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Mechanism study of metallic oxide nanorods fabricated by submerged

photosynthesis of crystallites
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The research utilizes submerged photosysnthesis of crystallites (SPSC)
method for metallic oxide nanostructures fabrication. Further, galvanic reaction was incorporated
for facile Zn0/Cu0 hetero-nanorods synthesis. To elucidate the growth mechanism, STEM-VEELS,
electron density of states (DOS) calculation based on crystal model, as well as optical reponse
measurement were performed on the Zn0/Cu0 junction. On the basis of TEM observation, Zn0/Cu0
junction was established on {110} plane with <0.5% lattice mismatch. DOS calculation showed
electrons transfer from Cu0 to ZnO, and interaction between interstitial Zn (1Zn) and oxygen vacancy
(Vo) is the reason for Zn0/Cu0 inheritance optical response.
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1. WFERMA LRI DO &

The research focused on fabrication of metallic oxide
nanostructures via submerged photosynthesis of crystallites Light-induced
(SPSC) method. SPSC utilizes UV to visible light illumination o
towards uneven metallic surface (nanobump) in water. It was o A¢ Rl
proven that under ambient environment, SPSC can fabricate - .
large scale surface of nanorods with Hsz gas production via
photo-induced water splitting, which can be advantageous for Ppr
real industry applications. The photo-induced water splitting
occurs on the tip of nanobump, caused by oxygen vacancies
(Fig. 1) (M. Jeem et al., Nano Lett. 17, 2088-2093 (2017)). For
ZnO nanorods case, this resulted a unique ZnO apical growth
at the local cathodic, while Zn — Zn2* + 2e reaction occurs at the local anodic.
Further, a galvanic reaction can be combined to fabricate hetero-nanostructures of ZnO-M
(M: Cu, Au, Pt, Ag, W, Ni) (K. Hiraiwa et al., App. Sur. Sci. 489, 269-277 (2019)). A general
SPSC growth reaction is given by mM + nH20 + hv — MnOn + nHz (g), which explains light
absorption (hv) of metal M for metallic oxide MnOn growth. However, although a similar
nanorods morphology observed, a unified growth mechanism of those hetero-nanostructures
under galvanic combined SPSC was not clearly understood.
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Fig. 1. Photo-induced water
splitting in SPSC.

2. MHEOEM
The research objective is to elucidate a growth mechanism for various metallic oxide nano-
heterostructure under SPSC.

3. WD L

Metallic surface (Cu, Au, Pt, Ag, W, Ni) was first annealed or sputtered with oxide film to
enable ZnO growth. For example, Cu mesh was annealed from 400 — 500 °C to get dense CuO
nanowires surface. Then, the CuO nanowires mesh and Zn foil were attached by spot welding
to make a galvanic contact. For SPSC treatment, the sample was immersed in distilled water
and UV-irradiated for 24~72 hours to obtain ZnO/CuO hetero-nanostructure. ZnO nanorods
were successfully grown on the CuO nanowires to exhibit a nanoforest morphology. Surface
characterization and crystal analyses were performed with electron microscopy (FE-SEM and
S/TEM) and X-ray diffraction (XRD). In particular, high-resolution TEM (HRTEM)
observation, valence electron energy-loss spectroscopy in STEM (STEM-VEELS), and ab-
initio calculation were performed on the boundary region of ZnO/CuO to obtain crystal defects
information and their electrons density of states. Physical properties were analyzed via
photoluminescence (PL) and cathodoluminescence (CL) measurements, as well as
photoelectrochemical response.

