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ABSTRACT

Vertically-aligned tree-like semiconductor structures have been studied exten-

sively for solar cell construction and optical device fabrication. The inspiration in

architecture comes from mimicking natural trees by collecting photons with branches,

transferring electrons through stems, and rendering e�ective charge carriers separation.

ZnO is a promising n-type semiconductor with a wide band gap. It is considered

as an alternative material to pristine TiO2 since ZnO facilitates high electron binding

energy, fast electron mobility, morphological diversity, etc. However, ZnO can only

absorb UV light, which contributes 4% of the solar spectrum, and high electron-hole

recombination rate is also challenging for the e�ciency of photovoltaic conversion.

These drawbacks limit its application in photocatalysis and solar energy conversion

at an industrial scale. Therefore, modi�cation, which could improve the solar energy

utilization and photoelectrochemical conversion e�ciency, is the key topic regarding

the application of ZnO in solar cells and optical devices.

One solution is to modify ZnO with an appropriate semiconductor. CdSSe is

a n-type alloy semiconductor made of CdS and CdSe. Its band gap structure can be

simply tailored by adjusting the ratio between S and Se. CdSSe shows excellent light

emitting performance. CuO and Cu2O are p-type semiconductors with narrow band

gaps. These three semiconductors have narrower band gaps, so this modi�cation would

lead to broader solar light absorption range and facilitate separation between electrons

and holes.

In this work, design, synthesis methods, characteristics, and applications in

photoelectrochemical catalysis of vertically-aligned tree-like semiconductors with ZnO

nanorods as stems were demonstrated. ZnO/CdSSe nanotrees with n-n heterojunction,

were prepared via chemical vapor deposition technique and unique Z-scheme electron

xiv



transfer mode was con�rmed via time-correlated single photon counting technique.

Next, ZnO/CuO nanotrees were synthesized via two-step hydrothermal technique. The

n-p heterojunction between ZnO and CuO was veri�ed to have high photocatalysis per-

formance in ascorbic acid or toluene sensing. ZnO/Au/CuxO nanoforest was fabricated

with hydrothermal-prepared ZnO, followed by gold coating and electro-deposited CuxO

growth. With n-m-p heterojunction, ZnO/Au/CuxO nanoforest shows not only fast

electron transport, but also broad light absorption range.

xv



Chapter 1

INTRODUCTION

1.1 Background and Motivation

1.1.1 Hierarchical Structures in Nature

The surface of a lotus leave has highly-organized features in two levels of dimen-

sional domains, microscale and nanoscale[1, 2]. This kind of surface, shows hierarchical

manner which has a great e�ect on their interfaces[1, 3, 4], shown in Fig. 1.1. This

hierarchical micro-/nano-scale surface texturing provides larger surface area to enhance

light harvesting in photosynthesis, and self-cleaning function to make the surface clean

itself by repelling water and rolling dust o�.

The self cleaning property is attributed to superhydrophobicity of the surface.

The multi-dimension stacking increases the surface roughness, leading to repelling wa-

ter drops and a higher water contact angle[1, 2, 3]. The hierarchical structure with

a water contact angle of more than 150◦ and contact angle hysteresis less than 10◦

is called superhydrophobic surface with extreme water resistance and superior self-

cleaning function[1].

Roughness-induced superhydrophobicity and the mechanism of water-repelling

have attracted much attention and have been investigated vastly. Wettability is the

ability of a liquid phase to maintain contact with a solid surface, which is determined by

a force balance between adhesive and cohesive forces. At least two states in gas, liquid,

and solid are involved in wetting behaviors. Adhesive forces occur between liquid and

solid, causing the liquid to spread on the surface while cohesive forces are de�ned in

the liquid phase which makes the drop to ball up without contacting the surface. The

angle at the balance between adhesive and cohesive forces is called the contact angle.
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The contact angle is de�ned as the angle between the liquid�gas interface and the solid-

liquid interface. Because contact angle is feasible to measure, instead of adhesive and

cohesive forces, it is often used to determine the wettability of a surface. In general,

the surface with a contact angle less than 90◦ is indicated favorable wetting, or termed

hydrophilic. Greater than 90◦ shows unfavorable wetting, or termed hydrophobic[5].

Superhydrophilicity means the contact angle is almost zero and superhydrophobicity

means almost no contact between the liquid drop and the surface.[6, 7]

Wenzel model and Cassie-Baxter model are the most popular wetting models[5],

shown in Figure 1.2[2]. Wenzel model is also called homogeneous model. This is be-

cause the wetting liquid is allowed to penetrate grooves on the surface and the roughness

grooves are completely occupied by the wetting liquid. So in Wenzel model, the surface

can be wetted easily. Cassie-Baxter composite, which is called heterogeneous model,

stands for the wetting mode when air pockets are trapped in grooves to prevent the

liquid from immersing the roughness grooves. These two models may switch during

surface modi�cations or both may exist on one uneven surface. Both models can pro-

vide hydrophobic surface but only the latter has the potential to be superhydrophobic

surface[2].
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Figure 1.1: SEM images of lotus leaf surface(a) and a water droplet sitting on a lotus
leaf(b). Reprinted with permission from [1].
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Figure 1.2: Cartoons of the Cassie-Baxter state (A) in a drop (top) and a bulk liquid
(bottom). and Same as for the Wenzel state (B) in a drop (top) and a
bulk liquid (bottom). Reprinted with permission from [2].

1.1.2 Hierarchical Structures of Semiconductors

To mimic this marvelous design of tree-like structures, arti�cial hierarchical ma-

terials have recently attracted extensive interests [8, 9]. Among them, semiconductors

are the most attractive building blocks since they have the ability to absorb and convert

solar energy to electricity or other energy forms. The pioneering synthesis of three-

dimensional hierarchical semiconductors was reported by Yang et al[10]. In Yang et

al.'s article, three medal oxides, porous silica, niobia, and titania, were synthesized in

multiple length scales by a combination of micromolding, polystyrene sphere templat-

ing, and cooperative assembly. After this, considerable multifunctional semiconductor

materials were found to be promising candidates for hierarchical architecture, including

metal oxides[11, 12, 13, 14], sul�des[15, 16, 17],III-V semiconductors[18, 19], etc.
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Hierarchical semiconductors are referred to the nanostructured semiconductors

having at least two dimensional levels of identical or di�erent semiconductors. With

proper design and engineering, the morphology of hierarchical structures of semicon-

ductors would have increased surface area[20, 21], and boosted light harvesting[22, 23],

and self-cleaning property[24], compared to random nanoparticles and nanorods. Fur-

thermore, the proper junction formation could enhance electron di�usion[25, 26, 22],

and accelerate surface reaction[27, 28].

Notably, self-cleaning function is critical for solar cells and optical devices in

real environments. Dust accumulation or water spill-induced contamination on device

surfaces can a�ect the power e�ciency and performance terribly, so to overcome the

problem, integrating a superhydrophobic surface with self-cleaning function is desirable.

These outstanding features make hierarchical semiconductors promising materials for

heterogeneous photocatalysis and photovoltaic conversion[22, 29, 30].

1.1.3 ZnO-based Hierarchical Structures

Devices based on eco-friendly semiconductors in hierarchical structure have been

investigated deeply to enhance the device performance without triggering potential pol-

lution by leftover of retired devices[31]. ZnO is an important II-VI semiconductor with

a band gap of 3.3 eV[32], featuring high electron mobility, large exciton binding energy,

good stability, biological compatibility, and high abundance[32, 33, 34]. This is a non-

toxic �green� material with low cost compared to heavy metal-based semiconductors.

Therefore, ZnO is considered a promising material for optical devices, solar cells, and

photocatalysts. Compared to TiO2, ZnO has 10 to 100 times higher electron mobility,

lower electrical resistance and higher electron-transfer e�ciency.[34] In addition, ZnO

can be prepared in a wide range of nanostructured morphologies like nanowires, [35, 36]

nanorods, [37] nanohelices, [38] nanocones, [39] and nanotetrapods [40]. The di�erent

morphologies can be used as platforms for modi�cations with functional materials for

tailoring the properties of the resulting nanocomposite [41].
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The high performance in photocatalysis of ZnO is partly attributed to its elec-

tron con�guration. Zn has completely �lled 3d orbitals and �lled 4s orbitals so Zn2+

in ZnO has electron con�guration of [Ar]3d10. Under UV illumination, electrons in

the valence band (VB) of ZnO are excited to the conduction band (CB) leaving holes.

In this case, the VB of ZnO is contributed by d-states only and the conduction band

contributed by s�p hybridized orbitals. Since the dissimilar parity of orbital natures

between CB and VB, the transition of electrons from CB to VB is more di�cult so

the recombination probability would be reduced and the lifetime of carriers can be

increased[42, 43, 44, 45]. Longer lifetime of carriers ensures that the excitons can dif-

fuse to the surface and initiate photo-induced reaction. Most transition metal oxide

semiconductors have partially �lled 3d orbitals, resulting in relatively high recombina-

tion rate. ZnO is naturally n-type due to native donor defects such as oxygen vacancies

and interstitial zinc atoms in the growth process. Although arti�cial p-type doping is

feasible to obtain as well[46], self compensation e�ect by native defects is a bottleneck

and p-type ZnO is not long-lasting as n-type ZnO[47]. Hence, only natural n-type ZnO

was explored in this dissertation.

However, the drawbacks of ZnO cannot be neglected. It does not absorb visible

light, which only takes 4% of the solar energy. Furthermore, like other semiconductors,

charge carrier recombination is still challenging in bare ZnO materials, which gives rise

to low photovoltaic e�ciency and poor photocatalytic ability. To broaden the absorp-

tion wavelength range to utilize the majority visible lights of solar energy, a variety of

materials absorbing visible light have been used as sensitizers to compensate ZnO for

solar energy applications, such as narrow-gap semiconductors[48], dye molecules[49],

and photosensitive polymers[50].

Among these modi�cations, narrow-gap semiconductors are of great interest.

This is because they can not only expand light absorption spectrum, but also form

di�erent types of heterojunctions with ZnO that can be exploited to modify the charge

separation process. Another reason is, compared to organic molecules, narrow-gap
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semiconductors are stable and durable in real environment, easy to form desired mor-

phologies, heat-resistant and suitable for devices that need to withstand high temper-

ature.

To achieve this objective, a number of narrow-band-gap semiconductors have

been reported that can help ZnO make progress. Broadly speaking, the narrow-band-

gap engineering with ZnO can be classi�ed into two main categories according the the

doping types: n-n heterojunction such as CdS and CdSe[51, 52, 53];p-n heterojunction

such as CuO and Cu2O[54, 13, 55, 12].

The synthesis of two-dimensional hierarchical ZnO-based structures basically

requires two steps of processing. The �rst step is the development of ZnO nanostruc-

tures as the base material. ZnO can be synthesized di�ering in morphology, size and

spatial structure with variable techniques. Chemical or physical vapor deposition[56,

57, 58], wet chemical route[59, 60, 61], hydrothermal synthesis[62, 63, 64], the sol-

gel process[65, 66, 67], etc have been reported. Subsequently, the deposition of the

nanoscale secondary materials should be attached to ZnO nanowires. To ensure the

successful electron exchange between two semiconductors, the interface quality is rather

important. Thus, the design ensuring e�cient electron transfer pattern is the key ques-

tion that should be addressed carefully for hierarchical structure construction.

1.2 Outline of Dissertation

The thesis is organized in the following order: Chapter 1 introduces the back-

ground of hierarchical semiconductors and the basic properties of ZnO.

Chapter 2 focuses on the experimental methods. It discusses chemicals and

instruments used in this dissertation, and techniques of synthesis like chemical vapor

deposition (CVD), hydrothermal and electrochemical deposition and characterization

by microscopy, spectroscopy and electrochemistry.

Chapter 3 presents the background and motivation for fabrication of ZnO/CdSSe
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nanotrees and their characterization. Furthermore, time-correlated single photon count-

ing technique is utilized to determine the Z-scheme electron transfer across n-n het-

erojunction between ZnO and CdSSe. This chapter is reprinted with permission from

[68].

Chapter 4 displays synthesis mechanism of ZnO/CuO nanotrees and facilitates

a discussion of its photoelectrochemical properties and applications in sensing elec-

trochemically active ascorbic acid and electrochemically inert toluene in aqueous and

acetonitrile solutions, respectively. This chapter is reprinted with permission from [69].

Chapter 5 shows superhydrophobicity of ZnO/Au/CuxO nanotrees and an in-

vestigation of the role that Au plays in the ZnO/CuxO heterojunction as well as the

mechanism of carrier consumption in water solution under xenon illumination.

Chapter 6 compares ZnO-based heterojunctions in di�erent types of nanotrees

and concludes with discussing the key concern in synthesis of hierarchical structures

of semiconductor that will guide future processing of hierarchical architecture of semi-

conductor and the dynamics of carrier transfer in n-n, n-p, and n-m-p heterojunctions.
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Chapter 2

EXPERIMENTAL SECTION

2.1 Synthesis of ZnO Vertically-aligned Nanowires

2.1.1 Chemical Vapor Deposition via Thermal Carbon Reaction

ZnO nanopowder and activated carbon were purchased from Sigma-Aldrich,

USA and Alpha, USA, respectively. 10-nm-thick gold was coated on sapphire slides

using a Cressington 308 coating system.

ZnO nanopowder and activated carbon were mixed with wt%:wt% of 50:50 in

ethanol and sonicated in water bath for 30 minutes, then dried at 80◦C. The ZnO

carbon (ZnO/C) mixture was placed in an alumina boat. Gold-coated sapphire plates

were placed on the top of the alumina boat with the gold-coated side facing down. The

alumina boat was placed in the center of the quartz tube in a horizontal tube furnace

(Lindberg Blue M). The thermal carbon reaction was taken at 900 ◦C with a slope of

80 ◦C/min under argon purging with �ow rate of 40 sccm for 2 hours and open to the

air for the next 3 hours.

