https://cimav.repositorioinstitucional.mx/jspui/
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Abstract

A feasiblemethod to synthesize CuO covered ZnO nanorods was realized. Firstly,
ZnO nanorods were grown by wet-chemical route at 90 °C onto borosilicate glass
substrates. Subsequently, the CuO covered ZnO matrix was obtained by Aerosol-
Assisted Chemical Vapor Deposition at different temperatures (300, 400, 500 and
600°C). The CuO-ZnO nanocrystals were microstructurally characterized by electron
microscopy and Rietveld refinement. Results showed a CuO formed nanocrystals but
also an amorphous fraction of CuO which increases with the synthesis temperature.
Additionally, it was evident the presence of secondary copper-oxide phase
(paramelaconite), which also has grown over the ZnO nanorod surface.

Keywords: Rietveld Refinement, AACVD process, CuO, Paramelaconite, ZnO
nanorods.
Introduction

ZnO based nanomaterials are commonly used due to their interesting properties
such as piezoelectric, semiconducting and high transmittance (80%<T(A)<92%) at
wavelengths in the visibleinfrared range (400-2500 nm) [1-3]. Zinc oxide is a widely
studied n-type semiconductor, with a 3.3 eV band gap [4] and it has been used in

optics, optoelectronic devices (light emitting and laser diodes), actuators, solar cells,
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photocatalysis, transistors, industry and sensors. It has been synthesized by several
methods and in different morphologies, including 1D geometry [5].

Sensing properties could be improved using 1D geometry due to high surface to
volume ratio but also with the inclusion of other metal oxide phase. Copper oxide gives
the possibility to expand functionality of ZnO semiconductor in reducing-gas sensor
applications (e.g. H2, CO). Actually, bulk applications of CuO-ZnO materials are
focused on heterogeneous catalysis in methanol synthesis. CuO is a transition metal
oxide with p-type semiconductivity and a narrow direct band gap of 1.21-1.51 eV [6,7];
additionally, it has high absorbance below 850 nm being suitable for solar energy
applications [8]. Furthermore, it is a Mott insulator, a giant magneto resistant and a
superconductor material [9] being attractive for electronic devices and nanofluids [10];
industrially, CuO has great interest, as pigment, gas sensor and catalyst [11,12].
Synthesis of CuO nanopatrticles has been reported by photodeposition, homogeneous
co-precipitation, electrodeposition [13,14], physical/chemical vapor deposition [15] and
wet chemical methods [16—18], and also impregnation and thermal decomposition [19].

Mixed oxides type CuO-ZnO have been studied in thin film geometry [20], in
compressed powders [21,22] and recently as composite materials [23]; however, one-
dimensional nanosized CuO-ZnO structures have not been reported.

In the present work, we report the synthesis of ZnO nanorod on a borosilicate
glass substrate by chemical bath deposition and the formation of CuO nanoparticles
over the ZnO nanorod by Aerosol-Assisted Chemical Vapor Deposition (AACVD). For
the CuO deposition we have tried different temperatures: 300, 400, 500 and 600 °C.
The formed nanostructures have been characterized in detail in terms of their
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microstructural properties and crystallographic information, obtained by field emission
scanning electron microscopy (SEM), high resolution transmission electron microscopy
(HRTEM), X-ray and electron diffraction. Finally reaction mechanisms of CuO
deposition and CusO3 formation have been proposed.
Experimental details

Synthesis of ZnO nanorods: ZnO nanorods were prepared onto borosilicate glass
substrates by chemical bath deposition using colloidal ZnO seeds as nucleation centers
[24]. The seeds were prepared by sol—-gel method using a zinc acetate in ethanol and
sodium hydroxide in methanol solution, respectively. The reaction was carried out at 60
°C in a reflux system under vigorous stirring. Cleaned borosilicate substrates (2x 1.5
cm) were immersed in the seed solution and finally they were thermally treated at 200
°C in vacuum. The ZnO nanorods were grown inside a tube cells, using the seed coated
substrates and zinc nitrate 0.25 mol dm3, hexamethylenetetramine 0.5 mol dm3,
polyethy-lene glycol around 10 wt.% and tridistilled water as reactants. Temperature of
the reactors was controlled at 90 °Cby3hinawater bath. After this time, the substrates
were washed with deionized water and finally they were calcined at 360 °C by 30min.

