained by the formation of shallow
electronic states inside the band gap as a result of impurities in
the lattice. The optical energy gap (Egap) in Figure 7b was
derived by assuming a direct electronic transition between the
edges of the valence and conduction bands, for which the
variation in the absorption coefficient with the photon energy
hv is given by*

)1 /2

a(hv) = A(hv — Egp

(6)
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Figure 6. (a) Room-temperature PL spectrum of as-grown ZnO nanostructures, (b—e) Gaussian fits of each PL spectrum (the black lines are the

experimental results and the red circles are Gaussian fits).

Eg,, denotes the optical energy gap between the valence and
the conduction band. “Tauc” plots of a” versus hv, given by
extrapolation of the linear region of the resulting curve, give a
value for Eg,,,. The calculated values of the direct optical energy
gap are shown in Table 1.

Electron paramagnetic resonance (EPR) provides a sensitive
and direct method to monitor behavior caused by the presence
of native defects, such as oxygen and zinc vacancies. To date,
most of the experimental investigations of oxygen vacancies in
ZnO have relied on EPR measurements. Figure 8 shows the
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derivative of microwave absorption (dP/dH) as a function of
magnetic flux density (DC field) in ZnO nanocrystalline
powders recorded at room temperature (T = 293 K) and
microwave power of P = 1 mW. Figure 8 exhibits three
absorption peaks (Hpc = 3, 300, and 790 mT) associated with
three distinct processes. The absorption observed approx-
imately 3 mT is related to low field microwave absorption
(LFMA), whereas the broad signal at 300 mT is related to
ferromagnetic resonance (FMR) and the feature at 790 mT is
due to bulk magnetic defects clusters. LFMA generally
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Figure 7. (a) UV/vis absorption spectra and (b) (ahv)* vs photon
energy (hv) plot for the various ZnO nanostructures.

originates from magnetization processes far below saturation.
The low field behavior indicates minimum absorption at
approximately zero magnetic field, in contrast to the broad
absorption for the FMR line. This former signal is understood
to be connected to magnetization processes occurring at low

field densities. We therefore assume that magnetization is
present at relatively low magnetic field as also observed in our
case. Such magnetization is attributed to the interaction of the
magnetic moments of ZnO with the magnetic field component
of electromagnetic radiation at relatively lower field.

The FM observed at 300 mT is due to absorption at full
saturation. It is worth noting that the FM spectra of all the as-
grown ZnO samples show a unique feature with effective g-
factor values at g > 2.0. A peak with the sextet hyperfine
structure is seen approximately 315 mT center field (Figure
8b). This hyperfine structure coupling is attributed to
interactions between electronic state and nuclear spin angular
momenta in Zn**. These features could not arise from the
manganese (Mn) marker used as a calibration standard in the
instrument, as the observed behavior is structure dependent
(Figure 8b). Additionally, EDX (see the Supporting Informa-
tion and XPS, Figure 11) analyses showed no traces of Mn
impurities. In addition, Reddy et al.*’ showed that a Mn**
resonance signal with sextet hyperfine structure is observed at g
~ 2.0. It is clear from a wide variety of experimental results that
magnetism in undoped semiconductor oxide samples should be
related to some kind of defects present in the material. So, we
assume that both oxygen vacancies such as singly ionized
oxygen vacancies (V") and Zn vacancies (Vy,) are responsible
for the room temperature ferromagnetism (RTFM) in ZnO,
which also coincides with some previously reported
results.”'>>° This is due to the fact that as the concentration
of Vo' or Vg, increases, the ferromagnetic feature also
increases. Gosh et al.'” and Xu et al.>' also suggested that as
the relative concentration of V" increases, the FM signal also
increases. It is worthy to point out that the possibility of a
contribution coming from doubly ionized oxygen vacancies
(Vo™) to the magnetization can be ruled out due to the
cancellation of two opposite spins (paired electron spins)."*°
Furthermore, it is interesting to note that the number of spins is
higher for the hierarchical “flower-like” and “samoosa-like”
structures (Table 2) given that the PL results indicated that
they contain more Vy* or V,, content on the ZnO surface
(Figure 6) as compared to “platelet and cup-like” structures. It
should be noted that the number of spins (IN;) participating in
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Figure 8. (a) Microwave absorption measurements of various ZnO nanostructures taken at room temperature with a microwave power of 1 mW.