2.1.2 Innovative Hydrothermal Technique

2.1.3 Chemicals

Zinc acetate dihydrate (Zn(CH3COO)2 · 2H2O, 98.0% -101.0%, Alfa Asear) and

copper acetate monohydrate (Cu(CH3COO)2· H2O, 98+%, Acros Organics) were used

as ZnO and CuO seeding precursors, respectively. Zinc nitrate hexahydrate (Zn(NO3)2·

6H2O, 99+%, Fisher) and hexamethylenetetramine (HTMA, (CH2)6N4, 99+%, Alfa

Asear) were used for ZnO hydrothermal growth.

For the formation of the ZnO seed layer, a 5 mM solution of Zn(CH3COO)2 in

ethanol was prepared and sonicated for 5 min. ITO coated glass slides (2×1×0.1 cm)
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were cleaned and sonicated in ethanol for 5 min. Preparation of the ZnO seed layer

involved �ve cycles of the following procedure: The clean ITO glass was immersed into

10 mL of 5 mM Zn(CH3COO)2 for 3 s, rinsed with ethanol, and dried under N2 at room

temperature. Subsequently, the seeded sample was annealed in a furnace at 350 °C for

45 min in the air. Two cycles of this procedure were conducted to produce a uniform

seed layer on the surface of the ITO slide.

For hydrothermal growth of ZnO nanowires, a 5 mM solution of Zn(NO3)2 and

HTMA in water was prepared with a mole ratio of 1:1. A ZnO-seeded ITO glass was

placed on a silica ring with the seed layer facing down in a Te�on liner. The Te�on liner

was placed in an autoclave and �lled with 10 mL of the Zn(NO3)2/HTMA solution.

Hydrothermal growth was performed in the sealed autoclave at 90 °C. The autoclave

was removed after 5 h. The growth procedure was repeated three times to achieve the

desired length of the nanowires.

In conventional hydrothermal growth experiments, the substrate was placed

with seed face up and submerged in precursor of concentration 20 to 100 mM[70,

71, 72, 73, 74, 75]. Compared to the conventional technique, this work consists of two

innovations: First, silica ring support was utilized for placing the seed face down so that

nanowires grow vertically without unexpected accumulation. And second, three cycles

of less concentrated precursor were used instead of one cycle with normal concentration

to grow thin and long wires.

2.2 Chemical Vapor Deposition of CdSSe Alloy Semiconductor

CdS and CdSe powder purchased from Sigma-Aldrich, USA, were mixed with

a wt%:wt% of 50:50 and placed in an alumina boat. The alumina boat was placed in

the center of the quartz tube, and the ZnO nanowire coated sapphire slide was placed

10 cm downstream from the CdSSe boat. The reaction temperature was 820 ◦C with

a slope of 80 ◦C/min and an argon �ow rate of 40 sccm.
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2.3 Hydrothermal Technique of CuO Deposition

2.3.1 Chemicals

Copper acetate monohydrate (Cu(CH3COO)2· H2O, 98+%, Acros Organics)

was used as CuO seeding precursor. Copper nitrate trihydrate (Cu(NO3)2· 3H2O,

99%, ACROS Organics) and hexamethylenetetramine (HTMA, (CH2)6N4, 99+%, Alfa

Asear) were used for CuO hydrothermal growth. In terms of CuO seed layer on ZnO

nanowires, the as-prepared ZnO substrate was wetted in 10 mL of 5 mMCu(CH3COOH)2

solution for 10 s, rinsed with ethanol, and dried with N2 at room temperature. This

procedure was repeated 4 times followed by annealing in a furnace at 250 °C for 2.5 h

in the air.

The precursor for CuO hydrothermal growth is a 2 mM solution of Cu(NO3)2

and HTMA in water prepared with a mole ratio of 1:1. The CuO-seeded ZnO slide was

positioned on the silica support ring with the seeded face down inside a Te�on liner.

The liner was placed in an autoclave and �lled with the prepared precursor solution.

The sealed autoclave was heated at 90 °C for 5 h.

Finally, the sample was annealed for 30 min at 250 °C exposed to the air for

converting remaining Cu(OH)2 into CuO[76].

2.4 Cyclic Voltammetric Electrodeposition of CuxO

A 5nm-thick layer of gold was coated on as-prepared ZnO substrate by a dual

e-beam evaporator, and then the substrate turned to dark blue. Afterward, CuxO

was electrodeposited via cyclic voltammetric (CV) stripping from 0.4 V to -0.7 V with

scan speed of 50 mV/s for 4 cycles in the solution of 0.04 M CuSO4 and 0.3 M lactic

acid with pH of 11 at 50 °C. Unlike redish color in bulk Cu2O, the substrate showed

yellowish color, which is due to CuxO in nanoscale[77]. As long as the ZnO/Au/CuxO

nanoforest is formed, water drops cannot expand on the surface of the substrate. The

control sample of pure Cu2O was deposited at -0.5 V for 3 min. The control sample of

CuxO was deposited with CV from from 0.4 V to -0.7 V with scan speed of 50 mV/s for
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4 cycles, and the control sample of ZnO/CuxO was deposited with the same technique

but the pH was kept at 9 to protect ZnO from dissolving in alkaline.

2.5 Morphology and Composition Characterization

The morphology of the hierarchical structures was characterized by ZEISS Au-

riga 60 and Hitachi S5700 scanning electron microscope (SEM) at 20 kV and 25 µA

with energy dispersive X-Ray spectroscopy (EDS) detector. The crystal structure and

composition were measured with Rigaku MiniFlex powder di�ractometer using �ltered

Cu Kα radiation (λ=1.5418 Å), which was operated in a glove-box and Bruker D8

X-Ray powder di�ractometer (XRD) using �ltered Cu Kα1 radiation coupled with a

LynxEye position sensitive detector, and with a Thermo Fisher K-Alpha+X-ray pho-

toelectron spectrometer (XPS). Contact angle measurements were taken with VCA

optima, AST Products, Inc.

2.6 Measurements of Optical Properties

Di�use Re�ectance Spectroscopy (DRS) measurements were taken with a Cary

500 Scan UV-Vis spectrophotometer, Varian. UV-Vis transmission measurements were

carried out with a photon control �ber probe spectrometer (SPM-002). Nanotrees

were scratched and suspended in ethanol, then dropcast onto a glass slide. Nanotree

suspension slides were imaged using an Olympus IX70 �uorescence microscope.

A 10kHz 800-nm Ti:sapphire laser (Coherent Mantis, Coherent Legend-Elite)

with a full width half maximum (FWHM) of 35 fs was used in transient absorption

measurements. 440-nm excitation pulse was generated by a lab-built two-stage non-

collinear parametric ampli�er (NOPA) via second harmonic generation (SHG) in a 0.2

mm BBO crystal. A pair of BK7 prisms were used to compensate the chirp of the pump

beam before the SHG process. A chopper wheel was placed in the pump beam path to

block every other pump pulse. The probe beam from 450 nm to 720 nm was generated

by focusing 0.1 µJ of the laser on a 3 mm thick sapphire window. A pair of chirped

mirrors were used to compress the probe beam. Both pump and probe were focused
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on the sample and a stage was placed on the path of the pump beam for time delay.

The sample was placed in a vacuum chamber with 1.379×10-5 mbar. The Gaussian �t

to the cross-correlation signal of the pump and probe gives 50 fs as the FWHM. The

power of the pump pulse measured at the sample was 160 nJ.

Photoluminescence (PL) and time-correlated single photon counting (TCSPC)

measurements at room temperature were carried out using SHG producing a train

of 50 fs pulses centered at 400 nm with an output power of 1.76 mW, by employing

a NOPA to generate 580 nm excitation, or using the SHG of the NOPA to gener-

ate 290 nm. An ID-100 single photon detection module (ID Quantique) �tted with

FGB37 (BG40) colored glass and 550 or 600 nm interference bandpass �lter was used

for time-resolved measurements. PL spectra were taken with a SPM-002 �ber probe

spectrometer with FGB37 (BG40) colored glass �lter for excitation and GG (> 495

nm) glass �lter for emission.

2.7 Measurements of Electrochemical and Photoelectrochemical Proper-

ties

2.7.1 Chemicals

Potassium Chloride (KCl, 99%, Alfa Aesar) and tetrabutylammonium hexa�u-

orophosphate (BuNF4, 99%, Sigma-Aldrich) were used as supporting electrolytes for

aqueous solutions and acetonitrile (MeCN) solutions, respectively. Potassium ferri-

cynide(III) (K3Fe(CN)6, 99+%, Acros Organics), potassium hexacynanoferrate(II) tri-

hydrate (K4Fe(CN)6, 98+%, Alfa Asear), ferrocene (99%, Alfa Aesar), L-(+)-ascorbic

acid (99+%, Alfa Aesar), toluene (99.0%, Sigma-Aldrich) were used to characterize the

photo-electrochemical performance of the electrodes. Indium tin oxide (ITO) coated

glass slides were purchased from Yingkou Opv Tech New Energy Co. Ltd.

2.7.2 Measurements

All electrochemical and photoelectrochemical measurements were performed us-

ing a Biologic SP-300 potentiostat with an electrochemical impedance spectroscopy
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(EIS) module. The as-prepared nanotree substrate was used as the working electrode,

a platinum wire and an Ag/AgCl (sat. KCl) electrode were used as the counter elec-

trode and the reference electrode, respectively. 0.1 M KCl and 0.1 M BuNF4 were

employed as supporting electrolytes in aqueous solutions and in acetonitrile solutions,

respectively. Photoelectrochemical measurements were taken under illumination by a

300 W xenon arc solar stimulator or 8-Watt 365 nm UV light source (Thermo Scienti�c

3UV-38 3UV) that resulted in a �uence of 1020 µW/cm2.
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Chapter 3

EFFICIENT Z-SCHEME CHARGE SEPARATION IN NOVEL
VERTICALLY-ALIGNED ZNO/CDSSE NANOTREES

3.1 Introduction

CdS and CdSe are common narrow-band-gap semiconductors. CdS has a wider

band gap (≈ 2.43 eV) compared to CdSe (≈ 1.76 eV). CdSe has larger lattice mismatch

with ZnO so the larger barrier height leads to lower electron injection e�ciency in

CdSe/ZnO heterostructures[78]. Ternary alloys of CdS and CdSe allow the band gap

to be adjusted by changing the ratio[79]. It has been shown that the combination of

ZnO and CdSSe can improve the e�ciency of solar energy conversion in ZnO/CdSSe

composites[80, 81].

The de�nition of exciton binding energy is similar to that of electron binding en-

ergy, which is the energy that is required to remove an exciton from semiconductors[82].

It varies depending on di�erent energy bands from a few meV to 100 meV[83]. If this

value of the semiconductor is smaller than 25.7 meV that is kBT value with kB as

Boltzmann constant and T as room temperature, 300 K, excitons will be dissociated

in the air and no �uorescence can be generated at room temperature. Exciton binding

energies of ZnO, CdS, and CdSe are about 60 meV[82, 83], 28 meV[84, 85], and 10-100

meV [86, 87], respectively, so they may have the ability in photoluminescence at room

temperature.

Vertically aligned structures of ZnO nanowires can give rise to more e�cient

electron transport when compared to spherical nanoparticles[22]. Accordingly, a com-

bination of CdSSe branches and vertically aligned ZnO nanowires can increase visible

light absorption and charge transport e�ciency at the same time[81, 22]. Such het-

erostructures are potential materials for photovoltaic applications, and other optical
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devices. However, so far vertically-aligned tree-like nanostructure with CdSSe branches

attached to a ZnO stem, comparable to those presented in this paper, have not been

reported.

The e�ciency of the so-called Z-scheme mechanism of light conversion in nat-

ural photosynthetic systems triggered many attempts to mimic its general features

in arti�cial systems. Z-scheme charge transfer in semiconductors means the electrons

excited transfer to the VB of other semiconductors rather than recombine with their

own holes [88, 89]. For this purpose, numerous semiconductor systems, most of them a

combination of nanomaterials, have been presented in recent years [90, 91, 88, 89]. The

tree-like structures comprising CdSSe light absorbing branches and ZnO stems present

in this paper show promising properties for e�cient Z-scheme charge transfer.

In this chapter, we applied a new method to prepare 30 µm long ZnO nanowire

arrays via solvent-free one-step chemical vapor deposition (CVD) from ZnO nanopow-

der and activated carbon that is based on a method �rst published by Zhu et al.[92] The

nanotrees were synthesized by depositing CdSSe branches on ZnO nanowires via a sec-

ond CVD step. SEM, EDS, and XRD were used to verify the morphology, composition

and crystal structures of ZnO/CdSSe nanotrees. DRS, �uorescence microscopy, and

time-resolved photoluminescence measurements were employed to investigate optical

properties and electron transfer mechanism.

3.2 Synthesis of ZnO/CdSSe Nanotrees

The procedure for ZnO/CdSSe nanotree preparation is illustrated in Figure 3.1.

The growth mechanism is a catalytic vapor-liquid-solid (VLS) process combined with

a non-catalytic vapor-solid (VS) process where ZnO was reduced to Zn by activated

carbon and alloyed with gold on a sapphire substrate in argon atmosphere. Short and

thick ZnO nanorods were grown underneath the catalyst in the �rst step. Subsequently,

the sample was exposed to air and long ZnO wires grew on top of the short ZnO seeds in

VS growth. Details of this VLS-VS mechanism have been discussed previously[92, 93].