AACVD of copper oxide: An AACVD system was used to deposit copper oxide
onto ZnO nanorods coated substrates. Oil-free, filtrated and preheated (at 28 °C) air
was used as carrier gas and it was feed at constant pressure of 2.8 x 10° Pa to a mass
flow controller (Omega-FMA1422). The controller supplied the carrier at constant flow of
3000 cm? min to a nebulization chamber loaded with pre-cursor solution. Precursor
solution was prepared with copper nitrate hemipentahydrate reagent grade, Cu(NO3)2-
2.5H0, diluted in methanol to 0.1 mol dm3. Nebulization of solution was carried out
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with an ultrasonic nebulizer (Sonaer-241) oper-ated at 2.4 MHz. The ZnO nanorods
coated substrates were placed at the center of Vycor glass tube inside a tubular furnace
(Lindberg Blue) where the temperature was varied between 300 and 600 °C settled
within +5 °C.

The mixture gas carrier—aerosol precursor reaches the ZnO matrix in the reaction
zone by a stainless steel injection nozzle (ID=0.7 cm). After deposition, effluent gases
exit the tubular furnace and they were extracted by a fume hood.

Several experiments were carried out in order to optimize the reaction
(deposition) time in order to reach an homogeneous and thin copper oxide layer to
avoid flood effect in the ZnO matrix. The optimization was realized at 300 °C in a clean
borosilicate glass substrate (without ZnO nanorods). After optimization, deposition was
realized onto ZnO nanorods.

Characterization: The morphology and elemental analysis of nanostructured
materials were studied by field emission scanning electron microscopy using a JEOL
JSM-7401F operated at 3 keV, coupled with a X-ray energy dispersive spectroscopy
(EDS) system (Inca-Oxford). Semi-quantitative analysis of metal oxides was carried out
taking in consideration both, the stoichiometric proportion of oxides and the SiO2 as the
main glass composition. Growing mechanism of CuO nanoparticles over the ZnO
prismatic face was studied by high resolution transmission electron microscopy using a
JEOL JEM-2200FS microscope operated at 200 kV. CuO-ZnO samples were prepared
scratching the glass surface with a sharp cutter over a 200 mesh Ni grid. In addition,
scanning transmission electron microscopy (STEM) and selected area electron
diffraction (SAED) patterns were used to determine micro-structural details.
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Phase identification and quantitative phase analysis were realized by grazing
incidence X-ray diffraction, GIXRD, using a Panalytical XPert diffractometer configured
in w-20 geometry, operated at 40kV and 35mA, with a Cu target X-ray generator
(AKe=0.15419nm). Incident beam optics was configured with omega (w) settled at 1°,
and the data was collected between 25 and 95° (26) with a step size 0.02° and a scan
rate of 0.1 min.

Rietveld refinement was realized using the FullProf software [25] considering the
instrumental peak broadening in the crystallite size calculations. Crystallite sizes were
computed internally by FullProf for each reflection and then averaged.

Initial structural models were obtained from files 154486.cif and 43179.cif for ZnO
and CuO phases, respectively. The non-structural model considered the Thompson—
Cox—Hasting pseudo-Voigt profile function. The ZnO phase was considered in proper
stoichiometry and the atomic site occupancies were not refined.

Quantitative phase analysis was additionally obtained by Rietveld refinement with
the profile matching mode [26]. First, pure CuO coated substrate X-ray measurement
was used as reference material. Here, the tabulated moduli of structure factors were
obtained (in absolute units) in a ‘hkl’ file after the refine-ment of lattice parameters,
profile shape, atomic positions, Debye—Waller factor, etc. This ‘hkl’ list was used as
input file for subsequent refinements of the CuO-ZnO nanomaterials so that the
program reads the list of structure factor (IFl) of minor phase (CuO), instead of
generating them. The ZnO phase was refined normally. Cell volume and density of each
phase were calculated from refined lattice parameters using PowderCell software [27].

