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Abstract: In this study, we prepared cobalt (Co) ion-modified ZnO nanowires using hydrothermal
synthesis with zinc acetate dehydrate and Co (II) acetate hydrate precursors in ethanol solutions.
Their morphological and optical properties were investigated with varying Co precursor concentration.
The morphological changes of the ZnO nanowires depended positively on the concentration of the
Co precursor. The ZnO nanowires showed modified crystal orientations and nanostructure shapes
depending on the Co concentration in the solutions. Variations in the optical properties of the Co
ion-modified ZnO nanowires could be explained by the interaction of the Co ions with the band
electrons, oxygen vacancies, and zinc interstitials. The overall growth and characteristics of ZnO
nanowires synthesized in solutions containing low levels of Co ions were related to Co doping into
the ZnO bulks. In solutions containing high levels of Co ions, these were additionally related to the
Co oxide cluster.
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1. Introduction

Many research groups have studied the wide band-gap semiconductors of zinc oxide (ZnO) doped
with a transition metal such as Co, Cu, Fe, or Ni [1-4]. Among these materials, Co-doped ZnO is one of
the most interesting due to its high redox potential and because of its photosensitivity being applicable
in photocatalysts [5-7]. For enhancing photocatalytic efficiency, ZnO modifications are investigated [8].

Recently, intensive studies were conducted to fabricate and determine the characteristics
of Co-doped ZnO nanomaterials such as nanoparticles [9], nanorods [10], and nanowires [11].
Various methods can be used for the fabrication of Co-doped ZnO nanostructures, including
chemical-vapor deposition [12], thermal evaporation [13], coprecipitation [14], the hydrothermal
procedure [15], the sol-gel process [16], and electrodeposition [17]. The hydrothermal method has been
widely used because of its low cost and simple operation. Hydrothermal synthesis also proved to be
useful for the fabrication of one-dimensional ZnO nanostructures such as nanorods and nanowires [18].

It was suggested that the addition of dopants or impurities in the synthesis of semiconductor
nanomaterials changes their growth and shape, resulting in the possibility of controlling the morphology
of nanomaterials [19]. For Co-doped ZnO nanorods fabricated using a hydrothermal method,
C. Zou et al. [20] reported that Co doping up to 3.1 at % did not result in obvious changes on the
morphology of ZnO nanorods. However, beyond the limit of solubility of Co in ZnO, X. He et al. [21]
observed that the addition of Co?" within the 10 mol % range resulted in a large variation in the
morphology of ZnO nanorod arrays grown by hydrothermal synthesis. Nevertheless, to our best
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knowledge, few studies have been conducted on the optical properties of ZnO nanowires containing
high Co content in relation to structural properties. Because the morphological and optical properties
of Co-modified ZnO nanomaterials are important for their practical application to a photocatalyst,
a detailed investigation on the influences of Co ion modification in ZnO nanowires over the range
of Co solubility limit is needed. Furthermore, it can be expected that Co ion modification can offer
tunability in the surface, morphological, and optical properties of Co ion-modified ZnO nanowires.

In this work, Co ion-modified ZnO nanowires were prepared by hydrothermal synthesis, and their
morphological, structural, and optical properties were investigated with respect to the concentration of
Co precursor.

2. Results and Discussion

Figure 1 shows field-emission scanning-electron-microscope (FE-SEM) images of ZnO nanowires
grown with varying concentrations of the Co precursor in the solution. In Figure 1a, ZnO nanowires
grown in the solution without Co ions exhibited a strongly preferred orientation with respect to
the ¢ plane. ZnO nanowires synthesized within 3 and 6 at % Co precursor-containing solution
linked slightly with other nanowires to form the bundled ZnO nanowires, as shown in Figure 1b,c.
These results suggested that the top surfaces of vertically aligned ZnO nanowires can be either
positively or negatively charged in solutions containing the Co precursor, and electrostatic interactions
among these local charges cause the bending and bundling of the ZnO nanorods [22]. ZnO nanowires
synthesized within 9 and 12 at % of the Co precursor-containing solutions have largely bundled shapes
compared to that of the other samples. These facts indicate that the Co precursor can modify the
morphology of the ZnO nanowires. Changes in the morphology of the ZnO nanowires caused by
the Co precursor can be explained by the variation of the surface energy of the host material during
growth due to the adsorption of the impurity [23]. It can be inferred that impurity incorporation gives
rise to variations in the surface energy of the ZnO nanowire, causing modifications in the adsorption
and reactivity of the atoms on the surfaces. Accordingly, because the adsorption energies of atoms
depend on the condition of the surface to which the atoms are adsorbing, growth rates are changed on
the compositions of the surface during growth, resulting in the irregular growth of ZnO nanowires.
From energy-dispersive X-ray spectroscopy (EDS) data as shown in Figure 1f, it was confirmed that
ZnO nanowires synthesized at a high concentration level (i.e., 12 at %) of the Co precursor contained
the Co element. Therefore, Co ions in the growth of the ZnO nanowire can control their morphology,
originating from surface modifications during growth.