CdSSe branches were grown on the ZnO nanowire without an additional catalyst.
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Figure 3.1: Schematic representation of ZnO/CdSSe nanotree preparation via two-
step CVD.

17



In literature, the vertical alignment of ZnO nanowires is attributed to two facts,

the guidance of sapphire crystal and the formation of ZnO/Au alloy droplets[92, 93].

To determine which is the primary reason, ZnO/CdSSe nanotrees were synthesized in

addition on silicon, fused silica, and FTO substrates. All substrates resulted in similar

structures under identical preparation conditions shown in Fig 3.2. This shows that

the nanotrees can grow on di�erent optical or electrical platforms regardless of the

material type of substrates.
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Figure 3.2: SEM images of ZnO/CdSSe nanotrees grown on Sapphire (a), Silicon (b),
FTO (c), and Silica (d).

For reference measurements, bare ZnO samples were prepared without addition

of CdSSe branches. Reference measurements on pure CdSSe wires were performed on

ZnO free areas of the substrate, ensuring identical growth conditions for wires and

branches.

3.3 Morphology and Crystallographic Characterization of ZnO/CdSSe Nan-

otrees

Figure 3.3 shows the SEM images of ZnO nanowires and ZnO/CdSSe nanotrees.

From Fig. 3.3 (a) and Figure 3.4, the length and diameter of ZnO nanowires were

estimated to be around 30 µm and 500 nm, respectively. Tree-like nanostructures are

shown in Figure 3.3 (b), and (c). EDS con�rmed that the branches contain S and
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Se with a ratio of around 0.53:0.47 atomic % shown in Figure 3.5). The same ratio

was extracted from thewoz luminescence spectra as discussed below. EDS element

scans from three di�erent parts of the NT in Figure 3.3 (c) are shown in Figures

3.3 (d),(e),and (f) together with a line scan element mapping in 3.3 (g), and (h). The

element scans show that branches and caps contained Cd, S, and Se while the stem only

showed contributions from Zn and O. The Zn and O signal from the cap and branch

branch region are due to background from the underlying material. Intermixing of Zn

into CdSSe is expected to be negligible as discussed in the following paragraphs.
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Figure 3.3: (a) SEM image of ZnO nanowires prepared via CVD. (b) and (c) SEM
images of ZnO/CdSSe nanotrees prepared via CVD. EDS spectra of ZnO
stem, CdSSe cap, and CdSSe branch of ZnO/CdSSe nanotrees are shown
in (d), (e), and (f), respectively. (h) shows an element line scan along
the line shown in (g).
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Figure 3.4: Tilted SEM image of 30-µm-long ZnO nanowires.
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Figure 3.5: EDS element spectra of the whole slide of ZnO/CdSSe nanotrees.

Table 3.1: Average Element Composition Percentage of ZnO/CdSSe Nanotrees

Element Weight% Atomic%
O K 22.01 53.96
S K 3.70 4.52
Zn K 57.36 34.41
Se K 8.12 4.03
Cd L 8.81 3.08

XRD patterns of ZnO/CdSSe nanotrees with the signal from the sapphire sub-

strate subtracted are shown in Figure 3.6. Bare ZnO nanowires show the typical

wurtzite structure, with peaks at (100), (002), (101), and (102). The strong and narrow

peak at (002) that refers to (0001) in (hkil) hexagonal indexing indicates one-directional

growth of ZnO wires, which is in agreement with previous measurements[92, 93, 94, 95].

Pure CdSSe nanowires shows peaks at (100), (002), (101), (102), (110), and (103) in-

dicating that CdSSe nanowires have wurtzite structure as well[96, 97]. CdSSe/ZnO

nanotrees, on the other hand, show a mixture of CdSSe phases, best observed in the
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region between 25◦ and 30 ◦. The shoulder at 26.5◦ is indicative of the zinc-blend phase

of CdSSe (111)[98] or imperfect (0001) of wurtzite CdSSe, which have similar stacking

sequence. The occurrence of transition phase can be explained by the lattice mismatch

between CdSSe and ZnO that favors the cubic structure at the interface between the

(1010) surface of hexagonal ZnO and the (0001) surface of hexagonal CdSSe. The ex-

tent of this transition region cannot be deduced from our measurements. However, the

SEM image in Figure 3.3 (c) shows clearly a hexagonal system for caps and branches

and indicates that the wurtzite structure prevails.

It should be noted that CdSSe phases in both bare CdSSe and ZnO/CdSSe have

almost identical band gaps. The position of the (002) peak con�rms the composition of

the CdSSe branches[99]. According to Vegard's law, S:Se in ZnO/CdSSe is estimated

as 0.54:0.46, and 0.56:0.44 in CdSSe. Comparison with measurements published by

Pan et al. shows that the composition is close to S:Se 0.54:0.46 in good agreement

with the EDS results [100]. Intermixing of Zn into the CdSSe lattice would lead to a

substantial shift of the (002) peak towards larger angles. The measured angle for the

(002) peak in the nanocomposite is 26.1◦, considerably smaller than that of ZnS or

ZnSe with 27.7◦ and 27.0◦, respectively. This result is supported by optical band gap

measurements.
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Figure 3.6: XRD spectra of ZnO, CdSSe, and ZnO/CdSSe nanotrees.
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Figure 3.7: Re�ectance spectra of ZnO, CdSSe, and ZnO/CdSSe nanotrees.

3.4 UV-Vis Re�ectance of ZnO/CdSSe Nanotrees

Di�use re�ectance spectra (DRS) spectra are shown in Figure 3.7. Bare ZnO

nanowires absorb light at wavelengths below 390 nm corresponding to a band gap of

3.21 eV which is smaller than the bulk value and comparable to values reported for

other ZnO nanowires[97].

The CdSSe/ZnO nanotrees showed a gradual increase in absorption starting

around 420 nm. This gradual increase results from a mixture of ZnO and CdSSe

at the surface of the sample (Figure 3.3 (b) and (c)). Pure CdSSe nanowires that

were grown simultaneously on the same substrate in an area without ZnO coverage

showed absorption onset at 1.98 eV. Band gap energies (Eg) were determined from the
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spectra by applying the Kubelka-Munk (K-M) method[101]. In K�M method, F(R) is

a function of re�ectance (R) in eq. 3.1, and Ea is energy in eV derived from eq. 3.2.

F =
(1−R)2

2R
(3.1)

Ea(energy in eV ) =
1240

λ
(3.2)

The plot,
√
F × Ea vs. Ea was made shown in Figure 3.8. The band gap value is

the intercepting point of the x axis and the tangent along with most sharply increasing
√
F × Ea. Therefore, the band gap value of CdSSe is 1.98 eV, and the band gap value

of ZnO is 3.21 eV. From the graph, it can be seen that K-M curve of ZnO/CdSSe does

not increase sharply but consists of curves with di�erent slopes. The lower energy part

has similar band gap value with that of CdSSe, and the higher energy part is due to

ZnO, so CdSSe in ZnO/CdSSe nanotrees is supposed to have the same S:Se ratio with

CdSSe sample.
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Figure 3.8: K-M plots of ZnO, CdSSe, and ZnO/CdSSe nanotrees.
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The band gap of CdSSe can be used to estimate the S:Se ratio with the empirical

optical bowing model in eq. 3.3[102].

EaCdSSe = EaCdS × x+ EaCdSe × (1− x)− bx(1− x) (3.3)

Here, x is the percentage of S and b is the direct band gap bowing parameter

for nanowires with a value of (0.59 ± 0.09) eV[102]. EaCdS has a value of 2.43 ±

0.02 eV and EaCdSe has a value of 1.76 ± 0.02 eV. The measured band gap energy of

CdSSe (1.97 ± 0.04) eV results in a S:Se ratio of 0.53:0.47 that agrees very well with

EDS and XRD measurements. DRS also supports that the concentration of Zn in the

branches is negligible. Band gap values for pure ZnS and ZnSe range between 3.91 eV

and 2.70 eV, respectively [103, 104]. However, no blue shift was observed between pure

CdSSe wires and CdSSe/ZnO nanotrees. DRS spectra of the same sample under the

same conditions were taken again after three months. No di�erences were observed

con�rming long-term stability of the nanotrees.

3.5 PL Measurements of ZnO/CdSSe Nanotrees

Luminescence images of the nanotrees with 385 nm short-pass excitation �lter

and 400 nm long-pass emission �lter are shown in Figure 3.9. Both ZnO and CdSSe were

excited in this measurement; however, only the green defect luminescence from ZnO

was detected. Figure 3.9 (a) shows a top view of a number of �uorescent ZnO/CdSSe

nanotrees. The tips of the branches emit stronger than the base that is attached to

the stem. In addition, emission from the top of the stem is much weaker. Since the

stem is covered with a thin CdSSe cap at the top, it is likely that luminescence of the

branch base and the cap is quenched more e�ciently due to the smaller distance to the

ZnO stem. Quenching of CdSSe emission is indicative of charge transfer from CdSSe

to ZnO. Since ZnO has the larger band gap, this implies a type II heterojunction that

can give rise to Z-scheme charge transfer[91, 105] .
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In color space analysis, the nanotrees were removed from the substrate, sus-

pended in ethanol and deposited on fused silica substrate. Unfortunately, this proce-

dure results in damage to the branches. The single CdSSe nanowire in the left corner

in Figure 3.9 (b) emits stronger than the CdSSe branches attached to ZnO stems.

This supports that luminescence is quenched by charge transfer to ZnO. The bare ZnO

shows the well-known green emission from defect states. A single ZnO/CdSSe NT was

selected in 3.9 (c) for color space analysis shown in Figure 3.9 (d). The color space

analysis shows ZnO emission below 520 nm and CdSSe emission above 570 nm and

con�rms the results from SEM EDS measurements.
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Figure 3.9: Luminescence of ZnO/CdSSe nanotrees in (a) RGB-mode �uorescence
emission image of ZnO/CdSSe nanotrees suspension in ethanol in (b)
and a selected tree in (c), and color space analysis of (c) in (d).
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PL spectra of bare CdSSe nanobelts and CdSSe/ZnO nanotrees are shown in

Figure 3.10. The control samples, CdSSe and ZnO, were prepared under the same

conditions as stated above. The emission of CdSSe (blue line) shows a maximum at

around 650 nm. According to Pan et al. [100] the ratio of 0.51:0.49 gives rise to emission

at a wavelength of 650 nm, which agrees well to our result for a 0.53:0.47 ratio. The

emission maximum of ZnO is around 514 nm which agrees with defect �uorescence.

ZnO/CdSSe nanotrees show a much broader emission between 550 and 750 nm when

compared to bare CdSSe. This is a �rst indication for band-to-band were radiative

recombination can occur between the CB of ZnO and the valence band of CdSSe at

the interface and result in emission at energies lower than the band gap of CdSSe (see

Figure 3.13 (a) and (d)). As explained above, addition of Zn to either CdS or CdSe

leads to a blue shift of the luminescence and cannot explain the extension of the PL

spectrum from the nanotrees into the red spectral region[106] . Another explanation

could be the formation of deep trap states at the interface between ZnO and CdSSe.

TCSPC measurements were performed to distinguish between slow emission from trap

states and fast band-to-band PL that can give rise to Z-scheme charge transfer.
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Figure 3.10: PL spectra of ZnO, CdSSe, and ZnO/CdSSe nanotrees.
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3.6 Time-resolved Fluorescence Lifetime Measurements

Time-resolved �uorescence measurements employing TCSPC are shown in Fig-

ure 3.12. PL lifetimes of nanotrees were measured at 600 nm, 650 nm, and 700 nm

emission wavelength selectively measuring emission from CdSSe branches and caps.

Lifetime of bare CdSSe and ZnO wires was measured at 650 nm and 500 nm, respec-

tively, after excitation at 400 nm.

The inset in Figure 3.12 shows lifetimes for the three samples. Lifetimes of bare

ZnO and bare CdSSe agree well with previously reported values[107, 108, 109, 110, 111].

ZnO shows single exponential decay while CdSSe shows bi-exponential decay that has

been observed for CdSSe nanowires earlier and can be associated to trap and surface-

state recombination at later times[112, 109, 110, 113, 114].
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Figure 3.11: Comparison of lifetime measurements of ZnO/CdSSe nanotrees with
600 nm, 650 nm, and 700 nm emission �lters. The same ZnO/CdSSe
nanotree samples were measured with 600 nm, 650 nm, and 700 nm
emission �lters. Fitting parameters are shown at the right.
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PL lifetimes for the nanotrees are identical at 600 nm, 650 nm, and 700 nm

shown in Figure 3.11. PL lifetime from the nanotrees are much faster compared to

lifetimes from either the bare ZnO or the bare CdSSe nanowires. The latter explains

the e�cient luminescence quenching in the composite material observed in the PL

micrographs (Figure 3.9).