Note: (b) corresponds to the inset of Figure 8a.
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Table 2. Summary of the FMR, g-Factor, AHgpg and Ny, Extracted from EPR

ZnO structures FMR field (mT) gfactor AHgpg (mT) Nopins (x10°)
samoosas 301.10 + 1.90 2.1272 + 0.003S 83.95 + 4.19 3.09 £ 2.19
platelets 29395 + 2.12 2.1788 + 0.0023 57.99 + 2.89 0.74 £ 0.51
hierarchical flowers 286.80 + 3.86 22333 + 0.0570 97.67 + 4.88 4.66 + 2.68
cups 281.21 + 3.94 2.2696 + 0.0917 60.27 + 3.01 0.81 £ 0.75
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Figure 9. EPR spectra of (a) ZnO—nanosamoosa, (b) hierarchical flowers (c) platelets and (d) “cup-like” structures extracted at different microwave

powers. Inset in 9d shows hyperfine structures.

the ferromagnetic ordering resonance can be calculated using
the following formula:*>

N, = 0.285I(AH)* ?7)
here, “I” is the 3peak—to—peak height and AH is the line width.
Djurisi¢, et al.>> showed that broad resonance signals at g ~
1.960 and g =~ 1.990 are associated with shallow donors and
oxygen vacancies, respectively. Morazzoni et al.>* attributed two
close EPR signals at g ~ 1.955 and 1.958 to Zn* and V',
respectively. In addition, other studies pointed out that V"
produces the EPR signal g, = 1.9945 and g, = 1.9960.%°
Moreover, Taylor et al.*” reported EPR signals with g-factors in
the range of 2.0018—2.056 in irradiated single crystals related to
V,,, while, Galland et al>® observed lines with g-factors
between 2.0024 and 2.0165 in irradiated single crystals, also
attributing them to V. Hence, the assignment of the ESR
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signals to Vo' and V, is a rather controversial issue. We
therefore speculate that an ESR signal at g > 2.0 is related to
combination of V" and V, on the ZnO surface. In addition,
there is a unique, morphologically independent, intrinsic
microwave absorption signal at 790 mT observed in all the
nanostructures that can only be excited by high field current.
This signal, apparently related to crystal defects inside the bulk,
vanishes upon annealing (see the Supporting Information).
Figure 9 shows the variation of the derivative of the
microwave absorption with microwave power for various ZnO
nanostructures. It can clearly be seen from Figure 9 that ZnO
materials with “samoosa-like” and “cup-like” structures show
improved LEMA signals with an increase in microwave power.
However, a decrease in LFMA signal with microwave power is
observed for the “platelet-like” structure, most likely due to its
structure or orientation. The observed increase in LFMA with
microwave power indicates that variations of microwave
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intensity may significantly alter the intensity of the absorption
spectra. Experimentally, as microwave power increases, the
microwave magnetic field intensity (Hyyy) in the sample cavity
also increases. Gavi et al.>” showed that the LEMA signal of
FeSi increases with increasing microwave power. Interestingly,
there is a peculiar signal at approximately 100 mT observed
only in ZnO with “platelet-like” and “cup-like” structures. This
signal increases as microwave power is increased at the expense
of the FMR signal. The nature and origin of this peculiar signal,
which is structure/morphology-dependent, is unknown. It is
also worth noting that similar behavior is observed at higher
magnetic field (790 mT), where the “platelet-like” and “cup-
like” structures show enhanced peaks, suggesting that they
contain more bulk defects than samoosas and hierarchical
flowers.

It is observed in Figure 9ab that the samoosas and
hierarchical “flower-like” structures show enhancements in
FMR signal with increasing microwave power. These FMR
signals increase with an increase in cavity temperature (see the
Supporting Information). The Curie temperature (T.) for
RTFM must be higher for the spintronic applications to be
realized. Normally, heating room-temperature ferromagnets will
result in magnetic disordering and the loss of ferromagnetism.*’
The observed RTFM suggests that these structures are stable
even at higher temperatures, where their magnetism is
enhanced rather than dissipated (see the Supporting
Information).