Figure 2 shows X-ray diffraction (XRD) patterns of ZnO nanowires grown with varying Co
precursors in the solution. All XRD patterns indicated diffraction peaks of the (100), (002), and (101)
planes, which was consistent with the hexagonal wurtzite structure of ZnO. No other secondary
phases corresponding to metallic cobalt, cobalt oxides, or zinc cobalt phases were observed despite
the existence of the Co element, as revealed in Figure 1f. There were also no cluster-associated peaks
under the detection limit of the XRD measurement. This fact indicates that the Co precursor added
to the solutions seldom affected the crystal structure of the ZnO nanowires. All samples showed
preferentially oriented structures with respect to the c plane, even if there was a difference in the peak
intensities. Diffraction peaks of the (100), (002), and (101) planes shifted to a lower 2theta, depending on
Co concentrations. By using Bragg’s law and the data obtained in the insets of Figure 2, the interplanar
spacing of the (002) crystal planes was estimated. Bragg’s law can be represented by

2 d sin(theta) =n A, 1)

where n, A, d, and theta are the order, X-ray wavelength, the interplanar distance of crystal plane,
and diffraction angle, respectively. Here, n was 2 for (002) crystal plane, A was 1.5406 A in Cu-Ka
radiation, and theta was the half of diffraction 2theta measured by XRD method. This was obvious
because the 2theta-theta measurement method is used for the same angle of incidence and diffraction.
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As indicated in Table 1, the interplanar spacing of the (002) crystal planes increased with increasing
concentrations of the Co precursor. These observations implied that the addition of the Co precursor to
the solution seemed to yield an increase in the lattice constant of the ZnO nanowires. Although the ionic
radius of Co was similar to Zn (Zn2* ~ 0.60 A, Co?* ~ 0.56 A) [24], the increase in the lattice constant of
the ZnO nanowires showed that Co ions can be incorporated as the substitutional and interstitial atoms
in a ZnO matrix, which was in a good agreement with those reported studies [21,25]. Table 1 lists
the structural characteristics of the ZnO nanowires synthesized in Co precursor-containing solutions.
Denominations A through E show ZnO nanowires fabricated under different Co concentration
conditions. The interplanar spacing of the ZnO (002) crystal planes of the nanowires increased in
the following order: A, B, C, D, and E. This probably originated from an enhanced lattice constant
caused by the Co doping into the ZnO nanowires. The omega full width at half maximum (FWHM)
of the ZnO (002) crystal plane for the ZnO nanowires increased in the order of A, B, C, D, and E.
The degree of angular misorientation among the nanowires can be characterized by the (002) rocking
curve [26]. Therefore, this result demonstrated that the misorientation of the (002) crystal plane of the
ZnO nanowires increased as the concentration of Co precursor increased. This indicated that a larger
misorientation of the (002) crystal plane of the ZnO nanowires produced more defects on or into the
nanowires. On the basis of FE-SEM and XRD results, larger Co ions added to the solution led to more
modification with misorientation during the synthesis of the ZnO nanowires.
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Figure 1. FE-SEM images of ZnO nanowires synthesized in solution with (a) 0, (b) 3, (c) 6, (d) 9, and (e)
12 at % Co precursor. (f) EDS spectra of ZnO nanowires modified with 12 at % Co precursor.
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Figure 2. XRD patterns of ZnO nanowires synthesized with varying concentration of Co precursor in
the solution. (left inset) Magnified XRD patterns at a 2theta range of ZnO (002) crystal plane. (right
inset) Rocking curve at fixed 2theta of ZnO (002) crystal plane.

Table 1. Structural characteristics of ZnO nanowires synthesized with varying content of Co precursor.