The fact that the emission at 700 nm shows the same rapid decay indicates

that emission at this wavelength is due to band-to-band PL rather than deep interface

trap states. Comparing the fast component for the three di�erent systems allows us

to calculate the rate of charge transfer from CdSSe branches to the ZnO stem in the

nanotrees using Equation 5.2[114, 115].

kET = 1/τZnO/CdSSe − 1/τCdSSe (3.4)

At 400 nm excitation, the fast component of the PL lifetime for nanotrees is 0.11

ns, much shorter than that of ZnO (3.67 ns) and CdSSe (1.06 ns). Using these lifetimes,

Equation 5.2 results in an electron transfer rate of 0.37×109 s−1. PL lifetimes have also

been measured with 290 nm and 580 nm excitation. At 580 nm excitation and 650 nm

detection the PL lifetime of the trees is even shorter and approaches the intensity of

the Rayleigh scattering (IRS) that is measured with an N-BK7 glass di�user used as

a blank sample. This can be explained by trap states in the ZnO nanowires or at the

interface that can be excited at 400 nm but are not accessible with 580 nm and show

a longer lifetime (Figure 3.13 (c)). The lifetime for pure CdSSe nanowires is almost

identical for 290 nm and 400 nm excitation. At 290 nm excitation the PL lifetime of

the nanotrees is around 0.65 ns, a factor of 5 slower compared to 400 nm excitation

and a factor of 10 slower compared to 580 nm excitation. This can be explained by a

simultaneous population of CB states in ZnO that partially blocked electron transfer

from CdSSe to ZnO (Figure 3.13 (b)). The PL lifetime measurements support that the

nanotrees are promising candidates for Z-scheme charge transfer (Figure 3.13 (a)).
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Figure 3.12: Time-resolved �uorescence measurements of ZnO, CdSSe, and
ZnO/CdSSe nanotrees for di�erent excitation wavelength.
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The band alignment at the interface between CdSSe and ZnO shown in Fig-

ure 3.13 can be deduced by combining the results from time and spectrally resolved PL

measurements. Our results indicate that CdSSe/ZnO nanotrees form an n-n Type II

heterojunction. Comparison of the PL spectra shows that the CB of CdSSe is located

about 300 meV above the CB of ZnO. Fast luminescence quenching at the maximum

emission wavelength of CdSSe as well as at wavelengths that are associated with type-

II band-to-band transitions above 700 nm indicate that the interfacial charge transfer

is not dominated by defect or trap states.

Comparison of PL dynamics at di�erent excitation energies con�rm charge

transfer from CdSSe to ZnO and suggest that Z-scheme charge transfer should be

observable in the present material.
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Figure 3.13: Band gap diagram and scheme of electron transfer reactions; (a) Z-
scheme proposed for the nanotrees: After two photon absorption the
hole resides in the ZnO stem and the electron in the CdSSe branch.
(b) Experiments performed with 290 nm: the simultaneous excitation
of ZnO reduces density of acceptor states and restricts ET from CdSSe.
(c) Excitation below the bandgap of ZnO: Only CdSSe is directly exited.
ET to ZnO leads to short PL lifetime. At 400 nm long-lived defect
states in ZnO are also excited, explaining the di�erence in PL response
at 650 nm. (d) Short-lived emission at 700 nm after excitation of CdSSe
indicates e�cient band-to-band PL at the type II hetero-interface.
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3.7 Conclusion

A novel vertically aligned tree-like nanostructures composed of CdSSe branches

attached to ZnO stems was presented in this chapter. Both materials show predom-

inantly wurtzite structure in the nanotrees. Nanotrees were prepared on di�erent

substrates and show long-term photo-stability. We have presented experimental ev-

idence for type II band alignment and fast charge transfer from CdSSe branches to

ZnO stems. Band-to-band photoluminescence following charge transfer suggest that

this material combination can be used for Z-scheme charge transfer. ZnO/CdSSe nan-

otrees feature e�cient charge transfer, tunable band gap of the CdSSe branches, and

substrate-independent vertically-aligned growth, so they are promising nanomaterials

for optical, photovoltaic, and photoelectrochemical applications.
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Chapter 4

SYNTHESIS AND CHARACTERIZATION OF ZNO/CUO
VERTICALLY-ALIGNED HIERARCHICAL TREE-LIKE

NANOSTRUCTURE

4.1 Introduction

Ordered arrays of semiconducting tree-like hierarchical nanostructures are of

considerable interest in photo-catalysis, photo-electrochemical catalysis, energy stor-

age and photovoltaic conversion because of their larger surface area to volume ratio,

more e�cient photocurrent conversion, and enhanced quantum e�ciency[8, 116, 14,

117]. The photocatalytic activity of heterogeneous hierarchical semiconductors de-

pends strongly on the composition, the structural design, and the electronic properties

of the interface[116]. A heterojunction formed at the interface between a p-type and

n-type semiconductor nanoparticle can facilitate charge separation and reduce elec-

tron/hole recombination dramatically by spatially separating the charge carriers[117].

The combination between ZnO and a narrow band-gap p-type semiconductor

is a promising approach to extend the light absorption range of ZnO and increase

charge carrier lifetimes at the same time. CuO is a p-type semiconductor with a

tunable band-gap between 1.2 eV - 2.1 eV[118]. It shares the low cost, earth abundance

and high stability with ZnO. Numerous studies showed that photo-electrochemical

e�ciency can be improved by the formation of a p-n heterojunction between ZnO and

CuO[11, 119, 117].

Several studies reported on the synthesis of ZnO/CuO nanocomposites [120],

decoration of ZnO nanostructures with CuO nanoparticles [55], synthesis of ZnO/CuO
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core-shell nanowire arrays [121], and ZnO/CuO nanotrees[117]. The later morphol-

ogy with ZnO branches exposed from the CuO stem, has advantages for solar en-

ergy conversion and hydrogen production. The inverse morphology with exposed

CuO branches allows to utilize the photocatalytic properties of CuO. Epitaxial growth

of CuO (100) on ZnO (0001) has been observed as a strain reducing layer at the

Cu2O/ZnO interface[122]. Generally, ZnO nanowires grow along the [0001] direction

while CuO nanowires show growth along [010][123]. Comparing the lattice parameters

at the ZnO (1 0 1 0) facet and at the CuO (010) facet suggests that CuO nanowires can

grow as branches attached to ZnO nanowire stems[124, 125, 126].

ZnO nanowires were synthesized by modifying an established hydrothermal

procedure[127]. Reducing the starting concentration and growing the wires upside

down resulted in long and straight wires. Subsequently, a seed-growth sequence was

applied to grow CuO branches attached to the ZnO wires. The conditions for CuO

nanowire synthesis were modi�ed from known hydrothermal procedures[128] and opti-

mized for achieving controlled growth of wire-like branches instead of core-shell struc-

tures.

The resulting nanotrees were characterized by UV-Vis, SEM and XRD for elec-

tronic and structural properties. CV and EIS in the dark and under illumination were

applied to characterize electrochemical and photo-electrochemical properties. Finally,

the photocatalytic properties were investigated by photo-degradation of toluene and

acetic acid.
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Figure 4.1: The set-up of the autoclave liner for ZnO and CuO hydrothermal growth
is shown in (a). The sequence for ZnO/CuO nanotrees synthesis is shown
in (b).

4.2 Hydrothermolysis Mechanism of ZnO/CuO Nanotrees

The schematic diagram of the experimental set-up for the synthesis and the

steps involved in the synthesis of ZnO/CuO nanotrees are shown in Figure 4.1 (a) and

(b), respectively. The reactions leading to ZnO nanowires are shown in eq. 4.1, 4.2,

and 4.3[72]. To reduce the formation of random ZnO deposition, the sample was placed

with the seed layer facing down on a silica ring as a support.
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For the same reason, the synthesis was performed with lower concentration of

precursors compared to other established procedures. To obtain the desired nanowire

length, the low concentration growth was repeated three times. During the hydrother-

mal growth, (CH2)6N4 releases OH- and precipitates Zn2+ as Zn(OH)2.

Zn(OH)2 is deposited on the ZnO seed layer and is partly converted to ZnO.

However, it is well known that the conversion is not complete and residual zinc hy-

droxide is converted into ZnO by a subsequent annealing step in air[72]. This step can

be combined with the annealing of the �rst CuO seed layer.

(CH2)6N4 + 10H2O → 6HCHO + 4NH+
4 + 4OH− (4.1)

Zn2+ + 2OH− → Zn(OH)2 (4.2)

Zn(OH)2 → ZnO +H2O (4.3)

Figure 4.4 shows a comparison between SEM images of wires prepared with the

new approach and an established method with higher concentration precursors and the

seed layer facing up during hydrothermal growth. Figure 4.4 (a), 4.4 (b), and 4.4 (c)

show images after the �rst, the second and the third cycle of hydrothermal growth with

5 mM precursor solution. It can be seen that the wires retain their ordered vertical

alignment on the substrate during the synthesis and grow in length.

ZnO nanowires prepared with the seed layer facing up and 20 mM precursor

solution are shown in Figure 4.4 (d). In addition to thin and vertically-aligned wires

the sample shows much thicker and randomly-oriented wires. A sample grown with 3

cycles of low concentration (5 mM) and seed layer facing up is shown as some randomly

oriented nanowires in Figure 4.4 (e). The new procedure resulted in the highest density

of ordered nanowires and a high degree of homogeneity. The wires from this procedure

were around 5 µm in length compared to 2 µm obtained by the established method
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(see Figure 4.2).
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Figure 4.2: SEM images of ZnO/CuO nanotrees (a) and a single ZnO/CuO nanotree
(b).
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The possible reasons why ZnO nanowires on the silica ring with seed face down

were grown in vertically-aligned array without unexpected precipitation may be: 1.

less concentrated and no precipitate exist in upper layer of precursor; 2. The ring

stabilized and con�ned the molecule movements in the solution at high temperature;

3. Gravity assisted the growth and precipitate could not stick onto the substrate with

the seeded face down. In order to determine the role of the silica ring in the process,

the following setups were tested shown in Figure 4.3. In Figure 4.3 (a) and (b), the

substrate was displayed with seed face up on the silica ring and under the silica ring,

respectively. Huge wire accumulation always happened no matter if the substrate was

in the upper layer or lower layer of precursor. Figure 4.3 (c) and (d) show the ZnO

nanowires prepared with the method mentioned in the previous section, which allowed

the substrate display on the top of the glass ring with seed face down. From 4.3 (c), it

is clear that nanowires are vertically-aligned and no precipitate of huge wires showed

up in 4.3 (d) that was taken under low magni�cation. In Figure 4.3 (d) and (f), the

substrate stood in the silica ring. It can be seen that array in Figure 4.3 (d) was not as

vertically-aligned as in Figure 4.3 (c) and in Figure 4.3 (f), unexpected accumulation

is still not avoidable.
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Figure 4.3: SEM images of ZnO nanowires grown with seed face up on the silica ring
(a), seed face up under the silica ring (b), seed face down on the silica
ring (c, d), and seed face vertically standing in the silica ring (f, g).
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After preparation of the ZnO nanowires that represent the stems for the nan-

otrees, the CuO branches are grown following the reaction steps in the following equa-

tions

NH3 +H2O → NH+
4 +OH− (4.4)

Cu2+ + 4NH+
4 → [Cu(NH3)4]

2+ + 4H+ (4.5)

[Cu(NH3)4]
2+ + 4OH− → [Cu(OH)4]

2− + 4NH3 (4.6)

[Cu(OH)4]
2− → Cu(OH)2 + 2OH− (4.7)

Cu(OH)2 → CuO +H2O (4.8)
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Figure 4.4: SEM images after 1st (a), 2nd (b), and 3rd (c) cycle of hydrothermal
growth of ZnO nanowires with seeded side facing down, (d) traditional
high concentration hydrothermal growth of ZnO with seeded side facing
up, (e) three cycles of low concentration hydrothermal growth of ZnO
nanowires with seeded side facing up, and (f) hydrothermal growth of
CuO nanorods prepared with the same amount of precursors used in
ZnO/CuO nanotrees.
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4.3 Structural Characterizations of ZnO/CuO Nanotrees

SEM images of ZnO nanowires and ZnO/CuO nanotrees with di�erent magni�-

cations are shown in Figure 4.5 and Figure 4.2. CuO branches show the parallelepipedal

shape that is compatible with a monoclinic crystal structure. The branches are about

200 nm in length. Figure 4.5 (b) suggests that the ZnO stems are not fully covered by

CuO branches. The majority of branches are attached to the upper part of the ZnO

wires. This can be explained by the limited wettability and precursor di�usion in the

ZnO nanowire array during the hydrothermal growth.
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Figure 4.5: SEM images of ZnO/CuO nanotrees with di�erent magni�cations.
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XPS was used to measure the surface composition of the ZnO/CuO nanotrees

sample shown in Figure 4.6 with C 1s (C-C binding energy: 284.5 eV)[129] as charge

correction reference. As expected, the main components of the nanotrees are Zn, O,

and Cu (Figure 4.6 (a)).

The contribution from carbon is contaminants in the form of adventitious carbon

due to benchtop synthesis and exposure to laboratory air. This assignment is con�rmed

by the structure of the O 1s contribution that can be �tted by three Gaussian peaks

(Figure 4.6 (b) red, yellow, and blue curve).

Contributions at 531.1 eV can be attributed to mostly chemisorbed and disso-

ciated O2
2-, O-, and OH-. This speci�c adsorbed O cannot be completely removed at

temperature of 250 °C[130, 131]. The peaks at 530.0 eV, and 528.9 eV can be assigned

to O2− in ZnO lattice and in CuO, respectively[55, 132, 133, 134, 130, 131].

The Zn 2p region shown in Figure 4.6 (c) reveals peaks at 1044.6 eV and 1021.4

eV that are assigned to Zn 2p1/2 and Zn 2p3/2 levels in Zn2+ in the wurtzite ZnO

structure, respectively[129]. The Cu 2p region in Figure 4.6 (d) shows the expected

Cu2+ peaks and satellites of CuO: Cu 2p1/2(s) (963.3 eV), Cu 2p1/2 (953.4 eV), Cu

2p3/2(s) (941.7 eV), and Cu 2p3/2 (932.8 eV)[55, 135]. Cu1+ in Cu2O peaks, on the

other hand, would be expected to show much weaker satellites[136] and an overall shift

to lower energies[129].
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Figure 4.6: XPS spectrum of ZnO/CuO nanotrees (a) and high-resolution spectrum
of Zn 2p, O 1s, and Cu 2p peaks, respectively(b-d).
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SEM images of the trees suggest that CuO branches are attached preliminary

to the top of the stems. To con�rm this morphology we compared standard XRD

and high-resolution thin-�lm pattern. Standard 2θ/θ XRD mode shown in Figure 4.7

probes the whole depth of the ZnO/CuO nanotree �lm. Consequently, the signal is

dominated by contributions from wurtzite ZnO involving (100), (002), (101), and (102)

peaks [JCPDS �le No.36-1451] and sapphire involving (006) [JCPDS �le No. 46-1212].