Figure 10 shows that the peak-to-peak height and number of
spins for various ZnO structures increase with microwave
power. It is further observed that the samoosas and hierarchical
flowers show improved peak-to-peak height (Figure 10a) and
higher numbers of spins (Figure 10b) than the platelets and
cups. The higher number of spins (N,) for samoosas and
hierarchical flowers is thought to be due to higher V;;, and V*
on the ZnO surface and reduced crystal sizes (see Table 1). It
has been shown previously that larger crystals are detrimental
to magnetic properties.51

To clarify the origin of RTFM existing in ZnO nanostruc-
tures, X-ray photoelectron spectroscopy (XPS) measurements
were performed to identify the point defects, Zn—O bonding,
and the influence of oxygen on the surface of different ZnO
nanostructures. Figure 11 shows a representative broad scan
survey spectrum of the ZnO nanostructures. Evidently, only the
elements Zn, O, and C are observed and this is consistent with
the EDS analysis (see the Supporting Information). The
detected carbon is related to the carbon tape used during the
measurements and the carbon adsorbed on the surface during
the exposure of the sample to the ambient atmosphere. It
further excludes the presence of any other impurities.

Figure 12a—d shows the normalized high-resolution XPS
scan of the O 1s core level fitted by three Gaussian functions.
The higher binding energy peak (O,) located at about 532.3 eV
(O.) (see Tables 3a and 3b) is attributed to the presence of
loosely bound oxygen on the surface of ZnO, belonging to
chemisorbed species (“CO;, adsorbed H,0, and 0,).°" The
medium binding energy component centered at around 531.28
eV (0,) is associated with O*~ ions in the oxygen deficient
regions within the ZnO matrix and/or Zn—OH groups.”* The
peak located on the low binding energy side (O, peak) on the
spectrum around 530.03 €V is attributed to O~ ions on the
wurtzite structure of a hexagonal Zn*" ion array, which is
surrounded by zinc atoms with the full supplement of nearest-
neighbor O?~ ions.** Hence, the O, peak of the O 1s spectrum
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Figure 11. XPS survey scan of various ZnO nanostructures.

is associated with Zn—O bonds and the intensity of this
component is a measure of the amount of oxygen atoms in fully
oxidized stoichiometric surrounding. Thus, the change in the
intensity of the O, relative area may be associated with the
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Figure 12. Experimental and fitted curves for normalized O 1s XPS
spectra of various ZnO nanostructures (a) samoosas, (b) platelets, (c)
hierarchical flowers and (d) cups.

concentration of oxygen vacancies (VO).62 From Figure 12, it
can be seen that the O, peak is present in all the samples and
this indicates that there are some oxygen vacancies in all the
samples. This is consistent with the observation of the Raman
(Figure S) and PL analyses (Figure 6). Remarkably, the
variation of the Oy relative area is consistent with that of the
FMR in all the samples. To clearly elucidate the effect of RTFM
existing in ZnO in detail, we integrated the intensity ratio of
0,/0, and the relative atom concentration ratios of O,/Zn,
(0,+0y)/Zn, and the relative intensity of O, and O, for various
ZnO nanostructures and this is shown in Table 3.

It is observed from Table 3a that the relative atom
concentration ratios of (O, + O,)/Zn are greater than 1.0
denoting excess oxygen in the bulk of ZnO nanostructures.
This excess oxygen is also evident in Table 3b, after sputtering
with Ar ions for cleaning surface contaminants. Therefore, the
XPS analysis confirmed that the ZnO structures also contain
V., which were deduced to play a role inducing the green
emission together with V" as observed from the PL analysis.
These results are in agreement with the observation of
amorphous structure of intergranular layers and deficit of zinc

1.5%%* and Guglieri et

or oxygen atoms observed by Straumal et a
al.

