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Abstract: Thin films consisting of quadrilateral nanoplates of CuO on the surface of a Cu plate were
successfully synthesized in a two-dimensional micro space by the hydrothermal oxidation of a Cu
plate using aqueous (NH4)25:0s solution as the oxidizer. Selective crystal growth was clearly ob-
served in the two-dimensional micro space formed between the Al2Os and the Cu plates, and a
highly crystalline CuO quadrilateral nanoplate thin film was formed on the surface of the Cu plate
that faced the Al2Os plate. Similar experiments were performed by replacing the Al2Os plate by Cu,
Ti, or SUS316L plates as the substrate, to investigate the effect of the substrate facing the Cu plate.
Using different substrates resulted in significant differences in the morphology of the CuO thin film
on the Cu plate facing the substrate. The present study demonstrates that the use of a two-dimen-
sional micro space can be extremely effective in controlling the nanostructure of thin films.
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1. Introduction

Recently, cupric oxide (CuO) has been actively researched for use in a number of
applications, in sensor materials [1], catalyst materials [2], lithium-ion secondary batteries
[3], optoelectronic materials [4], pseudocapacitor electrode materials [5], and superhydro-
phobic materials [6], as well as for As(IlI) removal [7], hydrogen production [8], and pho-
tocatalytic water splitting [9]. Previous studies have shown that the properties of CuO are
greatly influenced by its nanoscale morphology and the exposed crystallographic faces
on its surface. Hence, to optimize the properties of CuO nanoparticles, it is important to
avoid random aggregation and fabricate thin films wherein the morphology, arrangement,
and aggregation of the nanoparticles are precisely controlled. Syntheses and applications
of precisely controlled nanostructured CuO thin films have been reported by several
groups [3,5,8,9]. The synthesis of ceramic nanoparticle thin films on metals (i.e.,
nanostructured ceramic thin film/metal composites) has become an active research area,
because these composites are extremely promising functional materials that combine the
excellent mechanical properties and conductivity of the metal with the specific physical
and chemical properties of the ceramic nanoparticles. Nanostructured CuO thin film/Cu
composites have been synthesized by aqueous solution techniques [10-15] and thermal
oxidation processes [16-22]. There are several reports on the uses of nanostructured CuO
thin film/Cu composites as electrochemical sensors for detecting H202[13], glucose [13],
and H-S [21]; field emission materials [18,20]; antimicrobial materials [15]; and cathodes
in dye-sensitized solar cells [10].

Nanoparticles with specific morphology and structure can be synthesized using mi-
cro-reactors [23,24], where a tube of micrometer sized diameter is used as the one-dimen-
sional reactor. The effective control of crystal growth in micro space has been reported;
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however, this method cannot be used to synthesize thin films. In the present study, we
have developed a novel method that uses a two-dimensional space that has a thickness of
micrometers with lengths and widths of the order of cm, (i.e., a two-dimensional micro
space) for the synthesis of nanostructured ceramic thin films. This method allows control-
ling the structures of ceramic thin films on the nanoscale by confining the reaction in the
micro space. It is expected that using this method, new nanostructured ceramic thin
film/metal composites with previously unreported nanostructures and morphologies
with unique chemical and physical properties can be formed due to the effect of the two-
dimensional micro space reaction. In particular, the present work is focused on the at-
tempt to synthesize a nanostructured cupric oxide thin film on the surface of a copper
plate by hydrothermal reaction in a two-dimensional micro space, using an aqueous so-
lution of (NH4)25:0s as the oxidizer. This reaction yielded CuO quadrilateral nanoplate
thin film/Cu composites, the unique structure of which could be attributed to the con-
trolled crystal growth in the two-dimensional micro space. The effect of the substrates
used for creating the two-dimensional micro space was also examined with respect to the
crystal structure and nanomorphology of the CuO thin films.