In high-resolution thin-�lm mode (Figure 4.7 inset), the detection depth can be

estimated to be 1 µm and the XRD pattern shows (111) and (111̄) peaks from the

monoclinic CuO branches in addition to the ZnO peaks [JCPDS �le No. 45-0937].

The XRD measurements con�rm that the nanotrees consist of wurtzite ZnO nanowire

stems decorated on the top with monoclinic CuO branches. The cubic structure of

Cu2O is not observed.
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Figure 4.7: XRD spectrum of ZnO/CuO nanotrees in coupled 2θ/θ mode, inset: XRD
spectrum of ZnO/CuO nanotrees in high-resolution mode.
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4.4 Optical Characterizations of ZnO/CuO Nanotrees

UV-Vis absorption spectroscopy was employed to determine the band gap of

the pure ZnO sample, the pure CuO sample and the ZnO/CuO nanotrees (Figure 4.8).

Band gap values were calculated via the K-M method[101] which has been discussed

in Chapter 3 but in this chapter, UV-Vis spectra were in T, so the conversion from T

to R was done with eq. 4.9 and 4.10.

A = 2− log(%T ) (4.9)

A = log(1/R) (4.10)

The K-M plot was shown in inset in Figure 4.8. The resulting band gaps are

3.36 eV for pure ZnO and 1.21 eV for pure CuO. These band gaps agree well with

reported bulk values[137, 138]. For the nanotrees the corresponding band gaps are

very similar, 3.25 eV for ZnO stems and 1.21 eV for CuO branches as shown in the

inset in Figure 4.8. This con�rms that the nanotrees are bi-material structures and

the synthesis of the CuO branches does not lead to major doping of the ZnO stems,

since Cu doping has been reported to shift the absorption onset of ZnO nanoparticles

to 3.55 eV upon 5% doping[139].
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Figure 4.8: UV-Vis transmittance spectra of CuO, ZnO, and ZnO/CuO nanotrees
(inset: K-M analysis with normalized UV-Vis transmittance spectra).
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4.5 Electrochemical and Photoelectrochemical Properties of ZnO/CuO

Nanotrees

Cyclic voltammetry measurements were carried out in the dark with a scan rate

of 40 mV/s on ZnO, CuO, and ZnO/CuO nanotrees in 1 mM Fe(CN)63-/Fe(CN)64- in

0.1 M KCl aqueous solution (Figure 4.9 a) and in 1 mM ferrocene in 0.1 M BuNF4

acetonitrile solution (Figure 4.9 b). In both systems the nanotrees displayed the high-

est oxidation and reduction peak currents. This indicates that the interfacial charge

transfer is more e�cient for ZnO/CuO nanotrees compared with pure ZnO and CuO

nanowires and the addition of the CuO branches did not decrease the conductivity.
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Figure 4.9: CV curves of CuO, ZnO, and ZnO/CuO nanotrees in 1 mM
Fe(CN)63-/Fe(CN)64- in 0.1 M KCl aqueous solution (a), and 1 mM fer-
rocene in 0.1 M BuNF4 in acetonitrile (b).
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This can either be explained by the increase in surface area in the hierarchical

nanotrees and/or by charge separation at the p-n heterojunction between CuO and

ZnO resulting in an increase in carrier lifetime.

Scan rate dependent cyclic voltammograms were collected for the ZnO/CuO

nanotrees in 1 mM Fe(CN)63-/Fe(CN)64- in 0.1 M KCl aqueous solution (Figure 4.10

(a)), and in 1 mM ferrocene in 0.1 M BuNF4 acetonitrile solution (Figure 4.10 (b)). The

inset in Figure 4.10 (a) and (b) show the shift of anodic and cathodic peak currents with

the square root of scan rate. The peaks shift linearly with a �tted R2 of 0.9987 (oxida-

tion) and 0.9972 (reduction) for water, and 0.9976 (oxidation) and 0.9869 (reduction)

for acetonitrile. This indicates that the reaction is di�usion-controlled and that charge

transfer across the ZnO/CuO interface is not the rate-limiting step[140, 141, 142].
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Figure 4.10: Scan rate-resolved CV curves of ZnO/CuO nanotrees in 1 mM
Fe(CN)63-/Fe(CN)64- in 0.1 M KCl aqueous solution, and in 1 mM fer-
rocene in 0.1 M BuNF4 in acetonitrile. (insets: current vs square root
of scan rate).
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EIS was performed in the dark and under illumination in Fe(CN)63-/Fe(CN)64- at

the open circuit voltage. Nyquist plots of the measurements on pristine ZnO nanowires

and CuO/ZnO nanotrees in the two solvents are shown in Figure 4.12 (a) and Fig-

ure 4.11 (a). The diameter of the semicircle along the real axis corresponds to the

charge transfer resistance and serves as an indicator for the electrochemical activity of

the electrode. ZnO/CuO nanotrees have smaller arc radius corresponding to smaller

charge transfer resistance at the interface compared to pristine ZnO in both solvents.

The charge transfer resistance is a complex quantity that includes interface and bulk

properties. However, since CuO is not in direct contact with the ITO electrode in the

NT samples, it can be concluded that the interface between ZnO and CuO does not de-

teriorate the electrochemical activity of the sample. Under illumination the radii of the

semicircle are smaller for the nanotree samples compared to the nanowire samples. This

is an indication for the formation of a p-n hetero-junction that induces an additional

potential under illumination and reduces the charge transfer resistance[143, 144].

Mott-Schottky (MS) analysis was performed to investigate the semiconducting

properties of the nanotrees. MS analysis gives qualitative and quantitative information

about the type of semiconductor, the donor concentration, and the �at band potentials.

The Mott-Schottky equation has been used to analyze the data[145].

The variation of the capacitance of the space charge region versus the applied

bias potential (MS plot) for the nanotrees is shown in Figure 4.11 (b) and 4.12(b) for

pristine CuO, pristine ZnO, and ZnO/CuO nanotrees in the dark at 1 kHz with 0.1 M

KCl and 0.1 M BuNF4 in water and acetonitrile, respectively.

The positive slope of pristine ZnO is characteristic for the intrinsic n-type char-

acter of ZnO. MS analysis results in a donor density of 7.31×1019 cm−3 in water which

is comparable to previously reported values[139], and a �at band potential of -0.7417 V.

The corresponding values for pristine CuO in water are 1.34× 1019 cm−3 which again

compares well to published values[146], and the �at band potential is +0.3373 V.

The MS plot for the hetero-structured nanotrees shows the characteristic feature

of a p-n junction with positive and negative slopes. It should be noted that in the
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nanotrees the electrolyte is in contact with the CuO branches, as well as with the

ZnO stem, which makes further analysis of the MS plot complicated. Values for the

�at band potential are +0.4629 V and -0.5583 V. However, a direct comparison with

the band gaps of the two materials would suggest that CuO and ZnO form a type II

heterojunction at the interface.

In Figure 4.11 (c) and 4.12 (c), transient photocurrents of ZnO, CuO, and

ZnO/CuO nanotrees in in 0.1 M KCl under 365-nm illumination at 0-V bias potential

are shown. Photocurrents of pristine CuO and ZnO show the expected negative and

positive photocurrent, respectively, according to their majority charge carriers. The

addition of CuO branches to the ZnO nanowire stems leads to a two-fold increase of the

photocurrent that is another strong indication for the formation of a p-n heterojunction

between ZnO and CuO that leads to enhanced absorption and to the formation of

spatially separated electrons and holes. Comparison of EIS measurements in the dark

and under illumination supports this �nding.
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Figure 4.11: Nyquist plots measured in 1 mM Fe(CN)63-/Fe(CN)64- in 0.1 M KCl
aqueous solution (a), Mott-Schottky plots measured under dark condi-
tion in 0.1 M KCl aqueous solution at 1 kHz (b), transient photocurrents
at 0-V bias potential in 0.1 M KCl aqueous solution under illumination
in (c).
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The stability of ZnO/CuO nanotrees was monitored by storing a sample in a

glass bottle exposed to air and repeatedly recording the photocurrent in 0.1 M KCl

aqueous solution under identical conditions (Figure 4.13). After 6-month the photocur-

rent decreased less than 5% with relative standard deviation (RSD) as 2.37%.
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Figure 4.12: Nyquist plots measured in 1 mM ferrocene in 0.1 M BuNF4 in acetoni-
trile (a), Mott-schottky plots measured under dark condition in 0.1 M
BuNF4 in acetonitrile at 1 kHz in (b), transient photocurrents at 0-V
bias potential in 0.1 M BuNF4 in acetonitrile under illumination in (c).
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Figure 4.13: Transient photocurrent curves (a) and photocurrents (b) in 0.1 M KCl
aqueous solution recorded in continuous months.
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4.6 Photocatalytic Activity of ZnO/CuO Nanotrees

Toluene and acetic acid were used as model compounds in evaluating photocat-

alytic activity of ZnO/CuO nanotrees. Toluene has a high oxidation potential of 2.26 eV

and it is hard to be oxidized in aqueous solution with electrochemical methods[147].

However, degradation of toluene has been shown to be very e�cient in the presence

of photo-generated electrons and holes[148, 149]. Acetic acid, on the other hand, is

a common electrochemical active acid that has served as a model system for photo-

degradation. Therefore, toluene and acetic acid are used for evaluating photocatalytic

activity of ZnO/CuO nanotrees.

The CV curve of acetic acid in 0.1 M KCl aqueous solution and toluene in 0.1

M BuNF4/MeCN in the dark are shown in Figure 4.14 and 4.15. Both systems show

very small dark current that was subtracted in the following measurements under

illumination and no degradation of acetic acid or toluene in the dark is expected.

Transient photocurrent measurements were taken at a series of concentrations of acetic

acid in 0.1 M KCl aqueous solution with 0-V bias potential and with the background

current subtracted (Figure 4.16 (a)).
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Figure 4.14: CV curve of 1 mM acetic acid in 0.1 M KCl aqueous solution.
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Figure 4.15: CV curve of 1 mM toluene in 0.1 M BuNF4 in acetonitrile.
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Three repeated transients were recorded. The �rst was used for calibration, the

other two to ensure that equilibrium was established. The current at the end of the

50-s illumination period was plotted as a function of the concentration in Figure 4.16

(b) and (d).

The current I was �tted as a double logarithmic function of the concentration

C for low concentrations (0 < C ≤ 2.08 µM) : log I = A logC + B, and resulted

in A=0.156 and B=0.352. For high concentrations above 2.08 µM a linear function,

I = D∗C+E, was �tted and resulted in D=0.216 and E=2.12. The same procedure ap-

plied to the photocurrent measurements of toluene yielded A=0.168 and B=0.06067 be-

low 5µM , and D=0.00933 and E=1.4492 above 5 µM . The transition from exponential

to linear relationship between I and C at di�erent concentration ranges con�rms that

heterogeneous photo-catalysis is established successfully and the photocurrent is only

related to the concentration of model molecules rather than the e�ciency of catalyst.

To our knowledge, this catalysis process can be explained by the Langmuir-Hinshelwood

mechanism for toluene and acetic acid. Langmuir-Hinshelwood mechanism for het-

erogeneous photo-catalysis involves target molecule speci�c adsorption, hole-electron

separation of photocatalytic semiconductors, and desorption of products[150]. At low

concentration of the analyte, the interface concentration is considered very small and

the reaction rate is limited by the bulk concentration, resulting in �rst order kinetics.

At high concentration of analyte, on the other hand, the reaction shows zero order

kinetics and the reaction rate is a constant limited only by the constant number of

reaction sites on the surface.

The photo-electrochemical degradation of toluene and acetic acid shows again

that the synthesized tree-like hetero-nanostructures with exposed CuO branches com-

bine e�cient charge separation due to the p-n heterojunction with the photocatalytic

activity of CuO.

For comparison, transient photo-current measured with non-treelike randomly

oriented ZnO/CuO composites that were grown without the seeding step is shown in

Figure 4.17. The average photo currents of non-tree samples are 50% smaller in aqueous
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solution and 30% smaller in acetonitrile solution, respectively, to tree-like samples.
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Figure 4.16: Transient photocurrents of acetic acid in 0.1 M KCl aqueous solution
in (a). I vs. C curve for (a) in (b), inset: �t curve in the concentration
range from 0 to 2.08 µM. Transient photocurrents of toluene in 0.1 M
BuNF4in acetonitrile in (c). I vs. C curve for (c) in (d), inset: �t curve
in the concentration range from 0 to 5 µM.
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4.7 Conclusion

A new synthetic route was developed for the fabrication of novel tree-like nanos-

tructures with ZnO nanowires as stems and CuO nanorods as branches. The morphol-

ogy of the structure was characterized with SEM, XRD, and XPS, and compared to

nanostructure obtained by an established growth method. The electrochemical and

photoelectrochemical properties were investigated in acetonitrile and water solutions.