To further verify this proposal and complement the EPR
analyses, the field dependence of magnetization at room-
temperature for various ZnO nanostructures was studied in the
external applied magnetic field range of +14 kOe using a
vibrating sample magnetometer (VSM). For magnetization
versus magnetic field (M-H) measurements (Figure 13), the
samples were taken in a powder form and the diamagnetic
contribution from the sample holder was subtracted.>" It can be
seen in Figure 13 that all samples exhibit clear hysteresis loops
(see insets), suggesting explicitly a room temperature
ferromagnetic-like (RTFM) component. These clear hysteresis
loops show the typical features of ferromagnetism (or magnetic
parameters) such as remanence (Mjy), coercivity (Hc),
saturation magnetization (M), squareness of the hysteresis
loops (Mgp/M;) and experimental magnetic moments ()
calculated from M-H data (Table 4). These values, especial})y
the coecivity are agreement with the previous results.'**>*
The experimental magnetic moments per molecule in Bohr
magneton (up) were estimated using the formula p=M, Mg/
5585 where M,, is the molecular weight of the compound.®®
Mzg/Mj; indicates the ease with which the direction of M is
reoriented toward the nearest easy axis magnetization direction
after the applied field is removed. The magnetic properties of
materials depend on several factors which may include
synthesis method, size and shape of the particles. Therefore,
our results show that the magnetic properties of the samples are
dependent on the shape of the studied samples. It is interesting
to point out that these features are much more significant for
the hierarchical flowers and samoosas as compared to their
counterparts, platelet- and “cup-like” structures (Table 4). This
is consistent with the EPR and PL analyses which revealed that
both hierarchical flowers and samoosas contain more V;, and
Vo'. This type of magnetic response in other undoped oxides
have also been reported previously.'®'®” Several studies have
proposed the F* center exchange mechanism due to extended
bound magnetic polarons (BMP) which overlap to create a
spin-split impurity band. This mechanism could elucidate the
related RTFM induced by point defects such as oxygen
vacancies in some undoped oxides. Uncontrolled formation of
lattice defects can generate carriers that mediate ferromagnet-
ism. The F* centers are mainly the electrons in the singly
occupied oxygen vacancies lying deep in the gap which can
favor ferromagnetic ordering. Thus, it interesting to indicate
that there appears to be a flawless-link between the
ferromagnetism, V., and Vy* which indicates that V,, and
Vo" play a vital role in triggering the RTFM in ZnO
nanostructures. However, the role of point defects such as
Vo' or Vy, in mediating the FM interactions in undoped ZnO
still requires further theoretical and experimental investigations.

To study the thermal stability of different ZnO nanostruc-
tures, thermogravimetric analysis (TGA) was carried out in air.

Table 3a. Chemical state of oxygen and zinc in different ZnO nanostructures before surface sputtering with Ar* ions

O, position O, position O, position Relative intensity of  Relative intensity
Structures (eV) geV) FeV) 0,/0, 0,/Zn (0,+0,)/Zn 0, (%) of O, (%)
Samoosas 530.03 + 0.0 531.28 + 0.69 5§32.35 +£ 0.78 3.89 + 0.38 1.07 + 0.07 1.35 £ 0.13 7170 + 4.4S 18.43 + 0.67
Platelets $30.08 + 0.04 53141 =039 53239 + 044  3.11 £ 0.59  0.95 + 0.05 1.26 + 024 63.65 + 3.31 2046 + 291
Hierarchical 530.06 + 0.07 53145 + 0.08 5§32.28 + 0.20 3.55 + 1.32 1.08 + 0.06 1.38 + 0.65 71.83 + 4.38 2025 + 6.21
flowers
Cups 530.09 + 0.46 531.12 + 0.1§ 532.16 + 0.11 3.36 +£ 021 0.98 + 0.04 125 £ 023 65.44 + 2.78 19.48 + 2.74
8991 dx.doi.org/10.1021/am501911y | ACS Appl. Mater. Interfaces 2014, 6, 8981—8995
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Table 3b. Chemical state of oxygen and zinc in different ZnO