2. Methods

A two-dimensional micro space was formed on a Cu plate (20 x 20 x 0.3 mm) by con-
structing a reaction field, as shown in Figure 1. A SUS316 wire with 200 um external di-
ameter was wound over an Al20s plate (20 x 20 x 1 mm). The Al2Os plate and the Cu plate
were arranged to face each other and fixed using the SUS316 wire. Fixing these two plates
created a 200 pm gap (i.e., a two-dimensional micro space). The fixed plates were soaked
in a mixture of 1 mol/l (NH4)25:0s (2 ml), 10 mol/l NaOH (4 ml), and distilled water (9 ml),
and allowed to react hydrothermally at 120 °C for 20 h. After the reaction, the Cu plate
was repeatedly washed with distilled water and characterized. In the characterization ex-
periments, the surface of the Cu plate that faced the Al2Os plate was designated as surface
A, while the surface of the Cu plate that faced away from the Al2Os plate was designated
as surface B. A similar reaction was carried out without using the Al:Os plate, i.e., only the
Cu plate was used. The surface of this Cu plate was designated as surface C. The effect of
the composition of the substrate (that faced the Cu plate) on the crystal structure and mor-
phology of the thin film was examined using respectively, a Cu plate, a SUS316L plate, or
a Ti plate instead of the Al2Os plate, for the hydrothermal synthesis experiment. A Hitachi
S-3000N microscope was used to acquire scanning electron microscopy (SEM) images. A
Shimadzu XRD-6100 instrument with CuKa radiation was used to obtain X-ray diffraction
(XRD) patterns.
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Figure 1. Schematic representation of the formation of a two-dimensional micro space.
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3. Results and Discussion

A surface of the raw Cu plate was all smooth. Figure 2 shows the results obtained
using the AL:Os plate as the substrate. As shown in Figures 2a and 2b, a black thin film
composed of quadrilateral nanoplates with side dimensions of approximately 0.6-2.3 um
(an average side dimension of 1.43 pm) and an average thickness of ca. 160 nm was syn-
thesized on surface A. In contrast, the surface B was coated by a thin film composed of
lamellar structures with sizes of approximately 1 um or less, with uneven edges and ir-
regular shapes (Figure 2c and 2d). The SEM images of the surface C (Figure 2e and 2f)
were similar to those of surface B. The XRD pattern of surface A (Figure 3a) showed nine
sharp diffraction peaks attributed to monoclinic CuQ, along with diffraction peaks from
the Cu substrate. Two diffraction peaks attributed to Cu20 were also observed, although
their intensities were extremely low. Therefore, it was concluded that the principal crys-
tallographic phase of the nanoplate thin film was CuO. Liu et al. [12] have studied the
reaction between Cu and (NH4)25:0s aqueous solution in the presence of NaOH, and have
reported the following scheme of reactions:

Cu + 2NaOH + (NH4)25:0s = Cu(OH)2 + Na2SOs+ (NH4)2504

Cu(OH)2+20H™ — [Cu(OH)4>~

[Cu(OH):]>” — CuO+20H" +H0

Figure 2. SEM images of thin films formed on the surfaces of the Cu plate obtained using Al2Os plate
as the substrate; (a and b): surface A, (c and d): surface B, and (e and f): surface C.
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Figure 3. XRD patterns of thin films formed on the surfaces on the Cu substrates obtained using (a,
b, and ¢) Al2Os, (d) Cu, (e) SUS316L, and (f) Ti plate, as the substrate; (a, d, e, and £), surface A, (b),
surface B, and (c) surface C. Peak assignment: : CuO, H: Cu, A: Cu0.

