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Abstract

Local structure of copper zinc oxide nanoparticles synthesized from single step solid state
synthesis was investigated. The phase structure of the copper zinc oxide nanopowder product
was confirmed by X-ray powder diffraction (XRD). The particle size and morphology were
investigated by field emission scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM). Short range crystal fine structure was investigated by X-ray
absorption spectroscopy (XAS). The result demonstrates that the Cu atom probably substitutes
in Zn site of ZnO wurtzite host. The second phase of CuO nanocluster was presented in the
Cu doped ZnO structure as the Cu concentration is in the range of 10 and 50 %mole. The
radial distribution functions in short range order from Zn atom, points to a high concentration
of O and Zn vacancies in all samples which correlates with the distortion of local symmetry
ZnO cluster compared with ZnO standard. A higher disorder corresponds to the interpreted
XRD result in terms of crystallinity degree which is likely originated by a disorder of surface
and interface effect. The prepared sample with 1.0 mol% Cu shows smaller particle size with
highly distorted ZnO cluster and high O and Zn vacancies. These copper zinc oxide
nanoparticles with high active surface and high phase interface could be feasibly promising
material in many applications.

1. Introduction

Copper-doped zinc oxide nanoparticles and copper zinc oxide nanocomposites are well
known for various fields of application such as highly selective catalysts [1-6], electronics
(spintronics) and optoelectronics for dilute magnetic semiconductors (DMSs) [7,8], sensors
[9-11], energy conversion [12], and solar cells [13]. Unique properties for specific application
highly depend on active site from surface structure, morphology, interface, composition,
chemical doping concentration and preparation methods which generate the appropriate active
site cluster on particles. Numerous synthesis techniques for Cu-Zn-O compounds with
different nanostructures (nanorods, nanoparticles, nanowires and nanocomposite) such as
atomic layer deposition (ALD) [1], co-precipitation [3], reflux method [4], hydrothermal [6,
11], sol—gel process [7], thermal decomposition [8], solvothermal [9] biological template [10]
have been reported. The nature of the active sites that originate from electronic structure and
surface terminal lattice structure requires further deep investigation. These information
corresponds to the local structure information of atomic level cluster in the short range order
crystal which can be obtained by X-ray absorption spectroscopy study [5, 14-23].

Since results from XRD, SEM and TEM may be insufficient for any feature information
which could be assigned to Cu phase, state and local structure, especially when the interesting
CuO and ZnO cluster are presented in nanocrystal cluster and/or amorphous-like structures at
surface, interface or lattice defect, many researches have employed useful tool of XAS
technique to accurately characterize and study the synthesized copper zinc oxide compounds.
Bjerne S. Clawen et al. [15] used XRD, TEM and XAS technique to elucidate local
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environment structure of binary Cu-Zn methanol catalysts and found somewhat difference of
Cu in well-crystallized of bulk CuO. Evgeny Kleymenov et al. [17] employed XAS and
EXAFS data for studying structure of the active catalyst Cu and ZnO predominantly of
methanol synthesis and identifying the intermediate state and local structure change of the
catalyst during methanol formation. Sabina M. Hatch et al. [18] used extended x-ray
absorption fine structure (EXAFS) analysis to investigate the site-specific feature of deep-
level photoluminescence in ZnO nanorods. The obtained information provided that the
different emission energy primarily originated from the nanorod was linked to site-specific
crystal structures which was different between nanorod surface defects and disorder crystal
structure on Zn sites. Local structure information revealed by XAS study is also an obvious
evidence to understand relevant properties [19] of copper zinc oxide such as the improvement
of dielectric property due to the introduction of Cu ions occupying in Zn site of ZnO host and
induced local electric dipoles by Cu-O bond combining with the presence of oxygen vacancies
that facilitates the ferroelectric domain boundary movement[21]. The magnetic moments of
copper zinc oxide typically display paramagnetic property according to the presence of Cu
impurities substituting in Zn site in the wurtzite lattice of ZnO that can be confirmed by XRD
and x-ray XAS technique [23].