nanostructures after surface sputtering with Ar* ions

Samoosas 529.96 + 0.02 §31.1S + 0.09 §32.09 + 0.22 4.75 + 1.58 1.10 + 0.06 1.33 + 0.44 73.32 + 3.95 1543 + 4.28
Platelets 530.33 + 0.07 531.65 + 0.19 532.60 + 0.16 3.61 + 0.36 1.03 + 0.03 132 £ 0.13 69.00 + 2.24 19.12 + 1.30
Hierarchical flowers 5§30.03 + 0.09 531.16 + 0.05 532.32 + 0.08 4.34 + 149 1.10 + 0.13 1.35 + 047 71.85 + 8.28 16.53 + 3.77
Cups 530.12 + 0.06 531.34 + 0.02 532.25 + 0.05 417 £ 0.20 1.03 + 0.02 1.28 + 0.26 68.59 + 1.53 16.44 + 2.97
. . . . . r . . 0.8 1 . : . . . . r
0.8 {—=—Samoosas —+—Platelets
J .-.q\-"‘
000 0e®
(@) (b) e
— | O
5 %41 g’ " f T
S I
2 ©
I 2
) c P,.g}‘#
€ 00 ri g 0.0 y. P
o - T 7 - -
*(6' -a—Samoosas N ?/ —e+—Platelets
N - *q;, :)/ ."
“" H 1 e 2,
8 g / % 5““" E' A
D-04 s s o £
@ e 3 . -0.4 o 3
= l|.,h.\,'.w."- 5_’“ / _.,',s\- % o1
E H ,.-:.' M =
¥ o fovs -
08 _M I T . T : I i :
: . - . . Magllltlic Field (kOe) . '08 . . . : i Maqnlehc Field (kOe) ; y
-10 -5 0 5 10 -10 -5 0 5 10
- Magnetic Field (kOe
Magnetic Field (kOe) 9 (kGe)
15 - . , ’ . . . , r . r . . ; . .
|—=—Hierarchical flowers Y Cups
104 (c) (d)
) ° S
3 054 S 044 é.._'.‘-,s\-
g - g
o L X
C c :5:)’
S o0 £ o0 -
g /( a —+Z Hierarchical flowdrs g ‘/ o3 ]=+=Cups
© g “6 s“s : g ”
5 05 £ 5 04l - R
g 3 g g . > H
= M"‘n % 02 1 u-'h“‘“‘“ ;g' o1
-1.04 ndl""'ﬁ. H Lo z .
-0.8 4 o3
451 . | i z‘ ! Manlnonc Fuld{kot!l‘ ! | , . , . "' " Magnetic rnm(uonf : :
-10 -5 0 5 10 -10 -5 0 5 10

Magnetic Field (kOe)

Magnetic Field (kOe)

Figure 13. Hysteresis loops of various ZnO structures measured at room temperature (a) samoosas, (b) platelets, (c) hierarchical flowers, and (d)

cups. Note: insets show zoomed-in hysteresis loops at low fields.

Table 4. Coercive Fields (H), Remanent Magnetizations (My), and Saturation Magnetizations (M) of Various ZnO

Nanostructures
materials Hc (Oe) =+ 5.00 Mg (x107*) (emu/g) + 0.01 M (emu/g) + 0.06 #(pp) £ 0.0005

samoosas 197.42 2.17 0.87 0.0127

platelets 115.06 1.55 0.81 0.0118

hierarchical flower 213.62 7.77 115 0.0168

cups 189.58 1.46 0.82 0.0120
As shown in Figure 14, the samoosas and cups show a weight decomposition of hydroxide groups.®® Above 500 °C, there is
loss of approximately 1.5% when heated from 50 to 150 °C, no significant weight loss, indicating no further decomposition
whereas the platelets and hierarchical structures display above this temperature.”” A slight weight increase observed
negligible weight loss (<1%). The initial weight loss for all above 500 °C might be due to the change of the crystal
the structures between 50 and 150 °C is ascribed to the structure, i.e., the crystallization of ZnO. This denotes that the
removal of physically and chemically adsorbed water molecules. crystallization of ZnO nanostructures occurred at temperatures
In the temperature range between 150 and 450 °C, an increase over 500 °C. Chen et al.”® also observed a large exothermic
in weight loss is registered, an effect that is likely due to the peak exhibited at 490 °C, due to the crystallization of ZnO.
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Figure 14. Thermogravimetric analysis of ZnO nanostructures.

4. CONCLUSIONS

In summary, various types of ZnO nanostructures with
controllable morphologies, which are composed of “rod-like”
structure, samoosas, platelets, cups, and hierarchical “flower-
like” structures were successfully synthesized using a microwave
assisted hydrothermal method. Thermal analysis revealed that
the ZnO nanostructures are highly pure and stable. XRD and
HR-TEM analyses showed that ZnO nanostructures are
polycrystalline with the wurtzite structure and no other
secondary phases. PL, EPR, VSM, and XPS results showed
that both Vo' and V, which are located mainly near the
surface of ZnO, play a significant role in modulating
ferromagnetism in undoped ZnO nanostructures. Intense
ferromagnetic signals, with effective g-values at g > 2.0 and
exhibiting a shape/morphology-dependent sextet hyperfine
structure, were observed. These hyperfine structures were
shown to be microwave power-dependent. A novel LFMA
signal was observed, and its strength was found to increase with
increasing microwave power. Our findings also showed that the
FMR signal and N, improves with microwave absorption. The
RTFM observed at high temperatures suggested that these
structures are stable even at elevated temperatures. The
observed intrinsic RTFM makes these ZnO nanostructures
possible candidates for future spintronic devices.
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Additional experimental details related to magnetization. The
elemental analyses of the ZnO nanostructures obtained by
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