In the present study, ions such as [Cu(OH)4]?~ generated near the surface of the Cu
plate were deposited onto the surface A of the Cu plate as CuO quadrilateral nanoplates
that form the CuO thin film. XRD patterns of the thin films synthesized on surfaces B and
C (Figure 3b and 3c) showed diffraction peaks attributed to CuO, but only a few peaks
were observed and their intensities were markedly lower than those observed on surface
A. On surface B, the intensities of the CuO peaks were lower than the intensities of the
peaks from Cu20. On surface C, the intensities of the diffraction peaks attributed to CuO
were slightly higher than those from Cu20. Therefore, it is obvious that a selective crystal
growth of CuO occurred in the two-dimensional micro space formed between the Al:Os
plate and the Cu plate, and a highly crystalline CuO quadrilateral nanoplate thin film,
which has not been reported previously, was synthesized. In the past, in the syntheses of
nanostructured ceramic thin films, structure control at the nanoscale was achieved by con-
trolling the composition, the concentrations of the precursor solutions and the reaction
temperature, or by using structure directing agents such as surfactants. The present study
revealed that a two-dimensional micro space can be extremely effective for the controlled
synthesis of nanostructured materials. The possible sequence of events in this process of
crystal growth in a two-dimensional micro space can be described as follows: (1) the two-
dimensional micro space moderately inhibited the diffusion of the raw material, and the
generation and diffusion of CuO precursor ions near the Cu plate surface, (2) the rates of
nucleation and crystal growth decreased, and (3) quadrilateral nanoplates with uniform
sizes and shapes were selectively synthesized. Zou et al. [25] reported the formation of
well-aligned arrays of monoclinic CuO nanoplatelets on the walls of a teflon container,
but the corresponding SEM images were significantly different from those observed in
our case. It was explained that this particular morphology was the result of a preferred
orientation of the nanoplatelets along the [010] direction. Moura et al. [26] reported aggre-
gates of monoclinic CuO plates with quadrilateral shapes and elucidated that CuO crys-
tals grow preferentially along the [100] and [010] to form plates. Taking into account the
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two reports, we suppose that in our study, CuO crystals grew from the Cu substrate along
the [010] direction vertically aligned with the Cu substrate and in the [100] direction when
aligned parallel to the Cu substrate. On surfaces B and C, in the absence of a two-dimen-
sional micro space, the diffusion of the raw material, and the generation and diffusion of
CuO precursor ions near the Cu plate surface readily occurred. Consequently, the rate of
nucleation and crystal growth increased, resulting in the synthesis of thin films composed
of poorly crystallized CuO and Cu20 nanoparticles with different shapes with two-dimen-
sional morphology.

Figure 4. SEM images of thin films formed on surface A of the Cu substrates obtained using (a) Cu,
(b) SUS316L, and (c) Ti plate, as the substrate instead of the Al2Os plate.

Similar experiments were conducted by substituting the Al2Os plate by a Cu, Ti, or
SUS316L plate as the substrate, to investigate the effect of the nature of the substrate facing
the Cu plate. All these substrates showed significant differences in morphology between
the surfaces of the Cu plate facing the substrate (surface A) and the other surface (surface
B). Figure 4 shows the SEM images of surface A of the Cu plate obtained while using these
alternative substrates. These images indicate the preferential formation of thin films com-
posed of particles with a two-dimensional morphology on surface A, clearly demonstrat-
ing a selective crystal growth in the two-dimensional micro space. However, the two-di-
mensional morphology differed greatly depending on the nature of the substrate used.
Formation of a two-dimensional micro space using two Cu plates gave rise to thin films
composed of quadrilateral nanoplates of approximately 0.8-2.4 um (an average dimen-
sion of 1.41 um) on each side of the surface A (Figure 4a), which are similar to those (Fig-
ure 2a and 2b) on obtained surface A using the Al2Os plate. The average thickness of the
quadrilateral nanoplates, ca. 280 nm, synthesized using the Cu plate as the substrate, was
slightly larger than of that synthesized using the Al2Os plate as the substrate (ca. 160 nm).
This thickness difference is probably due to the larger number of complex ions generated
by the CuO precursor in the two-dimensional micro space between the two Cu plates than
between the Al:Os and Cu plates. Using the SUS316L plate resulted in the synthesis of a
thin film composed of thin quadrilateral nanoplates on surface A (Figure 4b). The quadri-
lateral nanoplates obtained using the SUS316L are larger and thinner than those obtained
using the Al2Os and Cu plates. Although SUS316L is a corrosion-resistant substance used
in biomaterials, trace elements eluted from SUS316L into the NaOH solution during the
hydrothermal reaction may have a slight influence on the growth of CuO crystals. The
silver color of the SUS316L plate changed to brown after the reaction. The XRD patterns
(Figure 3d and 3e) of surface A obtained using the Cu and SUS316 plates were similar to
that on surface A obtained using the Al20s plate (Figure 3a), which confirmed the for-
mation of highly crystalline CuO. Using the Ti plate resulted in thin films composed of
plates of ca. 1.0 um with bulky particles of several pm or more in size (Figure 4c). The
XRD patterns of this thin film (Figure 3f) revealed diffraction peaks attributed to CuO.
The intensities of these diffraction peaks were markedly lower than the CuO peaks in the
XRD patterns of the quadrilateral nanoplate thin film (Figures 3a, 3d and 3e), indicating
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the extremely low crystallinity of CuO in the plates. Ti plate is known to react with aque-
ous NaOH solution to form sodium titanate. In the present study, during the reaction, a
large amount of Ti chemical species generated from the Ti plate adsorbed onto the CuO
surface due to which the crystal growth of CuO was inhibited to some extent and resulted
in the CuO plates with low crystallinity. These results suggest that by changing the nature
of the substrate in the formation of the two-dimensional micro space on the surface of the
Cu plate, a precise control of the nanostructure of CuO thin films can be achieved.