In this study, we investigate in the structure in a complex solid matrix of copper zinc oxide
nanoparticles synthesized by a solid state reaction route with different Cu concentrations in
the starting precursor designated at 0.1, 1.0, 10 and 50mol%. The prepared copper zinc acetate
starting reactant was studied by Raman spectroscopy. The detailed information of synthesized
copper zinc oxide compounds was studied by XRD, FESEM, TEM and local structure was
investigated by EXAFS.

2. Procedure

2.1. Preparation of copper zinc acetate precursors

The starting copper zinc acetate precursor series with various copper acetate concentration
were prepared using the methods as in the previous work [24]. Copper zinc acetate precursor
was prepared from mixtures of CuO and ZnO for 0.1, 1.0, 10, 50 mol% dissolved with glacial
acetic acid followed by deionized water to obtain the solution of copper zinc acetate, then
crystallization to obtain acetate salt from solutions. Copper zinc acetate salt prepared from Cu
0.1, 1.0, 10 and 50 mol% are assigned to CZO Ac-Cu0.10, CZO Ac-Cul.0, CZO Ac-Cul0
and CZO Ac-Cu50, respectively.

2.2. Synthesis of copper zinc oxide nanopartic

Copper zinc oxide nanoparticles were synthesized by conventional solid state reaction
method described in our previous article [24]. Briefly, divalent metal copper zinc acetates salts
were mixed with sodium hydroxide powder then was ground for 15 min. The final product
was washed with distilled water then dried at 80°C for 24 h. Copper zinc oxide nanoparticles
derived from 0.1, 1.0, 10 and 50 mol% of Cu in acetate precursor are ascribed as CZO-Cu0.10,
CZ0O-Cul.0, CZO-Cul0 and CZO-Cu50, respectively.

2.3. Characterization

Ligand coordination character of the starting copper zinc acetate precursor powders was
identified by Raman spectroscopy with 530 nm laser source. The XRD of copper zinc oxide
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product was recorded using XRD PANalytical X PertPro using Cu-K, radiation operated at
40 kV 30 mA. FE-SEM images were obtained from FE-SEM MODEL: HITACHI — S4700
and for higher resolution were observed by TEM Philips—Tecnai 12. The Zn and Cu K-edge
absorption information spectra data was obtained using X-ray absorption spectroscopy in
transmission mode and tuning the photon energy by Ge (220) double-crystal monochromator.
Experiment of EXAFS spectroscopy using synchrotron radiation was performed at station at
beam line 8 of the Synchrotron Light Research Institute (SLRI) (Public Organization),
Nakhon Ratchasima, Thailand. EXAFS processing for transforming from energy space to
momentum (k) space and Fourier transform (FT) from k-space to real R-space as a radial
distribution functions was performed using the ATHENA and Artemis software package.

3. Results and Discussion

Figure 1 shows Raman spectra of as-prepared copper zinc acetate precursors relating to
free and bidentate acetate ligand having symmetry of C2v and 15 peaks of 5A, + A2 + 5Bl +
4B2 with all are Raman active [25]. The Raman in 680—1,000 cm™ region is information for
the study of solid acetates salt possessing high scattering intensity. The Raman spectra at 693
and 950 cm™ ascribe to the O—C—O deformation region of acetates bending mode and the C—
C symmetric stretching vibration on the acetate ion [25-28], respectively.