Results and discussion
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Optimization of CuO layer: The minimum deposition temperature of CuO
deposition was 300 °C, and it was determined by thermodiffraction (results not
presented here). We have performed an optimization of reaction time. To accomplish
this task, several deposition time of copper oxide onto bared borosilicate glass
substrates was tried at 300 °C. Fig. 1(a) shows representative SEM micrograph of a
CuO layer obtained at 300 °C with 6 min of aspersion. For higher reaction time (e.g. 10
min), the amount of deposited CuO would increase in excess over the exposed ZnO
surface. Consequently, 6 min of aspersion was considered as the optimum time to form
an adequate copper oxide layer and it was kept constant in subse-quent depositions at
different temperatures. Fig. 1(b) shows a diffraction pattern of deposited monoclinic
CuO nanoparticle layer onto borosilicate glass, identified as tenorite, with the PDF card
45-0937. Other phases different than tenorite were not detected.

Phase analysis of copper oxide covered ZnO nanorods: The deposition of copper
oxide onto ZnO nanorods was realized between 300 and 600 °C. Fig. 2 shows
diffraction patterns of CuO-ZnO nanocrystals. Phase identification showed two phases,
the former identified as hexagonal ZnO wurtzite struc-ture, with space group P6smc and
lattice parameters a=0.32498 nm and ¢=0.52066 nm, according to PDF card 36-1451.
The second phase was identified as monoclinic tenorite CuO with space group C1 2/c1,
and lattice parameters a=0.46853 nm, b=0.34257 nm and ¢=0.51303 nm and 3 =
99.5490°, according to PDF card 45-0937. It is worth noting that the CuO phase was
scarcely formed at 300 °C; therefore, as the precursor decomposition to form CuO is
favored at high temperatures, the diffraction intensities are more evident at 500 and 600

°C.
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Rietveld analysis:

Lattice parameters and crystallite size: Previous phase characterization and
refinement of diffracto-gram in Fig. 1(b) was used to obtain CuO structure factors.
Rietveld results are presented in Table 1. It can be observed that the refinement
reached acceptable values of the goodness of fithess index (S). Also, lattice parameters
a and c of ZnO phase gradually reduce, as the AACVD temperature increases from 400
to 600 °C; however, the c/a ratio and the fractional coordinate z agree with the value of
the wurtzite type structure of ZnO. It is expected that the slight decrease in lattice

parameters will not change the cell volumes and densities substantially.
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Fig. 1. (a) SEM micrograph and (b) diffraction pattern of CuO layer deposited at
300 °C over a clean glass substrate,
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Fig. 2. Diffraction patterns of CuO covered ZnO nanorods deposited by AACVD at
different temperatures.

On the other hand, refined lattice parameters of CuO tenorite phase presented in
Table 1 did not show a clear tendency compared to the reference parameters at
different deposition temperatures; this fact can be attributed to the low symmetry of the
monoclinic cell. However, cell volume and density plotted in Fig. 3 shows the integrated
temperature effect in these parameters. It is evident a compromise in the reduction in
cell volume and the increase of cell density, both above the reference values.

The average crystallite sizes are tabulated in Table 1 for both, ZnO and CuO
phases, respectively. ZnO nanorods synthesized by chemical route are ranging from 86

to 89 nm (and 90 nm at 300 °C, not included in the table), indicating a narrow size
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distribution in the synthesis step. These results agree well with cell volume in this
phase. CuO nanocrystals size vary from 11 to 41 nm, indicating that AACVD method is
suitable for the synthesis of nanostructures. Additionally, the deposition temperature
influences directly the nanocrystal size, as temperature increases in 100 °C, the CuO
domain size increased almost twofold. The addition of CuO nanocrystals could cause
inter granular potential barrier and they could modify the conducting properties of ZnO.