4. Conclusions

In the present study, the use of a two-dimensional micro space as a reaction field
resulted in the successful synthesis of a thin film composed of quadrilateral CuO nano-
plates on the surface of a Cu plate. This thin film combines the excellent mechanical prop-
erties and conductivity of the Cu plate, and the particular chemical properties related to
the controlled morphology of the CuO quadrilateral nanoplates. Hence, this composite
material has potential applications as a material for sensors, catalysts, and batteries. The
synthetic strategy developed in the present study, where a two-dimensional micro space
was used as a reaction field, can be applied for the synthesis of novel ceramic thin
film/metal composites with a variety of tailored nanostructures.

Author Contributions: Conceptualization, M.Y. and Y.I; methodology, Y.I; investigation, M.Y.; re-
sources, M.Y.; data curation, M.Y.; writing —review and editing, M.Y.; visualization, M.Y. and Y.I;
supervision, M.Y.; project administration, M.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding
Institutional Review Board Statement: Not applicable

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Authors thank Mr. Seiji Otsuka for his contributions to data acquisitions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sun, S; Zhang, X,; Sun, Y.; Yang, S.; Song, X.; Yang, Z. Facile Water-Assisted Synthesis of Cupric Oxide Nanourchins and Their
Application as Nonenzymatic Glucose Biosensor. ACS Appl. Mater. Interfaces 2013, 5, 4429-4437.

2. Svintsitskiy, D.A.; Kardash, T.Y.; Stonkus, O.A; Slavinskaya, E.M.; Stadnichenko, A.IL; Koscheev, S.V.; Chupakhin, A.P.; Boronin.
A.L In Situ XRD, XPS, TEM, and TPR Study of Highly Active in CO Oxidation CuO Nanopowders. J. Phys. Chem. C 2013, 117,
14588-14599.

3. Pecquenard, B.; Cras, F.L.; Poinot, D.; Sicardy, O.; Manaud, J.-P. Thorough Characterization of Sputtered CuO Thin Films Used
as Conversion Material Electrodes for Lithium Batteries. ACS Appl. Mater. Interfaces 2014, 6, 3413-3420.

4. Manna, S.; Das, K,; De, S.K. Template-Free Synthesis of Mesoporous CuO Dandelion Structures For Optoelectronic Applications.
ACS Appl. Mater. Interfaces 2010, 2, 1536-1542.

5. Nwanya, A.C,; Obji, D.; Ozoemena, K.I; Osuji, R.U.; Awada, C.; Ruediger, A.; Maaza, M.; Rosei, F.; Ezema, F.I. Facile Synthesis
of Nanosheet-like CuO Film and its Potential Application as a High-Performance Pseudocapacitor Electrode. Electrochimica Acta
2016, 198, 220-230.

6. Basu, M,; Sinha, A.K,; Pradhan, M.; Sarkar, S.; Negishi, Y.; Pal, T. Fabrication and Functionalization of CuO for Tuning Super-
hydrophobic Thin Film and Cotton Wool. . Phys. Chem. C 2011, 115, 20953-20963.

7. Yu, X.-Y,; Xu, R.-X;; Gao, C.; Luo, T;; Jia, Y.; Liu, ].-H.; Huang, X.-J. Novel 3D Hierarchical Cotton-Candy-Like CuO: Surfactant-
Free Solvothermal Synthesis and Application in As(IIl) Removal. ACS Appl. Mater. Interfaces 2012, 4, 1954-1962.

8.  Artioli, G.A.; Mancini, A.; Barbieri, V.R.; Quattrini, M.C.; Quartarone, E.; Mozzati, M.C.; Drera, G.; Sangaletti, L.; Gombac, V.;
Fornasiero, P.; Malavasi, L. Correlation between Deposition Parameters and Hydrogen Production in CuO Nanostructured Thin
Films. Langmuir 2016, 32, 1510-1520.

9. Lim, Y.-F,; Chua, C.S; Lee, C.J.].; Chi, D. Sol-gel deposited Cu20 and CuO thin films for photocatalytic water splitting, Phys.
Chem. Chem. Phys. 2014, 16, 25928-25934.