There are characteristic spectra of acetate salt complex supported by the addition of methyl
H-C-H coordinated acetate deformation and rocking vibration peak around 1360 cm™. The
peaks of C=0 stretching vibrations are in the regime of 1200 — 1650 cm™ attributing to
carboxylic acids formed to acetate salts and the C=0 and C—O bonds act as equivalent of two
C=0 (1.5 bonds order) interacting as in-phase and out-of-phase vibrations in two band of
the symmetric stretch vibration mode (V,(COO-)) and antisymmetric stretching vibration
mode (V,(COO-)). The complex bands of the stretching C=O vibrations region are
traditionally used to evaluate the type of acetate ligand coordination with metal ion of acetate
salt. The various coordination types of acetate salt identified by the different values between
vs and v, at which the symmetric C-O stretching vibration mode is V{(C-O) and the
antisymmetric C=O0 stretch vibration mode is V,5(C=0). The typical values are; v;> 1415 cm’
' and Vas < 1560 cm’' for bidentate acetate ligand, v around 1415 cm” and Vs around 1560
cm’ for bridged acetate ligand, v; < 1415 cm”! and Vas > 1560 cm’' for monodentate acetate
ligand as shown as the inset of Figure 1. Unfortunately, by equipment limitation, we are unable
to use symmetry to identify distinct difference between v, and v,s (Av values) from this data
set and to examine the type of ligand bonding in the prepared acetate salt sample [25-28].
Moreover, the main Raman spectrum located at 2940 cm™ and 3037 cm™ exhibit clearly sharp,
intense peaks assigning to characteristic of symmetric and antisymmetric C—H stretching
mode vibrations in the methyl group. These results from Raman study of the obtained copper
zinc acetates clearly indicate purity acetate salts without the signal of impurity of starting ZnO
and CuO which should exhibit signal at 633 to 665 cm™ [29, 30], or contaminant by product
such as sodium acetate which should exhibits characteristic peaks at 910-935, 1009-1017,
1100 and 1342-1350 cm™ [31-33].

Fig. 2 shows the typical XRD patterns of as-synthesized copper zinc oxide nanoparticles
obtained from different starting copper contents. All predominant reflection peaks in this
pattern are found to nicely match with ZnO zincite with hexagonal geometry [JCPDF # 071-
6424]. The other reflection peaks corresponding to CuO related secondary phase are found in
copper oxide doped zinc oxide CZO -Cul0 and CZO -Cu50 samples, which may be attributed
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Fig. 1. The Raman spectra of the prepared copper zinc acetate.
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Fig. 2. XRD patterns of as-synthesized copper zinc oxide nanoparticles obtained from 0.1,
1.0, 10.0 and 50.0 mol% Cu in the starting precursor.

to the incorporation of CuO nanocrystal cluster into the ZnO lattice. This feature indicates that
there is significant Cu atom tending to be doped in ZnO host in all Cu concentration, even at
high Cu concentration up to 10mol% in precursor. The CuO peaks pattern dominantly appear
for CZO -Cu50 sample while the ZnO peaks show broadening character and weaker intensity,
which can be explained by the smaller crystalline size of ZnO when copper content increases.

FESEM images of copper zinc oxide nanoparticles prepared with different Cu contents are
presented in Fig. 3(a) — 3(d) for CZO - Cu0.10, CZO - Cul.0, CZO - Cul0 and CZO - Cu50,

-
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Fig. 3. FESEM images of copper zinc oxide nanoparticles prepared from different Cu
concentration acetate salts (a) CZO —Cu0.1, (b) CZO —Cul.0, (¢) CZO —Cul0 and (d) CZO —
Cu50.

respectively. FESEM images show different particle size and morphology as the copper
concentration is varied. CZO -Cu0.1 (Fig. 3a) exhibits the main particle with nano-
dimensional sizes in the range of 50 — 200 nm with a small proportion of smaller particle.
CZO -Cul.0 in Fig. 3b illustrates particle growth with rod-like shape in the particle dimension
of around 30 and 100 nm. CZO -Cul0 image displays smaller particle with particle size of
around 20 nm while CZO -Cul0 presents larger grain size with particle dimension of around
25 and 100 nm.