4. WFZERR

As shown through HRTEM observation, ZnO(001) and CuO (001) established the ZnO/CuO
junction, with a mixed impurity of ZnCuO:z compound (Fig. 2a). In particular, a ZnO(110)
surface is more predominant throughout the surface of a ZnO nanorod grown on a CuO
surface. While energy relaxation for the interface occurrence could driven the ZnO(110)
surface, light irradiation effect is not trivial for the formation, as previous research have
found that a local-oxygen deficient will enhance a photo-induced ZnO nanorods growth(M.
Jeem et al.,, Nano Lett. 17, 2088-2093 (2017)). On a side note, a ~0.15 A shrinkage of
Zn0(001) and CuO(001) region occurred at the interface (Fig. 2b), plausibly due to Jahn-
Teller effect where electrons transfer affected the atomic coordination. Based on UV-Vis
absorption spectra, the ZnO/CuO heterostructure will exhibit a peculiar absorption at ~530
nm region. Reported articles reasoned antisite defects, vacancies, band bending that resulted
this absorption behavior. However, there is no solid discussion in case of using the optimized
interface geometry that manifest this absorption property. This has been elucidated through
STEM-EELS measurement on the ZnO/CuO interface and its DFT calculation.
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Fig. 2 (a) HRTEM image of ZnO/CuO heterostructure with marked ZnO, ZnO/CuO, and CuO
region. Bottom images are ZnCuO2 FFT pattern obtained from red marked area and its FFT
image, respectively. (b) TEM 1nm beam diffraction patterns respective to the ZnO, ZnO/CuO,
and CuO lattice in (a).

In reference to TEM data, a ZnO(001) and CuO(001) surface were cleaved to create the
ZnO/CuO interface, having equivalent ZnO/CuO mass of Zn:Cu:0 to 12:12:24. The geometry
was optimized through a vacuum slab (Fig. 3a). The relaxed geometry is in agreement with
the plane distances in Fig. 2b, where ZnO (001) could be stretched toward shared oxygen with
CuO. This behavior can be qualitatively observed through the electron transfer (Fig. 3a
bottom), where electron density affinity is more pronounced in ZnO. Achieving this interface,
an interband energy at 0.5 eV and 2.0 eV were established, due to electrons occupancy in Zn
3p and Cu 3p, respectively. The ZnCuOz2 bulk composition was determined by referring to the
chemical map at the interface, where Zn is rich and deficient with copper and oxygen. Clearly,
there is no interband energy in the ZnCuOz bulk but both interface and ZnCuO2 shared ZnO
bandgap energy of 3.3 eV. It is difficult to discuss the dielectric function peaks behavior, but
using the dielectric functions, optical absorption can be interpreted in parallel with STEM-
VEELS measurement (Fig. 4).

The dielectric function behavior of ZnO/CuO interface can be verified through mixing of
calculated ZnO/CuO and ZnCuO:. This collective electron propagation and absorption
affected the interface absorption and formation. Firstly, electron transfer of Cu 3d and O 2p
from the valence band occurred both in interface and ZnCuOz. The interface is predominant
for the 2.0 eV absorption peak, while both can lead the absorption at 3.5 eV. In view of 2.0 eV
through the band bending of ZnO/CuO, this is the energy required to electrons in CuO and
give rise to hole formation in ZnO to create a quasi point-defect in the interface dimension.
The Cu 3p held responsible for the electron departure from CuO to ZnO, creating electrons
occupancy at 0.5 eV of Zn 3p, and thus establish a hole formation in ZnO band. The electron
transfer efficiency could be damped by vacancies in CuO, as well as non-stoichiometric
ZnCuOs. However, non-stoichiometric ZnCuOz does not play a key role to determine the peak
shift of the interface absorption. Presumably, due to the dimensionality occupied by efficient
electrons transfer at the interface, along with the vacancies, resulted the continuous mixing
of ZnO and CuO until 40 nm at the ZnO/CuO region.

This research essentially has provided an in-depth discussion for ZnO/CuO opto-functional
enhancement, opening a perspective in advancing nano-heterostructure and interface design.
Furthermore, the combination of known hydrothermal method with light-induced synthesis
also has patched a meaningful gateway to producing materials and devices with novel opto-
functional properties.
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Fig. 3 (a) Optimized Zn0(001)/CuO(001) interface structure. Bottom images are electron
density difference mapping for CuO(001), ZnO(001), and their hetero-interface, respectively.
(b) PDOS for Zn0(001)/Cu0(001) interface and bulk ZnCuOs, respectively. (d-e) Calculated
dielectric function (e) and absorption coefficient (a) for both structures, respectively.
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Fig. 4 (a-b) Comparison between calculated and experimental complex ¢ and absorption
constant (a). Red and green lines are calculated ZnO(001)/Cu0(001) interface and ZnCuOg,
while black lines are spectra from STEM-VEELS results. (b) STEM-EELS mapping on a
single ZnO nanorod grown on the CuO surface.
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