Quantitative phase analysis: EDS analysis was realized as a first approximation
for quantitative phase analysis; these results are shown in Table 2 in comparison with
X-ray refinement results. EDS spectra were obtained at low magni-fication (400 x ) in
several zones and the contribution of substrate was also considered in the results. This
analysis gives more reliable value at 300 °C where diffraction lines are too low. It can be
observed that the total CuO concentration increases with synthesis temperature, it
approximates to 11 wt.% for 600 °C. According to X-ray results (data given in Table 2),
only some proportion of the total amount of CuO is crystalline, and contrary to that
expected, the amorphous phase weight increases with the AACVD temperature. The
amorphous content varies from 35% at 300 °C to 76.6% at 600 °C. These results
suggest that precursor crystallization in aerosol route could not occurs via solid-state
reactions due to large differences in the heating rate.

Morphology analysis: Fig. 4 shows SEM secondary electron micrographs of CuO
covered ZnO nanorods, as a function of CuO deposition temperature. The roughness
evidences the deposited quantity of CuO (amorphous and crystalline). Fig 4(a) clearly
shows prismatic faces of ZnO nanorods. At 300 °C the presence of copper oxide is not
evident. Isolated particles were found over some planes as indicated in the figure. Fig.
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4(b) shows more quantity of CuO deposited over the rods, but they still preserved their
prismatic appearance. The hexagonal typical shape of ZnO rods was lost when
deposition temperature increased. In Fig. 4(c) and (d) the planes f0110g were
completely covered by the copper oxide; however, it can be seen uncovered rod faces
below the superficial nanorods, where the aerosol precursor could not reach (see
arrows). At 500 and 600 °C the roughness was very notorious due to the deposition of
more CuO nanostructures; although, as it was described before, not all the deposited

masses correspond to the crystalline phases.

Table 1

Rietveld refinement results for ZnO and CuQ phases. T, deposition temperature of AACVD reaction (in °C); Ref, data obtained from PDF cards 36-1451 and 45-0937 for ZnO
and CuO phases, respectively; 5, goodness of fit indicator (Rup /Reg); a, b, c: lattice parameters (in nm), f# (in °); zt, refined atomic position of oxygen; CS, average crystallite
size (in nm).

Zn0o
T 5 a c cla 7! Cs
600 1.49 0.32487 + 0.000012 0.52033 4+ 0.00002 1.6017 0.3817 88+ 11
500 1.65 0.32489+ 0.000012 0.52034 + 0.00002 1.6016 0.3841 86+ 11
400 1.55 0.32491 + 0.000012 0.52036 + 0.00002 1.6015 0.3830 894+ 11
Ref. 0.32498 0.52066 1.6021 0.3810
CuD
T a b c s
600 0.46956 + 0.00019 0.34189+ 0.00012 0.51367 4+ 0.00021 99.5806 414+ 6
500 0.46889 + 0.00019 0.34398 4+ 0.00013 0.51178 4+ 0.00023 99.5337 194+ 4
400 0.46848 + 0.00019 0.34384 4+ 0.00012 0.51356 4+ 0.00021 99.5575 11+ 2
Ref. 0.46853 0.34257 0.51303 99.5490
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Fig. 3. Cell volumes and densities obtained from refined data as a function of Cu(d
synthesis temperature. Reference values were calculared from reported lamtice

parameters in PDF card 45-0937 of tenorite.
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Table 2

Results of quantitative analysis of CuO phase; my, total amount of deposited CuO
(balance ZnO) calculated by EDS analysis (in wt.%); mg crystalline part from
GI¥RD refinement (in wt.%); m,, amorphous weight fraction of the total CuD phase
(in wt.X), obtained by 10001 —my /M)

T Mgral mc M

600 10.7 2.5 76.6
500 10.3 3.7 64.3
400 6.5 42 354

Paramelaconite identification and growth mechanism: Field emission
transmission electron microscopy and diffrac-tion analysis of CuO covered ZnO
nanorods showed important information of their microstructure. Transmission electron
micro-graphs and diffraction pattern of sample synthesized at 300 1C are shown in Fig.
5.