Samples Concentrations Nanowire 2Theta dogz 1 Omega FWHM 2
of Co Precursor Shapes (degrees) (A) (degrees)
A 0 at% Vertical 34.488 2.5586 8.02
B 3 at% Vertical 34.471 2.5602 8.22
C 6 at% Vertical 34.462 2.5610 8.28
D 9 at% Bundle 34.391 2.5656 8.65
E 12 at% Bundle 34.345 2.5690 8.97

1 dgos defined as interplanar spacing of the ZnO (002) crystal plane for nanowires and calculated from XRD patterns
seen in Figure 2b. 2 Omega full width at half maximum (FWHM) calculated from rocking curves of ZnO (002)
crystal plane inserted in Figure 2.

Figure 3 shows transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HR-TEM) images of the ZnO nanowires modified with the Co ion. We selected Samples A
and E for ease of analysis. In addition, the selected-area electron-diffraction (SAED) pattern inserted
in Figure 3 and the EDS spectra of the ZnO nanowires were measured to investigate the lattice
constants and elements contained in the nanowires, respectively. From the TEM and HR-TEM images,
we observed the nanowire-type ZnO images in both Samples A and E, and found that compared
to Sample A, Sample E had a slightly larger lattice constant of the (0001) plane caused by the Co
ion modification. From the SAED patterns, we observed that the ZnO nanowire had the typical
single-crystal nature of hexagonal ZnO, and found that Sample E exhibited poorer distribution due
to the Co ion modification when compared to Sample A. The EDS spectra demonstrated that the Co
element was only observed in Sample E. Considering that the structure of the ZnO nanowire was

hexagonal, the relationship between lattice parameter and interplanar spacing was given by
1/d* = 4/3((h*+hk+k?)/a%) + (1*/c?), ©)

where (h, k, 1) are Miller indices, a and c are the lattice parameters, and d is interplanar spacing [27].
For the (002) crystal plane, substituting h = 0, k = 0, 1 = 2 in the above equation, the final relation is
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d(002) = ¢/2. We confirmed the final relation with lattice parameter ¢ from HR-TEM and d(002) from
XRD as follows. In the case of Sample A, d(002) was 2.5586 A and c was 5.117 A; in the case of Sample
E, d(002) was 2.569 A and ¢ was 5.138 A.
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Figure 3. (a,d) TEM, (b,e) HR-TEM, and (a,d insets) selected-area electron-diffraction (SAED) patterns;
(c,f) EDS spectra of (a—c) nonmodified and (d—f) 12 at % Co ion-modified ZnO nanowires.

Figure 4 shows the Raman spectra of ZnO nanowires synthesized with varying Co precursor
concentrations in the solution in the range of 50 to 1000 cm™~!. As shown in Figure 4, two nonpolar
Raman active modes designated as E; (low) and E, (high) were related with the motions of zinc (Zn)
sublattice and oxygen (O) atoms, respectively [28]. Peaks corresponding to Ajg, Eg, and three Fpg
were other Raman active modes [29]. For the nonmodified ZnO nanowires, the sharpest and strongest
peaks, E; (low) and E; (high), appeared at ~98.8 and ~437.4 cm™!, consistent with the strongest modes
in the wurtzite crystal structure of ZnO. In all Co ion-modified ZnO nanowires, the peak positions
corresponding to the E, (high) and E, (low) modes were very similar to those of the nonmodified
ones, representing that any expected shift in the lattice constant would be beyond the resolution of our
Raman spectrometer. The broad peak that appeared at ~580 cm™~! corresponded to the E; (LO) mode
originating from the defects of zinc interstitials and oxygen vacancies [30]. The peak intensity of the
E; (LO) mode increased in order in the nanowires modified with 0, 3, and 6 at % of the Co precursor,
while it decreased in the nanowires modified with 9 and 12 at % of the Co precursor. This strongly
suggested that the growth of ZnO nanowires in the solutions with Co 3 and 6 at % was related to
the Co doping into the ZnO bulks, whereas in solutions with Co 9 and 12 at %, it was related to the
Co oxide surface modification. This matched the results of the omega rocking curves as shown in
Figure 2. Thus, the appearance of a broad E; (LO) peak confirmed the existence of Co ions doped into
the ZnO lattice. The peak intensity of the Eg and F»¢ modes originated from impurity-phase Co3;O4
increasing in the order of 0, 3, 6, 9, and 12 at % Co ion-modified ZnO nanowires, although these phases
were not detected in the XRD measurements. These two modes appeared clearly in 9 and 12 at %
Co ion-modified ZnO nanowires, probably due to the small Co oxide cluster formations either in the
grain boundary or interstitial position. Hence, at over 9 at % Co concentration, the Co/ZnO composite
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nanowires could be grown, resulting from the segregation of oxides [31]. To summarize the Raman
spectrum experiments, with solutions up to Co 6 at %, the lattice defects in the ZnO were activated,
and thereby Co-doped ZnO nanowires were formed [32]. Contrary to this, when Co concentration
was beyond 6 at %, Co oxides were formed in the ZnO nanowires. Thus, the morphological change
from Co doping to Co oxide cluster formation in the ZnO nanowires depended on the Co content in
the precursor.