For both systems, nanotrees show high conductivity, fast carrier transport and e�ective

electron-hole separation. Therefore, ZnO/CuO nanotrees are a promising semiconduc-

tor material for future applications in solar energy conversion devices, photo-catalysis

and photocatalytic sensors.
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Figure 4.17: a: SEM image of nontree structure of ZnO/CuO prepared without seed-
ing process; b: transient photocurrent in 0.1 M KCl aqueous solution;
and c:transient photocurrent in 0.1 M BuNF4 in acetonitrile.
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Chapter 5

ENERGY BAND ARCHITECTURE OF HIERARCHICAL
ZNO/AU/CUXO NANOFOREST BY MIMICKING NATURAL

SUPERHYDROPHOBIC SURFACES

5.1 Introduction

As mentioned in Chapter 1, superhydrophobic surface may have self-cleaning

capability[24]. Devices based on non-toxic �green� materials are promising in solar

cells and other devices in real environment since device leftover will not cause potential

pollution[31]. Similarly to ZnO, Cu2O is also considered as an abundant eco-friendly

semiconductor so it would be proper building blocks for hierarchical structure in pho-

toelectrochemical catalysis.

Cu2O is a p-type direct-band-gap semiconductor[12]. It shows potential high

photovoltaic conversion and photocatalytic properties. Cu has electron con�guration

as [Ar]3d104s1. Like ZnO, Cu+ has [Ar]3d10 con�guration, but Cu2+ has [Ar]3d9. This

3d10 orbital structure means that Cu2O has VB involving only d orbitals and CB

involving sp hybridized orbitals. This dissimilarity between VB and CB leads to a

d to sp orbital transition while electrons and holes are recombining, leading to low

probability of recombination and long lifetime of excitons[43, 44, 151]. This is the

reason why Cu2O is not as stable as CuO in wet air, but it still causes much attention.

ZnO/Cu2O has been investigated deeply because the pn heterojunction between

ZnO and Cu2O shows dramatic enhancement on photoelectrochemical catalysis[152,

153, 154, 155] and photovoltaic conversion which is predicted as 18% [156].

However, the lattice mismatch between ZnO and Cu2O is estimated as 25%

according to a=3.2495 Å of ZnO wurtzite structure and a=4.2696 Å of Cu2O cubic

structure. The large lattice mismatch between ZnO and Cu2O results in high resistance
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and poor electron mobility across the heterojunction ZnO/Cu2O, which limits the

performance of ZnO/Cu2O devices[157, 158].

Therefore, the main challenges for improving the performance of ZnO and Cu2O

heterojunction are reduction of the lattice mismatch and enhancement of electron trans-

fer.

The �rst factor e�ecting lattice mismatch is deposition sequence. Akimoto et

al. found that the device fabricated by depositing ZnO �rst and then coating Cu2O

shows better crystallization and performance than the reversed one[159]. This is be-

cause that [0001]-oriented ZnO guides the growth of the (111) in Cu2O. The similar

stacking between (002) and (111) encourages lattice matching and decreases the defect

formation[157].

On the basis of this fact, when designing hierarchically structured ZnO/Cu2O,

we should have ZnO as �rst-prepared stems and Cu2O as branches. With the assistance

of vertically-aligned structure, electron transfer pathways can be improved by removing

electrons fast.

The second strategy to decrease the lattice mismatch is to induce another ma-

terial to help move charge carriers. CuO is proved to reduce lattice mismatch between

ZnO and Cu2O[122] and improve photocatalysis performance compared to bare CuO

or Cu2O[160, 161, 153, 146]. Au has been evidenced as the best material for creat-

ing the best contact to Cu2O without reducing it to Cu[162, 163]. In addition, noble

metals have been con�rmed to improve electron transfer across the heterojunction and

enhancing photocatalytic performance[164, 165, 166].

In this chapter, ZnO/Au/CuxO is synthesized in hierarchical nanoforest, with

ZnO vertically-aligned array as nanostems and CuxO as nanobranches. Since the hierar-

chical structure may have superhydrophobic property, which features self-cleaning func-

tion, Cu2O may be more stable against water-assisted oxidation and ZnO/Au/CuxO

nanoforest may show better stability.
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5.2 Nanogold-catalyzed Electrodeposition of CuxO Nanobranches

The fabrication and growth mechanism of vertically-aligned ZnO nanowires were

discussed in chapters 2 and 3[69]. The schematic diagram of the experimental set-up

for the synthesis and the cyclic voltammogram of electrodeposition are shown in Figure

5.1 (a) and (b), respectively. The dimensions of two levels of structuring are observed

from SEM images of ZnO/Au/Cu2O nanoforest with di�erent resolutions and angles

shown in Figure 5.1 (c-f). ZnO nanowires are 5 µm long and 100 nm thick and CuxO

nanobranches are 100-200 nm long and 10-20 nm thick. 5-nm gold cannot be resolved

via this SEM.
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Figure 5.1: Scheme of synthesis of ZnO/Au/CuxO nanoforest in (a) and the CV
curves of electrodeposition of CuxO in (b). SEM images of top view (c-e)
and 54◦ angle view (f) of ZnO/Au/CuxO nanoforest.
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Alkaline Cu(II) lactate was used as the precursor for electrodeposition, since

ZnO dissolves in acids easily and Cu2O may exist as n-type semiconductor deposited at

acidic solutions[167]. The growth mechanism of Cu2O in alkaline Cu(II) lactate solution

has been investigated previously[167, 168, 169]. The cyclic voltammetric deposition

should start from the reverse potential sweep, so that deposition of Cu2O occurs �rst

followed by its oxidation. In negative direction scan, Cu2+ is reduced to Cu+, which

leads to cathodic peaks at around -0.3 V (eq. 5.1). Because of excess OH- groups at

high pH, Cu+ would be precipitated as CuOH (eq. 5.2) instead of being reduced to

Cu(0) further. CuOH is hydrolyzed immediately to Cu2O on the electrode (eq. 5.3). In

positive potential sweep direction, Cu2O is partly oxidized to CuO with the assistance

of OH-[170].

Cu2+(in complex form of CuL2+
2 ) + 2 e− → Cu+ (5.1)

Cu+ +OH− → CuOH (5.2)

2 CuOH → Cu2O +H2O (5.3)

Cu2O + 2 OH− → 2 CuO +H2O + 2 e− (5.4)
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In this process, the concentration of lactic acid and the pH of the solution are

the key parameters. Lactic acid is the complexing agent for Cu2+ to prevent Cu2+

from forming Cu(OH)2 at high pH. In terms of pH, both reduction and oxidation

consume OH- groups so excess OH- groups guarantee that Cu+ deposits at the electrode

immediately instead of being reduced to photoelectrochemically inert Cu. In addition,

the morphology of Cu2O can be a�ected by the pH value. In Golden's article[171], at pH

of 9, Cu2O grows along the [100] orientation to form cubic pyramids, while at extremely

high pH around 12, it grows along the [111] orientation, which is the triangular planar

phase of octahedral structure [77] and has the ability to grow vertically on ZnO. To

look into the pH e�ect, SEM images of ZnO/CuxO prepared at pH of 8, 9, and 10 are

shown in Figure 5.2. At pH of 8, Cu is the major product while at pH of 9 CuxO can

hardly reach the desired length of about 100 to 200 nm, however, at pH of 10, ZnO is

damaged while CuxO is still formed in large cubes. This is because ZnO will dissolve

in strong alkaline solutions to form Zn(OH)42- at high temperature. As a result, even

if higher pH condition could result in better quality of CuxO nanowires, it would be

hard to maintain ZnO morphology, so most Cu2O electrodeposition was reported at

lower pH[172, 173] or with OH-free organic solvents like DMSO[174].
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Figure 5.2: SEM images of ZnO/CuxO prepared at pH=8 (left), pH=9 (middle), and
pH=10 (right).
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Another concern is the controlled epitaxial growth of CuxO crystal. Generally,

Cu2O tends to develop into extensive cubic structure rather than in one dimensional-

oriented nanobranches in electrodeposition[167, 168, 170]. The diameter of ZnO nanowires

is around 100 nm (in Figure 5.1). This means that given ZnO could survive in solutions

with pH of 10, the ZnO nanowires might be fully covered by CuxO nanocubes which

have larger diameter than that of ZnO nanowires.

In order to synthesize (111)-oriented CuxO nanorods at pH of 11 instead of

nanocubes at low pH values, the ZnO was coated with 5 nm thick gold via evaporator.

It can be seen that the morphology of ZnO nanowires was still maintained at pH of

11 in KCl solution, shown in Figure 5.3 (a). The diameter of gold nanoparticles was

con�rmed as 5 - 10 nm with TEM shown in Figure 5.3 (b).

84



Figure 5.3: SEM image of gold-coated ZnO (a) and TEM image of ZnO/Au/CuxO
(b).
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SEM images of ZnO/Au/CuxO prepared at pH of 10 and 11 are shown in Figure

5.4. At pH of 10, CuxO are in cubic structure (Figure 5.4) with length of around 50 nm

while at pH of 11, CuxO are in nanobranch structure with length of around 100 nm

and diameter of around 10 - 20 nm (Figure 5.4, and Figure 5.1).
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Figure 5.4: SEM images of ZnO/Au/CuxO prepared at a pH of 10 (left) and of 11
(right).
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To determine if gold a�ects the crystallization of CuxO in CuxO electrodepo-

sition, a ITO glass was covered to one half by a tape when doing gold deposition. It

was used as a substrate for electrodeposition of CuxO deposited at a pH of 11. SEM

images are shown in Figure 5.5. Gold results in a CuxO crystal size of less than 100

nm and octahedral structure in Figure 5.5 (b), much smaller compared to the size of

CuxO on the ITO surface that is about 200 nm in Figure 5.5 (a). Gold may catalyze

the growth of (111) in CuxO electrochemical deposition. This catalysis is attributed

to the lattice match between Cu2O (111) and the Au (111) phases [175, 176], which is

also con�rmed with XRD data discussed in next section.
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Figure 5.5: SEM images of CuxO without Au coating (left) and with Au coating
(right).
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5.3 Crystal Structure and Composition of ZnO/Au/CuxO Nanoforest

XRD in Thin-�lm lynxEye 0D mode was used to identify the crystal structure,

since the ZnO/Au/CuxO nanoforest is about several µm thick and scattering signal

from amorphous glass substrate is disruptive. The XRD spectra of ZnO, CuxO, Cu2O,

and ZnO/Au/CuxO nanoforest are shown in Figure 5.6. Generally, no metallic Cu

signal shows up, so the electrodeposition technique above controlled the composition of

CuxO successfully and metallic Cu formation was avoided. Wurtzite ZnO was identi�ed

by the presence of (100), (002), (101), and (102) peaks [JCPDS �le No.36-1451] and

the strong (002) peak represents vertically-aligned hexagonal nanorod array along the

[0001] growth orientation, shown in Figure 5.6 (a). To get a better resolution of the

gold signal, A ZnO/Au/CuxO nanoforest with 20 nm gold coating and 2 cycles of

CV deposition was measured. Gold cubic crystal structure was determined by the

(111) and (200) peaks [JCPDS �le: 04-0784] shown in Figure 5.7. In the TEM image

ZnO/Au/CuxO nanoforest in Figure 5.3, Au quasi-spherical particles were imaged in

darker contrast with the diameter of 5-10 nm, and ZnO stem and CuxO branches are

in lighter contrast. In bright �eld TEM imaging, di�raction contrast of heavy metal

shows much darker color than that of light atoms[177]. This is because that scattering

is stronger for heavier atoms[178] and electron transmission through heavier atoms is

reduced to image in bright �eld.
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Figure 5.6: XRD spectrum of ZnO/Au/CuxO nanoforest in LynxEye 0D mode.
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Figure 5.7: XRD spectrum of ZnO/Au/CuxO with 20-nm gold coating.
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In Figure 5.6 (b), CuxO consists of monoclinic CuO involving (110) and (111̄)

peaks [JCPDS �le No. 45-0937] and Cu2O involving (110), (111), and (202) peaks

[JCPDS �le: 05-0667]. In Figure 5.6 (c), The peaks of ZnO (101) and Cu2O are

overlapped but they can still be distinguished by comparing the peaks to pristine ZnO

and CuxO. It is seen that Cu2O in CuxO is in [111] oriented[167]. Cu2O is primitive

cubic with space group Pn3m, with the lattice constant (a) of 4.2830 Å in (111) while

gold (111) has the lattice constant (a) of 4.0672 Å with space group Fm3m[179, 180].

The lattice mismatch between Cu2O and gold is calculated as 4.8% with eq. 5.5, which

is considered as lattice-matched (<5%) for epitaxial growth[181, 182]. This result

supports the catalytic behavior of gold in Cu2O deposition.

Lattice mismatch =
lattice constantfilm − lattice constantsubstrate

lattice constantsubstrate
× 100% (5.5)

The XPS measurements of ZnO/Au/CuxO nanoforest shown in Figure 5.8 were

calibrated with with C 1s (C-C binding) (285.0 eV)[129] as charge correction reference.

Zn2+ in the wurtzite ZnO structure was identi�ed by peaks at Zn 2p1/2, 1044.67 eV

and Zn 2p3/2, 1021.69 eV, shown in Figure 5.8 (a). The peak splitting and �tting of O

1s is controversial in hydrothermal multi-semiconductor materials because the contri-

butions may come from the components, defects[132], or hydroxyl groups that cannot

be removed completely[130]. In ZnO/Au/CuxO, oxygen source should be attributed

to hydroxyl groups attached to metal oxides, O2- in ZnO, and O2- in CuxO, so the O

1s peak was �tted by three Gaussian peaks shown in Figure 5.8 (b).
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Figure 5.8: XPS spectrum of ZnO/Au/Cu2O nanoforest (f) and high-resolution spec-
tra of Zn 2p, O 1s, Cu 2p, Cu LMM, and Au 4f peaks, respectively(a-e).
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Figure 5.9: Cu 2p XPS spectra of Cu2O nanocubes.