10. Anandan, S.; Wen, X,; Yang, S. Room temperature growth of CuO nanorod arrays on copper and their application as a cathode

in dye-sensitized solar cells. Mater. Chem. Phys. 2005, 93, 35-40.



Eng. Proc. 2023, 5, x FOR PEER REVIEW 7 of4

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.
25.

26.

Zhang, W.; Ding, S.; Yang, Z; Liu, A.; Qian, Y.; Tang, S.; Yang, S. Growth of novel nanostructured copper oxide (CuO) films on
copper foil. ]. Cryst. Growth 2006, 291, 479-484.

Liu, Y.; Chu, Y.; Zhuo, Y.; Li, M.; Li, L.; Dong, L. Anion-Controlled Construction of CuO Honeycombs and Flowerlike Assemblies
on Copper Foils. Cryst. Growth Des. 2007, 7, 467—-470.

Zhang, X.; Wang, G.; Zhang, W.; Hu, N.; Wu, H.; Fang, B. Seed-Mediated Growth Method for Epitaxial Array of CuO Nanowires
on Surface of Cu Nanostructures and Its Application as a Glucose Sensor. J. Phys. Chem. C 2008, 112, 8856-8862.

Jana, S.; Das, S.; Das, N.S.; Chattopadhyay, K.K. CuO nanostructures on copper foil by a simple wet chemical route at room
temperature. Mater. Res. Bull. 2010, 45, 693-698.

Ekthammathat, N.; Thongtem, T.; Thongtem, S. Antimicrobial activities of CuO films deposited on Cu foils by solution chemis-
try. Appl. Surf. Sci. 2013, 277, 211-217.

Jiang, X.; Herricks, T.; Xia, Y. CuO Nanowires Can Be Synthesized by Heating Copper Substrates in Air. Nano Letters 2002, 2,
1333-1338.

Xu, C.H.; Woo, C.H,; Shi, 5.Q. Formation of CuO nanowires on Cu foil. Chem. Phys. Lett. 2004, 399, 62—66.

Zhu, YW.; Yu, T.; Cheong, F.C.; Xu, X.J.; Lim, C.T; Tan, V.B.C,; Thong, ].T.L.; Sow, C.H. Large-scale synthesis and field emission
properties of vertically oriented CuO nanowire films. Nanotechnology 2005, 16, 88-92.

Kaur, M.; Muthe, K.P.; Despande, S.K.; Choudhury, S.; Singh, J.B.; Verma, N.; Gupta, S.K.; Yakhmi, ].V. Growth and branching
of CuO nanowires by thermal oxidation of copper. J. Cryst. Growth 2006, 289, 670-675.

Liu, Y.; Liao, L.; Li, J.; Pan, C. From Copper Nanocrystalline to CuO Nanoneedle Array: Synthesis, Growth Mechanism, and
Properties. J. Phys. Chem. C 2007, 111, 5050-5056.

Chen, J.; Wang, K.; Hartman, L.; Zhou, W. HzS Detection by Vertically Aligned CuO Nanowire Array Sensors. ]. Phys. Chem. C
2008, 112, 16017-16021.

Djebian, R.; Boudjema, B.; Kabir, A.; Sedrati, C. Physical characterization of CuO thin films obtained by thermal oxidation of
vacuum evaporated Cu. Solid State Sci. 2020, 101, 106147.

Chang C.-H.; Paul, B.K;; Remcho, V.T.; Atre, S.; Hutchison, ]J. E. Synthesis and post-processing of nanomaterials using microre-
action technology. J. Nanopart. Res. 2008, 10, 965-980.

Zhao, C.-X,; He, L.; Qiao, 5.Z.; Middelberg A.P.J. Nanoparticle synthesis in microreactors. Chem. Eng. Sci. 2011, 66, 1463-1479.
Zou, G.; Li, H,; Zhang, D.; Xiong, K,; Dong, C.; Qian, Y. Well-Aligned Arrays of CuO Nanoplatelets. J. Phys. Chem. B 2006, 110,
1632-1637.

Moura, A.P.; Cavalcante, L.S.; Sczancoski, ].C.; Stroppa, D.G; Paris, E.C.; Ramirez, A.]. Adv. Powder Tech. 2010, 21, 197-202.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