Co 12at%

_/L_,“_A__M Co 9at%
Co 6at%

Co 3at%

Co 0at%

Intensity (a.u.)

—— 1 1 1 T 1 1T "~ 1 T T 7
100 200 300 400 500 600 700 800 900 1000

Wavenumber (cm'l)

Figure 4. Raman spectra of ZnO nanowires synthesized with varying concentrations of Co precursor
in solution.

Meanwhile, the absorption coefficient could be calculated from the following relation [33]:
T = A exp(-ad), where T, A, «, and d are optical transmittance, a constant, absorption coefficient,
and film thickness, respectively. The optical band gap of the ZnO nanowires could be obtained by
introducing the Tauc model [34], and the Davis and Mott model [35], in the large absorption region:

ohv =D (hv — Eg)", ®)

where hv, Eg, and D are photon energy, optical band gap, and a constant, respectively. Since ZnO
is a semiconductor with a nature of direct allowed transition, substituting n = 1/2 into the formula
resulted in the best linear curve in the band-edge region [33,36]. Figure 5 represents the relationship
between o and hv, which is plotted by absorption spectra as shown in the inset of Figure 5. The value
of the optical band gap could be obtained by extrapolating the linear portion to the photon-energy
axis. The obtained Eg values are listed in the third column of Table 2. As Co concentration increased,
the optical band gap revealed the blue shift from 3.310 eV (Sample A) to 3.327 eV (Sample E). The sp—d
exchange between the ZnO band electrons and localized d-electrons of the doped Co?* cations led to
a change in their band structure, and this was responsible for the blue shift [37]. The blue shift can
be described by the Burstein-Moss effect due to an increase in the carrier concentration, which was
attributed to shifting the Fermi level to the conduction band [38,39].
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Figure 5. o vs. photon-energy plots of ZnO nanowires synthesized with varying concentrations of Co
precursor in solution.

Table 2. Optical characteristics of ZnO nanowires with varying content of Co precursor.

Peak Position

Co Precursor Peak Position at

Samples Concentrations Band Gap ! (eV) UV Band (am) at Visible Intensity Ratio 2
Band (nm)
A 0at % 3.310 386.1 ~503 ~12.8
B 3at% 3.312 384.9 ~497 ~1.1
C 6 at % 3.313 382.1 ~565 ~0.7
D 9at% 3.318 381.4 ~571 ~0.4
E 12 at % 3.327 381.1 ~578 ~0.2

1 Band gap was estimated from absorption data as shown in inset of Figure 5. 2 Intensity ratio defined as ratio of UV

peak intensity to visible peak intensity in PL spectra, as shown in Figure 6.

Figure 6 shows the room-temperature photoluminescence (PL) spectra of the ZnO nanowires
synthesized with varying Co precursor concentrations in the solution. Every sample exhibited
distinctive band-edge emission in the ultraviolet (UV) region, and a defect-related emission in the
visible region, as is commonly observed with ZnO nanowires. The UV emission band originated in a
near band-edge transition of the wide band-gap ZnO nanowires [40]. With increasing Co concentrations,
the UV emission peak was somewhat blue-shifted, and intensity was rapidly reduced. This behavior
can be explained as follows: the blue shift indicated a higher band gap for the modified nanowire
because the widths of the nanowire were much larger than the excitonic Bohr diameter of ZnO [41].
The visible band emission was red-shifted from 500 to 580 nm, and became broader and more intense
as the Co concentration increased. The visible band emission was strongly related to oxygen vacancy,
oxygen interstitial, or zinc interstitial [42]. The green band emission was originated from the oxygen
vacancies and zinc interstitials [43], while orange-red band emission was associated with oxygen
interstitials [42]. Therefore, our observations can be analyzed and explained as follows. The visible
emission seen in Sample B occurred via the combination of oxygen vacancies, zinc interstitials,
and oxygen interstitials, suggesting that 3 at % Co ions mainly yield a doping effect in ZnO nanowires.
Contrary to this, a strong visible emission found in Sample E suggested that 12 at % Co ions may lead
to two types of Co ion modification effect, a doping effect and the formation of Co oxide cluster in the
ZnO nanowires due to sufficient Co content. The ratio of the UV peak intensity to the visible peak
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intensity in the PL spectra implied the levels of impurities and defects in the energy bandgap of ZnO
nanowire. As indicated in Table 2, the decrease in intensity ratio meant the increase in the levels of
impurities and defects, indicating the decrease in the probability of UV emission and the increase in
the probability of visible and nonradiative emission. This matched the FE-SEM, XRD, and Raman
spectrum results shown in Figures 1, 2 and 4. The optical characteristics obtained from Figure 6 are
listed in Table 2. Here, an increase in the band gap, a decrease in the UV peak position, a red shift
of the visible peak position, and a decrease in the intensity ratio between the UV and visible peaks
can all be observed, which matched the aforementioned results. Co ions could affect both the internal
structure and the surface of ZnO nanowires via an interaction with oxygen vacancies, zinc interstitials,
and oxygen interstitials.