The Cu 2p region is shown in Figure 5.8 (c). Cu2+ is more positively charged

compared to Cu+ so Cu(II) in CuO shows peaks of Cu 2p1/2 (954.11 eV) and Cu 2p3/2

(934.42 eV) at higher binding energy region while Cu2O displays Cu 2p1/2 (952.12 eV)

and Cu 2p3/2 (932.10 eV)[129]. Peaks at 962.69 eV and 943.87 eV are satellite peaks

from CuO, which are not observed in potentiostatically-electrodeposited Cu2O shown

in Figure 5.9.

Since the peak positions of Cu2O are close to peaks of metallic copper, Cu LMM

was measured (Figure 5.8 (d)) and the absence of metallic copper was con�rmed. Cu

2p area scan of the whole slide was done and the uniformity of CuxO coating was

veri�ed shown in Figure 5.10.
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Figure 5.10: XPS Cu 2p area scan of Cu2O of ZnO/Au/CuxO with photo of the
selected area (left), Cu 2p3/2 of Cu2O (middle) and CuO (right).
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5.4 Energy Band Diagram

The energy band alignment at the p-n junction signi�cantly a�ects electron

transfer e�ciency and photovoltaic conversion performance. The band alignments of

ZnO/Cu2O and ZnO/CuO have been discussed [183, 184, 154, 185], however, the band

diagram of ZnO/Au/CuxO is still not clear. Therefore, it is substantial to �gure out

the interface band alignments based on experimental data.

To draw the entire band diagram, the valence band maximum (VBM) values for

individual semiconductors can be achieved precisely with XPS shown in Figure 5.11

and valence band o�set (VBO) and conduction band o�set (CBO) can be calculated

from XPS data of the ZnO/Au/CuxO nanoforest[186, 187, 188, 189]. Band gap values

of semiconductors can be estimated from UV-Vis spectra and PL spectra shown in

Figure 5.12.

In VBM calculation, Fermi level (EF) is set at the binding energy as 0 eV and

the valence band edges with �tted linearly as well as the horizontal background, so the

intersection is the approximate VBM value shown in �gure 5.11. The VBM values of

pure CuxO and ZnO synthesized under the same conditions are 0.43 eV and 2.61 eV,

respectively, which corresponds well with literature values[183, 190, 191, 188].
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Figure 5.11: XPS spectra of Cu VBM in CuxO (a and c), and Zn VBM in pure
ZnO(b and d).
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VBO consists of three terms shown in eq. 5.6. The �rst term on the right

side in eq. 5.6 represents the energy di�erence between Zn 2p3/2 and Cu 2p3/2, which

was obtained from XPS data in Figure 5.8. The second term is the energy di�erence

between Cu2p3/2 and Cu VBM in pure CuxO while the third term is that in pure

ZnO. It is noteworthy that CuxO is an alloy semiconductor with Cu2O as majority

component, the overall contribution of Cu 2p is mainly considered from Cu 2p3/2 from

Cu2O according to previous papers[192, 193]. The VBO is calculated as 2.23 eV with

detailed steps shown in eq. 5.6.

∆Ei
V =

(
EZnO
Zn2p(i)− ECuxO

Cu2p (i)
)

+
(
ECuxO
Cu2p − E

CuxO
V BM

)
−
(
EZnO
Zn2p − EZnO

V BM

)
= 1021.69− 932.10 + 932.69− 0.43− 1021.60 + 2.61

= 2.23 eV

(5.6)

∆EC = EZnO
g − ECuxO

g −∆EV (5.7)

Calculation of CBO requires the knowledge of the band gap values so UV-Vis

spectroscopy was conducted. UV-Vis transmittance spectra of Au, pristine CuxO,

pristine ZnO, and ZnO/Au/CuxO nanoforest on ITO substrates are shown in Figure

5.12 and band gap values are retrieved with K-M method and detailed calculation has

already been described in chapters 3 and 4[101, 69, 68]. ZnO/Au/CuxO nanoforest

consists of the band gap of ZnO at 3.37 eV and the overall band gap of CuxO at 2.15

eV. These two values are applied in CBO calculation in eq. 5.7, so CBO is calculated as

-1.01 eV. Combining all information, the band diagram after contact was drawn shown

in Figure 5.13. This diagram was used in estimating electron transfer patterns in later

section.
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Figure 5.12: (a): UV-Vis transmittance spectra of Au, pristine CuxO, pristine ZnO,
and ZnO/Au/CuxO nanoforest on ITO substrates and (b): PL spectra
of ZnO and ZnO/Au/CuxO nanoforest with UV excitation.
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Figure 5.13: Band diagram of ZnO/Au/CuxO nanoforest after contact based on XPS
and UV-Vis data.
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5.5 The Role of Au Nanoparticles in ZnO/Au/CuxO Nanoforest

The role of noble metal in p-n heterojunction is still debated. It has been

reported that gold nanoparticles enhanced the electron-hole separation of Cu2O by

localized surface plasmon resonance (LSPR) and electrons in CB of Cu2O transferred

directly to the CB of ZnO [194]. Other studies con�rmed Z-scheme tunneling transfer

of electrons from n-type semiconductor to CuxO through Au[195, 196]. In Figure 5.12,

PL spectra of ZnO and ZnO/Au/CuxO nanoforest with UV excitation were measured

and the obvious decrease of �uorescence was noticed. This is in contrast to regular

p-n heterojunctions that should improve the population of excitons by separating holes

and electrons more e�ciently. The possible reason is that the excitons in CB of ZnO

trapped by Au, resulting in smaller exciton population and less �uorescence radiation.

To explore the e�ect of Au nanoparticles in ZnO/Au/CuxO nanoforest, transient

absorption measurements of ZnO, 5-nm thick Au, CuxO, Au/CuxO, and ZnO/Au/CuxO

nanoforest on ITO substrates, shown in Figure 5.14, were taken with 400-nm pump

laser and 450-720 nm white light as probe.

ZnO was not excited by 400-nm pump and the signal shown in Figure 5.14 (a) is

the coherent artifact. In Figure 5.14 (b), Au shows weak signals, a positive excitation

peak from d to sp band of gold in nanoscale at 552 nm corresponding to the spectrum

of 5-nm gold[197, 198] and a negative plasmon depletion peak due to hot electrons

relaxation via electron-phonon coupling at 700 nm, which correspond to the UV-Vis

peak and literature[199, 200].

The maximum absorption peak of CuxO, Au/CuxO, ZnO/CuxO and ZnO/Au/CuxO

nanoforest are at 491 nm, 497 nm, 498 nm, and 502 nm, respectively in Figure 5.14

(c-f).
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Figure 5.14: Transient absorption spectra with 440-nm pump and 450 nm-720 nm
white light probe of ZnO (a), 5-nm thick Au (b), CuxO (c), Au/CuxO
(d), ZnO/CuxO nanoforest (e), and ZnO/Au/CuxO nanoforest (f).
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The decay curves at these λmax were �tted with single exponential decay, eq. 5.8,

except ZnO/CuxO which was �tted with double exponential decay, eq. 5.9, shown in

Figure 5.15. The lifetime of CuxO, Au/CuxO, and ZnO/Au/CuxO nanoforest at λmax

are 516 fs for CuxO, 672 fs for Au/CuxO, and 1610 fs, respectively and the average

lifetime calculated with eq. 5.10 [201] of ZnO/CuxO is 946 fs.

y = y0 + A× e−x/t (5.8)

y = y0 + A1 × e−x/t1 + A2 × e−x/t2 (5.9)

tAverage = (A1 × t1 + A2 × t2)/(A1 + A2) (5.10)
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Figure 5.15: Fitting curves of transient absorption spectra with 440-nm pump
and 450 nm-720 nm white light probe of CuxO (a), Au/CuxO (b),
ZnO/CuxO nanoforest (c) and ZnO/Au/CuxO nanoforest (d) at λmax.
All decay curves were �tted with single exponential decay except
ZnO/CuxO nanoforest (c) that was with double exponential decay.
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On the basis of transient absorption data, the electron transfer pattern is deter-

mined shown in Figure 5.16. Generally, in pump-probe transient absorption measure-

ments, the probe is a weaker laser compared to the pump. With 440 nm pump, ZnO is

not excited. Electrons in ground states of CuxO were excited by 440 nm which equals

2.82 eV in energy unit, higher than the band gap, 2.15 eV, thereby leaving behind

holes in VB. Excitons absorb photons further from the probe to give rise to absorption

signal in transient absorption measurements, which is called excited state absorption

(ESA)[202]. The instrument recorded the di�erence (∆A) of absorption of the probe

between with (At) and without pump (A0). ESA shows positive ∆A because exci-

tons absorb probe photons, which is positive At and small A0, because no excitons are

available for absorbing probe photons without the pump excitation. Recombination

between excitons and holes leads to a decay in lower population of excitons, resulting

in a decaying signal.

The decay curve in Figure 5.15 refers to the relaxation of ESA due to charge

recombination in CuxO. Figure 5.16 (a) shows the decaying of excitons in pure CuxO,

and the lifetime of excitons is the shortest of the materials. In Figure 5.16 (b), the

lifetime is 1.3 times in Au/CuxO of that in CuxO. This indicates that electron-hole

separation of CuxO was improved slightly by Au sacri�cing electrons. LSPR is specif-

ically size and wavelength dependent property. In this setup, 440 nm pump cannot

excited 5-nm Au to LSPR state[203], so LSPR is not the main reason why the lifetime

of excitons in CuxO changed.

According to literature, Schottky contact is hardly present between CuxO and

Au so Ohmic contact without Schottky barrier should be probably formed like CuxO

and ITO[162]. In this case, the holes in the VB of CuxO are continuously re�lled by

Au so recombination between excitons and holes is decreased, which makes the lifetime

longer[204, 198].

In Figure 5.16 (c), with the assistance of ZnO, the lifetime of excitons in CuxO

is lengthened further, to 1.8 times of that of CuxO. This may be because the holes in

CB of CuxO would be �lled by electrons from ZnO defects and the recombination is
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reduced. In addition, electrons in CB of CuxOmight move to the empty CB of ZnO[194]

and absorbed photons in probe further and gave rise to longer lifetime. However,

this process may be hard because the ZnO/CuxO lattice mismatch decreases electron

transfer rate across the interface. Double exponential decay �tting may indicate there

exists a slow process, which may correspond to it.

In Figure 5.16 (d), the band diagram of ZnO/Au/CuxO nanoforest, the lifetime

is the longest that is 3.1 times of that of CuxO. This is contributed by both Au and

ZnO. Au acts as electron donor for re�lling holes in CuxO through hole transfer and

ZnO assists in removing excitons from CuxO. Furthermore, ZnO/Au/CuxO nanoforest

shows broad absorption spectrum. This may be because multiple-channel electron

transfer patterns are involved in the process.
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Figure 5.16: Band gap diagram of CuxO (a), Au/CuxO (b), ZnO/CuxO nanoforest
(c) and ZnO/Au/CuxO nanoforest (d). Energy bands are not scaled.
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5.6 Superhydrophobic and Photovoltaic Behavior in Photoelectrochem-

istry

Enlightened by the micro/nano-textured corrugations of ZnO/Au/CuxO nanofor-

est in Figure 5.1, we think the wettability on the surface is worth of further investi-

gation. Contact angle measurements are shown in Figure 5.17. As-prepared ZnO has

a contact angle with water of 89◦, but after deposition of CuxO, the surface turned

superhydrophobic with a contact angle of 163◦. This is due to the wettability con-

version from Wenzel to Cassie-Baxter after hierarchical rough surface construction

[13, 2, 205]. As mentioned in Chapter 1, in Cassie-Baxter mode, water does not pen-

etrate into the hollows of the hierarchical surface so the water drop line just follows

the topography of the surface. In the Wenzel state, water gets into the hollows con-

tacting the exposed substrate. They both can provide hydrophobic properties but only

Cassie-Baxter surface may have a low roll-o� angle and low contact angle hysteresis

that means the di�erence of advancing angle(θα) and receding contact angle(θr) due

to minimized adhesion[206, 2, 207]. The relationship between α, r, and roll-o� angle

(or sliding angle,a) is shown in eq. 5.11 with ωγ/mg as a positive constant for certain

surface and liquid drop[208]. This means the value of contact angle hysteresis or roll-o�

angle is a good sign to tell whether the surface is in Cassie-Baxter or Wenzel mode.

The roll-o� angle of ZnO/Au/CuxO nanoforest was measured as 3.8◦ by tilting the �at

substrate of the instrument until the water droplet rolled o� as well as the contact

angle hysteresis calculated as 2.5◦. Since the de�nition of superhydrophobicity is the

surface with static contact angle > 150◦ and roll-o� angle < 5◦ [3, 7], ZnO/Au/CuxO

nanoforest is quali�ed.
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sina = ωγ/mg(cosθr − cosθα) (5.11)

where

m is the mass of the drop;

g is the acceleration of gravity;

ω is the width of the drop;

a is roll-o� angle;

L is the surface tension of the liquid drop.

So ωγ/mg is a constant for certain surface and liquid drop.
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Figure 5.17: Static contact angle measurements with water of ZnO (a) and
ZnO/Au/CuxO nanoforest (b) and roll-o� angle measurement with wa-
ter of ZnO/Au/CuxO nanoforest (c) and (d).
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The most important bene�t from superhydrophobicity is self-cleaning function.