Fig. 5(a) shows a STEM micrograph of a low amount CuO covered nanorod; one
of the zones chosen to take SAED pattern is also signaled. Indexed SAED in Fig. 5(b)
reveals the presence of a copper oxide phase named paramelaconite,CusO3, wich has
a tetragonal structure (141/amd, s-g. 141, a=0.58370 nm, ¢=0.99320 nm), indexed with
JCPDS card 083-1665. Paramelaconite (Cu403)is one of the three Cu—O minerals
(tenorite, CuO and cuprite, Cu20 the others); it is a mixed oxide structure where Cu
atoms are present in valences Cu'* and Cu?* as the form of Cu2O . 2CuO.
Thermodynamic data, semiconducting properties and formation mechanism of
paramelaconite are not well understood [28—30], although some optical properties have
been reported [31]. In addition, Fig. 5(c) shows lattice fringes of family planes (202) and
(103), confirming the presence of the paramelaconite phase deposited onto the ZnO

nanorod surface. Interestingly, the CusO3 phase has grown just over the ZnO surface,
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where CuO or other copper oxide were not detected by electron diffraction.
Complementary SAED patterns (not presented here) realized to samples synthesized at
400, 500 and 600 1Calsorevealthe CusO3 phase.

Paramelaconite was formed at all temperatures range between 300 and 600 1C,
according to SAED patterns. However, such CusO3 phase was not detected by GIXRD,
neither in diffractograms of Fig. 1(b) nor in Fig. 2. Experimental evidence suggests that
Cu403z0only had been formed in low quantities at local regions close to the ZnO surface.

A mechanism over the formation of paramelaconite phase is sketched in Fig. 6.
First of all, CuO deposits over the ZnO phase at reaction temperature from precursor
decomposition. A lattice match-ing effect between ZnO and CuO can take place
simultaneous to the deposition. The lattice parameters in zincite (a'=b'=0.32498nm,
¢'=0.52066 nm) and tenorite (a=0.46853, b=0.34257, ¢c=0.51303 nm) make feasible a
matching higher than 98% in c/c’ and 95% in b’/b. This effect could make the CuO to
growth axially oriented to ZnO. Additionally, the presence of Cul* in CusO3 suggests a
reduction of CuO species. At elevated temperatures, the methanol from pre-cursor
solution could reduce the Cu?* deposited (in CuO) to Cu'* in the form of Cu.O

CH30H(g) + 6CuO — 3Cu20 + COz(g) + 2H20(g) (1)

This possibility is also supported by the thermodynamic calcula-tions of Gibbs
free energy change for reaction (1): AG°r (30 °C)=-339kJ/mol,AG°r(600°C)= 540kJ/mol
[32,33]; consequently, both CuO and Cu20 phases can coexist in the ZnO surface.
Finally, a solid-state reaction (2) between copper oxide species results in
paramelaconite phase formation

2Cu0+Cu20—Cu403 2)
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Fig. 4. SEM secondary electron micrographs of CuO deposited over ZnO nanorods
at different temperatures, with a deposition time of 6 min. (a) 300, (b) 400, (c) 500
and (d) 600 °C.
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Conclusion

In summary, a combined method with chemical bath deposition and AACVD was
used to obtain CuO—-ZnO nanocrystals. Detailed microstructural characterization by

Rietveld refinement resulted in the amount of CuO deposited ranged over 3—11 wt.%,

as the synthesis temperature

ited CuO was amorphous. Further characterization by electron microscopy and

diffraction showed the presence of crystalline Cu403 at all deposition temperatures

(300-600 1C). A reaction me
aspects: the orienta-tion of C

reducing agent to form Cu20

increased between 300 and 600 °C; most of the depos-

chanism of Cu4O3 formation was proposed based on three
uO over the ZnO planes, the methanol presence as

and a solid-state reaction between CuO and Cu20 to form

the paramelaconite phase over the ZnO surface.
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Fig. 6. Plausible mechanism of paramelaconite phase formation (Cu403) over the
Zn0 surface. It is evident that small differences in parameters ¢’, c and b', b
hing. Cu-0 is formed by the CuO reduction with
formation. In the last stage, a solid state reaction
takes place between CuO and Cu,0 to complete the paramelaconite phase.
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