Co 0at%
Co 3at%
Co 6at%
Co 9at%
Co 12at%

Intensity (a.u.)

T T T T T T T
300 400 500 600 700

Wavelength (nm)

Figure 6. Photoluminescence (PL) spectra of ZnO nanowires synthesized with varying concentrations
of Co precursor in solution.

3. Experiments

Synthesis of Co ion-modified ZnO nanowires was carried out using zinc acetate dihydrate
((CoH30,)2Z2n-2H,0, Sigma-Aldrich, Saint Louis, MO, USA) and cobalt (II) acetate hydrate
(Co(CH3CO,)2-xH,0, Sigma-Aldrich) as the precursors.

Prior to the growth of the ZnO nanowires, ZnO seed layers were coated onto fluorine-doped
tin oxide (FTO) glasses (2 X 2 cm? in size) using a spin-coating method, and then dried at 100 °C
for 30 min. Subsequently, the ZnO seed-layer-coated FTO glasses were immersed in 150 mL ethanol
solutions containing Zn and Co precursors at 70 °C for 3 h, yielding ZnO nanowires with and without
Co ion modification, respectively. The molar concentration of the Zn precursor was fixed at 0.025 M,
while the molar concentrations of the Co precursor were adjusted from 0 to 12 at % by changing the
weight added in the mixed aqueous solution. The resulting ZnO nanowires were carefully washed
with ethanol and dried at 100 °C for 30 min in an oven.

The morphologies of the ZnO nanowires were investigated by FE-SEM (5-4800, Hitachi) and TEM
(F20, Fei Tecnai) with EDS. To examine the crystallinity and lattice constant of the ZnO nanowire
in more detail, we used HR-TEM analysis. XRD (X'Pert MPD) using Cu-K« radiation was used to
examine the crystal structures, crystallinity, and crystal orientation of the ZnO nanowires at room
temperature. To investigate changes in the degree of misorientation of ZnO nanowires synthesized
under different Co concentrations, we also measured the omega rocking curves. For the investigation
on the structure and vibrational properties of the ZnO nanowires, Raman scattering experiments
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were performed at room temperature using a Raman spectrometer (SPEX 1403) with a 532 nm line of
an Ar* laser. In order to investigate the effects of Co ion-modification on the band gap of the ZnO
nanowires, ultraviolet-visible-near-infrared (UV-Vis-NIR, Cary 5 spectrophotometer) spectra were
measured using an integrated sphere. Additionally, the room-temperature PL characteristics of the
ZnO nanowires were measured. In the PL measurement, a He-Cd laser (30 mW) with a wavelength of
325 nm and a GaAs photomultiplier tube were used for excitation and detection, respectively.

4. Conclusions

In summary, a hydrothermal technique was used to synthesize Co ion-modified ZnO nanowires
arrays in various solutions. In FE-SEM analysis, it was observed that the morphology of the Co-modified
ZnO nanowires could be controlled by the Co concentration used in the solution. The interplanar
spacing of the ZnO (002) crystal planes of the nanowires increased as Co concentration increased due
to Co doping. In addition, it was confirmed that the misorientation of ZnO (002) planes increased
with the increase of Co concentrations due to defects in the nanowires. The Raman spectra suggested
that Co doping or Co oxide cluster formation in the ZnO nanowires relied on the Co content in the
precursors. With increasing Co concentrations, the optical band gap showed blue shifts due to the sp—d
exchange between ZnO band electrons and Co?* cations. The PL spectra showed blue shifts of the UV
emission peaks resulting in the increase in the band gap with increasing Co concentrations; however,
the visible emission, occurring via oxygen vacancies, zinc interstitials, and oxygen interstitials, showed
red shifts due to the modification effect.
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