Self-cleaning of semiconductor nanomaterials may be due to two reasons, photocatalytic

wettability conversion like TiO2[209] and/or superhydrophobic surface[30]. In photo-

catalytic wettability conversion, the semiconductor surface is hydrophobic as prepared

but after UV irradiation, semiconductor with oxygen vacancies adsorbed OH groups

from water that makes the surface hydrophilic, so in this way of self-cleaning, UV ir-

radiation is required. Hierarchical morphology allows water droplets to roll o� dust

and prevents dust accumulation on the solar-cell or other device surface, which main-

tains the performance of devices without the need of light irradiation[30, 24]. Cu2O is

a p-type semiconductor without oxygen vacancies, so this UV-assisted cleaning mode

is not feasible. Cu2O will be oxidized easily in liquid environment[210], so superhy-

drophobic morphology is the most possible strategy for Cu2O self-cleaning[211, 31]. To

determine if the superhydrophobicity helps prevent the surface from being degraded,

transient photocurrents of ZnO/Au/CuxO nanoforest that stayed in air for 6 months in

0.1 M KCl and Cu 2p XPS data of Cu2O and ZnO/Au/CuxO nanoforest after 6 months

are shown in Figure 5.18 and it can be seen that the photocurrent only decrease 5%

shown in Figure 5.18 (a) and oxidization states of the same spot on Cu ZnO/Au/CuxO

nanoforest in show a slight change with Cu(I):Cu(II) area ratio from 5:2 to 5:2.3 shown

in Figure 5.18 (b). A pure Cu2O nanocube sample was compared after 6 months in

air and the XPS showed that Cu(I):Cu(II) area ratio was changed from 1:0 to 1:1.4,

shown in Figure 5.18 (c). Certainly the ratio could be a�ected by the detection point

and di�erent �tting, however compared to Cu2O without hierarchical morphology, the

Cu ZnO/Au/CuxO nanoforest shows no obvious degradation.
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Figure 5.18: Transient photocurrents in continuous 6 months of ZnO/Au/CuxO (a)
and Cu 2p XPS data of ZnO/Au/CuxO (b) and Cu2O (c) after 6 months.
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Transient photocurrents of ZnO, CuxO, ZnO/CuxO prepared at pH of 9 and

ZnO/Au/CuxO nanoforest in 0.1 M KCl under xenon illumination at 0 V bias potential

are shown in Figure 5.21 (a). ZnO is a n-type semiconductor so the photocurrent is

positive while CuxO is p-type so it shows a negative photocurrent. ZnO/CuxO shows

a positive current as well due to p-n junction. Electrons move from the CB in CuxO to

the CB of ZnO, then to ITO and holes transfer from VB of ZnO to VB of CuxO that

is the opposite way of electron transfer, so the overall photocurrent is positive, which

agrees with literature[212, 143, 213, 214]. However, the photocurrent of ZnO/Au/Cu2O

nanoforest is much more negative than that of CuxO. This is because the electrons in

CB of ZnO moved in the opposite way to Au layer and then moved to VB of CuxO

via hole transfer between Au and CuxO[195, 157], and the holes in ZnO are �lled by

electrons from the external circuit instead of being �lled by electrons from CuxO in

ZnO/CuxO heterojunction, shown in Figure 5.19.
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Figure 5.19: Scheme of electron transfer across the ZnO/Au/CuxO nanoforest with
red arrows as charging current driven by majority carriers (jG) under
xenon illumination.
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The photocurrent generation and decay dynamics in the heterojunction were

further investigated based on the model in the literature [215]. Given that the elec-

tron transfer and hole recombination is only related to the concentration of carriers,

the reaction follows pseudo-�rst-ordered dynamics. The overall photo-induced current

consists of charging current driven by majority carriers (jG) predicted by the Gärtner

for p-n junction[216], electron-hole recombination over the band gap (jrec) with �rst

order rate constant as krec in s-1, and electron transfer across the interface of electrode

and electrolyte (jtr) with �rst-order rate constant marked as ktr in s-1.

At the �rst moment under irradiation, minority carriers move across the inter-

face and generated an instantaneous current (j0) which is equal to the charging current

driven by majority carriers (jG), shown in red arrows in Figure 5.19. Charge recombi-

nation current, jrec, is still 0 due to the fact that recombination does not happen yet at

this point. Electron transfer across the interface of electrode and electrolyte (jtr) is also

assumed as 0 for the same reason. As more photons are absorbed and generated more

excitons, electron transfer current (jtr) from electrolyte contributes negatively to the

overall photocurrent because of the hole consumption by the electrolyte, and jrec would

increase proportionately and compete with majority carrier generation as well, leading

to the exponential decrease of the overall photocurrent and eventually the equilibrium

is established and the photocurrent decayed to a plateau (js). After the light was o�,

the charging current vanished instantaneously and the residual carriers were released

slowly and the photocurrent would decay in the opposite way and the �nal equilibrium

was established to the dark current as it is before irradiation. Since a pseudo �rst

order dynamics model is applied and two major dynamics happen at the same time,

all decay curves are �tted with double exponential decay after normalization to (0,1),

shown in Figure 5.20.
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Figure 5.20: Fitting curves of normalized transient photocurrents of ZnO (a), CuxO
(b), and ZnO/Au/CuxO (c).

In the model[215], the time constant t values which made larger contribution to

�tting curves were used to calculate ktr and krec with eq. 5.12 and 5.13.

t = (ktr + krec)
−1 (5.12)

js/j0 = ktr/(ktr + krec) (5.13)

From these results, it can be seen that the reaction constant of recombination

(krec) of ZnO/Au/CuxO nanoforest is 0.0493 s-1, much smaller compared to ZnO (0.1854

s-1) or CuxO (0.1731 s-1) but the reaction constant of electron transfer across the
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heterojunction is 0.0493 s-1, higher than that of ZnO (0.0118 s-1) or CuxO (0.0054

s-1). This con�rms that ZnO/Au/CuxO nanoforest has lower recombination rate and

higher electron transfer rate between electrode and electrolyte compare to the pristine

semiconductors.

In order to determine the interaction between water and ZnO/Au/CuxO nanofor-

est electrode in KCl solutions under xenon illumination, scavenger test of ZnO/Au/CuxO

nanoforest was applied by adding reagents to sacri�ce potential free radical groups and

the photocurrent afterward was measured under xenon illumination shown in Figure

5.21 (b). The scavengers of electrons (e-), holes (h+), e--induced ·O2
-, and h+-induced

OH· are H2O2, triethanolamine (TEOA), p-benzoquinone (BQ), and isopropyl alcohol

(IPA), respectively. It can be seen that p-benzoquinone (BQ) and isopropyl alcohol

(IPA) did not a�ect photocurrent, but TEOA caused 100 % decrease of negative pho-

tocurrent. H2O2 triggered 100% increase of positive photocurrent. Since H2O2 may

be dissociated simultaneously under xenon illumination, this result was calculated by

subtracting the photocurrents measured in the same concentration of H2O2 with a

bare ITO glass as electrode. This sensing behavior corresponds to literature[161, 217].

This means water splitting-induced photocurrent is not the contribution to the overall

photocurrent, which is attributed to the superhydrophobic property of ZnO/Au/CuxO

nanoforest.

Comparison of EIS Nyquist plots of ZnO/Au/CuxO nanoforest measured at

open circuit voltage in 0.1 M KCl solution in the dark and under illumination is shown

in Figure 5.21 (c). The small arch at the beginning was not fully displayed due to the

frequency limit of the potentiostats. This was attributed to the contact between gold

and substrate that did not change after irradiation[218]. The second semicircle means

the charge transfer at the interface between electrode and electrolyte and the straight

line afterward means mass transfer of di�usion in bulk solution, which follows the

regular Randles model. After irradiation, hole-electron separation caused the charge

transfer faster and the second semicircle decreased.
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MS analysis in the dark at 1 kHz with 0.1 M KCl water solution was per-

formed shown in Figure 5.21 (d) to verify the p-n junction semiconducting behavior of

ZnO/Au/CuxO nanoforest[145]. As discussed in Chapter 4, ZnO is a n-type semicon-

ductor so the MS plot shows a positive slope with a �at potential of -0.708 V vs. NHE.

while the MS plot of CuxO represents negative slope with �at potential of +0.402 V

for CuxO vs. NHE. The peak contributed to the positive slopped curve from ZnO and

negative slopped curve from CuxO is the evidence of p-n junction formation.
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Figure 5.21: Transient photocurrents (a), and scavenger test (b) in 0.1 M KCl aque-
ous solution at 0 V under xenon illumination, EIS spectra under dark
and xenon illumination conditions in 0.1 M KCl aqueous solution (c),
and MS plots measured under dark condition in 0.1 M KCl aqueous
solution at 1 kHz (d).

120



5.7 Conclusion

It has been con�rmed that ZnO/Cu2O P-N heterojunction shows high pho-

tovoltaic conversion but the lattice mismatch between ZnO and Cu2O leads to slow

electron transfer and high resistivity. In addition, the large band gap of Cu2O (2.2-2.5

eV) limits its utilization of sunlight. Stability in liquid environment is still challeng-

ing. In this work, ZnO/CuxO P-N heterojunction was constructed in vertically-aligned

tree-like array and a 5-nm thick gold �lm was deposited between ZnO and CuxO

with PVD. The hierarchical morphology makes the surface water-repellant and self-

cleaning. Gold is proved to protect ZnO morphology in the subsequent electrodepo-

sition of CuxO, enhance the electron transfer, decrease the lattice match across ZnO

and CuxO heterojunction, and eventually improve photocurrent response dramatically.

This unique structure features higher negative photocurrent compare to bare CuxO,

superhydrophobicity and good stability. The band diagram and the role of Au in the

p-n heterojunction is further investigated with XPS and pump-probe transient absorp-

tion spectroscopy. With the assistance of Au, the material is able to absorb larger

range of visible light and the lifetime of excitons in CuxO has been increased.
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Chapter 6

SUMMARY

ZnO is an attractive semiconductor because of its natural n-type doping, high

exciton binding energy, high thermal and chemical stability, morphological diversity,

high abundance, low cost, and environmental compatibility. It is considered as a good

alternative of TiO2. In this dissertation, multi-layer hierarchical nanotrees were de-

signed and synthesized with vertically-aligned [0001]-oriented ZnO nanowire array as

stems and narrow-band-gap semiconductors, CdSSe, CuO, and CuxO, as branches via

(002)-(111) lattice match.

Vertically-aligned ZnO nanowires were prepared with CVD or hydrothermal

technique based on di�erent applications. CVD provides solvent-free crystallization

environment, longer nanowires and strong green luminescence while hydrothermal

method can synthesize shorter and thinner ZnO nanowires on conductive glass, which

can be utilized in cells and electronic devices.

Firstly, the ZnO/CdSSe nanotree with n-n heterojunction evinces its application

in photoluminescence. ZnO/CdSSe nanowires were prepared via two-step chemical va-

por deposition. The nanotrees are vertically-aligned on a sapphire substrate. Wurtzite

ZnO and wurtzite CdSSe have large lattice mismatch but a transition crystal phase

was found in XRD, which is considered as (111) of zincblende or imperfect (002) that

matches (002) of ZnO. Since (111) and (002) have identical stacking arrangement, the

lattice match problem is solved. ZnO and CdSSe have high exciton binding energies,

larger than 25 meV, which is kT at room temperature. The CdSSe branches result in

strong visible light absorption and form a type-II heterojunction with the ZnO stem

that facilitates e�cient electron transfer. Since when both n-type semiconductors are
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excited, majority carriers will occupy CB and repel electron transfer across the het-

erojunction and give rise to larger population of excitons for �uorescence radiation.

Vertically-aligned branched ZnO nanowires can provide direct electron transport path-

ways to substrates and allow for e�cient charge separation. A combination of PL

spectroscopy and lifetime measurements indicates that Z-scheme charge transfer mech-

anism exists in nanotree electron transfer. These advantages of nanoscale hierarchical

heterostructures make ZnO/CdSSe nanotrees a promising semiconductor material for

solar cells, and other opto-electronic devices.

Secondly, ZnO/CuO nanotree structure features p-n heterojunction. It was

synthesized based on a multi-step seed-mediated hydrothermal approach. CuO has a

narrow band gap (1.2 eV) and low lattice mismatch with ZnO through (002) and (111),

great stability and the ability of epitaxial growth via monoclinic crystal packing. The

nanotrees form a p-n junction at the branch/stem interface that facilitates charge sep-

aration upon illumination. Photo-electrochemical measurements in di�erent solvents

show that ZnO/CuO hierarchical nanostructures have enhanced photocatalytic activ-

ity compared to non-hierarchical structure of ZnO/CuO, pure ZnO and pure CuO

nanoparticles. The combination of ZnO and CuO in tree-like nanostructures provides

opportunities for the design of photo-electrochemical sensors, photocatalytic synthesis,

and solar energy conversion.

However, Cu2+ in CuO has 3d9 electron con�guration. The similarity of HOMO

and LUMO leads to a high recombination rate and low photovoltaic e�ciency. Cu+

in Cu2O has 3d10 electron con�guration, whose excitons are supposed to have longer

lifetime and provide higher photovoltaic e�ciency. Cu2O has vital drawbacks in depo-

sition onto ZnO-based nanotrees due to large lattice mismatch with ZnO.

Therefore, in the last part, ZnO/Au/CuxO was prepared to overcome all the

problems above. Electron transfer patterns at heterojunctions and photovoltaic con-

version were con�rmed with ultrafast laser spectroscopy and photoelectrochemistry.

CuxO alloy semiconductor has a tunable band gap and its lattice mismatch with ZnO
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was reduced by inducing CuO. 5-nm-thick Au �lm plays a critical role in the con�g-

uration. Au has very low lattice mismatch with Cu2O so it can guide (111) oriented

growth of CuxO. As a noble metal, it can assist in electron transfer across the inter-

face between ZnO and CuxO. Most importantly, it is inert enough compare to Ag, Cu

and many other metals so that it can protect ZnO at high pH in CuxO growth from

dissolving.

This work investigated (002)-(111) crystal match in self-assembling of ZnO-

based hierarchical structures and may guide future architecture of hierarchical semi-

conductors and their applications.
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