The typical morphologies from TEM image are shown in Fig. 4a—d. According with
FESEM image results, the corresponding higher resolution images show more clearly in
particle size and shape. TEM image of CZO -Cu0.1 in Fig. 4a reveals that the nanopowder
samples are composed of the rod-like particles with size around 200 nm in diameter and
aggregated cluster of small spherical primary particles with size around 5 nm. As seen in Fig.
4b, CZO -Cul.0 TEM image indicates the rod-like structures with hexagonal shape with their
size of about 25-50 nm. The CZO -Cul0 samples show small nodular particles with size
around 10 nm as observed in Fig. 4c. TEM image of the CZO -Cu50 in Fig. 4d reveals the
two ranges of particle size and shape; 5-25 nm nodular structure and rod-like shape with 30-
50 nm in diameter. The typical average particle grain sizes in FESEM and TEM images are
well agreed to the trend of crystalline size interpreted by FWHM of XRD results.

Synchrotron XAS technique was performed to further examine in the local atomic
structure of the copper zinc oxide nanoparticles samples for clarifying the small cluster which
may in form amorphous-like structures, existence of a secondary Cu phase in the ZnO
structure and local structure of Cu dopant atom in the environment of ZnO host. The
normalized Zn and Cu K-edge XANES spectra for the bulk ZnO standard and all prepared
copper zinc oxide samples were transformed to EXAFS oscillation patterns of k2x(k) as shown

-
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in Fig. 5a. The corresponding Fourier transforms (FT) of EXAFS oscillation spectra from K-
space in to R-space in terms of distances from the Zn atom are accordingly shown in Fig. 5b.
Overall oscillation spectra and Fourier transforms shape results as function of Cu
concentration indicate that the strong peaks pattern of prepared samples are in analogous
agreement to Zn K-edge EXAFS signal of bulk wurtzite ZnO. This well-evidence suggests
that Cu®" ions for all doping concentrations are largely incorporated into Zn sites in the host
wurtzite ZnO lattice fingerprinting crystallographic [19, 34, 36]. The position of the FT peaks
at Zn K-edge is quite similar to bulk ZnO for all samples with each other (without change in
position displayed in overlay patterns in the bottom of Fig. 5b.) This characteristic exhibits
most ordered well crystalline of ZnO wurtzite for the next-nearest-neighbor (NNN) shell with
in the particle size in the nano range [36] but the peaks are slightly distinct in magnitudes of
the FT pattern. Therefore, these results indicate the existence of disordered environment
around Zn atom of prepared samples, which mean that the Cu concentration has a significant
effect to local crystallinity around Zn atom.

[

Fig. 4. TEM images of copper zinc oxide nanoparticles (a) CZO —Cu0.1, (b) CZO —Cul.0, (¢)
CZO —Cul0 and (d) CZO —Cu50.
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The first peak in the Zn K-edge FT(y(k)*k*) as noticed in Fig. 5b is attributed to Zn
surrounded by first shell of nearest-neighbor (NN) oxygen atom in a distorted tetrahedral
coordination and the second peak (NNN) is typically associated to the first Zn-Zn distances
shell (and small proportion of Cu in Cu-doped ZnO matrix) in ZnO [5, 19-21]. The first
oxygen shell (Zn-O1) shell exhibits a strong intensity for CZO —Cul.0 to CZO —Cu50
compared to bulk ZnO standard. CZO —Cu0.1 FT pattern reveals a decreased peak intensity
of the first Zn-O shell that disorders will exist in the Zn—O pairs bond length compared with
the bulk ZnO counterpart due to the decrease in coordination number (N) of O and the increase
in the Debye-Waller (DW) factors [19, 35]. This manner implies that the structure is
incorporated with oxygen vacancies. It is assumed that only few lattice cluster layers from the
boundary are disorder of Zn—O local symmetry, effectively affected by the unsaturated
coordination bonds at the surface/interface boundary of nanoparticles or nanocrystals.
However, XRD results and TEM images indicate higher crystallinity with greater particle size.
This contrary may relate to the disorder in CZO —Cu0.1 sample induced by oxygen vacancies.

As a function of Cu doping concentration, it is observed that the second shell of FT at Zn
K-edge of all Cu doping concentration significantly decreases in its peak amplitude comparing
to bulk ZnO standard counterpart. CZO —Cu0.1 has the lowest peak intensity while the values
of rest samples are insignificantly different. Therefore, the decrease in atomic distance order
for second coordination shell can be attributed to lattice disorder by surface effect of
nanoparticles and predominately ascribes to higher concentration of Zn vacancies especially
in CZO —Cu0.1 sample [19-21, 35]. FT peak around 3.5 to 4.5 A different from bulk ZnO for
the all Cu-doped samples provides further evidence for Cu dopant presented in the long range
ZnO crystalline structure around Zn atom.
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Fig. 5. Zn K-edge EXAFS k* weighted oscillation spectra (a) and corresponding fourier
transforms (b).
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EXAFS signals k*(k) oscillations at the Cu K-edge for the copper zinc oxide
nanoparticles; CZO -Cul.0, CZO -Cul0 and CZO -Cu50 samples compared with the reference
CuO and Cu,O standard materials are shown in Fig. 6. There is no data for the CZO —
Cu0.1sample due to XAS transmission mode limit in very low atom concentration (Fig. 6a).
The corresponding fourier transforms to the mean radial distribution functions are displayed
in Fig. 6b. Two major peaks can be observed in Cu K-edge FT(y(k)*k°) pattern. The first peak
of neighbor atom attributes to an Cu-O bond length in a square-planar coordination shell in
bulk tenorite CuO and the second shell corresponds to Cu to metal (Zn/Cu) distance [22, 23].
Cu K-edge EXAFS oscillation patterns and corresponding FT profile of CZO —Cul0 and CZO
-Cu50 samples show quite different oscillations signal from CuO standard, indicating the
considerable difference in local environment of Cu atom in both samples. Cu®" ions in CZO —
Cul0 and CZO -Cu50 samples are also likely in CuO bond distance in the copper zinc oxide
samples, especially for CZO -Cu50 samples showing a feature that is close to the bulk CuO
structure. This feature could be assignd to the CuO nanocluster corresponding to the presence
of second phase. However, all samples are also composed of Cu®" that occupies Zn*" in ZnO
without significant distortions in the ZnO host [21, 37] that agrees well with the results from
EXAFS signals at the Zn K-edge. The third weak FT peak and long range pattern could be
attributed to long range coordination compared with bulk CuO standard confirming the
existence of CuO nanocluster in CZO —Cul0 and CZO -Cu50 samples and presence in a
square planar coordination of monoclinic tenorite CuO. The first and second coordination
shell maximum of CZO -Cul.0 in the radial distribution functions pattern (Fig. 6b) are
significantly shorter than the Cu-O and Cu-Cu distance in bulk CuO tenorite, which indicates
that local environment around Cu atom may exist in the tetrahedron coordination environment
of hexagonal wurtzite [22, 23].
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Fig. 6. Cu K-edge EXAFS k* weighted oscillation functions on wave vector k (a) and is shown
in the mean radial distribution functions (b).
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4. Conclusion

The structural properties of copper zinc oxide nanoparticles with different Cu
concentrations prepared by solid state reaction exhibit multiphase amorphousity,
nanocrystalline structure and multi structural Cu local environment at different Cu
concentration. At low Cu concentration of 0.1 and 1.0 mol% precursor, Cu®" ions may occupy
in Zn sites in the wurtzite environment of the ZnO host meanwhile higher Cu concentration
at 10 and 50 mol% leads to the existence of square planar coordination of monoclinic
environment of CuO nanocrystal second phase. These observations of local structure are in
good agreement with the XRD data. The highest O and Zn vacancies are assigned to the
sample obtained from 1.0 mol% Cu precursor. As a result, the high active site copper zinc
oxide nanoparticles may be a feasible promising high active material in many applications.
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